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RESEARCH QUESTION 
 

Do olfactory ensheathing cells (OECs) and olfactory stem 

cells (OSCs) assist peripheral nerve regeneration? 

 

Peripheral nerve injury is a common problem, with significant morbidity 

associated. Surgical repair of peripheral nerves remains the subject of intense and 

extensive research. Significant advances in the understanding of the molecular 

biological mechanisms involved in nerve injury and regeneration have been made. 

Much is known of the complex processes involved in axonal regeneration following 

peripheral nerve injury, especially since the pioneering work by Ramon Y Cajal 

early last century. There is also a greater level of understanding of the structure of 

peripheral nerves, and the natural regeneration mechanisms which occur in 

response to injury. Improvements in surgical instruments, materials and 

techniques have developed, such as high power operating microscopes, micro-

instruments and fine suture materials. In addition, a wide array of alternative 

methods for repair is available for peripheral nerve repair. Despite over 5000 

articles on “peripheral nerve repair” since 1990 on the Pubmed website 

(www.ncbi.nlm.nih.gov/pubmed), results from peripheral nerve repair remain 

only moderately successful and inconsistent, which is frustrating for patients and 

clinicians alike. The application of new experimental laboratory data based on 

evolving neuroscientific concepts to nerve repair has unfortunately not resulted in 

a corresponding development in the clinical field leading to improved results 

(Lundborg, 2000). 

 

Damaged peripheral nerves are usually surgically repaired in an attempt to 

optimize recovery. The patient is stabilized and other potential life-threatening 

problems are managed. The wound area is thoroughly cleaned and devitalized 

tissue debrided, and any vascular injuries repaired. The nerve ends are trimmed, 

and if possible, sutured together using fine sutures using standard microsurgical 

techniques, provided there is no tension. There is often a gap between the ends of 

a damaged nerve, because of loss of nerve substance by the injury or resection of 

tumour, as well as retraction of the stumps because of the inherent elasticity of 
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nerves. In certain circumstances, the nerve stumps may be mobilized to gain extra 

length, or sutured to other neighbouring nerves (see end-to side repair), but 

generally, a conduit is required to bridge the gap. 

 

Various different conduits have been used to bridge this gap in an attempt to allow 

axons to regenerate across the gap to the distal nerve stump, align and enter the 

endoneurial tubes of the distal stump, elongate down these tubes, and finally 

assume a connection with the end-organs (e.g. motor end-plates, sensory 

receptors, etc.) of their previous peripheral targets. 

 

The primary goal of peripheral nerve repair is to obtain the maximum level of 

functional recovery for the patient. Only the first of these steps (i.e. increasing the 

number and possibly the orientation of the regenerating axons) can be influenced 

by surgical intervention: the rest is up to “Mother Nature”. Hence, the surgical aim 

is to repair the nerve so as many axons as possible traverse the nerve gap, enter 

the distal stump, and proceed to reinnervate appropriate end-organ receptors 

(Pham, et al. 1991) as quickly as possible before they undergo irreversible atrophy. 

Clinically, this aim is attempted by providing an environment that will maximize 

axonal regeneration with optimal orientation of nerve fascicles. The ultimate goal 

is restoration to levels of premorbid innervation and function. 

 

The human olfactory nervous system (ONS) is unique in that neurons undergo 

regular turnover and replacement throughout adult life. Olfactory ensheathing 

(OECs) are unique glial cells that reside in the ONS, and have properties conducive 

to axonal regeneration. Interestingly, OECs have been shown to direct neuronal 

regeneration within the olfactory nervous system, from the olfactory mucosa 

within the nose, through the skull base, and along the floor of the cranium to the 

olfactory bulbs. OECs have recently been applied to models of central nervous 

system (CNS) and peripheral nervous system (PNS) injury in an effort to improve 

regeneration. Could OECs potentially direct regenerating axons toward 

appropriate endoneurial tubes, and promote extension towards peripheral 

end-organ sites? This PhD thesis and the experiments associated investigate 

whether application of these OECs to an injured peripheral nerve will result in 

improved nerve regeneration and recovery. 
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1. INTRODUCTION CHAPTER  
 

1.1 Epidemiology: 

Peripheral nerve injury is a major health problem, affecting almost 3% of all 

trauma cases (Kemp et al., 2008). Over 360,000 people per year in the USA suffer 

upper extremity peripheral nerve injuries (Kemp et al., 2008). This staggering 

figure does not include lower limb and head and neck region injuries also. In 1995, 

over 50,000 peripheral nerve repairs were undertaken (Bellamkonda et al., 2006). 

According to the Queensland Trauma Registry, of the 16,704 cases from 2009 to 

2013, there were 605 cases with recorded peripheral nerve injuries, with a total of 

690 peripheral nerve injuries (defined as any injury to nerves of the somatic 

including cranial and spinal nerves or autonomic nervous system). These injuries 

tend to involve nerves within the limbs, especially the hands and brachial plexus. 

This is because of the superficial location of these nerves, and the higher likelihood 

of damaging arms and hands in machinery than other body parts. 

 

Peripheral nerve injury can be devastating in terms of employability, quality of life, 

and financial cost to the individual, insurance companies, and health care systems. 

 

1.2 Aetiology: 

Peripheral nerves may be damaged during cancer surgery, particularly in the 

anatomically complex head and neck region, where cranial nerves are intimately 

associated with lymph nodes, which drain cancer cells from skin of the head and 

neck region and mucosa of the upper aero-digestive tract. If a nerve is affected by 

cancer, then it should be completely removed to give the patient the best chance 

for survival.  

 

Traumatic nerve injuries may result from mechanical, thermal, chemical, or 

ischaemic insults to the nerve. Peripheral nerves within the limbs are more 

commonly associated with trauma, which may be from blunt or penetrating 

causes, such as crush injuries, lacerations, amputations, or burns. Peripheral 

nerves within the head, neck, or trunk regions of the body are more commonly 

involved with malignancy, but can also be affected by trauma. Skin cancer, soft 
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tissue malignancies, upper aero-digestive tract malignancies, and intra-abdominal 

malignancies can affect regional nerves. 

 

In general, the sooner a transected nerve is repaired, the more successful the 

recovery. In primate models of nerve repair, functional recovery is primarily 

determined by the time to reinnervation (Vyas et al., 2010). In rat sciatic nerve 

models, the decline in regenerative capacity begins at 1 month post injury, and by 

6 months post injury, there is no glial support for axonal regeneration (Vyas et al., 

2010). 

 

The mechanism, location, and extent of the injury also affect the success of nerve 

regeneration, as do general factors, such as age, general health, and co-morbid 

injuries. Infection and scarring of the nerve bed also have adverse effects on 

recovery. Higher injuries are associated with loss of greater numbers of neurons. 

Motor and proprioceptive fibres are more susceptible to compression injuries than 

general sensory or sympathetic fibres (Sunderland, 1991). Nerves containing more 

connective tissue and fewer fascicles may be better protected, and undergo neural 

changes more slowly (Maggi et al., 2003). 

 

 Post-operative rehabilitation also plays an important role. Successful neurological 

recovery may be wasted on limbs that have developed irreversible muscle atrophy 

and joint contractures.  

 

1.3 History of nerve regeneration research: 

The first report of nerve injury can be traced to a biblical story 3500 years ago 

(Sanchez, 2007). Early reports of nerve repair include Galen in 300 A.D., and 

Paulus Aegineta in the 7th century A.D. who used sutures and agglutination to 

repair nerves. Apparently, the first documented nerve repair using sutures to align 

stumps of a transected nerve was by Ferrara in 1608 (Sanchez, 2007). Throughout 

history, warfare has been associated with accelerations in medical and surgical 

developments, such as anaesthesia and antisepsis in World War I, and World War 

II had a similar effect on the evolution of nerve repair.  The initially poor results 

did not deter, and a huge leap forward occurred in the 1960s with Millesi 

developing microsurgical nerve repair techniques, the importance of a tensionless 
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repair, and the use of cable grafts where primary anastomosis was not possible 

(Millesi et al., 1976; Evans et al., 2001). In terms of alternative materials to nerve 

grafts, Bungner used small segments of artery as conduits in 1891 (Johnson, et al., 

2005). 

 

1.4 Physiology of nerve injury and regeneration: 

In order to appreciate the methods and results of peripheral nerve repair, it is 

important to understand the mechanisms involved when peripheral nerves are 

injured, and the complex cascade of events that ensues as the nerve attempts to 

regenerate. Peripheral nerve injury differs from most other types of tissue injury 

within the body, as it is not only a local repair process that is required but also 

extension along the entire length of the nerve (Konofaos, P., Ver Halen, J.P., 2013). 

Over 1000 genes are either up or down-regulated in neurons after an injury 

(Carlstedt, 2011). In addition, complex cortical processes occur centrally as the 

brain is “re-programmed” to optimize functional recovery. 

 

1.4.1 Neuroanatomy: 

Neurons have a cell body, containing the cell nucleus and other associated 

organelles, and axons, which project proximally towards the spinal cord and 

distally to the peripheries, where they eventually synapse with motor end-plates 

or sensory end-organs. Peripheral nerves have a universal structure comprising 

many layers. The outermost layer of peripheral nerves is the mesoneurium, a loose 

connective tissue layer which allows a degree of flexibility and movement for 

nerves, and is also the layer in which blood vessels are located. The epineurium is 

the fibrous white layer otherwise known as the nerve sheath, and surrounds the 

nerve proper. Perineurium surrounds fascicles, or groups of axons within bundles. 

It provides most of the tensile strength of nerves (Siemionow, 2004). Finally, 

endoneurium surrounds each individual axon. 

 

Myelin is a lipid rich product produced by Schwann cells within the peripheral 

nervous system, and surrounds some peripheral nerves. Myelin prevents 

depolarization along the nerve, allowing this to occur only at nodes of Ranvier 

rather than along the entire length of the axon. These nodes of Ranvier are 
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unmyelinated regions with a high concentration of sodium channels for 

depolarization. The myelinated areas act as insulation, accelerating axonal 

conduction as the depolarization “wave” jumps via salutatory conduction from 

node to node along the nerve. Myelinated axons transmit electrical impulses at up 

to 150 m/sec, whereas unmyelinated axons only 2.5 m/sec (Maggi, 2003). 

Unmyelinated fibers comprise 75% of cutaneous nerves and 50% of motor nerves 

(Maggi et al., 2003). 

 

1.4.2 Proximal nerve stump: 

The proximal axonal stump undergoes traumatic “Wallerian” degeneration to the 

most proximal uninjured node of Ranvier. The extent of Wallerian degeneration is 

generally less than in the distal stump (Maggi et al., 2003). Each parent axon sends 

out a large number of sprouts which extend across the zone of injury to continue 

growing into the distal nerve stump. Each sprout has a growth cone terminally 

from which several microspikes or filopodia arise, and secretes proteases. These 

filopodia are constantly moving, sampling and exploring the local 

microenvironment, and respond to neurotrophic, neuritogenic, matrix forming, 

and other metabolic factors (Lee and Wolfe, 2000). The adhesiveness and 

molecular composition of the growth substrate are important, with laminin and 

fibronectin being permissive, and semaphorines, ephrins, netrins, and other cell 

surface and extracellular matrix molecules repellent in nature (Lundborg, 2000). 

There are increased levels of cell adhesion molecules in Schwann cells and 

endoneurial basal lamina tubes during nerve regeneration (Doolabh et al., 1996), 

and the growth cone detects and determines their presence as supportive or 

inhibitory signals. The adhesion molecules act like molecular fingerprints with the 

molecular surface pattern indicating specific pathways for growing axons during 

regeneration or development (Lundborg, 2000). These molecules transmit 

information from the environment to the axoplasm of regenerating axons (Thanos 

and Okajima, 1998), which influences the direction of growth (Lundborg et al., 

1994). The proximal stump has the potential for nerve regeneration independent 

of the distal stump, but this is only transient without stimulation from the distal 

stump (Rodriguez et al., 1999). 
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1.4.3 Nerve cell body: 

Several stages are involved in the response of peripheral neurons to injury. The 

first phase begins with the arrival of injury-induced action potentials in the 

nucleus, which act via calcium and cAMP to switch on genes involved in the early 

stages of repair. The second phase involves the retrograde transport of intrinsic 

constituents (e.g. MAP-kinases) activated at the injury site to the nucleus, relaying 

the severity of the axonal injury, reinforcing the earlier events, and triggering 

additional changes. The third phase is characterized by the arrival of signals 

originating from extrinsic growth factors and cytokines released by cells at the site 

of injury. In the final phase, signals from target-derived growth factors arrive in the 

cell soma to arrest growth (Ambron and Walters, 1996). Interruption of retrograde 

transport of neurotrophic substances normally produced by target cells and 

transported to the nerve cell body ensues, and leads to chromatolysis, a process of 

swelling and peripheral displacement of the nucleus, and disappearance of 

basophilic material from the cytoplasm. The nerve cell body then responds by 

increasing protein metabolism and lipid synthesis and production of cytostructural 

materials (Lee and Wolfe, 2000), which are transported along the axonal transport 

system to the site of injury. If the injury is relatively proximal, cell body death 

occurs, and no regeneration occurs at all (Lundborg, 2000). 

 

1.4.4 Distal nerve stump: 

Following axonal transection, the entire distal stump undergoes “Wallerian 

degeneration”, whereby the neurofilaments and microtubuli of the axoplasm 

disintegrate via a proteolytic process mediated by calcium-activated enzymes in 

the axoplasm. Schwann cells resident within the distal stump initially phagocytose 

myelin debris, and release chemoattractive factors (IL-1b, leukemia inhibitory 

factor, and monocyte chemoattractant protein-1) which recruit macrophages into 

the distal nerve stump. Axonal remnants are then digested by these invading 

macrophages.  The Schwann cells alter in phenotype and become non-myelinating, 

and the proliferating Schwann cells migrate and align within residual connective 

tissue tubes (which were previously endoneurium, perineurium and the 

epineurium) into longitudinal columns filled with Schwann cells called bands of 

Bungner. Ultimately, all that remains are connective tissue tubes containing 
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Schwann cells which guide the regenerating axons from the proximal stump to the 

distal end organs (Siemionow and Sari, 2004). The bands of Bungner may also 

shield the axon from endoneurial growth inhibitory molecules during nerve 

regeneration (Höke, 2006). 

 

On the biomolecular level, changes in the distal stump involve upregulation of 

neurotrophins, neural cell adhesion molecules, cytokines, soluble growth factors 

and receptors (Frostick et al., 1998). The distal stump is the primary source of 

neurotropic and neurotrophic factors which are initially important in stimulating 

migration of non-neuronal cells through the repair site, and later in influencing 

axonal elongation (Rodriguez et al., 1999). This effect appears to be mediated by 

both cellular and humoral factors (Buti et al., 1996). The orientation and growth of 

regenerating axons is influenced by factors derived from the distal stump, and that 

nerves preferentially grow towards nerves rather than other tissues (Tos et al., 

2000). However, the growth supportive role of the distal stump is not maintained 

indefinitely, and relies on axonal contact being re-established (Kemp et al., 2008). 

 

1.4.5 Schwann cells: 

Schwann cells play a vital role in promoting axonal regeneration and elongation. 

The native Schwann cells and the recruited macrophages release cytokines which 

stimulates production of non-myelinating, de-differentiated Schwann cells, which 

proliferate and orientate into the bands of Bungner, which subsequently stimulate 

and guide axonal regeneration (as above). There is an increase in synthesis of 

surface cell adhesion molecules (N-CAM, Ng-CAM/L1, N-cadherin, L2/HNK-1) 

(Frostick et al., 1998) which increase attachment of regenerating axons; neurite 

outgrowth promoting factors (laminin, fibronectin, heparan sulphate 

proteoglycans, and tenascin) (Frostick et al., 1998; Maggi et al., 2003); and 

neurotrophic factors and their receptors (TGF-b, NGF, BDNF, NT3, CNTF, and 

GDNF, GGF I, GGF II, GGF-III) (Frostick et al., 1998; Kemp et al., 2008) which 

stimulate growth of regenerating axons. There is a bidirectional support 

mechanism, with the Schwann cells providing neurotrophins for the regenerating 

axons, which in turn provide neuregulins to stimulate production of Schwann cells 

(Höke, 2006). 
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1.4.6 Axonal regeneration across the nerve gap: 

Sunderland (Sunderland, 1991) summarized this process: 

 Initial delay: as axons recover and growth commences 

 Gap delay: as axons grow across the zone of injury 

 Elongation delay: as axons grow towards the end-organs 

 Functional recovery delay: as the axon and receptor complete recovery and 

function returns 

 

A coaxial, longitudinal, acellular fibrin matrix forms from plasma precursors 

secreted from the nerve stumps within the nerve gap, acting subsequently as a 

scaffold for migrating Schwann cells, fibroblasts and endothelial cells entering 

from proximal and distal nerve ends. Capillary ingrowth follows shortly behind 

along this primitive perineurial bridge (Doolabh et al., 1996). Schwann cells 

migrate from the two nerve ends across the continuous tissue cable towards the 

bands of Bungner within the distal stump. Within 3 hours of axotomy, axonal 

sprouts emerge from the first node of Ranvier proximal to the injury, each with 

many (5-20) axon collaterals (Doolabh, et al., 1996). Regenerating axons extend 

across the gap, attaching to the Schwann cells and the basal laminae. The axonal 

sprouts, having made contact through their filopodia to the appropriate distal 

Schwann cell basal lamina, extend into the bands of Bungner, growing 

preferentially inside the internal structures of endoneurial Schwann cell tubes 

(Stoll and Muller, 1999). At this stage, Schwann cells from the proximal nerve 

stump migrate along the regenerating axons, ensheathing and myelinating them, as 

well as stimulating the axons to elongate (Doolabh et al., 1996). The regenerating 

axons, having “found” their appropriate endoneurial tube, extend towards the 

peripheral end-organ or receptor. 

 

After an initial latency period of 3-7 days, axonal regeneration proceeds at a rate of 

1-4 mm/day, depending on age and species, nature of the injury, and method of 

repair. Approximately one-third of nerve fibers proximal to the site of nerve injury 

do not regenerate into the nerve distally, suggesting that a significant number of 

nerve fibers are lost at the proximal repair site in a suture line neuroma 

(Mackinnon et al., 1991) or die as a consequence of the injury. However, the 

number of fibres present in the region of regeneration is generally increased, at 
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least in the short term, because of sprouting from each individual nerve fiber. As 

the nerve fibers regenerate distally, and appropriate distal connections with 

sensorimotor receptors are achieved, the axon sprouts that have not made an 

appropriate connection undergo a degenerative process and are “selectively 

pruned” away (Mackinnon et al., 1991). Within 8 weeks, the regenerative capacity 

of the chronically denervated distal nerve stump begins to decline, and is almost 

absent by 6 months post injury (Höke, 2006).  

 

 

Figure 1.1: Peripheral nerve regeneration after injury (Lee et al., 2000) 

 
1.4.7 Changes in muscles: 

Poor muscle coordination and contractile force following nerve injury and repair 

are the consequence of several factors: the number of motor fibres which 

regenerate and make appropriate functional connections, the level of maturation 

of these fibres, the nature of contact of the regenerating axons with the 

intramuscular nerve sheath, the size of the resultant motor units, and the 

functional status of the muscle fibres. 

 

The primary cause of the poor recovery after long-term muscle denervation is a 

profound reduction in the number of axons that successfully regenerate through 

the deteriorating intramuscular nerve sheaths, regenerating instead along the 

surface of the muscle fibres (Fu and Gordon 1995). There is generally an increased 
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innervation ratio (number of muscle fibres innervated by a nerve fibre) in 

regenerated peripheral nerves. On average, a threefold increase in motor unit size 

largely compensates for the reduction in number of reinnervated motor units (Fu 

and Gordon 1995), but this reduced number and increased size of motor units 

reduces the degree of fine motor control. Muscle force capacity is further 

compromised by the incomplete recovery of muscle fibers from denervation 

atrophy (Fu and Gordon 1995). 

 

Within 1 week of denervation, muscle begins to undergo degenerative changes. 

Initially, there is atrophy of muscle fibres, leading to an 80-90% reduction in cross-

sectional area without reduction in the number of muscle fibres. Interstitial muscle 

fibrosis begins 3 months post-injury (Diao and Vannuyen, 2000). Muscle 

undergoes progressive irreversible fibrosis if not reinnervated within one to two 

years of injury (Dagum, 1998), and is replaced by scar tissue and/or fat (Maggi et 

al., 2003). 

  

Regenerating motor axons do not seem to show any preference for the type of 

muscle fiber (fast or slow) innervated normally (Aldskogius et al., 1987). It is the 

type of regenerating axon rather than type of muscle fiber (fast or slow) which 

determines the ultimate muscle fibre type: the muscle fibres have been shown to 

change their structure and function accordingly (Johnson, 2005). A small but 

significant increase in slow muscle fibers may result from overload of the reduced 

number of functional motor units (Fu and Gordon 1995). All of these reasons 

stress the importance of prompt nerve repair to allow motor axon regeneration in 

order to achieve useful muscle function after peripheral nerve injury and repair. 

 

1.4.8 Changes in sensory end-organs: 

Because of interruption of post-ganglionic sympathetic efferent fibers, vasomotor 

and sudomotor paralysis occurs, resulting in red and dry skin in the area of 

innervation of the nerve. Unlike muscle, sensory organs are capable of 

reinnervation long after denervation injury, even years later (Maggi et al., 2003). 

However, a delay in nerve repair of greater than 6 months post injury decreases 

the return of functional sensation, and greater than 1 year post-injury results in 

the return of only protective sensibility, with minimal two-point discrimination 
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(Diao and Vannuyen, 2000). In terms of mechanoreceptors, Pacinian corpuscles, 

which receive a single axon terminal and are less likely to be, reinnervated than 

Meissner’s corpuscles, Merkel cells, or Ruffini endings (Maggi et al., 2003). 

 

1.4.9 CNS plasticity: 

Following nerve injury and repair, there is a void in the somatosensory cortex 

corresponding to the innervation projection territory of that nerve. This area soon 

becomes occupied by input substituted from adjacent areas that are still 

innervated by other nerves. However, as soon as the regenerating axons make 

peripheral connections, albeit predominantly incorrect sensorimotor connections, 

there is a functional reorganization in the somatosensory cortex, and the extent of 

cortical reorganization that occurs reflects the ultimate extent of peripheral axonal 

misdirection, even after selection and pruning of fibers (Lundborg et al., 1994). 

The patient now has to “reprogram” the brain through sensory re-education 

programs aiming at an understanding of tactile input to identify form and shape. 

This sensory re-education is very important for achieving an optimal outcome 

following nerve repair (Oud et al., 2007), and relies on the patient’s active 

participation in the sensorimotor rehabilitation program. 

 

1.4.10 Principles of nerve regeneration: 

Neurotropism relates to the chemotactic attraction of proximal sprouting axons 

across a nerve gap along a concentration gradient of diffusible factors released by 

the distal stump, inducing changes in direction of growing axons, even before the 

distal target is reached (Doolabh et al., 1996). This neurotropic effect is dependent 

on the distance between the proximal and distal nerve stump ends. With short 

distances (2-3 mm), axonal behavior is “independent” of the nature of the distal 

stump, and with large distances (>20 mm), the concentration of neurotropic 

factors is reduced below a critical level, and neurotropism is not demonstrable. 

However, at intermediate distances, neurotropism occurs. Neurotropic effects 

exert a general influence on regenerating axons, but not to the level of specificity of 

individual axons towards appropriate endoneurial tubes. 

 

Neurotrophism involves the presence of substances emitted from the distal nerve 

stump that have a supportive and maturative effect on the growth cones from the 
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proximal stump. This concept is important for nutritive maintenance and neuronal 

survival of axons that have appropriately located reconnections in the distal 

stump. These target-derived proteins are probably retrogradely transported via 

the axon to the cell body. Neurotrophism suggests that axons randomly sample 

upcoming pathways, discriminating between correct pathways that will provide 

nutritive support for maturation and myelination, and incorrect pathways in which 

they will not survive (Doolabh et al., 1996). 

 

Specificity relates to the ability of sprouting axons to recognize and differentiate 

appropriate distal targets, and is considered to operate on several levels. Tissue 

specificity relates to axons growing selectively towards and through neural tissue 

in preference to non-neural tissue (e.g. tendon, muscle, granulation tissue) 

(Brushart, 1988). With fascicle specificity, a nerve fascicle will grow 

preferentially towards its own distal fascicle when given the distal choice of its 

own and a foreign fascicle (Doolabh et al., 1996). There is also motor and sensory 

specificity, whereby motor nerves demonstrate preferential growth towards a 

distal motor stump when given choices of motor and sensory nerve stumps, and 

vice versa (Rath and Green, 1991). This concept is supported by the presence of 

different surface glycoconjugates on sensory and motor axons (Brushart, 1988). 

Sensorimotor reinnervation specificity is not complete. Although motor axons 

preferentially reinnervate the motor branch, many axons enter the sensory branch, 

and vice versa. Proportionately more regenerating sensory axons enter the motor 

branch, suggesting that the sensory axon response may be more random than the 

motor response (Brushart, 1988). End-organ specificity matches regenerating 

axons with end-organs of the same sensory modality or muscle type to which they 

were originally connected. Afferent axons grow back to receptors in a submodality 

specific way within both sensory and motor systems (Rath and Green, 1991) (i.e. 

reinnervating appropriate muscle fibre or sensory receptor types). Topographic 

specificity suggests regenerating fibres preferentially reinnervate analogous 

distal pathways and territories (Lundborg et al., 1994). Regenerating axons may be 

attracted to similar receptors by the Schwann cell tubes which served these 

receptors initially (Doolabh et al., 1996). These theories attempt to explain why 

regenerating axons preferentially reinnervate similar endoneurial tubes to those 

inhabited by the axons prior to the injury. 
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1.5 Classification of peripheral nerve injury: 

Several classification systems exist for description of peripheral nerve injury. 

Sunderland’s classification (Sunderland, 1991) is based on histological features of 

the nerve trunk. Mackinnon and Dellon expanded Sunderland’s classification to 

include a 6th degree of injury, which is a combination of injuries from first to fifth 

degree, as seen in a neuroma-in-continuity.  

 

Overall, neuropraxic injuries have a very high complete recovery rate, while 

neuronotmesis has the lowest rate of recovery because of the degree of the injury 

and lower likelihood of axons regenerating correctly towards appropriate distal 

targets. Partial or mixed nerve injuries also occur, and the results of regeneration 

generally reflect the extent of underlying disruption.  

 

 
Nature of injury Myelin 

disrupted 
 

Myelin and 
axon disrupted 

Myelin, axon, 
endoneurium 
disrupted 

Myelin, axon, 
endoneurium and 
perineurium 
disrupted 

Whole nerve 
disrupted 

Sunderland’s 
classification 

1st degree 
 

2nd degree 
 

3rd degree 
 

4th degree 
 

5th degree 
 

Seddon’s 
classification 
 

Neuropraxia Axonotmesis Axonotmesis Axonotmesis Neuronotmesis 

Recovery Rapid, 
complete 

Delayed, 
complete 

Incomplete Incomplete Negligible 

Muscle fibrillation 
and atrophy 

Nil Temporary Permanent Permanent Permanent 

  
Electrophysiology 
studies 

Conduction 
block 

Axon loss Axon loss Axon loss Axon loss 

Table 1.1: Classification of nerve injury (adapted and expanded from 

Wilbourn et al., 2003) 

  



 33 

1.6 Assessment of peripheral nerve injury: 

1.6.1 Functional assessment: 

In humans, a thorough clinical history and examination is performed in order to 

assess the degree of recovery. The presence of muscle wasting or fasciculation is 

identified. Motor grading systems are used for each muscle group from 1-5, with 1 

meaning no contraction and 5 normal power. Sensory testing comprises light 

touch, pain (pin-prick), temperature (ice), proprioception (joint position), and 

vibration (tuning fork). The Hoffmann-Tinel’s sign may be a useful guide to the 

extent of sensory axonal regeneration, which is elicited by tapping over the 

involved nerve, and indicates the level of the sensory axon tips. In animal models, 

walking track analysis, pin-prick sensation, and subjective sweat provoking tests 

can be used. Because functional assessment reflects the patient’s actual degree of 

recovery from the nerve repair, this is the most important test modality in humans, 

but can be inaccurate in animal models. 

 

1.6.2 Electrophysiological assessment: 

Electrophysiological assessment involves measuring components of evoked 

compound nerve or muscle action potentials, such as amplitude, latency, 

conduction velocity, and area under the curve analysis. This can be done with 

monopolar or bipolar recording and stimulating electrodes, which can be placed 

cutaneously, transcutaneously or under direct vision in an exposed surgical field. 

The latency and conduction velocity of the evoked signal reflect the size and type 

of axons present, and the degree of myelination and maturation of these axons. The 

amplitude of evoked potentials reflects the number of axons present, but depends 

significantly on technical factors associated with the recording configuration, 

including the nature and position of recording electrodes, interelectrode distance, 

the density of connective tissue, and current shunts (Ashur et al., 1987). Clinically, 

nerve conduction studies (sensory and motor) can be used during and after the 

first week of injury to distinguish neuropraxia from axonotmesis and neurotmesis 

grades of injury. 
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1.6.3 Anatomical assessment: 

Anatomical assessment using light and electron microscopy can be utilized in 

animal studies, but is not feasible in human studies. Under light microscopy, 

several aspects of regeneration may be assessed, including axon counts, axon 

density, and area or diameter measurements of fibres, axons, and myelin. Under 

electron microscopy, ultrastructural characteristics can be visualized and 

examined. Retrograde labeling involves placement of a radioactive dye within 

muscle bellies, and allowing the dye to be transported retrogradely along the 

axons back to the cell bodies. Sometime later, cell bodies can be assessed and 

counts made to determine the number of axons, which have “connected” with the 

motor end-plates. This relatively new technique provides a more accurate analysis 

of regenerated fibres. 

 

The timing of histological assessment is contentious. A recent study involving 144 

rat sciatic nerves repaired by end-to-end repair or nerve grafting with assessment 

at time periods ranging from 1 month to 2 years has determined that there is little 

fluctuation in fibre counts beyond 3 months (Fox et al., 2012). 

 

1.6.3.1 Axon counts: 

The number of fibers present at each cross-section relates to how many motor 

neurons cell bodies remain viable, the number of axon sprouts emerging from each 

severed axon, and the number of fibers misrouted in a retrograde direction (Fox et 

al., 2012). Axon counts give only the number of axons at that point in the nerve 

repair, with no indication as to whether axons have appropriately re-established 

contact. As such, a large fiber population distal to a suture line could therefore 

result from regeneration of only a few parent fibers, with each maintaining many 

distal branches (Ashur et al., 1987).  Hence, axon counts alone may not accurately 

indicate the degree of success of a nerve repair, but remain the most widely used 

histological parameter for comparison of methods, especially in studies comparing 

nerve grafts to conduits (Gordon, 2011). 
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1.7 Results of peripheral nerve repair: 

1.7.1 Clinical results in humans: 

Despite early assessment, advanced surgical techniques, and accuracy of the nerve 

repair, functional recovery rarely reaches the pre-injury level. Most methods of 

peripheral nerve repair fail to restore normal motor and sensory function (Luo and 

Lu, 1996). This poor outcome is the result of many factors, both intrinsic and 

extrinsic to the nervous system (Frostick et al., 1998): the extent of neuronal 

survival after the injury, the rate and quality of axonal outgrowth, the orientation 

and specificity in growth of regenerating axons, the survival and state of end 

organs, and cortical reorganizational processes in somatosensory and motor brain 

cortex (Lundborg, 2000). Witzel et al. estimate that only 10% of axons reach target 

organs after nerve transection and surgical apposition (Zochodne, 2012). 

 

The clinical outcome is typically incomplete or absent with reduced, abnormal, or 

painful sensation; deficient motor function or uncoordinated muscle contractions; 

and sometimes temperature intolerance. Follow-up studies on patients having 

undergone median nerve repair (the main nerve supply to the hand and wrist) 

indicate that less than 1% of adults recovered normal functional sensation at 5 

years post repair (Mackinnon and Dellon, 1990). Clinical studies of digital nerve 

repairs show excellent sensory results in 17% of cases, as defined by normal 2 

point discrimination testing (Allan, 2000). The improved results of digital nerve 

repair compared to median and ulnar nerve repairs can be attributed to the 

smaller size of the nerve, its distal location, and its simpler architecture, with only 

sensory fibres present. Peripheral nerve injury in the head and neck region can 

also cause facial paralysis, hoarseness, and difficulties with breathing and 

swallowing. These factors lead to impaired physical function, with significant 

effects on quality of work and social life. 

 

Nerve gaps exceeding 15 mm lead to poorer results, presumably because of 

physical blockage within the nerve gap by proliferating Schwann cells and 

fibroblasts (Sanchez, 2007), dilution of neurotropic and neurotrophic factors with 

increasing distance between the regenerating axons and distal stump, and the 

prolonged time for recovery due to the increased length leading to “burn-out” of 
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neurotropic and neurotrophic factors from the distal stump. Children appear to 

produce more axon sprouts than adults, which is advantageous (Millesi et al., 

2006). 

 

1.7.2 Results from animal models: 

Many studies have evaluated the results of various techniques of peripheral nerve 

repair in humans, but it is predominantly in animal models where experimental 

techniques have been tried. Results from animal models tend to be better than that 

achievable in human studies, for many reasons (Sunderland, 1991). Animal nerve 

injuries for research occur under artificial conditions, with deliberate sections of 

the nerve and optimal conditions for healing. This is a contrast to the clinical 

setting, where nerves are injured because of tumour removal or following trauma, 

with associated injuries to other structures, which may influence healing and 

nerve regeneration. Animal peripheral nerves tend to have a simpler fascicular 

structure, which generally correlates with better results. The axon regeneration 

distances from the site of injury to end-organ receptors are much less in small 

animals, with less delay before reinnervation. In addition, because the 

regeneration rate of axons decreases as distance from the cell body increases, 

results in humans may be less successful than in smaller species. There may also 

be intrinsic differences in the way animals and humans respond to nerve injury 

and regeneration, hence extrapolation from animal model to human application 

may not be accurate. 

 

Many animal studies investigating nerve grafts have used the same excised 

segment of nerve sutured back into that same gap, reversed in some cases. This 

unique situation, with perfect dimensionality match (cross-sectional diameter of 

the nerve, number of fascicles, size of endoneurial tubules, etc.), would virtually 

never occur clinically, and hence these results must be considered carefully 

(Rodriguez et al., 1999). Despite these obvious considerations, much has been 

gained from animal models of nerve repair and applied to clinical practice.  
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1.8 Methods of peripheral nerve repair 

1.8.1 Primary nerve repair: 

It is rare for sensory nerves to be repaired, as the degree of morbidity from 

sensory deprivation is generally much less than motor denervation. It is usually 

pure motor or mixed nerves which are repaired. When a peripheral nerve is 

transected without significant loss of tissue, a primary nerve repair may be 

possible. In this ideal situation, the 2 nerve stumps are re-apposed, and held 

together with fine sutures (8/0 to 10/0 nylon). The number of sutures depends on 

the situation: generally, the least number of sutures are used in order to prevent 

separation of the nerve stumps, as the suture material causes a foreign body 

reaction and fibrosis (usually 2-3 sutures for average peripheral nerve). 

Unfortunately, this is often not possible. Loss of nerve substance or significant 

damage to the nerve requiring trimming may prevent a tensionless repair, which is 

vital for optimal recovery.  In this setting, a nerve graft is generally used to bridge 

the gap. An alternative is nerve mobilization, whereby the nerve stumps proximal 

and/or distal to the injury site are released from surrounding tissues and “freed-

up”. If by mobilization, the nerve ends may be apposed without tension, repair 

between the proximal and distal stumps may be undertaken, without the need for 

a nerve graft segment. A loose coaptation is ideal: an “exact” coaptation is 

impossible, and may cause misalignment of fascicles (Millesi et al., 2006). 

 

1.8.2 Nerve graft: 

The current gold standard treatment for peripheral nerve gap is the nerve graft, 

which involves removal of an autologous segment of nerve from a non-essential 

sensory nerve (e.g. sural or greater auricular nerves), which is then constructed to 

best fit the dimensions of the surgical nerve gap. If the damaged nerve under 

repair is a thick nerve or has many fascicles, then several segments may be taken 

and constructed into a composite “cable” nerve graft to fill this gap. Several small, 

non-dissolvable sutures (8/0 - 10/0 nylon) are placed to coapt the ends of the 

nerve stumps to the nerve graft segment. The autologous nerve graft segment will 

undergo Wallerian degeneration, and provides a conduit comprising a basal lamina 

scaffold (with associated laminin and fibronectin) and Schwann cells. This classic 

and still generally preferred method involves mobilization of the nerve ends to 
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minimize the gap between the sectioned nerve stumps, followed by suturing of the 

proximal and distal stumps to the nerve graft segment.  

 

1.8.2.1 Variations of technique: 

An epineurial repair involves placement of sutures through the epineurium only, 

and a perineurial repair involves sutures through the perineurium of individual 

fascicles. Epineurial repairs are associated with less fibrosis within the nerve 

substance from the foreign body reaction of the suture, but with less alignment of 

the fascicles than a perineurial repair. Perineurial (fascicular) repair does not 

result in significant improvements in functional recovery compared to epineurial 

suturing, but entails significantly more technical difficulty and is more time 

consuming, and may cause increased scarring and injury to blood supply (Terris 

and Fee, 1993). It may also impose an undesirable configuration of the axons 

within the nerve repair, rather than allowing a degree of “free rein” for the axons 

to identify their appropriate targets. 

 

 

 

Epineural repair 
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Figure 1.2: Epineural vs perineural repair technique (www. medscape.com) 

 

1.8.2.2 Choice of nerve graft: 

 

The choice of nerve graft relies on several factors. The donor nerve must be similar 

in size, and of appropriate length to bridge the gap (including multiple segments if 

a fascicular repair is undertaken). It is advantageous but not essential if the donor 

site is close to the injury site. The size and location of the area of denervation from 

harvesting the donor nerve is also an important consideration in minimizing the 

donor site morbidity. 

There is controversy regarding the type of nerve harvested. (Neubauer et al., 

2010) stated that nerve graft composition (sensory, motor, mixed) has no 

substantial impact on the short-term outcome of nerve regeneration in a mixed 

nerve repair model. Several other authors suggest that regeneration of 

motoneurons through grafts derived from purely motor nerves is better than 

through grafts from sensory nerves and vice versa (Hoke et al., 2006; Moradzadeh 

et al., 2008). Moradzedah et al. demonstrated a four-fold increase in the number of 

fibers crossing a mixed nerve graft in comparison to sensory nerve grafts 

(Moradzadeh et al., 2008). This is probably because of the physical size of the 

endoneurial tubes, which are generally larger in motor than sensory nerves, 

allowing more nerve fibers to cross a nerve defect (Moradzedah et al., 2008), as 

well as due to differential expression of neurotrophic factors in motor and sensory 

nerve grafts (Höke et al., 2006) 

 

Perineural repair 
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Figure 1.3: Sources of nerve grafts commonly used 

 

1.8.2.3 Allografts: 

Nerve grafts are generally autologous, although allografts have been used 

previously. An allografted nerve necessitates pre-treatment of the nerve graft to 

reduce antigenicity, or immunosuppression with chemotherapy type drugs for at 

least 2 years. Methods to reduce antigenicity include chemical or thermal 

treatment to reduce the cellularity and immunogenicity prior to transplantation. 

Once nerve regeneration has occurred, the immunosuppression may be 

withdrawn. This leads to a rejection episode with Schwann cell destruction and 

demyelinization within the allografted nerve segment. However, as soon as the 

donor Schwann cells re-populate the allografted nerve segment, nerve function is 

restored (Siemionow and Sari, 2004). Immunosuppressive agents available include 

Cyclosporine A, Azathioprine, Prednisone, Tacrolimus (FK506), and 

Antilymphocyte serum (ALS) (Siemionow and Sari, 2004). Ironically, Tacrolimus 

has been demonstrated to augment neuroregeneration independently when used 

in autologous nerve grafts settings (see later) (Feng et al., 2001; Ray and 

McKinnon, 2010) 

Limitations to nerve allografting relate to the difficulties of matching HLA types 

(Johnson, 2005) and the side-effects of immunosuppression.  Clinically, donor 

related or cadaveric nerve allografts are reserved for devastating or segmental 

Greater auricular nerve 
www.anesthanalg.net 

Sural nerve 
www.functionalanatomyblog.net 
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nerve injuries (Ray and McKinnon, 2010), and are far from ideal.  

 

1.8.2.4 Vascularized nerve grafts: 

Most nerve grafts are avascular, and survive in the first 3-5 days by diffusion from 

the host bed, which is followed by revascularization from direct ingrowth of 

capillaries from the periphery and cut ends of the nerve (Dagum, 1998). It has 

been proposed that vascularized nerve grafts may be more successful. No studies 

have clearly demonstrated superiority of vascularized nerve grafts over free nerve 

grafts in routine cases, but it has been proposed that vascularized nerve grafts 

should be used in extensive nerve gaps, massive skin defects, and poorly 

vascularized or scarred tissue beds (Lundborg, 2000). 

 

1.8.2.5 End to side repair: 

This method involves suturing the distal end of an injured peripheral nerve to the 

side of an intact adjacent nerve. It is believed that collateral sprouts are 

neurotropically and neurotrophically induced from the donor nerve to extend 

down and reinnervate the distal segment of the injured nerve (Lundborg, 2000). 

The grafted nerve stump can be sutured directly to the side of the nerve, or an 

epineurial window can be created in the donor nerve to improve the axonal 

elongation into the grafted nerve. Removal of the epineurium of the donor nerve at 

the repair site increases the effectiveness of this technique, and does not affect the 

donor nerve function (Rowan et al., 2000).  

 

Both motor and sensory recovery has been encouraging. Lundborg et al found that 

both sensory and motor axons elongate into end-to-side grafted nerves (Rowan et 

al., 2000), and demonstrated motor recovery of 60% of the normal control muscle 

3 months post-operatively, with no impairment of contractile force in muscle 

supplied by the donor nerve. Giovanoli et al. showed functional recovery in 

reinnervated muscle of more than 90% of the normal contralateral muscle in a 

rabbit model, without affecting the donor muscles, and with no alteration in 

distribution of muscle fibre types (Giovanoli et al., 2000). Zhang et al found that 

nerve conduction velocity recovered to 94% and dry muscle weight recovered to 
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89% after one year in end-to-side repairs, but improved myelination when donor 

nerves were treated with a perineurotomy window (Zhang et al., 2001). 

 

Overall, end-to-side repairs are recommended when clinical conditions are 

unsuitable for end-to-end nerve repair, as an alternative to a nerve graft, or in the 

absence of a proximal stump, such as brachial plexus avulsions (Rowan, Chen et al., 

2000) or in facial nerve injuries too proximal (close to brainstem) to repair. 

 

 

Figure 1.4: End-to-side repair with epineurial window created (Hudson et al., 

1999) 

 

1.8.2.6 Predegenerated nerve grafts: 

Deliberate crush injury to a donor nerve prior to harvesting and nerve repair 

induces an inflammatory reaction which functions as a conditioning lesion, with 

activation of Schwann cells and initiation of changes in the nerve cell body 

(Doolabh et al., 1996), serving to upregulate the growth program (Lundborg, 

2000). The antecedent injury may alter the production of cytoskeletal proteins, 

producing faster axonal elongation (Spector et al., 2000). From this, the concept of 

crushing the donor nerve prior to its harvest for definitive nerve repair was 
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developed. Danielsen et al. demonstrated that delayed repairs had more advanced 

vessel and Schwann cell migration and increased vascular density when compared 

to immediately repaired controls (Doolabh et al., 1996). This predegeneration has 

been shown to improve axonal outgrowth by reducing the initial delay period 

before regeneration begins (Lundborg, 2000), which has been measured to be 3.6 

days (Zhao and Kerns, 1994). Danielsen et al. states that the regeneration rate is 

unaffected (Danielsen et al., 1994), but Rodriguez et al. comments that there is an 

associated increase in regeneration rate also (Rodriguez et al., 1999). 

 

The length of time between the pre-degeneration injury and definitive repair 

impacts upon the success of regeneration. One day of pre-degeneration resulted in 

a 53% decrease in initial delay. 3 days of pre-degeneration resulted in a further 

reduction of the initial delay to a maximal amount of 83% compared to fresh nerve 

grafts. After this time point, the trend was reversed, and at 28 days degeneration 

the initial delay period was similar to that observed after 1 day of predegeneration 

(Danielsen et al., 1994). Spector et al. believe delayed nerve graft repairs after 

antecedent injury provides more effective and precise innervation of the distal 

stump (Spector et al., 2000). However, this method requires 2 surgical procedures 

timed several days apart (crush injury followed by the donor nerve graft 

harvest),which may not be feasible or practical. 

 

1.8.2.7 Stepping stone grafts: 

This technique involves spacing small segments of autologous nerve within a 

conduit, which then act as “stepping stones” in promoting axonal regeneration 

across the gap. This method is particularly useful in cases where a long gap or 

several gaps have to be bridged, by reducing requirements for autologous donor 

nerve tissue. These isolated segments supply Schwann cells, extracellular matrix 

components, and neurotrophic factors to the regenerating axons (Doolabh et al., 

1996). The spatio-temporal course of cellular migration and axonal regeneration 

towards these segments are identical to that which occurs towards vascularized 

distal nerve ends (Tang, 1995). In addition, the small nerve segments may also act 

to stent the conduit open, preventing collapse. The neurotrophic effects may 

potentially act over a longer distance with this method, which may enable 

successful axonal growth over a longer gap (Tang, 1995). 
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Jenq and Coggeshall demonstrated that a nerve segment, regardless of size, when 

placed within a silicone tube resulted in a larger regenerating nerve and increased 

axon numbers growing through the gap into the distal stump when compared to an 

empty silicone tube (Rodriguez et al., 1999). Maeda et al. found that interposing 

small nerve segments within a conduit increased the maximal distance across 

which successful nerve regeneration would occur (Rodriguez et al., 1999). 

However, axonal regeneration has been found to be slower than a nerve graft 

(Doolabh et al., 1996), and functional and histological results are inferior to nerve 

grafts. 

 

 

Figure 1.5: Stepping-stone nerve graft (Watchmaker and McKinnon, 1997) 

 

1.8.2.8 Results of nerve grafts: 

Despite the nerve graft remaining the gold standard method for repair of 

peripheral nerves, the results are often poor. The situation is frustrating because 

although the surgical repair may be technically perfect and postoperative 

rehabilitation diligently performed, the outcome is unpredictable and often 

disappointing (Lundborg, 2000). With operative alignment of the nerve stumps 

and nerve graft, axon destination is determined by the fascicular architecture 

imposed at the site of primary repair (Doolabh et al., 1996). This misalignment can 

lead to random matching of regenerating proximal axons with endoneurial tubes 

in the distal nerve stump, interfering with correct reinnervation, and contributing 

to the disappointing results (Brushart and Seiler, 1987). In addition to causing 

axonal misdirection, discontinuity between the severed nerve stumps reduces the 

number of neurons surviving neurotomy (resection of nerve), and may diminish 

the influence of trophic factors produced by injured nerves (Buti et al., 1996). 
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1.8.2.9 Problems associated with nerve grafts: 

Nerve graft repair is technically difficult, requiring a mastery of microsurgical 

techniques, specialized instruments, microscopy, and fine suture materials. The 

surgery takes considerable time, and is often performed “after-hours” in 

emergency operating theatres because of the every-day pressures of hospitals and 

lengthy waiting lists. The donor nerve is often harvested from a distant site to the 

injury, hence a second surgical site, and double the risks of bleeding, infection, 

scarring, etc. Harvesting a sensory nerve renders part of the body insensate, with 

anaesthesia, paraesthesia, and potentially dysaesthesia in the distribution of the 

donor nerve. As this donor nerve attempts to regenerate, a neuroma forms, which 

can be exquisitely painful and difficult to treat. The amount of donor nerve 

available for harvest is finite, and may be insufficient in extensive injuries. The 

dimensions and fascicular structure of the donor nerve may mismatch that of the 

injured nerve. In addition, the suture material causes a foreign-body reaction, 

which will lead to fibrosis, and compromise the results to some degree. Traditional 

sural or greater auricular nerve grafts, being purely sensory nerves, may have 

endoneurial tubes which are too small for effective regeneration and maturation of 

large type A motor fibres (Mountain et al., 1993). Any form of peripheral nerve 

surgery will cause scarring at the repair sites which will also affect results. Various 

autologous nerve protecting materials have been used to limit this, including veins, 

free or vascularized fat grafts, muscle flaps, and collagen containing materials 

(human amniotic membrane, porcine matrix) (Siemionow et al., 2013). 

 

Problems associated with nerve grafts: 
 
Donor site morbidity: 

 Loss of donor nerve function: anaesthesia, paraesthesia, dysaesthesia in the 

distribution of the donor nerve 

 Neuroma formation in the donor nerve stump 

 Second surgical site: scarring, other risks 

Nerve graft material: 

 Limited supply of enough autologous nerve material in extended cases 

 Mismatch in size between the damaged nerve and segment of nerve grafted 

 Purely sensory nerve grafts may have smaller endoneurial tubes than the motor 

nerve being reconstructed 
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Technical issues: 

 Trauma to fascicles, impairment of vascularity (Maragh, et al., 1990) 

 Foreign body reaction to suture material 

 Time consuming surgery 

Table 1.2: Problems associated with nerve grafts 

 

1.8.3 Alternative conduits: 

Alternative methods to the gold standard nerve grafting include inert and 

biological tubes (e.g. silicone, vein, muscle, biodegradable polymers, and collagen). 

Theoretically, these methods have many advantages over conventional nerve graft 

repair: 

 

Synthetic: Autologous: 

 Non-biodegradable tubes: 
o Silicone: poly(dimethylsiloxane) 
o Glass 
o PHEMA-MMA: poly (2-

hydroxyethylmethacrylateco-
methylmethacrylate) 

 Biodegradable tubes: 
o PLA: poly-lactic acid 
o PGA: poly-glycolic acid 
o PCA: p-amino-caproic acid 
o PCA: poly-caprolactone 
o PHB: poly (3-hydroxybutyrate) 
o PEVA: poly (ethylene-co-vinyl 

acetate) 
o Polypropylene 
o Polyurethane 
o Polyvinylchloride 
o Collagen 
o Laminin 
o Gelatin 
o Alginate 
o Chitosan: b-(1-4)-linked D-

glucosamine polysaccharide 

 

 Vein 
 Artery 
 Muscle 
 Amnion 

 

Table 1.3: Nerve conduits 
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1.8.3.1 The ideal conduit: 

The ideal conduit would not require sacrifice of any important structures, like 

other nerves, and avoid a second surgical site. It would be available in a wide range 

of shapes and sizes, including branches to accommodate the complex structure of 

peripheral nerves such as the facial nerve. It would be biologically inert or 

compatible with low antigenicity, allowing the accumulation of desirable factors 

(oxygen, nutrients, growth factors) and removal of inhibitory factors (CO2, free 

radicals, products of tissue cell death). There would be potential for incorporation 

of growth factors into the substance of the conduit. This conduit would maintain 

its luminal dimensions without collapsing, but have a degree of flexibility to allow 

movement around joints. It would promote vascular ingrowth but prevent scar 

tissue formation, and slowly biodegrade at an appropriate timeframe after allow 

axonal regeneration has occurred, and it is no longer required. It would also be 

technically easier and faster than nerve grafting, with less or no suture material. 

This ideal conduit would be inexpensive, easily sterilized, readily available, and 

with a long shelf-life. Finally, it would produce consistent, successful results by 

allowing axons to regenerate towards their appropriate targets. 

Potential advantages of conduits: 
 
Lack of donor site: 

 Loss of donor nerve function: anaesthesia, paraesthesia, dysaesthesia in the 

distribution of the donor nerve 

 Neuroma formation in the donor nerve stump 

 Second surgical site: scarring, other risks 

Availability: 

 Unlimited supply 

 Conduits can be constructed to any dimensions or configuration required 

Biocompatabilty: 

 Biologically inert, with low antigenicity (no immunorejection or scar tissue 

formation) 

 Prevent collapse and maintain luminal patency, but allow some flexibility for 

movement of limbs and joints 

 3D structure to allow axonal growth 

 Permeability and porosity to allow fluid and nutrient exchange (accumulation of 

growth factors, oxygen, nutrients and removal of waste products, free radicals) 
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 Neovascularization 

 Conduit remaining intact until axons have grown into the distal stump then 

“non-toxic” biodegradation 

 Potential for incorporation of exogenous growth factors or substrates within the 

wall or lumen of the conduit 

 Prevention of outgrowth of axons or neuroma formation 

Technical issues: 

 Cost effectiveness 

 Reduced technical difficulty 

 Faster surgery 

 Consistent and reproducible results 

 Ease of manufacture, sterilization, and reasonable shelf life 

 Potential for use in regions otherwise difficult to access (e.g. skull base, spinal 

nerve roots) 

Optimization of axonal regeneration: 

 Accumulation of longitudinal fibrin clot, and endogenous neurotropic and 

neurotrophic factors from the nerve stumps 

 Open lumen allows axons to selectively regenerate toward distal targets, rather 

than imposing a misdirected fascicular architecture by suture alignment. 

 Maximize axonal growth, orientation, and speed of regeneration: 

 Improve axonal sprouting 

 Improve axonal growth 

 Improve axonal selectivity 

 Improve speed of regeneration (axons, end-organ, plasticity perspectives) 

Table 1.4: Potential advantages of conduits 

 

However, despite results that convincingly demonstrate the potential range of 

benefits associated with the use of alternative conduits over nerve grafts, no 

hollow conduit model has been consistently demonstrated to regenerate across a 

neural gap more effectively than the current gold standard method of nerve 

autograft (Hadlock et al., 1998). 

 

The internal diameter of the conduit is an important consideration: if the lumen is 

too small, axonal regeneration is inhibited and scarring and ischaemia occur; if the 

lumen is too large, decreased vascularization, Schwann cell migration, and axonal 

advancement occurs, probably related to a diminished concentration of 

neurotrophic factors. 

 

Conduit composition appears to have minimal direct influence on the number of 

myelinated fibers in regenerated nerves or functional outcome, but is important 
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indirectly as it affects the ability of the conduit to maintain an adequate lumen 

while the tube is degrading (Henry et al., 1985; Strauch et al., 2000). Biodegradable 

polymer conduits may have difficulty maintaining stable wall configuration and 

luminal caliber, swelling or bending as the wall material becomes hydrolyzed. A 

relatively rigid tube may lead to pressure from the rim of the tube on the 

underlying nerve tissue, especially if affected by limb movement (Henry et al., 

1985). In terms of wall thickness, a thinner wall has been shown to produce 

slightly improved regeneration provided it did not collapse and maintained a 

lumen (Buti et al., 1996). 

 

Permeable conduits have been shown to produce the most desirable histological 

characteristics. This enhanced regeneration may relate to increased metabolic 

exchange across the conduit wall (diffusion of nutrients and elimination of waste 

products), diffusion into the lumen of growth or trophic factors from the external 

environment (wound healing factors), but providing retention of trophic factors 

secreted by the nerve stumps (Aebischer et al., 1989). Some authors advocate 

creating a structured gap to allow underlying neurotropic and neurotrophic 

mechanisms to improve successful axonal regeneration, even when the nerve ends 

could be approximated without tension (Gilchrist et al., 1998). Lundborg et al 

demonstrated in clinical studies that the presence of a “structured gap” of 3-4 mm 

between the proximal and distal stumps of sectioned median and ulnar nerves 

could improve nerve repair by facilitating axonal matching due to neurotropic 

distal lures (Tos et al., 2000). 

 

Overall, biodegradable nerve conduits are as effective as nerve grafts in bridging 

the short nerve gap (Mackinnon, 1989). Entubulation repair is considered less 

effective than nerve grafting in longer nerve gaps. In a nerve graft, regenerating 

axons find endoneurial tubules containing Schwann cells, whereas after 

entubulation, regeneration relies on the formation of a new extracellular matrix 

scaffold over which blood vessels, fibroblasts and Schwann cells migrate. There is 

therefore an inherent delay in axonal elongation and potential failure of 

regeneration if the nerve stumps are unable to provide enough regenerative 

promoting elements, which can occur in long gaps (Rodriguez et al., 1999). 
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With the emergence of nanotechnology has come the potential for constructing 

conduits with an optimal structure and configuration. Virtually all of the relevant 

factors could be manipulated: strength, flexibility, porosity, potential for vascular 

in-growth, time to degradation and breakdown products, surface texture (Evans, 

2000), low antigenicity and scar in-growth. Apart from the actual conduit 

composition, the luminal surface of the conduit could be coated with proteins, 

growth factors, etc. to encourage axonal regeneration. Rather than a hollow 

conduit, a cylindrical conduit with a 3-dimensional internal scaffold may be more 

successful. These structural elements within the conduit could potentially provide 

strength and prevent collapse as well as a vector for growth factors, cells, and 

extracellular matrix products, provided they did not physically obstruct the 

regenerating axons from traversing this channel to the distal stump.  

 

 

Figure 1.6: Properties of the ideal nerve conduit (Hudson et al., 1999) 
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Figure 1.7: Approaches to development of nerve conduits (Bell, 2012)  
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1.8.3.2 Inert tubes (silicone, silastic): 

Silicone tubes offer a closed system where humoral factors involved in 

regeneration can accumulate and where regeneration is almost exclusively by 

elements derived from neural tissue rather than from external wound factors 

(Scherman et al., 2000). Problems with the use of silicone tubes relate to chronic 

compression of the regenerating nerve, its lack of permeability, irritation, and 

foreign-body reaction with scar tissue formation. 

Its role today is more as an important tool for studying the fundamental 

neurobiological mechanisms of nerve regeneration, rather than as a feasible 

method of nerve repair. 

 

Figure 1.8: Axonal regeneration through a silicone tube (Bronzino, 1995)  
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1.8.3.3 Autologous vein: 

Autologous vein is a logical and popular choice as an alternative conduit for 

bridging nerve gaps, particularly because of its abundance, lack of immunogenicity, 

biocompatibility, capacity for variable lengths and diameters, permeability, lack of 

cost, and presence of endothelial cells with abundant neurotrophic and neurite-

promoting factors including laminin (Wang et al., 1993; Wang, Costas et al., 1995). 

Disadvantages of autologous vein conduits include their tendency to collapse 

(Doolabh et al., 1996), particularly in distances in excess of 10 mm (Brunelli, et al., 

1994), and invasion of fibrous tissue into the vein graft (Doolabh et al., 1996; 

Watchmaker and Mackinnon, 1997; Ferrari, 1999). 

 

Some studies have used vein grafts inside-out in an attempt to improve nerve 

regeneration. This theoretically has the advantage of eliminating any potential 

obstructive effect of venous valves, and also brings regenerating axons into 

proximity with Schwann cells of autonomic nerves within the tunica adventitia 

(Wang et al., 1995). Despite these considerations, invagination of the vein graft has 

not been shown to significantly affect regeneration (Watchmaker and Mackinnon, 

1997). 

 

Vein grafts have been combined with nerve grafts in an attempt to increase the 

maximal length for nerve regeneration. Keskin et al. used a rat sciatic nerve model, 

with a 10mm nerve segment within a 20mm external jugular vein graft, so that the 

proximal and distal nerve stumps were inserted into the vein graft 2-3mm so they 

were abutting the nerve graft. Results were similar between this and the control 

group of a 10mm nerve graft segment (Keskin et al., 2004).  

 

Overall, autologous vein grafting has been demonstrated to be as effective as nerve 

grafts for bridging short nerve gaps in rat models, and in small peripheral nerves 

with gaps less than 30mm in humans (Pu et al., 1999; Johnson et al., 2005), 

especially single function sensory nerves.  
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1.8.3.4 Muscle: 

Skeletal muscle grafts offer a conduit of parallel basal lamina tubes that is readily 

available, and capable of being fashioned to virtually any dimension required. The 

muscle graft provides a scaffold support for Schwann cells and axons to migrate 

towards the distal stump rather than any chemical support (Doolabh et al., 1996). 

Schwann cells tend to migrate from the proximal and to a lesser extent the distal 

stumps, and axons regenerate in contact with these migrating Schwann cells 

(Feneley et al., 1991). Fresh or lyophilized (predegenerated, thermally denatured, 

acellular) muscle grafts may be used. Fresh muscle grafts can be used at the time of 

nerve injury, harvested locally in possible. Lyophilized muscle grafts may be 

autologous or allografts, and require preparation in advance. 

 

Despite these potential advantages, muscle grafts have drawbacks. There is a 

definite limit to the gap length that can be successfully bridged by muscle grafts, 

probably due to insufficient numbers of migrating cells and vessel ingrowth 

(Lundborg, 2000). Muscle grafts may produce significant axonal elongation, but 

axons may escape through the basal lamina tubes into the surrounding tissues, 

forming a neuroma-in-continuity (Meek et al., 1996). This phenomenon occurs 

especially at the distal suture line (Brunelli et al., 1994), and can lead to significant 

loss of regenerating axons prior to reaching the distal stump. 

 

Freeze-thawed muscle autografts have been used in animal models and in humans, 

and have yielded satisfactory results for nerve gaps up to 6 cm (Glasby et al., 

1993). Lyophilized muscle grafts were used to repair human digital nerves, but 

results were poor because of the lack of viable Schwann cells (Johnson et al., 2005). 

 

1.8.3.5 Autologous vein and fresh muscle: 

There have also been attempts using autologous vein grafts filled with fresh 

muscle strips. The rationale relates to the vein walls providing a physical barrier 

and channel to the regenerating axons, while the muscle fibres prevent collapse of 

the vein and some potential neurotrophic support to both regenerating axons and 

migratory Schwann cells (Geuna et al., 2004). In a rat sciatic nerve model, the vein-

muscle combination technique yielded a similar morphological pattern of 
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regeneration to nerve grafts over 10mm gaps (Geuna et al., 2004). Battiston et al 

applied this technique to 21 human cases of sensory and mixed nerves with 

defects ranging from 0.5 to 6cm.  Good results were obtained in 85% with over 12 

months follow-up (Battiston et al., 2000a and 2000b, Pagnotta et al., 2002). 

 

1.8.3.6 Biodegradable tubes: 

Many different compounds have been used as conduits for repair of peripheral 

nerves. These include compounds such as polyglactin, polypropylene, 

polyurethane, polyvinylchloride, polyglycolic acid (PGA), and polylactic acid (PLA), 

in addition to collagen, amnion, glass, catgut, and alginate gels (see table 1.4). The 

chemically derived conduits degrade into byproducts of normal cellular 

metabolism over varying timeframes, ranging from 3-12 months. Longer 

degradation times have the benefit of giving rise to smaller amounts of acid 

degradation products over a longer timeframe (Ljungberg et al., 1999). A mild 

foreign body reaction may be associated with these tubes, involving inflammatory 

cells, especially macrophages, gradually decreasing to form a fibrous capsule after 

6 months (Ljungberg et al., 1999). 

 

These conduits have many advantages over nerve grafts, particularly ease of 

manufacture to any size, porosity, or degradation rate required. The main problem 

with these biodegradable conduits relates to dimensional instability, with the 

luminal size decreasing from either swelling of the walls or collapse of the lumen 

as the wall degrades (Henry et al., 1985), and luminal size correlates with the 

extent of axonal regeneration. With increasing length of these conduits, there is a 

significant reduction in neurotropic and neurotrophic factors. 

 

Mackinnon et al demonstrated excellent regeneration across a 3 cm ulnar nerve 

gap at the elbow in primates using PGA conduits (Watchmaker and Mackinnon, 

1997). Some animal models using PGA conduits have fared worse than human 

trials. Shin et al reported disappointing results in their PGA conduit model, and 

offered several reasons for this. They suggested that there may have been a higher 

degradation rate in their rat model compared to human trials. Clavijo-Alvarez et al. 

observed a higher degradation rate in the PGA group compared with fabricated 

polycaprolactone (PCA) and collagen-embedded PCA conduits (Clavijo-lvarez et al., 
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2007).  By 12 weeks post-operative, all of the conduits had lost their tubular 

rigidity and had completely collapsed, causing nerve compression, and 

undoubtedly preventing regeneration across the repair site (Shin et al., 2009). It 

was also proposed that the PGA group may have had a slower initial recovery rate 

than the other methods in their study, hence the worse results when assessed at 

the relatively short 12 weeks post-operative mark (Shin et al., 2009). 

 

In a study of human digital nerve repairs of gaps from 5-30 mm long with 

bioabsorbable polyglycolic acid (PGA) conduits, Mackinnon et al found normal 

functional sensation in one-third and good results in one-half of the patients after 

one year, which is comparable to results from nerve grafting (Mackinnon and 

Dellon, 1990). Den Dunnen et al. evaluated long-term recovery of nerves repaired 

with biodegradable polyester conduits and found good motor and sensory 

recovery (Den Dunnen et al., 1993). Weber et al .published the first prospective, 

randomized, multicenter trial of PGA conduit for bridging nerve defects in the 

hand, with results evaluated after 12 months recovery (Weber et al., 2000). 

Ninety-eight patients with 136 lesions of hand nerve were treated with autologous 

nerve graft or direct coaptation (74 nerves) or PGA conduits (62 nerves). The PGA 

conduit group had significantly better results for nerve gaps of 4 mm or less than 

those repaired by end-to-end coaptation, and comparable or superior results to 

nerve grafts for nerve gaps of over 8 mm (Jiang et al., 2010). 

 

Currently, three synthetic bioabsorbable nerve conduits are approved for clinical 

use in the United States and Europe: the Neurolac tube (poly DL-lactide-e-

caprolactone; Ascension Orthopedics, Austin, Texas), NeuraGen tube (type-I 

collagen; Integra LifeSciences, Plainsboro, New Jersey), and Neurotube (poly- 

glycolic acid; Synovis, Birmingham, Alabama). A handful of case reports detail 

experiences with bioabsorbable nerve conduits in motor nerve repair (Shin et al., 

2010). Despite these promising clinical results, biodegradable conduits have not 

replaced nerve grafts as the gold standard method of repair of nerve gaps. An 

outstanding review of the different types of synthetic conduits can be found in 

“Current applications and future perspectives of artificial nerve conduits” by Jiang 

et al. (Jiang et al., 2010). 
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1.8.4 Substrate manipulation within conduits: 

When hollow conduits are used to bridge a peripheral nerve gap, different 

substrates may be incorporated in order to improve nerve regeneration, either 

within the conduit wall or attached to a matrix or scaffold within the lumen of the 

conduit. There is also the potential for drug, growth factor, or cellular delivery via 

microscopic pump devices into the conduit. 

 

Various different substrates have been employed, including plasma, extracellular 

matrix components (collagen, laminin, fibronectin), growth factors, and cellular 

transplants (Schwann cells, olfactory ensheathing cells). Manipulation of the 

microenvironment within the tube can have quantitative effects on the rate and 

extent of nerve regeneration (Madison et al., 1987). Whilst many studies have 

demonstrated varying degrees of improvement of axonal regeneration with these 

different substrates, substrate manipulation has not yet had clinical application 

(Strauch, 2000).  

 

1.8.4.1 Extracellular matrix components: 

1.8.4.1.1 Plasma/fibrin: 
When a conduit is used to bridge a nerve gap, a fibrin matrix forms within the 

lumen derived from plasma precursors secreted from the nerve stumps. This 

matrix is essentially a fibrin clot containing longitudinally orientated strands of 

fibrin with interspersed inflammatory cells, laminin, fibronectin, and neural cell 

adhesion molecules (Terris and Fee 1993), which directs the ensuing migration of 

cells and vascular sprouting from the stumps (Doolabh et al., 1996). Modifications 

in the size, orientation, and vascularization of the matrix have been demonstrated 

to affect the extent of regeneration (Scherman et al., 2000). There is an apparent 

time lag of approximately 4 days between the accumulation of fibrin clot and the 

initial migration of cells. The temporal progress of fibrin clot formation and 

cellular migration (and secondarily, axonal regeneration) may be enhanced by 

filling the lumen with dialyzed plasma at the time of implantation of the nerve 

guide (Williams et al., 1987). 
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1.8.4.1.2 Collagen: 
Collagen is a major component of the ECM matrix. Its potential applications in 

nerve regeneration relate to its smooth microgeometry and transmural 

permeability (100,000 D), allowing diffusion processes through collagen matrices, 

adhesiveness for different cell types, promotion of angiogenesis, and 

biodegradability (Stang et al., 2005).  

Phillips et al. developed a tethered aligned collagen guidance conduit comprising 

Schwann cells and fibroblasts seeded to collagen fibrils. Cells embedded within 

these gels form stable integrin-mediated attachments with the collagen fibrils of 

the lattice, stimulating cytoskeletal assembly and cell migration. When these 

aligned collagen constructs (tethered in silicone tubes) were implanted into short 

(5 mm) gaps in transected rat sciatic nerves, there was more successful 

regeneration than in control nerves across empty conduits (Phillips et al., 2005). 

1.8.4.1.3 Laminin: 
Laminin is a high molecular weight glycoprotein associated with the basal lamina 

of nerve fibers (Terris and Fee 1993), the external border of the myelin sheath, and 

vascular surfaces. Madison et al. showed faster regeneration across nerve gaps, as 

well as regeneration across longer nerve gaps using laminin gel in biodegradable 

conduits in a mouse sciatic nerve model (Madison, da Silva et al., 1985). 

Matsumoto et al. used laminin coated collagen fibres within a PGA tube in an 80 

mm dog peroneal nerve model, albeit with no nerve graft control for comparison. 

They found morphological, electrophysiological, and functional recovery of the 

regenerated nerves over a long defect, which had previously never been 

successfully repaired before with an artificial nerve conduit (Matsumoto et al., 

2000). 

1.8.4.1.4 Fibronectin: 
Fibronectin is an extracellular matrix glycoprotein and acts to organize matrix 

assembly as well as a scaffold for adhesion of fibroblasts. It enhances Schwann cell 

adhesion, migration, and proliferation (Whiworth et al., 1995). Fibronectin 

increases sensory and motor axonal regeneration, and increases Schwann cell 

numbers within the lumen of hollow conduits (Whitworth et al., 1995). Whitworth 

et al. compared autologous nerve grafts, freeze-dried muscle grafts and fibronectin 

mats, which contain 3-dimensional, aligned strands of fibronectin. The fibronectin 
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mat group was superior to the muscle group, and comparable to the nerve graft 

group in many respects (Whitworth et al., 1995).  

 
 

Factor Technique Model References 
Collagen Longitudinally aligned fibrils within 

silicone tube 
Rat, sciatic nerve, 5 mm gap Phillips et al., 2005 

 Collagen sponge within collagen tube Rat, sciatic nerve, 20 mm gap Stang et al., 2005 
Laminin PLA tubes filled with 80% laminin Mouse, sciatic nerve, 4-5 mm 

gap 
Madison, 1985 

 Laminin-soaked collagen fibres within 
PGA tube 

Canine peroneal nerve 80 mm 
gap 

Matsumoto et al., 2000 

 Laminin-soaked collagen sponge within 
PGA tube 

Canine peroneal nerve 80 mm 
gap 

Toba et al., 2001 

 Laminin bound to agarose gel within 
polysulfone tube 

Rat sciatic nerve 10 mm gap Yu and Bellamkonda, 
2003 

Fibronectin Fibronectin mats Rat sciatic nerve 10 mm gap Whitworth et al., 1995 
 Fibronectin bound to alginate hydrogel 

within PHB tube 
Rat sciatic nerve 10 mm gap Mosahebi et al., 2003 

Combinations Collagen, laminin and fibronectin 
adsorbed to silicone tube lumen 

Rat sciatic nerve 10 mm gap Chen et al., 2000 

Table 1.5: Extracellular matrix components used in peripheral nerve 

regeneration 

 

1.8.4.2 Growth factors: 

 
A myriad of growth factors have been suggested and employed in peripheral nerve 

repair. Whilst the concept of improving axonal regeneration through 

administration of growth factors is appealing, it grossly understates the complex 

cascade of events and cocktail of intrinsic growth and inhibitory factors present in 

axonal regeneration. It is certainly not a matter of increasing a specific factor to 

achieve improve axonal regeneration, like adding to a recipe when cooking. The 

appropriate agent must be administered at the correct dose and rate to enhance 

axonal regeneration, and restricted to the site of injury to avoid adverse side 

effects (Sunderland, 1991). 

 

Growth factors can be delivered and incorporated via several different 

mechanisms: within the compound from which the conduit is created, a coating 

within the lumen of the conduit, release from a matrix or scaffold within the lumen 

of the conduit, or external delivery via a microscopic pump device. There is then 

the problem of providing the optimal dose of growth factor at the right time, for 
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the right duration, and uniformly within the conduit (bioavailability and 

bioactivity), bearing in mind the doses of growth factors are usually measured in 

micrograms to nanograms (Kemp et al., 2008). The challenge in peripheral nerve 

repair and regeneration is to bioengineer a hollow conduit system with growth 

factors somehow incorporated which allows for the local delivery of growth 

factors in sufficient quantities to stimulate axonal regeneration, delivering the 

correct dose and rate of administration, restricting delivery to the site of injury, 

while avoiding adverse side effects (Kemp et al., 2008). 

 
Nerve growth factor (NGF) appears to have the greatest individual effect of all of 

the growth factors (Evans et al., 2000). NGF enhances neuronal survival and 

stimulates nerve regeneration (Jiang et al., 2010). In a simple model of efficacy of 

NGF in promoting nerve regeneration in a rat sciatic nerve 5 mm gap, NGF-saline 

solution placed into silicone tubes lead to increased motor nerve conduction 

velocities (He et al., 1992). NGF has also been encapsulated in microspheres order 

to prolong its availability.  Xu et al. used poly-phosphoester or silicone tubes 

containing suspended NGF microspheres in a rat sciatic nerve 10 mm gap model, 

producing significantly more nerve fibres and higher nerve fibre density than the 

control groups (Xu et al., 2003). Lee et al. used heparin to immobilize NGF and to 

slow its diffusion from a fibrin matrix. A rat sciatic nerve model was used, with 

silicone tubes bridging a 13 mm gap. Groups containing NGF had similar numbers 

of regenerating nerve fibres and fibre diameter as the nerve autograft group, and 

substantially more than the groups with empty silicone tubes or silicone tubes 

containing the microspheres alone (without NGF) (Lee et al., 2003). 

 

Neurotrophin-3 (NT-3) plays an important role in supporting the survival, growth 

and differentiation of neurons and in encouraging the formation of neuronal 

synapses, as described earlier. Sterne et al. used fibronectin mats impregnated 

with NT-3 in a 10-mm rat sciatic nerve defect. At day 15, axonal regeneration was 

significantly increased, and at 8 months there were significantly greater 

myelinated axons compared to the control group (Sterne et al., 1997). 

 

Midha et al. used PHEMA-MMA (poly (2-hydroxyethyl methacrylate-co-methyl 

methacrylate)) tubes filled with collagen matrix impregnated with NT-3, BDNF 

(Brain Derived Neurotrophic factor), or a-FGF (alpha Fibroblast Growth Factor) to 
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bridge a 10-mm rat sciatic nerve defect. The a-FGF group had the greatest success, 

followed similarly by the NT-3 and BDNF groups, which were better than empty 

tubes and the groups with plain collagen matrix (Midha et al., 2003).  

GDNF (Glial Derived Neurotrophic Factor) is a potent neurotrophin secreted by 

Schwann cells after nerve injury, which improves motor and sensory neuron 

survival, neurite outgrowth, and Schwann cell migration (Jiang et al., 2010). Barras 

et al. used PEVA (Poly (ethylene-co-vinyl acetate)) tubes containing GDNF 

embedded rods to repair an 8-mm rat facial nerve defect. The GDNF group 

enhanced the formation of myelinated axons and motoneurons compared to the 

NT-3 or BSA groups (Barras et al., 2002).  Using the same method of repair in a 15-

mm rat sciatic nerve gap, Fine et al. showed enhanced motor and sensory neuronal 

regeneration in the GDNF group compared to the NGF group (Fine et al., 2002).  

 

Wood et al. embedded GDNF and NGF to a fibrin matrix within silicone tubes to 

bridge a 13-mm rat sciatic nerve defect. Both the GDNF and NGF groups had 

similar nerve fibre density, percentage of neural tissue and myelinated area 

measurements to the nerve isograft control group, the GDNF group having the 

largest myelinated/unmyelinated area measurements at 3 months post-operative 

(Wood et al., 2009). 

 

Fibroblast growth factors stimulate mitogenesis and enhance regeneration 

following peripheral nerve injuries. As described above, Midha et al. (2003) 

showed aFGF enhances nerve regeneration, with the aFGF group resulting in 

significantly better regeneration than the other experimental groups which had 

NT3 and BDNF. Wang et al. used a semi-permeable and biodegradable two-ply 

nerve PDLLA (poly D,L-lactide) conduit containing b-FGF to bridge a 15-mm gap in 

rat sciatic nerves, with improved results in the b-FGF group (Wang et al., 2003). 

 

Ohta et al. developed a b-FGF embedded heparin/alginate hydrogel with, which 

was used to bridge a rat sciatic nerve 10-mm gap. At 16 weeks post-operative, the 

hydrogels with b-FGF exhibited faster axonal regeneration, larger myelinated fibre 

diameter and improved vascularisation compared to the non-b-FGF hydrogels 

(Ohta et al., 2004). 
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Insulin-like growth factor I (IGF-I) promotes survival of motor and sensory 

neurons and Schwann cells after injury, and promotes axonal regeneration and 

myelination (Kanje et al., 1989). IGF-1 and its binding protein are retrogradely 

transported to the cell body, stimulating growth-associated protein 43 (GAP-43) 

(Gao et al., 1999) and production of axonal tubulins (Edbladh, 1989), leading to 

progression of the growth cone (Kanje et al., 1989).  IFG-I also stimulates fibroblast 

and macrophage differentiation, increasing cytokine production. IL-6 is produced 

by both fibroblasts and macrophages and promotes motoneuron survival (Reichert 

et al., 1996). Granulocyte macrophage-colony stimulating factor induces 

membrane attack complex II receptors on Schwann cells and macrophages, which 

assists wallerian degeneration (Saada et al., 1996). IL-1 produced by macrophages 

modulates secretion of nerve growth factor (NGF), promoting regeneration of 

axons (Leskovar, 2000). Despite these theoretical benefits, IGF-I was not effective 

in supporting regeneration in grafts engineered with the basal lamina of acellular 

muscle and cultured Schwann cells, although nerve autografts treated with IGF-I 

had increased axon count and an improved g-ratio as indicator for “maturity” of 

axons (Fansa et al., 2002). 

 

Pyrroloquinoline quinone (PQQ) is an antioxidant which stimulates nerve growth 

factor (NGF) synthesis and secretion. Liu et al. showed improved nerve 

regeneration, sciatic nerve function, sciatic nerve function index, 

electrophysiologic index and morphologic appearance in an 8 mm rat sciatic nerve 

model (Liu et al., 2005). 

 

Panaite and Barakat-Walter used a 10 mm rat sciatic nerve defect with Tri-iodo 

thyronine (T3) administration into a silicone or biodegradable tube to show 

increased number and myelination of regenerated axons, enhanced the 

reinnervation of gastrocnemius and plantar motor end-plates, and higher 

compound muscle action potentials (CMAPs) from gastrocnemius muscles. 

(Panaite and Barakat-Walter, 2010). 

 

77 kDa muscle-derived protein (MDP77) treatment accelerates Schwann cell 

migration and maturation of regenerating axons in a dose-dependent manner, 

resulting in functional recovery of motor nerves, but not sensory nerves in a rat 
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sciatic nerve 14 mm gap model (Itoh et al., 2005). 

 
 

Factor Technique Model References 
NGF NGF–saline solution within silicone tube Rat, sciatic nerve, 5 mm gap He et al., 1992 
 Microspheres or suspended in saline 

Silicone or PPE conduit 
Rat, sciatic nerve, 10 mm gap Xu et al., 2003 

 Heparin-containing fibrin gel 
Silicone tube 

Rat, sciatic nerve, 13 mm gap Lee et al., 2003 

 Micro-injection ports  Kemp et al., 2007 
 Silk fibroin matrices   Uebersax et al., 2007 
NT-3 Impregnated into fibronectin mats Rat, sciatic nerve, 10 mm gap Sterne et al., 1997 
 Type I collagen gel, PHEMA-MMA hydrogel 

conduit 
Rat, sciatic nerve, 10 mm gap Midha et al., 2003 

 Intrathecal injection   Gratto and Verge, 2003 
NT-4/5 Fibronectin conduits  Simon et al. 2003 
GDNF Suspended in PEVA polymer rod Rat facial nerve 8 mm gap Barras et al., 2002 
 Suspended in PEVA polymer rod Rat sciatic nerve 15 mm gap Fine et al., 2002 
 PCLEEP fibres Rat sciatic nerve 15 mm gap Chew et al., 2007 
 Heparin-immobilized fibrin gel within 

silicone tube 
Rat sciatic nerve 13 mm gap Wood et al., 2009 

aFGF type I collagen hydrogel Rat sciatic nerve 10 mm gap Midha et al., 2003 
   Cordeiro et al. (1989) 
bFGF PDLLA polymer solution Rat sciatic nerve 15 mm gap Wang et al., 2003 
 heparin/alginate hydrogel Rat sciatic nerve 10 mm gap Ohta et al., 2004 
CNTF saline solution in silicone tube Rat sciatic nerve 10 mm gap Zhang et al., 2004 
 Collagen tubules  Ho et al., 1998 
VEGF Matrigel in silicone tube Rat sciatic nerve 10 mm gap Hobson et al., 2000 
LIF calcium alginate hydrogel in PHB conduit Rat sciatic nerve 10 mm gap Hart et al., 2003 
IGF-I Suspended in DMEM delivered with 

osmotic pumps; autologous nerve grafts or 
acellular ECM 

Rat sciatic nerve 20 mm gap Fansa et al., 2002 

PDGF in laminin-containing Biomatrix, collagen, 
or methylcellulose gel in silicone tube 

Rat sciatic nerve 8 mm gap Wells et al., 1997 

 Collagen tubules  Ho et al., 1998 
BDNF   Terris et al., 2001 
 Osmotic mini-pump   Boyd and Gordon, 2004 
GGF alginate-fibronectin hydrogel in PHB 

conduit 
Rabbit peroneal nerve 20–40 
mm gap 

Mohanna et al., 2005 

PQQ PQQ in silicone tube Rat sciatic nerve 8 mm gap Liu, 2005 
T3 T3 within silicone or biodegradable tube Rat sciatic nerve 10 mm gap Panaite and Barakat-

Walter, 2010 
MDP77 MDP77 within collagen type 1 solution, 

silicone tubes 
Rat sciatic nerve 14 mm gap Itoh et al., 2005 

NGF = Nerve Growth Factor; NT = Neurotrophin; GDNF = Glial Derived Neurotrophic factor; 

FGF = Fibroblast Growth Factor; CNTF = Ciliary Neurotrophic Factor; VEGF = Vascular 

Endothelial Growth Factor; LIF = Leukaemia Inhibitory Factor; IGF-1 = Insulin-like Growth 

Factor; GGF = Glial Growth Factor; PQQ = Pyrroloquinoline quinine; PRP-1 = Proline Rich 

Peptide-1; T3 = Tri-iodo thyronine; MDP77 = 77 kDa muscle-derived protein 

Table 1.6: Growth factors used in peripheral nerve regeneration (modified 
and expanded from Jiang et al., 2010, Kemp et al., 2008, and Pfister et al., 
2007) 
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1.8.4.3 Cellular transplants: 

1.8.4.3.1 Schwann cells: 
 
The concept of culturing Schwann cells for use in peripheral nerve repair has many 

appealing aspects. Schwann cells can be expanded from small segments of 

peripheral nerves without mitogens (Rodriguez et al., 1999), and can be used as 

autologous transplants. They have well described axon promoting and 

remyelination properties (Franklin and Blakemore, 1993). The addition of 

Schwann cells to the lumen of hollow conduits provides a concentration dependent 

benefit via expression of surface proteins and soluble factors promoting the 

extension of regenerating axons (Hadlock, et al. 1998). Hoechst labeling of 

transplanted Schwann cells indicate their participation in the regenerative process 

for at least 3 months post-operatively (Ansselin et al., 1997). Schwann cells can be 

seeded within hollow tubes, or suspended in a medium, which is then instilled into 

the lumen of conduits. Finally, because Schwann cells are crucial in axonal 

regeneration regardless of the nature of repair method, it is intuitive that more of 

these should have some positive effect. 

 

Schwann cell infusion has been used in peripheral nerve and spinal cord repair 

models (Takami et al., 2002). Studies have demonstrated that the number of 

myelinated fibres, the levels of distal reinnervation, and conduction properties are 

similar with transplanted autologous Schwann cells to autologous nerve grafts 

(Ansselin et al. 1997). The potential exists for the construction of cellular 

prostheses containing Schwann cells from small peripheral nerve biopsies for use 

instead of autologous nerve grafts without the sensory deficit and morbidity 

associated with harvesting sensory nerve, or in cases of large or multiple nerve 

gaps where insufficient sensory donor material is available for grafting (Levi et al., 

1997). Kemp et al have described a technique whereby Schwann cells may be 

obtained from non-invasive skin grafts and cultured, which would avoid the 

morbidity associated with biopsying peripheral nerves (Kemp et al., 2008). Cheng 

et al. developed a PLGA (polyglactin- poly-glycolic/poly-lactic acid) tube 

containing autologous Schwann cells using a rabbit sciatic nerve defect of 20 mm. 

Histological analysis of the distal stump at 8 weeks post-operative showed 

evidence of axonal regeneration (Cheng et al., 2002). 
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1.8.4.3.2 Stem cells (SCs): 
Cultured fibroblast-like bone marrow stem cells express neurotrophic factors and 

supporting substances, including NGF, BDNF, GDNF, CNTF, collagen, fibronectin, 

and laminin. Chen et al. obtained bone marrow stem cells, which when cultured, 

became morphologically homogeneous with fibroblast-like shape. A silicone tube 

was used to bridge a 15 mm rat sciatic nerve gap model, with improved walking 

behaviour, reduced loss of gastrocnemius muscle weight and EMG magnitude, and 

more regenerating axons in the SC group than the empty silicone tube control 

group (Chen et al., 2007). 

Hunderpool et al. have recently published a meta-analysis of animal peripheral 

nerve reconstruction model studies using conduits with and without different 

types of stem cells. The stem cell groups showed benefit compared to control 

groups in functional, morphometric, and electrophysiological measurements 

(Hunderpool et al, 2014). 

 

Technique Model References 
Autologous SCs in PLGA tube Rabbit sciatic nerve 20 mm 

gap 
Cheng and Chen, 2002 

Syngeneic, heterologous SCs in PAN/PVC 
tube 

Rat sciatic nerve 8 mm Guenard et al., 1992 

Syngeneic SCs in PHB tube Rat sciatic nerve 10 mm gap Mosahebi et al., 2001 
Syngeneic SCs in collagen tube Rat sciatic nerve 20 mm gap Stang et al., 2005 
Autologous SCs in silicone tube Rat sciatic nerve 10 mm gap Nilsson et al., 2005 
Fibroblast-like MSCs suspended in 
gelatine in silicone tube 

Rat sciatic nerve 15 mm gap Chen et al., 2007 

Autologous EMSCs in muscle tubes Rat sciatic nerve 20 mm gap Keilhoff et al., 2006 
NSCs  in chitosan-coated PDMS tube  Rat sciatic nerve 10 mm gap Lin et al., 2008 
  Ansellin, et al. 1997 
Heterologous OECs in silicone tube Rat sciatic nerve 12 and 15 

mm gaps 
Verdu et al., 1999 

Heterologous OECs  Rat facial nerve coaptation 
and entubulation 

Guntinas-Lichias et al., 
2001 

Heterologous olfactory mucosa Rat facial nerve coaptation Guntinas-Lichias et al., 
2002 

Heterologous OECs and Schwann cells Rat facial nerve coaptation Choi et al., 2005 
Heterologous OECs injected into nerve 
stumps 

Rat sciatic nerve coaptation Radtke et al., 2009 

SCs = Schwann cells; MSCs = mesenchymal stem cells; OECs = olfactory ensheathing cells 
PLGA: polyglactin; PHB = polyhydroxybuturate 
Table 1.7: Cellular transplants used in peripheral nerve regeneration 
(modified and expanded after Jiang, 2010) 
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1.8.4.3.3 Olfactory ensheathing cells (OECs): 
 
Recently, the concept of using olfactory ensheathing cells (OECs) for repair of the 

central and peripheral nervous system has evolved. Neurogenesis has been 

identified in only a few sites within the adult human brain: the olfactory nervous 

system, dentate gyrus, and the subventricular zone of the forebrain (Mackay-Sim, 

2000). The dentate gyrus and subventricular zone of the forebrain are difficult 

areas of the adult human brain to access, as is the olfactory bulb, virtually 

precluding these areas for biopsy for research or therapeutic purposes. However, 

the olfactory mucosa within the superior nasal cavities may be easily accessed 

with nasendoscopy.  

 

 

 

Figure 1.9: Olfactory nervous system 
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1.8.4.3.3.1 Function of OECs: 
OECs were first described by Golgi and Blanes (Ramon-Cueto and Avila, 1998) at 

the end of the 19th century (Fairless, 2004). During development, OECs ensheath 

(surround and enfold) developing olfactory axons and contribute to creation of an 

adequate environment for their elongation (Ramon-Cueto, 1998a). Throughout the 

lifespan of the organism, olfactory neurons continue to regenerate, retaining the 

capacity for neurogenesis and neuronal differentiation in humans until at least 

until 72 years of age (Feron et al., 1998). This remarkable regenerative capacity is 

partly attributable to the properties of the olfactory ensheathing cells, which 

accompany the sensory axons from the olfactory epithelium within the nose to the 

outer region of the olfactory bulb (Mackay-Sim, 2000). 

 

1.8.4.3.3.2 Olfactory mucosa: 
The olfactory mucosa consists of an external epithelial overlying a lamina propria 

layer. The olfactory epithelium consists of multiple layers of olfactory neurons in 

varying stages of maturity with odorant receptors protruding from mature 

neurons into the lumen of the nasal cavity. As such, the olfactory epithelium is a 

neuroepithelium, and is the only site in the human body where neurons are 

exposed to the environment, and are vulnerable to noxious stimulants and 

chemicals within the inspired air. If olfactory neurons were unable to regenerate, 

the sense of olfaction would be lost early in life as a result of cell death from 

noxious stimuli. The lamina propria consists of a connective tissue layer through 

which the olfactory neurons traverse towards the skull base. 

 

1.8.4.3.3.3 Olfactory neurogenesis: 
New olfactory neurons extend an apical dendrite and a basal axon. These newly 

formed, unmyelinated axons form discrete bundles (fila olfactoria) which grow 

through the underlying basal cell layer and connective tissue, across the cribriform 

plate of the skull base, traverse the pia mater, enter the central nervous system, 

and navigate within the olfactory nerve and glomerular layers of the olfactory bulb 

to reach and synapse with target neurons (Ramon-Cueto and Avila, 1998). These 

OECs enfold regenerating olfactory axons along the entire pathway from olfactory 

mucosa to olfactory bulb, preventing contact with any other glial cells and 

presumably establishing an appropriate environment for their growth (Ramon-
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Cueto, 1998a) 

 

  

 

Figure 1.10: Olfactory mucosa (Feron, 1999) 

1.8.4.3.3.4 Properties of OECs: 
OECs are unique glial cells, with developmental, morphological, 

immunocytochemical, and functional properties not shared by other glial cell types 

(Ramon-Cueto, 1998a). They share properties of both Schwann cells and 

astrocytes. OECs resemble non-myelinating Schwann cells, although ensheath 

more axons than Schwann cells, enclosing them in ensheathing cell cytoplasm 

(Keyvan-Fouladi et al., 2002). Although OECs do not myelinate the olfactory 

nerves, they evidently allow and promote axon growth and have been shown to 

myelinate dorsal root neurites in vitro with a peripheral type myelin, suggesting a 

close relationship with the neural crest derived Schwann cells (Franklin et al., 

1996). Therefore, OECs are ‘‘Schwann cell-like’’ in assisting axon growth, but 

‘‘astrocyte-like’’ in being able to live within the CNS (Mackay-Sim, 2004). 

  

Two OEC subtypes have been indentified: S-type (Schwann cell-like) which can 

form peripheral myelin, and A-type (fibroblast-like) which can form a cellular 

channel through which axons can grow (Li et al., 1998; Choi and Raisman, 2005). 

Mature neurons Supporting cells 

Developing neurons Developing neurons 



 69 

OECs secrete axon growth-promoting adhesion molecules (L1 and E-NCAM), 

neurotrophins (nerve growth factor (NGF), brain-derived neurotrophic factor 

(BDNF), glial cell-line derived neurotrophic factor (GDNF) (Wewetzer et al., 2002), 

and extracellular matrix components (laminin, fibronectin and type-IV collagen 

(Doucette, 1990) which promote axonal growth (Fairless, 2004). 

 

Studies indicate that the supportive role of OECs is not simply due to specific 

interactions of OECs with olfactory sensory axons but to interactions with growing 

or regenerating axons in general. This is evidenced by the finding of assisted 

regeneration of dorsal root axons to re-enter dorsal horns (Ramon-Cueto and 

Nieto-Sampedro, 1994), remyelination in the descending motor axons after nerve 

crush (Imaizumi et al., 1998) and electrolytic lesions (Li et al., 1997; Li, et al., 1998) 

and to promote spinal regrowth and behavioural recovery after complete spinal 

transection (Ramon-Cueto, 2000; Plant et al., 1998;  Lu et al., 2001). 

 

When Schwann cells make contact with astrocytes of the CNS, they form a distinct 

cellular boundary without mixing. In contrast, OECs continue into the CNS, 

migrating freely among astrocytes. In addition, there is no hypertrophic reaction 

from astrocytes when associated with OECs, unlike Schwann cells, as measured by 

astrocyte size, GFAP expression, and growth inhibitory molecules (such as 

chrondroitin sulphate proteoglycans) (Barnett and Chang, 2004). These favorable 

features allow OECs to traverse the otherwise “hostile” environment of the CNS, 

unlike Schwann cells. 

 

 

Figure 1.11 
OECs growing out 
of lamina propria 
slices (Feron et al., 
1999) 
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1.8.4.3.3.5 Nasal derived OECs: 
OECs can be taken from anywhere along the olfactory nerve pathway, but most 

studies to date have used ensheathing cells taken from olfactory bulb. Potential use 

of OECs from olfactory bulbs as an autologous tissue transplant would require a 

craniotomy, with significant morbidity and risk associated. Embryonic or cadaveric 

tissue taken from olfactory bulbs has the risk of immune rejection, or transmission 

of virus or prion, as well as the ethical considerations associated. 

 

In contrast with the significant problems associated with obtaining olfactory bulb 

tissue, olfactory mucosa can be harvested from the nose under local anaesthetic in 

an outpatient setting, with no disturbance of olfactory function (Lanza et al., 1994). 

The olfactory epithelium in adult humans has interspersed patches of respiratory 

epithelium. Feron et al demonstrated the probability of finding olfactory mucosa in 

nasal biopsies depending on location, with the highest probability in the 

dorsoposterior region of septum and superior turbinate (Feron et al., 1998). In 

addition, olfactory mucosal samples have higher proportions of OECs than those 

from the olfactory bulb (Jani and Raisman, 2004). 

 

 

 

 

  

Figure 1.12 Location of olfactory mucosa within the nasal cavities 
(Feron et al., 1998) 
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Mucosal OECs (OM-OECs) have intrinsically different properties from olfactory 

bulb OECs (OB-OECs) (Vyas, 2010). OB-OECs tend to be in a more differentiated 

state that OM-OECs. Perhaps OECs mature as they progress from the nasal 

epithelium to the olfactory bulb? In olfactory mucosa, OECs permit the growth of 

the olfactory axons in regulating the extracellular matrix, and in the olfactory bulb, 

OECs switch to a specific profile which enables them to guide axons to their 

specific target cells in glomeruli (Geurot, 2010). Hence, nasally derived OECs have 

much greater potential human application than from the olfactory bulb derived 

OECs. 

 

1.8.4.3.3.6 Therapeutic potential of OECs: 
 

OECs have become “hot property” within the speciality of neuroregeneration, with 

over 560 publications in Pubmed (Radtke, C and Kocsis, J.D., 2012). In addition, 

olfactory stem cells (OSCs) have been isolated from olfactory mucosa, which 

provides another easily obtainable (under local anaesthetic in an out-patient 

setting) autologous (no concerns re prions, no ethical concerns re embryonic 

tissue, no need for immune rejection agents) tissue for neural regeneration. 

Compared to Schwann cells, OECs have several advantages. Unlike Schwann cells, 

which invade the fibrotic scar formed after CNS injury, OECs are capable of 

traversing this barrier (Franklin and Barnett, 1997), and have greater migratory 

potential than Schwann cells (Li et al., 1998; Ramon-Cueto and Nieto-Sampedro, 

1994). OECs produce more neurotrophic factors (Wewetzer et al., 2002) and do 

not accumulate proteoglycans (unlike Schwann cells), which cause growth cone 

collapse (Bovolenta et al., 1992; Plant et al., 2002). For these reasons, OECs may be 

better candidates for cell based regenerative therapies (Radtke, 2009). 

 

1.8.4.3.3.7 OECs and spinal cord regeneration: 

1.8.4.3.3.7.1 Animals: 
Mouse, rat, and primate models have shown improved functional results with OEC 

transplantation into the injured spinal cord (Li et al., 1998; Ramon-Cueto et al., 

2000; Plant et al., 2002; Verdu et al., 2003; Sasaki et al., 2004; Garcia-Alias et al., 

2005). OEC transplants have promoted regrowth of axons across the site of injury, 

improved functional recovery in climbing, walking, reaching, and breathing 
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(Mackay-Sim, 2004).  Virtually all of these studies have used bulbar OECs, taken 

from immunologically similar litter mates, except for Lu et al (Lu, 2002), which 

used nasal OECs derived from litter mates. As mentioned earlier, nasal derived 

OECs has far greater potential for human application. 

 

In a rat model of sectioned lumbar dorsal roots, OECs did not actually enter the 

CNS significantly, but the regenerating axons crossed the region of damage, then 

the glia-pial barrier, to enter the CNS (Li, 2004). It appears the regenerating axons 

do not require OECs once they have crossed this barrier, nor do they appear to 

encounter any significant inhibitory influences as they continue their proximal 

regeneration within the CNS. Therefore, the role of the OECs is one of 

“ensheathing” the regenerating axons, “chaperoning” them through the glial scar, 

then “negotiating” their entry into the CNS, without actually accompanying them 

into the CNS themselves (Raisman, 2010). 

 

Numerous mechanisms have been suggested for this enhanced recovery:  

remyelination (Devon and Doucette, 1992; Franklin et al., 1996; Imaizumi et al., 

1998; Sasaki et al., 2004), long axon tract regeneration (Li et al., 1997; Ramon-

Cueto et al., 2000; Imaizumi et al., 2000), axonal sparing (Plant et al., 2002), 

neuroplasticity (Keyvan-Fouladi et al., 2002; Bareyre et al., 2004), recruitment of 

endogenous Schwann cells (Takami et al., 2002; Boyd et al., 2004; Ramer et al., 

2004), and remote inhibition of apoptosis of motor cortical neurons (Dombrowski, 

2006). 

Overall, OECs are promising agents in CNS repair, with the vast majority of the 53 

published transplant studies reporting positive outcomes (Mackay-Sim, 2004). 

1.8.4.3.3.7.2 Humans: 
The first human trial was performed in Brisbane in 2002, as a randomized, 

prospective, double-blinded experiment. Six thoracic spine injured paraplegics 

were selected to participate: 3 receiving autologous, nasal-derived OECs and 3 

acting as sham operation controls. There were no adverse outcomes or 

deterioration in function after 3 years of transplantation. In one OEC transplant 

recipient, there was an improvement over 3 segments in light touch and pin prick 

sensitivity bilaterally, anteriorly and posteriorly (Mackay-Sim, 2008). 

To date, there have been 32 cases of autologous OEC transplantation into C4 to 
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T12 human paraplegics and tetraplegics, with at least 18 months follow-up 

postoperatively. Functionality improved in 13 of 32 patients (40%) and declined in 

one patient. 5 out of 32 (15%) showed evidence of damage (syringomyelia or 

myelomalacia), attributed to the procedure. Overall, the surgical procedure is 

considered "relatively safe" with indications that it may improve outcomes (Lima 

et al., 2010).  

 

1.8.4.3.3.8 OECs and CNS regeneration: 

1.8.4.3.3.8.1 Animals: 
Two animal studies have transplanted OECs into transected optic nerves. In a rat 

optic nerve transaction model, bulbar OECs survived, migrated proximally and 

distally into the severed optic nerve stumps, and stimulated generation of retinal 

ganglion cell axons for up to 10 mm into the distal stump (Li et al., 2003). 

 

1.8.4.3.3.9 OECs and peripheral nerve regeneration: 

1.8.4.3.3.9.1 Animals: 
The first reported peripheral nerve experiment using OECs was by Verdu, et al. in 

1999. They grafted olfactory bulb derived OECs into silicone tubes filled with 

laminin gel to bridge 12 and 15 mm gaps in rat sciatic nerves. They found no nerve 

regeneration in 15 mm repairs with laminin gel filled tubes, but nerve 

regeneration was present in 50% of repairs containing OECs (Verdu, et al. 1999). 

Ordinarily, a 15 mm gap is considered too long for spontaneous regeneration in a 

rat silicone tube model.  

 

Several rat facial nerve coaptation studies have been performed. Guntinas-Lichias 

et al compared simple suture, silicone entubulation, and silicone entubulation with 

OECs. The OEC entubulation group had twice as many labeled neurons compared 

to the other 2 control groups (Guntinas-Lichias et al., 2001). Following this, the 

same group transplanted olfactory mucosa into the sutured perineurium of a rat 

facial nerve coaptation model versus buccal mucosa and coaptation. The OEC 

group had improved vibrissal movements, reduced axonal branching, and 

improved accuracy of reinnervation (Guntinas-Lichias et al., 2002). 
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Choi et al. also used a rat facial nerve transaction and coaptation model, comparing 

Schwann cells, mixed OECs and S-type OECs bolus injections into the nerve stumps. 

The animals were assessed functionally by measurement of eye closure in 

response to a puff of air, and after 4 weeks the site of lesion and the facial nucleus 

were assessed histologically. The rate of recovery of eye closure was increased by 

the use of the cell transplants, but the disorganization of the facial nucleus and 

aberrant nerve branching were unchanged (Choi et al., 2005). 

 

Radtke et al. used a rat sciatic nerve transaction and immediate repair model 

without gap. An OEC suspension was injected into the proximal and distal nerve 

stumps of the experimental group, and medium without cells in the control group. 

Conduction velocity in was increased and there was also improved stepping in the 

OEC transplant group. Histological analysis at 3 weeks showed that the OECs 

survived and integrated into the distal nerve segment, and regenerated axons were 

myelinated by the transplanted OECs, with formation of nodes of Ranvier. There 

was a reduction in axon loss proximal and an increase in number of regenerated 

axons distal to the transection site. They suggested that the OECs allowed the 

regenerating axons to more effectively navigate across the nerve injury site before 

significant scar formation occurs (Radtke et al., 2009). 

 

You et al. compared Schwann cell (SC), olfactory ensheathing cell (OEC), or mixed 

SC/OEC transplants after rat sciatic nerve transaction and repair with a 20 mm 

poly (DL-lactide-co-glycolide) acid tube. The OEC group had 25% less axonal 

regeneration than the SC group, and the SC/OEC group had 28% more again.  

Gastrocnemius muscle restoration was similar with a SC and OEC groups, and 35% 

better in the combined group. Electrophysiological outcomes were similar with the 

OEC and SC groups, 33% better with SC/OEC transplants. Autologous nerve grafts 

had 21% better axonal regeneration and 18% better gastrocnemius muscle 

restoration. They concluded that OEC synergistically improve SC mediated sciatic 

nerve repair (You et al., 2011) 

 

Lokanathan et al found rat sciatic nerve gaps of 15 mm repaired with vein grafts 

filled with acellular muscle seeded with OECs had better electrophysiological 

recovery than standard autografts (Lokanathan et al, 2014). 
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The enhanced recovery of peripheral nerves repaired with OECs is probably 

multifactorial. Without any cellular transplantation, it takes endogenous Schwann 

cells several days to increase production of neurotrophic factors. OEC 

transplantation at the time of repair potentially provides earlier secretion of 

neurotrophic factors, possibly resulting in less axonal loss. OECs also seem to 

rapidly integrate into the injured area, which may limit the invasion of fibroblasts, 

which could impede axonal regeneration (Radtke, 2009), and may promote 

endogenous Schwann cell mobilization by a trophic influence (Radtke, C and 

Kocsis, J.D., 2012). Finally, the OECs are able to remyelinate the regenerating 

axons. Hence, use of OECs in peripheral nerve repair represents an encouraging 

modality, with impressive results without the morbidity associated with nerve 

grafting. 

 

1.8.5 Adjunctive measures: 

1.8.5.1 Systemic treatments: 

Tacrolimus (FK506) is the most commonly used agent for prevention of rejection 

of peripheral nerve allografts, but has inherent neuroenhancing effects also. It 

binds to neuroimmunophilins, which are intracellular proteins involved in 

stimulating nerve regeneration (Myckatyn, 2004).  

DHEA (catabolic steroid) has been shown to improve functional recovery and 

axonal counts of myelinated fibres, possibly because of protective effects on 

endoneurial microcirculation (Siemionow, 2004). 

 

1.8.5.2 Electrical stimulation: 

Both animal and human studies have shown improved reinnervation with 

electrical stimulation (Gordon et al., 2007). Brief electrical stimulation accelerates 

axonal regeneration as demonstrated in functional, electrophysiological, and 

morphological analysis (Huang, 2010). 

Electrical stimulation of the injured nerve for 1 hour after lesion enhances the 

early expression of BDNF and other pro-regenerative associated genes, facilitating 

sensory (Geremia et al., 2007) and motor (Al-Majed et al., 2000b, 2004) axonal 
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regeneration. However, chronic or excessive electrical stimulation could be 

detrimental for axonal regeneration (Arsenio-Pinilla et al., 2009).  

Yeh et al found that a 7 day delay before application of electrical stimulation 

significantly enhanced the formation of a nerve cable across the wide nerve gap in 

the silicone rubber chamber model (Yeh et al., 2010). 

 

1.8.5.3 Hyperbaric oxygen: 

Hyperbaric oxygen (HBO is used in many clinical settings to reduce oedema, 

improve the microcirculation, enhance healing, promote the up-regulation of 

growth factors and improve neovascularization. Sanchez et al showed early use of 

HBO enhances nerve repair, regeneration and functional recovery (Sanchez, 2007). 

 

1.8.5.4 Exercise: 

Low intensity exercise improves functional recovery after peripheral nerve lesions 

in crush, transaction, and autograft repair models (Van Meeteren et al., 1997; 

Molteni et al., 2004; Marqueste et al., 2004; Sabatier et al., 2008). Running exercise 

during the denervation and reinnervation period has also beneficial effects on 

muscle functional properties (Marqueste et al., 2004) (Arsenio). However, 

excessive high frequency or speed training can inhibit collateral and terminal 

axonal sprouting and cause muscle damage (Arsenio-Pinilla et al., 2009). 

 

1.8.5.5 Ultrasound: 

Low intensity ultrasound (LIUS) was tested in silicone tube and biodegradable 

(poly DL-lactic acid-co-glycolic acid) conduit models. LIUS improved the number 

and area of regenerated axons in the biodegradable conduits, but induced fibrous 

tissue within the silicone tubes (Chang et al., 2005). 
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1.9 Objective of thesis: 

To develop an alternative model for repair of injured peripheral nerves using 

conduits with OECs +/- OSCs which is more successful and has less associated 

cost, technical difficulty, and morbidity than the current gold standard 

method, the nerve graft. 

 

1.10 Hypothesis: 

OECs incorporated within a conduit will enhance peripheral nerve 

regeneration, achieving more successful regeneration than a conduit alone or 

a nerve graft. 

 

1.11 Aims: 

Experiment 1 will initially aim to replicate the results of Verdu et al (1999) who 

demonstrated that OECs assist in peripheral nerve regeneration in a silicone tube 

model of rat sciatic nerve injury and repair (albeit with slightly different 

methodology). 

 

Once achieved, Experiment 2 will compare the results of nerve graft +/- olfactory 

ensheathing cells (OECs) incorporated into the nerve graft to establish whether the 

OECs confer any benefit to the traditional method, as well as establish a control 

group for further experiments. 

 

Experiment 3 will use a biodegradable conduit made in the laboratory to the size 

requirements of a rat sciatic nerve. Fibrin glue will be prepared from litter mates 

and used to suspend the OECs. 5 groups will be tested using this conduit: 

biodegradable conduit with medium +/- OECs, biodegradable conduit with fibrin 

glue +/- OECs, and finally biodegradable conduit containing “raw” unprocessed rat 

olfactory lamina propria tissue. 

 

Experiments 4 and 5 will continue searching for the ideal conduit if the 

biodegradable conduit method is unsuccessful. “Semi-autologous” vascular 

conduits (from litter mates rather than themselves) would be used in comparison 

to nerve grafts, and potentially olfactory stem cells (OSCs) as well as OECs. 
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2. METHODS CHAPTER 

For each of the following 5 experiments, the basic method of anaesthesia and 

surgery was similar as was the means of assessing results, hence including the 

basic methodology and assessment of results in this separate chapter, with 

variations from this theme outlined within each of the experimental chapters. 

 

2.2 Basic methodology: 

A total of 35, 18, and 50 adult male Sprague-Dawley rats (200-300g) were used for 

Experiments 1-3, and 67 and 70 adult male DA rats (200g) were used for 

Experiments 4 and 5. Some animals were euthanised for harvesting of olfactory 

mucosa for subsequent transplant into the experimental animals, some animals 

were used to obtain blood for the formation of fibrin glue, some animals were used 

to harvest veins or arteries for subsequent transplant into the experimental 

animals, while most animals were used as the actual experimental animals to 

undergo the nerve repair surgery. All experiments were approved by the Griffith 

University Animal Ethics Committee and undertaken according to the guidelines of 

the National Health and Medical Research Council. All animals were housed in an 

appropriate animal house facility pre and post-operatively, under a 12 hour light-

dark cycle, with food and water ad libitum. All experimental animals received 

Amitriptyline (150mg/L) in their drinking water for 1 week pre-operatively, and 

14 weeks post-operatively for Experiment 1, 12 weeks for Experiments 2-4, and 6 

months for Experiment 5 in an attempt to reduce autotomy (self-mutilation of the 

numb limb). 

 

2.2.1 Preparation of OECs: 

Olfactory mucosa was harvested one week prior to surgery. Donor animals were 

euthanised with 1 mL of pentobarbitone given intraperitoneally and decapitated. 

The lower jaw and surrounding musculature, maxillae, and incisors were removed 

to expose the olfactory mucosa. Olfactory mucosa was obtained by microdissection 

from the nasal septum and superior turbinates. The olfactory mucosa was 

identifiable by its yellowish colour and posterior location on the nasal septum. 

Care was taken to avoid the anterior edge of the olfactory mucosa, which could be 

contaminated with respiratory epithelium.  
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The olfactory mucosa was placed immediately in Dulbecco’s Modified Eagle 

Medium/ Ham’s F12 (DMEM/F12, Invitrogen). The tissue was then incubated for 

45 min at 37oC in 1 ml of Dispase II (2.4 U/ml in Puck’s solution, Boehringer 

Mannheim) after which the lamina propria was separated from the olfactory 

epithelium using a micro-spatula. After the two tissues were separated, the lamina 

propria was placed in 1 ml of Hanks’ Balanced Salt Solution (HBSS, calcium and 

magnesium free; Invitrogen) to inactivate the Dispase for 10 minutes. The lamina 

propria was then transferred into a 1 ml solution of 0.25% collagenase type IA 

(Sigma) in DMEM/F12 and incubated for 5-10 min at 37oC/5% CO2. 

 

 

After mechanical dissociation of the tissue using a flamed Pasteur pipette, 

collagenase activity was terminated using 9 ml of HBSS. The cell suspension was 

then centrifuged at 300 G for 5 min and the cell pellet was resuspended in the 

appropriate culture medium before being plated on Poly-L-Lysine coated dishes. 

The OECs were expanded and purified using Neurotrophin-3 (NT3) containing 

medium, which is a mitogen for OECs. After 7 days, cells were collected using 

trypsin/EDTA solution, resuspended in solution D and kept at -20oC until used 

(harvesting of olfactory tissue and preparation of cells performed by Dr Francois 

Feron or Mr Ivan Bianco with assistance by myself; as per Girard et al, 2011). 

 

2.2.2 Anaesthesia: 

Experimental animals were premedicated with Xylazine (10 mg/kg) given 

intraperitoneally, and then given a Halothane inhalational general anaesthetic, 

with the concentration of Halothane titrated between 0-4 % and the flow rate 0.1-

0.2 L/min of oxygen. Respiratory rate, skin colour, and response to noxious stimuli 

were used to determine the animal’s state of consciousness during the procedure. 

Chloromycetin antibiotic ointment was placed on the rats’ eyes during the surgical 

procedure to prevent corneal ulceration. 

 

2.2.3 Surgical procedure: 

The right gluteal region was shaved and prepared with Betadine antibiotic 

solution. 
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A transverse incision was made, and the right sciatic nerve was approached via a 

muscle splitting incision. The nerve was mobilized from surrounding connective 

tissue from the sciatic notch proximally to the distal trifurcation, and at the sites of 

transection, the mesoneurium was stripped back to expose the epineurium. A gap 

was created via resection of an appropriate length of nerve with sharp 

microscissors: 17 mm wide for Experiment 1, and 15 mm wide for Experiments 2-

5. The gap was bridged by different techniques in each of the 5 experiments: 

 

Experiment 1: 17 mm silicone tube 

Experiment 2: 15 mm reversed nerve graft 

Experiment 3: 15 mm biodegradable tube 

Experiment 4: 15 mm vein graft 

Experiment 5: 15 mm artery graft 

 

For each method, three 10/0 nylon (non-dissolvable) epineurial sutures were used 

between the epineurium and the conduit to coapt the nerve stump ends to just 

inside the lumen of the conduit. The muscle layers and skin were closed in layers 

with 4/0 chromic catgut sutures. Chloromycetin antibiotic ointment was applied to 

each wound. The same surgeon performed all procedures.  

 

2.2.4 Post-operatively: 

The animals recovered from the anaesthetic on a warming bed, then returned to 

the animal house once awake. Xylazine 2.5-5 mg/kg was administered 

subcutaneously to all rats on the first postoperative day for analgesia. The animals 

received food and Amitriptyline dissolved in drinking water ad libitum for 14 

weeks post-operatively for Experiment 1, 12 weeks for Experiments 2-4, and 6 

months for Experiment 5, before assessment of recovery was performed, followed 

by euthanasia via intraperitoneal Pentobarbitone overdose.  
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2.2.5 Assessment of results: 

2.2.5.1 Functional recovery: 

Assessment of functional recovery was performed for Experiments 1-3, but 

abandoned for Experiments 4 and 5 due to inconsistent results from both the 

control (unoperated) and experimental (operated) limbs, despite using previously 

described methods or adaptations. 

Experiment 1 animals were tested by response to pin-pricks to the plantar 

surfaces of control and operated limbs at 8 and 14 weeks post-operatively by 2 

examiners blinded to the treatment group (myself and animal house facility 

attendant). The plantar surfaces of the animals’ hind-paws were divided into 15 

regions, and several pricks were used to test each area. 

 

Experiment 2 and 3 animals underwent more complex testing, performed by 2 

examiners blinded to the treatment group (myself and animal house facility 

attendant) at 12 weeks (+/- 2 days). 

2.2.5.1.1 Nociception: 
Return of cutaneous temperature sensation and nociception was tested by placing 

the sole of the animals’ control and operated hindfeet on a hotplate, and measuring 

the time taken for removal. A single hindfoot was measured at each time. If 

animals had not removed their foot by 12 seconds, then the examiner removed the 

foot. This test was adapted from the withdrawal reflex latency test, described by 

Hadlock et al (Hadlock, Koka et al. 1999). The normal latency time in a 

neurologically intact foot at this temperature is 2 seconds. A scoring system was 

developed from 2-12 seconds for means of comparison.  

2.2.5.1.2 Proprioception: 
Proprioceptive recovery was tested by holding the animal vertically, and slowly 

brushing the dorsum of the control and operated hindfeet on the undersurface of a 

table, and determining whether the animal appropriately places the hindfoot onto 

the surface of the table. This test was modified from the tactile placing response, 

described by Hadlock et al (Hadlock, Koka et al. 1999). A scoring system was 

devised to gauge the ability of the animal to reposition the foot onto the surface of 

the table. 



 83 

2.2.5.1.3 Motor recovery: 
Motor recovery was assessed by measuring the extent of toe spread of both control 

and operated hindfeet. This was performed by general observation of any 

spontaneous toe spreading over 5 minutes while the animal walked around the 

test facility. This was also observed after the soles of both control and operated 

hindfeet were pin-pricked to elicit this response. A scoring system was also 

devised to record the extent of toe spreading. These tests were performed at least 

3 times for each limb. The scoring system was used to tabulate these functional 

recovery results, and then used for comparison between groups. 
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Hot plate testing: 

 <2 secs = 3 

 2-4 secs = 2.5 

 4-6 secs = 2 

 6-8 secs = 1.5 

 8-10 secs = 1 

 10-12 secs = 0.5 

 12-14 secs = 0         

Tactile placing: 

 Normal = 3 

 Slightly impaired = 2 

 Greatly impaired = 1 

 Completely absent = 0       

Toe spreading: 

 Normal = 3 

 Slightly impaired = 2 

 Greatly impaired = 1 

 Completely absent = 0 

Table 2.1:  Functional recovery Behavioural Assessment Scoring System 
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2.2.5.2 Electrophysiological results: 

When the postoperative period had expired, under a second general anaesthetic 

(same technique), the incision was re-opened, the muscles were split, and the 

nerve repair site was dissected free from surrounding tissue to expose the right 

sciatic nerve above and below the sites of anastomoses. The left (unoperated 

control) sciatic nerve was also exposed. Bipolar hook stimulating electrodes were 

placed under direct vision proximal to the proximal anastomosis and bipolar 

needle recording electrodes were placed under direct vision (via a small incision in 

the skin overlying) into the calf and plantar muscles to measure compound muscle 

action potentials (CMAP) from both control and operated limbs. A Powerlab device 

(AD Instruments) and amplifier was employed to stimulate and record the signal 

responses. A series of pulse stimuli (duration 0.05 msec) were used from 25 to 

1000 mV (in 25 mV increments) and the compound muscle action potentials were 

recorded. For Experiments 1-3, the main indices assessed for electrophysiological 

recovery were the threshold (mV) and the latency (msec) of the CMAP. For 

Experiments 4 and 5, the threshold (mV), latency (msec), maximal stimulation test 

(MST) (mV), maximal stimulation test latency (MSTL) (msec), and amplitude (mV) 

of the CMAP were measured. 

 

2.2.5.3 Histological results: 

After the electrophysiological testing was performed, the animals were euthanised. 

The sciatic nerves were removed bilaterally, from the level of the sciatic notch 

proximally (pelvis) to the trifurcation distally (knee). The nerve was placed in 4% 

paraformaldehyde solution for fixation.  

 

2.2.5.3.1 Experiments 1-4: 
Transverse nerve sections of 8 μm thickness were taken from proximal and distal 

to the silicone tube, as well as from the mid-segment of the nerve cable. As such, 

proximal (“above” the nerve repair site), middle (the midpoint of the nerve repair 

site), and distal (“below” the nerve repair site) transverse sections were obtained 

to allow comparison of axon counts. 
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Immunohistochemistry staining was performed using fluorescent conjugated 

secondary antibodies on transverse histological sections from the nerve cables. 

Neurofilament was used as a neuronal marker (monoclonal antibody, Sigma). The 

slides were allowed to dry overnight, then fixed with methanol and 0.3% peroxide 

solution for 20 minutes. The slides were then washed with phosphate buffered 

saline (0.1M PBS; pH 7.4) for 5 min at room temperature 3 times. The slides were 

blocked for 1 hour at room temperature with non-immune serum, appropriate for 

the secondary antibody, at a dilution of 1:10 in PBS containing 2% bovine serum 

albumin. The slides were then treated with the primary antibody, neurofilament at 

1/100 dilution at room temperature for 1 hour. The slides were then washed 3 

times in PBS and incubated for 1 hour at room temperature in fluoresceine-

conjugated secondary antibody (1/100 anti-mouse in PBS containing 0.5% BSA). 

The slides were then washed 3 times in PBS, and then treated with DAB (3’5’ 

diamino benzidine) in PBS with peroxide solution. 

 

Once the immunohistochemistry was completed, the slides were treated with 

increasing concentrations of ethanol and xylene, and then mounted with glass 

coverslips. Digital photographs of these sections at 40 times magnification were 

made. The Scion Image program, an image processing and analysis program, was 

employed for counting the regenerated axons. The images were coded to make the 

counter (myself) blinded to the grouping. All axons within every section were 

counted- there was no sampling and estimation whatsoever. 

 

2.2.5.3.2 Experiment 5: 
The nerve segment was washed with PBS containing 0.1% Triton X-100, followed 

by a further wash in a 100% dimethyl sulphoxide (DMSO) solution for 10-60 

minutes (Nguyen et al, 2010). The DMSO interacts with the lipid membrane to 

create water pores, displacing water from the extracellular and intracellular 

spaces and facilitate the infiltration/impregnation of the tissue with the mounting 

medium. This is further facilitated using vacuum and the gentle agitation of the 

specimen on a bench top rocker (at approximately 1 Hz). 

 

The nerve segment was then placed within a glass petri dish lined with Sylgard gel 

(Sylgard, Dow Corning, Sydney, NSW, Australia), and pins placed in either end of 
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the nerve to stretch it out straight. The nerve was then submerged in 30% Sucrose 

in 0.1% PBS Azide solution overnight. The following morning, the sucrose solution 

was removed and a mixture of 20% OCT (Sakura Tissue-Tek OCT Compound, CA, 

USA) and 80% of sucrose solution added to the petri dish, and placed on an orbital 

shaker for 1 hour. This solution was removed, and a mixture of 50% OCT and 50% 

of sucrose solution was added, and placed on the orbital shaker for 1 hour. This 

step was then repeated with a 70% OCT and 30% sucrose solution. 

 

The nerve segment was then divided into 3 segments. The centre of the nerve was 

identified, and 3 mm is measured in each direction. This middle 6 mm was the 

middle segment, and the 2 remaining ends the proximal and distal segments.  The 

proximal and distal end of each segment was noted allowing accurate spatial 

assignment for the subsequent tissue sections. As such (similar to the previous 

experiments), proximal sections were taken from “above” the nerve repair site, 

middle “within” the nerve repair site, and distal “below” the nerve repair site. 

 

 

 

Figure 2.1: Nerve sectioning 
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Each of the 3 nerve segments was placed in a square peel-a-way disposable 

embedding mould and oriented with the proximal ends aligned at the start of the 

block.  The nerve segments were immersed in a thin layer of OCT and placed in the 

-80ºC freezer.  On complete freezing of the OCT the tissue block was mounted with 

the distal end of the nerve segments adjacent to the tissue chuck.  This allowed 

sectioning of the nerves from the proximal to distal ends.  The sectioning was done 

on a freeze microtome/cryostat (Leica) at 20 μm with the sections directly 

adhered to Superfrost slides.  

 

2.2.5.3.2.1 Immunohistochemistry: 
To enhance the tissue penetration of antiserum, the sections were permeabilised 

with dimethyl sulphoxide (3×10 min exposures at room temperature) and then 

rinsed in PBS. Indirect immunofluorescence techniques with primary antisera 

combined with fluorescent-labelled secondary antisera were used for double-

labelling. Sections were blocked with 10% normal donkey serum. Primary 

antibodies diluted using 10% normal donkey serum in 0.1M phosphate buffered 

saline, were applied to the sections and incubated overnight in a humidified 

chamber.  Axonal profiles were identified using mouse anti-neurofilament 200 

(Sigma, MO, USA; 1:800), astrocytes were identified using rabbit anti- glial 

fibrillary acidic protein (DAKO; 1:1200) and mouse anti- glial fibrillary acidic 

protein (Millipore; 1:1200). Microglia was identified using rabbit anti- ionized 

calcium binding adaptor molecule 1 (WAKO; 1:2000), and axonal growth was 

identified using NF-200 (Sigma; 1:800). 

 

The secondary antibodies: Alexa Fluor® 594 Donkey anti mouse IgG (Invitrogen, 

Victoria, Australia; 1:800); Alexa Fluor® 594 Donkey anti rabbit IgG (Invitrogen 

1:800); Alexa Fluor® 647 Donkey anti mouse IgG (Invitrogen 1:40); Alexa Fluor® 

647 Donkey anti rabbit IgG (Invitrogen 1:40) diluted using 0.1% Triton X-100 in 

0.1 M phosphate buffered saline were applied to the sections. The secondary 

antibodies were removed and the sections washed with 0.1% Triton X-100 in 0.1 

M phosphate buffered saline and mounted using Vectorshield DAPI (4= 6- 

diamidino-2-phenylindole·2HCl) mounting media (Vector Laboratories, CA, USA). 
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2.2.5.3.2.2 Data capture: 
Images were acquired using a Zeiss Axioimager™ Z1, upright epi-fluorescence 

microscope, with Apotome, using 20X (dry) and 63X (oil immersion) Plan-

Apochromatic objectives (numerical apertures of 0.75 and 1.40, respectively) (Carl 

Zeiss, Germany). A scanning piezo stage facilitated rapid automated data 

acquisition.  Figures were compiled in Adobe Photoshop 11.1 and Adobe Illustrator 

14 (Adobe Systems Incorporated).  The digitized images were not manipulated 

apart from cropping, sizing and adjustment of contrast and brightness. 

 

Each image is manually checked, and borders drawn around the nerve cross-

section. The program then counts the number of axons, perceived as isolated 

clustered lit pixels above a set intensity threshold. A minimum and maximum value 

was allocated to the clustered pixels.  At least 2 sections were analyzed for each 

segment of each nerve, including the un-operated control nerves.  Quantitative 

data were generated as a pixel density measure using custom MATLAB (the 

Mathworks, MA, USA) Software, using similar principles to those previously 

reported (Thiruchelvam et al., 2000; Norazit et al., 2010). Briefly, NF200 

immunoreactivity was recorded within the whole masked nerve profile. 

Background fluorescence was set by imaging a region devoid of NF200 protein. 

The images were converted to gray scale for analysis.  Data is reported as a 

percentage of positive pixels (immunofluorescence) compared to background 

pixels (low or no signal) (performed by Dr Adrian Meedeniya and Brenton 

Cavanagh). The images were coded to make the axon counting blinded as to the 

grouping. 

 

2.2.5.3.2.3 Axon counts: 
A cut or injured peripheral nerve responds to trauma by regenerating multiple (up 

to 15) sprouts for each severed axon. Each of these sprouts attempts to regenerate 

to the correct site of the previous axon, but most fail and eventually prune back to 

the proximal stump. As such, any analysis of axon counts must consider this, as the 

number of axons in each cross-section may include these extra sprouts that will 

fail, and does not represent the total number of axons which have successfully 

regenerated to the correct site. As such, the number of axons gives a degree of 

measure of the quantity but not the quality of axonal regeneration. It is important 

to recognize that there is considerable variation in the numbers of axons present 
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within normal nerves in animals and humans. This variation not only exists 

between different animals, but also between corresponding nerves within the 

same animal. 
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3. EXPERIMENT 1: SILICONE TUBE MODEL 
3.1 Introduction: 

At the commencement of this project, there was only one published study which 

had investigated the potential benefits of OECs in peripheral nerve repair. This 

study, by Verdu et al, used a rat sciatic nerve model, with 12 or 15 mm gaps 

bridged by silicone tubes (Verdu et al., 1999). The OECs were harvested from the 

olfactory bulbs of other rats. Collagen gels +/- OECs were used to fill the tubes for 

the 12 mm gap animals, and laminin gels +/- OECs were used to fill the tubes for 

the 15 mm gap animals. Different timeframes were used: 120 days for the 12 mm 

gap groups, and 180 days for the 15 mm gap groups. Behavioural, 

electrophysiological, and histological assessments were made, although only 

electrophysiological and histological results were reported. At 180 days post-

operatively, 3 of 6 animals receiving a silicone tube filled with OECs in laminin gel 

to bridge a 15 mm gap had nerve regeneration, whereas 0 of 6 animals with a 

silicone tube filled with laminin gel only to bridge a 15 mm gap had any nerve 

regeneration. Despite the suboptimal structure of this study, there was still 

evidence of improved axonal regeneration with the use of OECs in peripheral 

nerve repair. 

 

The silicone tube model is generally not considered a feasible option for nerve 

repair in humans, but is useful for assessing fundamental aspects of nerve 

regeneration, in experimental settings to compare new techniques, or as a hollow 

conduit for introduction of exogenous factors. Silicone is an inert material, and 

does not contribute any chemical or biological factors to regenerating nerves: it 

merely acts as a conduit guiding axons towards the distal stump.  

 

The aims of this initial experiment were to assess whether OECs are beneficial in 

peripheral nerve repair, and if so, to determine the optimal site for placement of 

these cells. The silicone tube is a logical choice for this initial experiment, not only 

because silicone tubes provide no confounding factors to nerve regeneration 

(unlike other conduits, such as nerve or vein grafts which supply Schwann cells 

and extracellular matrix components) but also because this was the model used in 

the Verdu et al study (Verdu et al., 1999). It is important to replicate these results 

before embarking on further refinements. 
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OECs have a unique role within the olfactory nervous system in guiding axons from 

the olfactory epithelium within the nasal cavity through the skull base, and into the 

olfactory bulbs. This represents a journey with considerable distance and 

associated difficulty, yet this regenerative capability is present throughout adult 

life. These OECs are capable of migration and synthesis of various extracellular 

matrix components that may be useful in guiding axons from the proximal nerve 

stump through the gap towards the distal nerve stump. This initial experiment will 

also assess whether OECs are more effective in promoting axonal regeneration 

when placed in the actual nerve stump ends, as opposed to within the hollow 

conduit. 

 

3.1.1 Aim: 

The aim of this study was to ascertain whether OECs have a role in peripheral 

nerve repair (by testing the results of Verdu et al, 1999 albeit with slightly 

different methodology), and if so, to determine the optimal site of placement of 

these cells. 

 

3.1.2 Hypothesis: 

OECs will enhance the results of repair of a peripheral nerve gap using a silicone 

tube, especially when placed within the lumen of the silicone tube. 
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3.2 Method: 

See Chapter 2 Methods for overall methodology. 

A total of 35 adult Sprague-Dawley rats (200-300g) were used as the experimental 

animals: 15 rats (200-250g) were euthanised for harvesting of olfactory mucosa 

for subsequent transplant into the experimental animals; and 20 rats (250-300g) 

were used as the experimental animals receiving the nerve repair surgery, with 5 

animals in each of 4 groups. 

 

The gap was bridged by a 17 mm long segment of silicone tube (inner diameter 

1.02mm, outer diameter 2.16mm) with three 10/0 nylon (non-dissolvable) 

epineurial sutures between the epineurium and the silicone tube to coapt the 

nerve stump ends to just inside the lumen of the silicone tube. The different 

experimental groups had the following procedures: 

 

Group 1 (A = control): 10 mcL of DMEM/F12 with 10% foetal calf serum was 

injected into the tube, with small pieces of Gelfoam (Pharmacia and Upjohn) placed 

in the tube ends. The tube with suspension was then sutured into the nerve gap. 

No OECs were used in this group. 

Group 2 (B = OECs in tube): 5 x 105 OECs were suspended in 10 mcL of DMEM/F12 

with 10% foetal calf serum and injected into the tube prior to the tube being 

sutured into the nerve with gelfoam in the ends of the tube. 

Group 3 (C = OECs in nerve stumps): 5 x 105 OECs were suspended in 10 mcL of 

DMEM/F12 with 10% foetal calf serum, and 5 mcL was injected subepineurially 

into the proximal and distal nerve stump ends with a Hamilton 28 gauge 

microneedle and syringe. 

Group 4 (D = OECs in tube and nerve stumps): 5x105 OECs were suspended in 10 

mcL of DMEM/F12 with 10% foetal calf serum, and 5 mcL was injected 

subepineurially into the proximal and distal nerve stump ends with a Hamilton 28 

gauge microneedle and syringe. 5x105 OECs were suspended in 10 mcL of 

DMEM/F12 with 10% foetal calf serum and injected into the tube prior to the tube 

being sutured into the nerve with gelfoam in the ends of the tube. 
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Gelfoam (Pfizer, New York) is an absorbable gelatin sponge, which is commonly 

used in surgery as a haemostastic device. It dissolves completely, and was used in 

this case to prevent the medium from running out of the tube. 

 

3.3 Results: 

3.3.1 Postoperative mortality: 

One animal from Experimental group B died several days after surgery (cause 

uncertain), hence 4 animals were available for analysis from this group. 

 

3.3.2 Functional assessment: 

This modality proved inconsistent and variable. Some rats would not respond to 

many pin-pricks on the plantar surfaces of their non-operated limbs, making 

interpretation of the results from the operated limbs difficult. Hence, this method 

of assessment was abandoned. 

 

3.3.3 Electrophysiology: 

No reliable responses were obtained for CMAPs from the operated limbs from any 

of the animals. Normal responses were elicited from the control (unoperated) 

limbs. 

 

3.3.4 Histological assessment: 

At the time of final assessment, a cable of nerve tissue was observed within the 

silicone tube extending from the proximal to the distal stump in several animals. 

Group A: no nerve regeneration visible (0/5). 

Group B: 3 out of 5 animals exhibited nerve regeneration macroscopically (3/5). 

Group C: no nerve regeneration visible (0/4). 

Group D: no nerve regeneration visible (0/5). 

Even without the aid of a microscope, it was obvious that Group B animals (OECs 

within the silicone tube) were more successful than the other 3 groups. However, 

even though 3 of 5 animals had a nerve cable regenerated within the silicone tube, 

the axon counts within the middle and distal segments were low or absent. 

Because of the limited results, complex statistical analysis was not performed. 
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Figure 3.1: nerve cable regeneration within a silicone tube 
 

 

Figure 3.2: no nerve cable regeneration within a silicone tube 
 

 

 

Animal Proximal Middle Distal 

B1 
14577 

 

0 
 

0 
 

B3 
20081 

 

0 
 

0 
 

B4 
7107 

 

167 
 

0 
 

Mean 
13921.67 

 

55.67 
 

0 
 

Table 3.1: Axon counts 
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3.4 Discussion: 

A 17mm gap in a rat sciatic nerve is a considerably sized deficit. Previous studies 

describe 10mm generally as the upper limit for any successful nerve fibre 

regeneration in rat sciatic nerves, unless some other agent is utilized, such as 

growth factors, etc. In this study, 60% of animals (3 out of 5) receiving OECs within 

a silicone tube to bridge a 17mm gap demonstrated a nerve tissue cable 

regenerating through the hollow tube to the distal nerve stump. None of the 

animals in any of the other groups had any nerve tissue cable evident 

macroscopically. Despite the low number of axons evident on histological 

examination of these regenerated nerves, this finding is encouraging and suggests 

that the optimal site of placement of OECs is within the lumen of the conduit, 

rather that within the nerve stump ends. 

 

It is possible that the technique used to deliver the OECs into the lumen of the 

silicone tubes was suboptimal. At the end of each surgical repair, there was no 

obvious evidence of leakage of the OEC suspension from out of the hollow tube 

around the sutured nerve stump ends, but as the animal recovered and began to 

mobilize, this may have occurred. The small pieces of gelfoam placed within the 

ends of the silicone tubes were not a “perfect fit” to the exact inner dimensions of 

the tube, and the OEC solution may have leaked around these pieces. Alternatively, 

the solution may have saturated the gelfoam, with leakage of the solution through 

the gelfoam out of the tube ends, and into the surrounding wound space. This may 

also have occurred from the injected nerve stump ends, despite the immediate 

suturing of the silicone tube into the nerve gap. Perhaps the OECs leaked out of the 

nerve stump ends into either the surrounding dead-space or into the lumen of the 

tube? This would have resulted in the OECs leaving the lumen of the nerve repair, 

leaking into the dead space around the nerve repair, where it is unlikely that any 

therapeutic benefit would occur. 

 

Because of the genetic similarity within the outbred litters of these Sprague-

Dawley rats, we do not feel that the recipient animals would have immunologically 

rejected the OECs obtained from other littermates. This is supported by previous 

studies in which OECs survived in outbred Wistar rats (Lu et al, 2001 and 2002). 

 



 97 

As discussed earlier, silicone tubes are now used more often as a tool for studying 

the fundamental neurobiological mechanisms of nerve regeneration rather than an 

alternative method of nerve repair. The silicone tube model was useful for this 

experiment to demonstrate the potential for any OECs in peripheral nerve repair 

and to establish the optimal site of OEC placement, but was never intended as a 

therapeutic option for human nerve repair. Having determined the optimal site of 

placement of OECs, more appropriate conduits can be tested, with potential human 

application. 

 

3.4.1 Summary: 

 Having replicated (to some degree) the findings of Verdu et al. (Verdu et al. 

1999), it appears that OECs have a beneficial effect in promoting axonal 

regeneration in a silicone tube model of rat sciatic nerve repair. 

 OECs placed within the lumen of the silicone tube are more successful than in 

the nerve stumps.  
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4. EXPERIMENT 2 NERVE GRAFT MODEL 
 
4.1 Introduction: 

Experiment 1 repeated the results of Verdu et al (Verdu, Navarro, et al. 1999) in a 

silicone tube model demonstrating that OECs have a potential role for peripheral 

nerve repair, and that the optimal site of placement of these OECs is within the 

lumen of the conduit. The underlying goal of this project is to produce an 

alternative method of repair for peripheral nerve gaps with improved results and 

less associated technical difficulty and morbidity than nerve grafts. In order to 

achieve this goal, comparison of alternative methods using OECs with the current 

gold standard method of nerve grafts is essential. 

 

OECs have been used in animal models of spinal cord injury in an attempt to 

improve axonal regeneration through the region of the “glial scar” which occurs 

after traumatic spinal cord injury, with exciting results. These preliminary studies 

led to a human trial at Princess Alexandra Hospital, Brisbane, studying the 

recovery of human paraplegics after injection of autologous nasal derived OECs 

into the damaged regions of their spinal cords, as discussed in the chapter 1. It was 

hoped that the OECs would guide axons from above the scarred region through the 

hostile “glial scar” to distal areas of the spinal cord, where regeneration and 

recovery of neurological function could occur. In the spinal cord model, OECs were 

injected into the substance of the spinal cord; there is no “gap” present within the 

spinal cord in these patients, unlike most cases of peripheral nerve injury. It is 

possible that OECs placed into a nerve graft segment bridging the 2 nerve stumps 

of a damaged nerve may promote axonal regeneration in a fashion analogous to 

these spinal cord experiments. 

 

This experiment used nerve grafts as the conduit in a 15mm rat sciatic nerve 

model; half of the animals received OECs injected into the substance of the nerve 

graft. As such, this experiment provides results from nerve graft repair as a control 

group for all alternative methods tested in a rat sciatic nerve model as part of this 

project, as well as results from nerve graft repairs with OECs as an experimental 

group. 
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4.1.1 Aim: 

The aim of this study was to assess the results of the nerve graft (current gold 

standard method of peripheral nerve repair) in a 15 mm gap rat sciatic nerve 

model, and to compare the results of these nerves with nerve grafts injected with 

OECs. 

 

4.1.2 Hypothesis: 

The addition of OECs to the nerve graft will enhance the results compared to a 

standard nerve graft, 
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4.2 Method: 

 

See Chapter 2 Methods for overall methodology. 

Initially, a total of 18 adult Sprague-Dawley rats (200-300g) were used as the 

experimental animals: 6 rats (200-250g) were euthanised for harvesting of 

olfactory mucosa for subsequent transplant into the experimental animals; and 12 

rats (250-300g) were used as the experimental animals receiving the nerve repair 

surgery, with 6 animals in each of the 2 groups. 

 
There were 2 surgical groups:  

 Group 1 (NG = standard nerve graft): a 15 mm segment of nerve was excised 

with sharp microscissors, reversed, and placed into the nerve gap, with three 

9/0 nylon (non-dissolvable) epineurial sutures between the epineurium of the 

nerve graft and the nerve stumps so the ends were coapted. 

 Group 2 (NE = nerve graft + OECs): a 15 mm segment of nerve was excised 

with sharp microscissors. 5 x 105 OECs obtained from donor animal litter 

mates were suspended in 10 mcL of DMEM/F12 with 10% foetal calf serum 

and injected with a Hamilton 28 gauge microneedle and syringe 

subepineurially into multiple sites within the nerve graft segment. The nerve 

segment was then placed into the nerve gap in a reversed orientation. Three 

9/0 nylon (non-dissolvable) epineurial sutures were placed between the 

epineurium of the nerve graft and the nerve stumps so the ends were coapted. 

 

 

 

 

  

Figure 4.1: Nerve graft 
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4.3 Results: 

4.3.1 Postoperative mortality: 

3 animals died from the experimental group within 24 hours post-operatively. 

Each animal had a similar post-operative course, recovering well from the general 

anaesthetic, to deteriorate over the next 4-12 hours, with tachypnoea, respiratory 

distress, and haemoserous secretions from the nostrils. All of these animals were 

obtained from the same source, at the same time, and were of similar age and 

weight, and appeared otherwise healthy pre-operatively. This unfortunate result 

was discussed with several veterinary surgeons at the Department of Veterinary 

Medicine at the University of Queensland, with an interest in the surgical 

management of small mammals. The susceptible animals may have harbored a 

latent respiratory infection, which manifested during the general anaesthetic or 

some of the animals may have carried a genetic susceptibility to one of the general 

anaesthetic agents, possibly Halothane. Malignant hyperthermia is a recognized 

complication of halothane anesthetics in humans, and malignant hyperthermia has 

been reported in rats. Placing the animals on a warming bed post-operatively may 

have exacerbated this hyperthermia. Malignant hyperthermia causes a rapid 

deterioration, with acceleration of calcium induced biochemical reactions, leading 

to extreme muscle contractions, elevated basal metabolic rate, cardiac 

arrhythmias, acidosis, and shock. 

This unfortunate occurrence also occurred in the Experiment 3, which was 

conducted soon after this experiment. These 3 animals were replaced the following 

day to maintain 6 animals per group, but unfortunately another animal from group 

2 (NE6) died several weeks later (and was not replaced). 

 

4.3.2 Functional assessment: 

This modality proved inconsistent and variable. Some animals had poor responses 

to these stimuli with their normal, unoperated hindfeet, making interpretation of 

the results from the operated hindfeet unreliable. These results correlated poorly 

with the electrophysiological and histological results, and hence were not used for 

further analysis. 
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4.3.3 Electrophysiology: 

Responses were elicited from the control limbs of all animals, and most of the 

operated limbs. 2 different values were extracted from the data: 

 Threshold 

 Latency 

Data was obtained relatively easily from all control (unoperated) limbs tested. 

Occasionally, electrodes had to be repositioned to obtain good, repeatable muscle 

contractions. This set of data shows great similarity between the groups, 

suggesting reliable technique and results. The data obtained from the experimental 

(operated) limbs was not as easily obtained. The scar tissue around the proximal 

anastomosis required delicate dissection to expose the nerve above the repair site 

to allow placement of the bipolar recording electrodes without compromising any 

axons. Once again, there was a need for some electrode repositioning to obtain 

good, repeatable muscle contractions, but this was not onerous, and I am confident 

that this set of data is equally accurate and reliable. All 11 animals had evidence of 

calf and plantar CMAPs. For the statistical analysis, data are expressed as mean + 

SEM. Analysis of Variance (ANOVA) was used to compare Treatments and Legs. 

Bonferonni Corrected Multiple Comparisons posthoc tests compared individual 

Treaments. All statistics was performed with the statistical program, SPSS v20.0. 

Statistical differences were considered significant at alpha < 0.05. The statistical 

analysis was performed by Professor Alan Mackay-Sim, and data extracted by 

myself. Figures 3.10 and 3.11 are representative examples of the CMAP traces.  
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4.3.3.1 Calf results: 

  Threshold (mV) Latency (msec) 

NG1 250 3.5 

NG2 500 2.1 

NG3 450 3.2 

NG4 900 2.1 

NG5 1000 2.5 

NG6 1000 2.5 

NG mean 683 2.65 

      

NE1 300 2.7 

NE2 700 2.4 

NE3 175 2.4 

NE4 500 2 

NE5 175 2.3 

NE6 * * 

NE mean 370 2.36 
Table 4.2: Left leg (unoperated) calf EP results by animal 

(* No result for this animal- died several weeks postoperatively) 
 

 

  Threshold (mV) Latency (msec) 

NG1 500 5 

NG2 550 4.3 

NG3 600 2.3 

NG4 400 4.5 

NG5 300 3.6 

NG6 175 3.5 

NG mean 421 3.87 

      

NE1 1000 2.9 

NE2 1000 3.7 

NE3 475 2.4 

NE4 1000 3 

NE5 400 4.7 

NE6 * * 

NE mean 775 3.34 
Table 4.3: Right leg (operated) calf EP results by animal 

(* No result for this animal- died several weeks postoperatively) 
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4.3.3.2 Plantar results: 

  Threshold (mV) Latency (msec) 

NG1 375 4.7 

NG2 650 4 

NG3 375 5.2 

NG4 1000 4 

NG5 1000 2.1 

NG6 1000 3.7 

NG mean 733 3.95 

      

NE1 1000 4.2 

NE2 600 2.7 

NE3 700 3.2 

NE4 250 3.9 

NE5 700 3.5 

NE6 * * 

NE mean 650 3.50 
Table 4.4: Left leg (unoperated) plantar EP results by animal 

(* No result for this animal- died several weeks postoperatively) 

  

  Threshold (mV) Latency (msec) 

NG1 900 18 

NG2 900 8.4 

NG3 200 8.3 

NG4 200 7.9 

NG5 175 7.1 

NG6 1500 7.5 

NG mean 646 9.53 

      

NE1 1000 8 

NE2 1300 6.2 

NE3 200 7.3 

NE4 1000 7.6 

NE5 1000 11.3 

NE6 * * 

NE mean 900 8.08 
Table 4.5: Right leg (operated) plantar EP results by animal  

(* No result for this animal- died several weeks postoperatively) 
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4.3.3.3 Summary: 

  Threshold (mV) Latency (msec) 

NG left mean 683.33 2.65 

NG right mean 420.83 3.87 

NG left st err 132.08 0.24 

NG right st err 65.96 0.39 

NG R:L ratio 0.62 1.46 
      

NE left mean 370 2.36 

NE right mean 775 3.34 

NE left sterr 101.67 0.11 

NE right st err 138.29 0.40 

NE R:L ratio 2.09 1.42 
 Table 4.6 Summary of calf electrophysiology results 

 

 

  Threshold (mV) Latency (msec) 

NG left mean 733.33 3.95 

NG right mean 645.83 9.53 

NG left st err 126.11 0.43 

NG right st err 221.96 1.71 

NG R:L ratios 0.88 2.41 

      

NE left mean 650 3.5 

NE right mean 900 8.08 

NE left sterr 120.42 0.26 

NE right st err 184.39 0.86 

NE R:L ratios 1.38 2.31 
 Table 4.7 Summary of plantar electrophysiology results 
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4.3.3.3.1 Threshold: 

 

Figure 4.2: Mean calf threshold results (standard error of the mean- SEM) 
 
 

 
 
Figure 4.3: Mean plantar threshold results (SEM) 
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Figure 4.4: Right:left mean calf threshold ratios (right mean calf 
threshold/left mean calf threshold) 
 

 

 

Figure 4.5: Right:left mean plantar threshold ratios (right mean plantar 
threshold/left mean plantar threshold) 
 

The Threshold is the minimum stimulus (mV) to elicit any form of muscle 

contraction, and is affected by the amount of scar/intervening tissue and proximity 

between the bipolar stimulus electrodes and the proximal nerve. 

 

4.3.3.1.1 Group NG (control): 
The values in the unoperated (left) limbs ranged from 250 to 1000 mV with a 
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1000 mV with a mean of 733 +/- 126 mV for the plantar CMAPs (tables 4.4 and 

4.7). 

The values in the operated (right) limbs ranged from 175 to 550 mV with a mean 

of 420 +/- 66 mV for the calf CMAPs (tables 4.3 and 4.6), and from 175 to 1500 mV 

with a mean of 646 +/- 222 mV for the plantar CMAPs (tables 4.5 and 4.7). 

4.3.3.1.2 Group NE (experimental):  
The values in the unoperated (left) limbs ranged from 175 to 700 mV with a mean 

of 370 +/- 102 mV for the calf CMAPs (tables 4.2 and 4.6), and from 250 to 1000 

mV with a mean of 650 +/- 120 mV for the plantar CMAPs (tables 4.4 and 4.7). 

The values in the operated (right) limbs ranged from 400 to 1000 mV with a mean 

of 775 +/- 138 mV for the calf CMAPs (table 4.3 and 4.6), and from 200 to 1300 mV 

with a mean of 900 +/- 184 mV for the plantar CMAPs (table 4.5 and 4.7). 

4.3.3.1.3 Comparison:  
For the calf threshold results, ANOVA demonstrated a significant effect of Leg * 

Treatment interaction (F1,22 = 8.798, p = 0.008) but no significant effects of Leg 

(F1,22 = 0.401, p = 0.535) or Treatment (F1,22 = 0.033), p = 0.858). For the plantar 

threshold results, ANOVA demonstrated no significant effects of Leg (F1,22 =0.222, p 

= 0.643), Treatment (F1,22 = 0.245, p = 0.627) or Leg * Treatment interaction (F1,22 = 

0.956, p = 0.341). The statistical analysis was performed by Prof Alan Mackay-Sim, 

and data extracted by myself.  

 

It was somewhat surprising to find lower values and R:L ratio in the operated 

(right) limbs than for the unoperated (left) limbs for both the calf and plantar 

results- the scar tissue from surgery theoretically would have caused scar tissue 

around the proximal repair site which would have increased the amount of current 

required to stimulate the nerve. Interestingly, this was not the case for the 

experimental (NE) group. As such, the threshold results provide some interesting 

albeit limited information as a means of comparison between the groups. 
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4.3.3.3.2 Latency: 

 
 
Figure 4.6: Calf latency results (SEM) 
 
 

 
 
Figure 4.7: Plantar latency results (SEM) 
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Figure 4.8: Right:left mean calf threshold ratios (right mean calf 
threshold/left mean calf threshold) 
 

 

 

Figure 4.9: Right:left mean plantar threshold ratios (right mean plantar 
threshold/left mean plantar threshold) 
 

The Latency is the time elapsed between the stimulation of the proximal nerve and 

initiation of muscle contraction. This result relates to the size and type of axons 

present, and the degree of myelination and maturation of these axons (Ashur, 

Vilner et al.). This result is relatively independent of local tissue and contact 

factors, and is therefore a robust means of comparison of the quality but not the 

quantity of axonal regeneration. 
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4.3.3.3.2.1 Group NG (control): 
The values in the unoperated limbs ranged from 2.1 to 3.5 msec with a mean of 

2.65 +/- 0.24 msec for the calf CMAPs (tables 4.2 and 4.6), and from 2.1-5.2 msec 

with a mean of 3.95 +/- 0.43 msec for the plantar CMAPs (tables 4.4 and 4.7). 

The values in the operated limbs ranged from 2.3 to 5.0 msec with a mean of 3.87 

+/- 0.39 msec for the calf CMAPs (tables 4.3 and 4.6), and from 7.1-18 msec, with a 

mean of 9.53 +/- 1.71 msec for the plantar CMAPs (tables 4.5 and 4.7). 

 

4.3.3.3.2.2 Group NE (experimental): 
The values in the unoperated limbs ranged from 2.0 to 2.7 msec with a mean of 

2.36 +/- 0.11 msec for the calf CMAPs (tables 4.2 and 4.6), and from 2.7-4.2 msec, 

with a mean of 3.50 +/- 0.26 msec for the plantar CMAPs (tables 4.4 and 4.7). 

The values in the operated limbs ranged from 2.9 to 4.7 msec with a mean of 3.34 

+/- 0.40 msec for the calf CMAPs (tables 4.3 and 4.6), and from 6.2-11.3 msec, with 

a mean of 8.08 +/- 0.86 msec for the plantar CMAPs (tables 4.5 and 4.7). 

 

4.3.3.3.2.3 Comparison: 
For the calf latency results, ANOVA demonstrated a significant effect of Leg (F1,22 = 

12.296, p = 0.003) but no effect of Leg*Treatment interaction (F1,22 =0.143, p = 

0.710) or Treatment  (F1,22 = 1.700, p = 0.209). 

For the plantar latency results, ANOVA demonstrated a significant effect of Leg 

(F1,22 = 23.270, p = 0.000), but no significant effect of  Treatment (F1,22 = 0.816, p = 

0.378) or Leg * Treatment interaction (F1,22 = 0.227, p = 0.640). 

The statistical analysis was performed by Prof Alan Mackay-Sim, and data 

extracted by myself. 

 

The nerve graft with OECs (NE) group had lower latencies than the nerve graft 

(NG) group for both the calf and plantar CMAPs in the operated (right) limbs, but 

this was also true for the unoperated (left) limbs. It is possible that the NG group of 

animals had slightly longer nerve latencies pre-operatively. If we presume that the 

rats had similar (if not equal) right and left sciatic nerve function preoperatively 

and that these values remained constant over several months, it would appear 

logical that the NE group may have had faster latencies within their left sciatic 
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nerves preoperatively also. Therefore, it may be fairer to perform a ratio of the 

right: left sciatic nerve postoperative latencies within each group before 

comparing the groups to allow for this. For the NE group, this ratio is 2.31 and for 

the NG group this ration is 2.41. Even allowing for this, the NE group axons had 

faster conduction of the stimulus along the nerve to the muscle end-plates. This 

does not imply better regeneration in a quantitative sense (i.e. number of axons 

which have successfully regenerated), but may imply better regeneration in a 

qualitative sense (i.e. results more similar to the unoperated limb). Alternatively, 

perhaps the OEC treatment has been more successful than the nerve graft leading 

to better mobility in both limbs (operated and unoperated), which may explain this 

result. Perhaps the presence of OECs produced more mature axons and superior 

myelination? Larger numbers of animals would be necessary to make conclusions 

which are statistically significant. 
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Left leg (unoperated) 

 

 

 

Right leg (operated) 

 

Figure 4.10: NG2 plantar CMAPs (x axis = msec; y axis =mV) 
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Left leg (unoperated) 

 

 

Right leg (unoperated) 

 
Figure 4.11: NE2 plantar CMAPs (x axis = msec; y axis =mV) 
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4.3.4 Histological assessment: 

4.3.4.1 Control (unoperated) nerves: 

3 unoperated nerves were counted to act as controls, and yielded axon counts of 

6220, 2982, and 5420, with a mean of 4874 axons. These results are similar to 

other axon counts performed on normal Sprague-Dawley rats in previous studies. 

It is important to recognize that there is considerable variation in the numbers of 

axons present within normal nerves in animals and humans. This variation not 

only exists between different animals, but also between corresponding nerves 

within the same animal.  
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4.3.4.2 Experimental (operated) nerves: 

 

  Proximal Middle  Distal 

NG1 3401 5031 4203 
NG2 5374 7126 3210 
NG3 1968 3893 9092 

NG4 5422 3839 7149 
NG5 5808 9271 3030 
NG6 4989 6093 4040 

Mean 4493.67 5875.5 5120.67 
St dev 1495.50 2094.34 2446.10 
Number 6 6 6 

SQ number 2.44 2.45 2.50 
St err 610.53 855.01 998.62 
        

NE1 3539 4655 2665 
NE2 2269 5019 2731 
NE3 4958 5125 2989 

NE4 3926 3301 5383 
NE5 3247 10875 2845 
NE6 * * * 

Mean 3587.8 5795 3322.6 
St dev 981.02 2931.60 1158.35 

Number 5 5 5 

SQ number 2.24 2.24 2.24 
St err 438.72 1311.05 518.03 

Table 4.8 Axon counts of operated (right) limbs 
(* No result for this animal) 
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Figure 4.12 Right (operated) leg mean axon counts (SEM) 
 
 
Every animal in each group had significant numbers of axons present proximal, 

distal, and within the nerve graft repair, signifying sound surgical technique. There 

were increased mean axon counts in each section (proximal, middle and distal) of 

the nerve graft (NG) group compared to the nerve graft with OECs (NE) group. At 

first glance, this data would seem to flatter the nerve graft (NG) group, but it must 

be remembered that the presence of these axons within a nerve cross-section does 

not indicate whether the axons have successfully regenerated all the way to the 

distal motor end-plate or sensory receptor, just that it is present at that location at 

that stage of the nerve repair and regeneration process.  

 

Both groups had increased axon counts in the middle section (within the nerve 

graft) compared to proximal and distal to the nerve graft. This may be explained by 

the prolific out-branching of axons, which occurs during axonal regeneration, with 

as many as 15 sprouts per severed axon, which would occur at the proximal nerve 

repair site and distally to some degree. It would be expected that most of these 

regenerating axonal sprouts ultimately do not “reconnect” with distal receptors, 

and maximal numbers would be present just beyond the proximal nerve repair site 

and reduce in number further distally. As such, these axon counts help validate the 

electrophysiology results, but don’t allow a definite comparison of success 

between the groups. 
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For the axon counts, ANOVA demonstrated no significant effect of Treatment (F1,33 

= 1.785, p = 0.193), Region (F2,33 = 2.697, p = 0.86), and Treatment * Region 

interaction (F2,33 = 0.510, p = 0.606). The statistical analysis was performed by Prof 

Alan Mackay-Sim, and data extracted by myself.



4.4 Discussion: 

The loss of several animals was unfortunate, particularly because they were from 

the experimental group. Additional animals were required to replace these 

animals, not only as recipient animals but also in order to donate OECs to the 

recipient animals. This problem was raised with small animal veterinarians at The 

University of Queensland, who suggested either an underlying genetic 

predisposition to anaesthetic agents or a latent viral respiratory infection.  

 

The functional results were inconsistent and inaccurate. This was despite 

developing a reasonably comprehensive battery of neurobehavioural tests, 

adapted in part from Hadlock et al. (1999). Some of the rats would not respond to 

pin-pricks on the plantar surfaces of their non-operated limbs, making 

interpretation of the results from the operated limbs difficult. Because of this, 

these results were not considered useful in comparing the 2 groups. 

 

For the operated limbs, the mean latency value for the calf CMAPs of the nerve 

graft with OECs (NE) group was 3.34 +/- 0.40 msec, compared to 3.87 +/- 0.39 

msec for the nerve graft (NG) group (table 4.6), and the mean latency value for the 

plantar CMAPs of the nerve graft with OECs (NE) group animals was 8.08 +/- 0.86 

msec, compared to 9.53 +/- 1.71 msec for the nerve graft (NG) group (table 4.7). 

However, the normal (unoperated) limbs of the control group animals had slightly 

longer latencies than the experimental group animals. It is possible that this group 

of animals had slightly longer nerve latencies pre-operatively. It is perhaps fairer 

to compare the ratio of the latencies of the operated to the unoperated limbs in 

order to account for this. For the NE group, this ratio is 2.31 and for the NG group 

this ration is 2.41. Even allowing for this, the NE group axons had faster conduction 

of the stimulus along the nerve to the muscle end-plates. This does not imply 

better regeneration in a quantitative sense (i.e. number of axons which have 

successfully regenerated), but may imply better regeneration in a qualitative 

sense (i.e. results more similar to the unoperated limb). Perhaps the presence of 

OECs produced more mature axons and superior myelination? Larger numbers of 

animals would be necessary to make conclusions which are statistically significant. 
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Comparison of axon counts proximal, distal, and in the middle of the nerve grafts 

provides additional useful information. It is important to recognize that there is 

considerable variation in the numbers of axons present within normal nerves in 

animals and humans. This variation not only exists between different animals, but 

also between corresponding nerves within the same animal. 

 After the surgery and repair, the regenerative process will take over. Axonal 

sprouting could vary along the along the regenerating nerve segment, presumably 

with higher numbers of sprouting axons closer to the upper anastomosis, and 

dwindling in number distally. Eventually, once a regenerating sprout has 

successfully identified an appropriate endoneurial channel and elongated distally, 

re-establishing distal connections, the other sprouts are pruned back. Allowing for 

this, it would be expected that the axon counts would be highest proximally, then 

in the middle, then distally. As stated earlier, there is no way of knowing whether 

the axons counted in a transverse section have successfully and appropriately 

regenerated, met end-organ receptors and reconnected when transverse axon 

counts alone are used, which is a limitation of axon counts alone in peripheral 

nerve regeneration assessment. There were no branches exiting from the sciatic 

nerve within the segment examined, which otherwise could have caused some 

further inaccuracies. 

There may also be some inaccuracies within the counting process; however, this 

process should have affected all animals and sections equally, reducing bias. As 

such, comparison of axon count numbers has a potential degree of inaccuracy, but 

is a widely accepted and utilized means of comparing results of nerve repair and 

regeneration. 

The axon counts from both the standard nerve graft and OEC nerve graft groups 

show the presence of a considerable number of regenerating axons in all sections, 

signifying sound surgical technique. There were increased mean axon counts in 

each section (proximal, middle and distal) of the nerve graft (NG) group compared 

to the nerve graft with OECs (NE) group. Both groups had increased axon counts in 

the middle section (within the nerve graft) compared to proximal and distal to the 

nerve graft. 
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4.4.1 Summary: 

 The battery of neurobehavioural tests designed to assess functional recovery 

proved inaccurate and not useful for comparison of recovery.  

 The results from the standard nerve graft group showed significant recovery, 

as measured by the electrophysiological and histological results, which 

compares favorably with results of nerve graft repair in literature. This set of 

data provides a control group for future experiments trialing alternative 

methods of nerve repair using OECs with the current gold standard method. 

 The nerve graft with OECs (NE) group results overall were similar to those of 

the standard nerve graft (NG) group. The electrophysiology results slightly 

favour the nerve graft with OECs (NE) group in terms of axonal maturation 

(and myelination) as measured by the lower latencies; however, the axon 

counts slightly favour the standard nerve graft (NG) group, but this is not an 

entirely accurate guide to the success of nerve regeneration. 

 It is possible that OECs placed within a nerve graft may induce earlier or more 

efficient extension of regenerating axon sprouts distally. 
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5. EXPERIMENT 3: BIODEGRADABLE CONDUIT 
MODEL 
 
5.1 Introduction: 

Experiment 1 served its purpose by repeating the results of Verdu et al (Verdu, 

Navarro, et al. 1999) in a silicone tube model, and demonstrating the optimal site 

of placement of OECs for peripheral nerve repair, namely within the lumen of the 

conduit. Experiment 2 provided results for nerves repaired using nerve grafts, the 

current gold standard method, as well as comparing these to nerve grafts injected 

with OECs. Whilst the nerve graft with OECs study produced an interesting model, 

the underlying goal of this project is to produce an alternative method of repair for 

peripheral nerve gaps without actually requiring nerve grafts, and the associated 

morbidity. 

 

The prospect of using biodegradable conduits instead of nerve grafts has many 

appealing aspects. Harvesting a nerve graft generally requires a second surgical 

site, and renders part of the body anaesthetic. In addition, the severed nerve 

responds by trying to regenerate, which frequently leads to neuroma formation 

and associated pain and morbidity. Using a hollow conduit allows axons to 

selectively regenerate toward distal targets, rather than imposing a misdirected 

fascicular architecture by suture alignment. The conduit may also help prevent 

outgrowth of axons or neuroma formation. A hollow conduit allows accumulation 

of fibrin clot and endogenous growth factors from the nerve stumps (neurotropic 

and neurotrophic factors), or installation of exogenous growth factors or 

substrates, creating a more desirable microenvironment for axonal regeneration. 

The degree of technical difficulty associated with conduit repairs is less than nerve 

grafts, particularly if cable grafts or perineurial repairs are performed. This also 

results in less time and cost, and potentially less scarring. Biodegradable conduits 

can be constructed to any dimensions required, with limitless supplies, and can be 

readily stored, ready for use (Den Dunnen, Van der Lei et al. 1993).  
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The formation of a fibrin clot within a nerve gap is one of the earliest and most 

important events of peripheral nerve regeneration. The nerve stumps secrete 

plasma precursors which leads to the formation of a longitudinal, acellular fibrin 

matrix, which then acts as a scaffold for migrating Schwann cells, fibroblasts and 

endothelial cells entering from proximal and distal nerve ends.  There is an 

apparent time lag of approximately 4 days between the accumulation of fibrin clot 

and the initial migration of cells, and providing plasma or fibrin components to the 

nerve gap has been shown to accelerate axonal regeneration (Williams, 1987). 

 

Fibrin glue consists of fibrinogen extracted from blood via various different 

techniques. Addition of thrombin to this solution precipitates formation of fibrin 

from fibrinogen, producing a semi-solid adhesive substance. Fibrin glue can be 

obtained from commercially derived human pooled plasma or from autologous 

blood donation, which is a relatively cheap and simple method. The concept of filling 

conduits with autologous fibrin glue has several appealing aspects. Filling the 

conduit with fibrin glue before inserting into the nerve gap may circumvent the “lag” 

phase normally associated with formation of a fibrin matrix before cell migration 

and axonal extension. In addition, the presence of this semi-solid material within the 

conduit may help to maintain the patency of the tube, resisting external compression. 

Finally, the fibrin glue may be used as a vector for insertion of substrates or growth 

factors into the conduit. The desired substance may be suspended within the fibrin 

glue, which because of its highly viscous nature, remains within the conduit and does 

not leak out into the surrounding tissues. 

 

The biodegradable conduits for this study were made according to the “recipe” 

described by Hadlock et al (Hadlock, Elisseeff et al. 1998). This technique allows 

formation of conduits of virtually any size, shape, thickness, or number. This 

technique is technically simple and cheap. PGA/PLA tubes were created around 

small segments of silicone tube with similar dimension to the rat sciatic nerve. 

Glycolic and lactic acid are metabolites of Kreb’s citric acid cycle, and are therefore 

physiological compounds. 
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All of the animals in this study received a biodegradable conduit to bridge a 15 mm 

sciatic nerve gap. Some of the animals had physiological medium +/- OECs injected 

into the conduits, and other animals had fibrin glue derived from litter mates +/- 

OECs injected into the conduits. A final group received biodegradable conduits filled 

with lamina propria tissue from olfactory mucosa from littermates. This tissue was 

extracted in the normal manner from the olfactory epithelium, and inserted into the 

tubes without any further processing or refinement (i.e. as “raw” lamina propria). 

 

5.1.1 Aim: 

The aim of this study was to assess the degree of nerve regeneration using a 

biodegradable polyglycolic/polylactic acid (PGA/PLA) conduit with/without OECs 

suspended in either physiological medium or rat derived fibrin glue in a 15mm gap 

rat sciatic nerve model, as well a biodegradable PGA/PLA conduit filled with 

olfactory lamina propria tissue containing OECs. 

 

5.1.2 Hypothesis: 

OECs will enhance the results of repair of a peripheral nerve gap using a 

biodegradable tube, especially when suspended in fibrin glue within the conduit. 
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5.2 Method: 

See Chapter 2 Methods for overall methodology. 

Initially, a total of 50 adult Sprague-Dawley rats (200-300g) were used as the 

experimental animals: 18 rats (200-250g) were euthanised for harvesting of 

olfactory mucosa for subsequent transplant into the experimental animals; 2 larger 

rats were euthanised for venepuncture to obtain rat blood for making of fibrin 

glue; 30 rats (250-300g) were used as the experimental animals receiving the 

nerve repair surgery, with 6 animals in each of 5 groups (the ethics committee 

approved up to 60 animals. 

 

5.2.1 Harvesting of olfactory lamina propria tissue: 

Olfactory mucosa was harvested from donor rats at the time of surgery, and 

treated to separate the lamina propria from the olfactory epithelium, as described 

above. Once the lamina propria was separated, no further tissue extraction 

techniques were employed. 

 

5.2.2 Preparation of biodegradable conduits: 

The method for creation of these tubes was adapted from Hadlock et al (Hadlock, 

Elisseeff et al. 1998). Powdered compound in the ratio of polylactic acid: 

polyglycolic acid of 85:15 was obtained from Sigma. The powder was dissolved in 

chloroform to create a 5% solution. Tubes were made via a standard dip-moulding 

technique. A silicone tube with an outer diameter of 1.8mm was placed over a 

blunt 18-gauge needle, and a dipping technique (25 dips into the solution) was 

used at 60 second intervals to create a thin veneer over the silicone tube. The 

PGA/PLA conduits were allowed to dry out in a fumehood overnight under low 

vacuum to allow for solvent evaporation. The PGA/PLA conduits were gently 

removed from the underlying silicone tubes the following day, just prior to use. 

 

5.2.3 Preparation of fibrin glue: 

Approximately 12-15 mL of unclotted rat blood was obtained from each donor rat 

after barbiturate overdose, but prior to cardiac arrest from puncture of the inferior 

vena cava. 2 mL of whole blood was placed into 7 tubes, 6 of the 7 tubes containing 
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0.3 mL of 10% sodium citrate and mixed. All 7 tubes were centrifuged at 3200 rpm 

for 15 minutes. Plasma was then decanted from the 6 tubes, and placed into 4 new 

tubes, while plasma from the 7th tube was decanted and placed in a separate tube 

at 37oC. 0.3 mL of 100% ethanol was added to each of the 4 tubes, which were then 

refrigerated for 30 minutes in ice. The 4 tubes were then centrifuged again at 3200 

rpm for 15 minutes (at 4oC). Fibrinogen precipitate was removed from each of the 

4 tubes and placed into another tube. 0.25 mL of plasma from the non-refrigerated 

tube was added to the fibrinogen precipitate to reconstitute the solution, which 

was left uncapped for 20 minutes at 37oC. After 20 minutes, the tube was capped 

and ready for use. 

 

The trigger solution was composed of 5000 units of bovine thrombin added to 9.2 

mL calcium chloride. 0.5 mL of amino-caproic acid was added to 2.5 mL of this 

solution to make the trigger solution. The lumens of the PGA tubes were washed 

with the trigger solution, and then the fibrinogen was injected into the lumens of 

the tubes in order to stimulate formation of fibrin. This formed a semi-solid gel 

within seconds. The PGA tube/fibrin glue/OEC group had OECs suspended in the 

plasma from the non-refrigerated tube, which was then added to the fibrinogen 

precipitate. 

 

5.2.4 Surgical procedure: 

The gap was bridged by a 15 mm long segment of biodegradable PGA/PLA tube 

(inner diameter 2 mm with three 9/0 nylon (non-dissolvable) epineurial sutures 

between the epineurium and the tube to coapt the nerve stump ends to just inside 

the lumen of the tube. 

 

 Group 1 (SC = serum control): The PGA/PLA tube was sutured into the nerve 

gap, and then filled with 10 mcL of DMEM/F12 with 10% foetal calf serum via a 

Hamilton 28 gauge microneedle and syringe. 

 Group 2 (SE = serum + OECs): The PGA/PLA tube was sutured into the nerve 

gap, and then filled with 10 mcL of DMEM/F12 with 10% foetal calf serum 

containing 5 x 105 OECs via a Hamilton 28 gauge microneedle and syringe. 
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 Group 3 (FC = fibrin glue control): The PGA/PLA tube was filled with 10 mcL 

of fibrin glue as a semi-solid gel, and then sutured into the nerve gap. 

 Group 4 (FE = fibrin glue + OECs): The PGA/PLA tube was filled with 5 x10 5 

OECs suspended in 10 mcL of fibrin glue as a semi-solid gel, then sutured into 

the nerve gap. 

 Group 5 (LP = lamina propria): The PGA/PLA tube was filled with olfactory 

lamina propria tissue of a solid consistency, containing OECs, then sutured into 

the nerve gap. 

 

  

 

 

 

  

 

  

Figure 5.2: Biodegradable tube filled with fibrin glue 

Figure 5.1: Biodegradable tube filled with medium 
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5.3 Results: 

5.3.1 Postoperative mortality: 

There were 8 deaths in the immediate post-operative period, involving animals 

from all 5 groups, and of a similar mechanism to the deaths in Experiment 2. A 

discussion of reasons for this is provided above in chapter 3. 4 of these 8 operated 

animals were able to be replaced with “spare” animals, olfactory tissue, and fibrin 

glue, but this actually required 10 animals in total to make up 4 of these 8 lost 

animals. Unfortunately there was not sufficient provision within the confines of the 

ethics request and approval to completely replace all of these animals as we had 

extended to the maximum of 60 animals for the project, which was our ethics 

approval limit. 

 

One of the animals from the group with OECs in medium in the PGA/PLA conduit 

developed a hard, fixed mass in the right gluteal and thigh region during the last 3 

weeks of the experiment. This mass grew slowly in size during these 3 weeks. At 

the time of assessment, this mass was dissected away from the muscles overlying 

the site of the nerve repair and removed, and was not related to the nerve repair 

site directly. Histological analysis of this mass by a veterinary pathologist at The 

University of Queensland revealed a rhabdomyosarcoma, which is a malignant 

tumour arising from skeletal muscle tissue. These tumours are “not uncommon 

incidental tumours” in rats, and have been induced experimentally via 

implantation of various compounds. It is difficult to determine whether this 

tumour was coincidental, related to the surgery (perhaps the dissolving cat gut 

sutures), or related to the PGA/PLA tube implanted. The pathologist was confident 

that this tumour was not in any way related to the olfactory ensheathing glial cells 

transplanted into this region. 

 

5.3.2 Functional assessment: 

This modality proved inconsistent and variable. Some animals had poor responses 

to these stimuli with their normal, unoperated hindfeet, making interpretation of 

the results from the operated hindfeet unreliable. These results correlated poorly 
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with the electrophysiological and histological results, and hence were not used for 

further analysis. 

 

5.3.3 Electrophysiology: 

The plan was to obtain results from the control and operated limbs of all animals, 

but when it became evident that many of the animals had no responses, 

particularly in the plantar muscles, we decided to only perform EP analysis in the 

unoperated (right) limbs of those animals which had EP responses in their 

operated (left) limbs. 

2 different values were extracted from the data: 

 Threshold 

 Latency 

Because of the unexpectedly poor results, especially with the plantar results, 

limited data analysis was undertaken between groups, especially the plantar 

results. Figure 5.5 is a representative example of the recordings. 
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5.3.3.1 Calf results: 

  Threshold (mV) Latency (msec) 

SC1 *** *** 

SC2 550 2.2 
SC3 *** *** 
SC4 900 2.2 
SC5 700 2.7 
SC6 225 2.4 

   

SE1 700 1.8 
SE2 *** *** 
SE3 *** *** 
SE4 *** *** 
SE5 1000 2.9 

SE6 died died 

   
FC1 1000 2.8 
FC2 1000 2.8 
FC3 1000 2.2 

FC4 *** *** 

FC5 1000 2.7 

FC6 died died 
   
FE1 700 2.9 
FE2 *** *** 
FE3 700 2.1 

FE4 1000 2.4 

FE5 *** *** 

FE6 died died 
   
LP1 *** *** 
LP2 *** *** 

LP3 *** *** 

LP4 200 3 
LP5 *** *** 
LP6 died died 

 
Table: 5.2 Left leg (unoperated) calf EP results by animal 
(died = postoperatively before EP testing) 
(*** = No EP result on operated leg) 
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  Threshold (mV) Latency (msec) 

SC1 *** *** 

SC2 500 2.5 

SC3 *** *** 

SC4 325 2.9 

SC5 900 3.1 

SC6 900 3.1 

   

SE1 1000 2.8 

SE2 *** *** 

SE3 *** *** 

SE4 *** *** 

SE5 2000 14.2 

SE6 died died 

   

FC1 2000 2.9 
FC2 1000 3.1 

FC3 1000 3 

FC4 *** *** 

FC5 1000 2.7 

FC6 died died 

   

FE1 1900 2.9 

FE2 *** *** 

FE3 750 3.4 

FE4 1000 2.9 

FE5 *** *** 

FE6 died died 

   

LP1 *** *** 

LP2 *** *** 

LP3 *** *** 

LP4 2000 12.7 

LP5 *** *** 

LP6 died died 

 
Table: 5.3 Right leg (operated) calf EP results by animal 
(died = postoperatively before EP testing) 
(*** = No EP result on operated leg) 
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  Threshold (mV) Latency (msec) 

SC L mean 594 2.38 

SC R mean 656 2.90 

SC L st err 142.29 0.12 

SC R st err 145.19 0.14 

      
SE L mean 850 2.35 

SE R mean 1500 8.50 

SE L st err 150 0.55 

SE R st err 500 5.7 

      
FC L mean 1000 2.63 

FC R mean 1250 2.93 

FC L st err 0 0.14 

FC R st err 250 0.09 

      
FE L mean 800 2.47 

FE R mean 1217 3.07 

FE L st err 100 0.23 

FE R st err 349.21 0.17 

      
LP L mean 200 3.00 

LP R mean 1138 10.60 

LP L st err 0 0 

LP R st err 862.5 2.1 
Table: 5.4 Summary of calf electrophysiology results 
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5.3.3.2 Plantar results: 

  Threshold (mV) Latency (msec) 

SC1 *** *** 

SC2 325 3.2 

SC3 *** *** 

SC4 200 3.7 

SC5 175 3.7 

SC6 200 4 
   

SE1 150 2.7 

SE2 *** *** 

SE3 75 3.7 

SE4 150 3.8 

SE5 200 4.5 

SE6 died died 
   

FC1 200 4.2 

FC2 *** *** 

FC3 175 3.7 

FC4 *** *** 

FC5 *** *** 

FC6 died died 
   

FE1 325 4.4 

FE2 *** *** 

FE3 200 3.4 

FE4 300 3.7 

FE5 *** *** 

FE6 died died 
   

LP1 *** *** 

LP2 *** *** 

LP3 *** *** 

LP4 *** *** 

LP5 *** *** 

LP6 died died 

Table: 5.5 Left leg (unoperated) plantar EP results by animal 
(Died = postoperatively before EP testing) 
(*** = No EP result) 
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  Threshold (mV) Latency (msec) 

SC1 *** *** 

SC2 300 8.6 

SC3 *** *** 

SC4 *** *** 

SC5 *** *** 

SC6 *** *** 
   

SE1 *** *** 

SE2 *** *** 

SE3 *** *** 

SE4 *** *** 

SE5 *** *** 

SE6 died died 
   

FC1 *** *** 

FC2 *** *** 

FC3 *** *** 

FC4 *** *** 

FC5 *** *** 

FC6 died died 
   

FE1 *** *** 

FE2 *** *** 

FE3 *** *** 

FE4 *** *** 

FE5 *** *** 

FE6 died died 
   

LP1 *** *** 

LP2 *** *** 

LP3 *** *** 

LP4 *** *** 

LP5 *** *** 

LP6 died died 

Table: 5.6 Right leg (operated) plantar EP results by animal 
(Died = postoperatively before EP testing) 
(*** = No EP result) 
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5.3.3.3 Threshold: 

 
Figure: 5.3 Summary of calf threshold results (SEM) 
 
The Threshold is the minimum stimulus (mV) to elicit any form of muscle 

contraction. This result is affected by the proximity and the amount of 

scar/intervening tissue between the bipolar stimulus electrodes to the proximal 

nerve. 

5.3.3.3.1 Calf muscle: 
The calf CMAP thresholds ranged from 200 to 1000mV for the unoperated (right) 

limbs and from 325 to 2000 mV for the operated (left) calf CMAPs. The mean 

thresholds were higher in the operated than control groups, which is 

understandable considering the surgery would induce scar tissue formation 

around the proximal repair site, close to where the stimulating electrode was 

placed, requiring higher voltages to transmit to the proximal nerve.  

5.3.3.3.2 Plantar muscle: 
Only 1 animal in any of the groups demonstrated reliable CMAP responses in the 

operated limb for the plantar CMAPs. This animal belonged to the SC group (PGA 

tube filled with DMEM/F12 with 10% foetal calf serum with no OECs grafted into 

the tube). None of the animals in the other groups had reliable CMAP recordings 

from their operated limbs, which is disappointing. 
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5.3.3.4 Latency: 

 

Figure: 5.4 Summary of calf latency results (SEM) 
 

The Latency is the time elapsed between the stimulation of the proximal nerve and 

initiation of muscle contraction. This result relates to the size and type of axons 

present, and the degree of myelination and maturation of these axons (Ashur, 

Vilner et al.). This result is relatively independent of local tissue and contact 

factors, and is therefore a robust means of comparison of the quality but not the 

quantity of axonal regeneration. 

5.3.3.4.1 Calf muscle: 
The values in the unoperated limbs ranged from 1.8 to 3.0 msec and from 2.5 to 

14.2 msec for the plantar CMAPs. 

5.3.3.4.2 Plantar muscle: 
Only 1 animal in the PGA tube groups demonstrated reliable CMAP responses in 

the operated limb for the plantar CMAPs. This animal belonged to SC group (PGA 

tube filled with DMEM/F12 with 10% foetal calf serum with no OECs grafted into 

the tube). None of the animals in the other groups had reliable CMAP recordings 

from their operated limbs, which is disappointing. 
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Figure 5.5: Rat C2 plantar CMAPs (x axis = msec; y axis =mV) 
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5.3.4 Histological assessment: 

5.3.4.1 Control nerves: 

We used the same 3 unoperated nerves to act as controls as Experiment 2 (chapter 

3), with a mean of 4874 axons. This is similar to other axon counts performed on 

normal Sprague-Dawley rats in previous studies. It is important to recognize that 

there is considerable variation in the numbers of axons present within normal 

nerves in animals and humans. This variation not only exists between different 

animals, but also between corresponding nerves within the same animal. 

 

5.3.4.2 Experimental nerves: 

2 animals had axons present on histological examination at all 3 levels: 1 animal 

from group SC (PGA tube filled with medium group- the same animal which had 

CMAPs present), and 1 animal from group LP (PGA tube filled with olfactory 

lamina propria). Because of these poor results, no further statistical analysis was 

performed. 

 

 Proximal Middle  Distal 
SC (PGLA tube with 
medium) 

   

SC1 8247 9708 0 

SC2 1476 1790 2479 

SC3 0 0 0 

SC4 5796 0 0 

SC5 1702 0 0 

SC6 0 0 0 

SC Mean 3444.2 2299.6 495.8 

    
SE (PGLA tube with 
medium and OECs) 

   

SE1 0 0 0 

SE2 0 0 0 

SE3 1182 0 0 

SE4 0 0 0 
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SE5 0 0 0 

SE6 died died died 

SE Mean 295.5 0 0 

    

FC (PGLA tube with 
fibrin glue) 

   

FC1 668 0 0 

FC2 0 0 0 

FC3 3681 0 0 

FC4 0 0 0 

FC5 672 378 0 

FC6 died died died 

FC Mean 1004.2 75.6 0 

    

FE (PGLA tube with 
fibrin glue and OECs) 

   

FE1 2003 0 0 

FE2 12599 0 0 

FE3 0 0 0 

FE4 0 0 0 

FE5 0 0 0 

FE6 died died died 

FE Mean 2920.4 0 0 

    

LP (PGLA tube with 
olfactory lamina 
propria) 

   

LP1 0 0 0 

LP2 6670 2134 0 

LP3 3123 1842 1770 

LP4 1996 0 0 

LP5 9666 2223 0 

LP6 died died died 

Mean 4291 1239.8 354 

Table 5.7: Operated limbs axon counts 
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5.4 Discussion: 

Once again, the loss of 8 animals from this experiment was also unfortunate and 

frustrating. Replacement of these animals required not only the actual operated 

animals to fill the groups, but also extra animals to supply more OECs and blood to 

create fibrin glue. Hence, each animal lost actually required 2-3 more animals. Each 

experimental replacement animal also required 7 days treatment with 

Amitriptyline pre-operatively, and culture of OECs also took 5-7 days, delaying the 

completion of the project. We could only cover 4 of these 8 operated animals, 

despite using an additional 10 animals, to a maximum of 60 animals for the project, 

which was our ethics approval limit. 

 

As discussed above, the functional results were inconsistent and variable, and 

were not used for further analysis. However, the electrophysiology and histology 

processes were utilized, and have been tested already n the previous 2 

experiments. 

 

 Overall, the results from this experiment were disappointing. Only one animal 

from the SC group (animal SC2, PGA tube filled with medium) had both 

electrophysiological and histological evidence of axonal regeneration. One animal 

from the PGA group (LP3) had evidence of axonal regeneration at all 3 levels, but 

no electrophysiological evidence of recovery, which is hard to reconcile. Perhaps 

there was a technical problem with the electrophysiological recording for this 

animal which gave “false negative” results. It would appear unlikely that the axon 

counts are incorrect. It would also seem unlikely that there were axons present at 

all 3 sections (suggesting successful regeneration through the repair site) but that 

none or few of these axons have successfully reconnected with motor end-plates to 

allow muscle contraction. Some other animals (SC6, SE1, SE5, FC2, FE3, FE4) had 

electrophysiological evidence of recovery on the calf CMAPs but no axons visible 

on any of the sections. In these cases, perhaps the umbers of regenerating axons 

were so small that they were missed on the axon counts, or perhaps the axons 

regenerated by an aberrant pathway outside of the field of view on transverse 

section. It is also possible that the breakdown and degradation products of the PGA 

tubes somehow affected the staining of these axons, giving a “false negative” result. 
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At the time of assessment 3 months post-operatively, what was left of the tubes 

had become quite hard and several tubes had broken into 2 segments, with fibrous 

tissue in between. These tubes were constructed following the “recipe” described 

by Hadlock et al (1998). PGA/PLA tubes have been used previously, with 

acceptable levels of neurological recovery in animal and human trials. The glycolic 

and lactic acid subunits are metabolites present in Kreb’s citric acid cycle, and are 

broken down as part of normal metabolism. It is possible that by-products of this 

breakdown or chronic inflammatory changes associated with this breakdown, 

including macrophage and fibroblast activity, may have been inhibitory to axonal 

regeneration. It is also possible that the lumens of these tubes may have been 

obliterated, by swelling of the tube walls or bending of the tubes, and that this led 

to poor axonal regeneration. 

 

The medium +/- OECs was injected into the PGA/PLA tubes after the tubes were 

sutured into position in an attempt to minimize potential loss out of the fluid out of 

the ends of these tubes into the surrounding tissues. As the muscle layers and the 

wounds were closed, the suspension was still present within the tubes, but it is 

impossible to predict what happened when the animal recovered and began 

mobilizing. A more viscous “gel-like” suspension would probably contain the OECs 

within the tube more securely than medium.  

 

We had hoped that the fibrin glue would prove to be a useful component when 

incorporated into these hollow tubes, providing luminal support, accelerating the 

cascade of events which occurs following axonal injury and regeneration, and as a 

vector for grafting OECs into the tubes. However, the groups with PGA tubes 

containing fibrin glue also had poor results. It is impossible to determine whether 

this was because of some general effect related to the failed PGA/PLA tubes, or 

whether the fibrin glue in its own right contributed to the poor results. The fibrin 

glue may not have had sufficient nutrients to sustain the OECs initially, or the 

Schwann cells and regenerating axons subsequently. 
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The idea of a group with PGA/PLA tubes containing olfactory lamina propria was 

developed because the lamina propria has a ready supply of OECs as well as 

nutrients and extra-cellular matrix components which are native to the olfactory 

mucosa, and presumably conducive to promoting OEC activity. In addition, this 

tissue is soft and solid, and can be easily placed within a hollow tube without risk 

of “leaking” out of the tube ends. However, the results were not as successful as 

hoped. 

 

The biodegradable tube model had significant potential in satisfying the ultimate 

aim of this project: to develop an alternative model for repair of injured peripheral 

nerves using conduits with OECs which is more successful and has less associated 

cost, technical difficulty, and morbidity than the current gold standard, nerve graft. 

However, the results of this model were uniformly disappointing. It may be 

possible to alter the ratios of the 2 components as well as other aspects of their 

construction in order to achieve a more successful result. 

 

5.4.1  Summary: 

 The battery of neurobehavioural tests designed to assess functional recovery 

proved inaccurate and not useful for comparison of recovery.  

 PGA/PLA tubes are not a useful conduit in this particular 15 mm rat sciatic 

nerve model containing medium or fibrin glue +/- OECs for reasons which are 

unclear. 

 

  



 144 

  



 145 

6. EXPERIMENT 4: VEIN GRAFT AND 
MATRIGEL MODEL 
 
6.1 Introduction: 

The first 3 experiments have tested OECs within silicone tubes, nerve grafts and 

biodegradable tubes in comparison to the current gold standard method of nerve 

repair, the nerve graft. The biodegradable tube model produced disappointing 

results, for reasons which remain unclear. The methodology was replicated from 

previous studies using exactly the same recipe and dip-moulding technique 

(Hadlock et al., 1998).  As discussed above, it is possible that by-products of this 

breakdown or chronic inflammatory changes associated may have been inhibitory 

to axonal regeneration. It is also possible that the lumens of these tubes may have 

been obliterated, by swelling of the tube walls or bending of the tubes, and that this 

led to poor axonal regeneration. 

 

Following on from this, Experiment 4 sought to find an alternative conduit to 

house the OECs and to channel the axonal regeneration, as per the underlying goal 

of this project: to produce an alternative method of repair for peripheral nerve 

gaps with improved results and less associated technical difficulty and 

morbidity than nerve grafts. The prospect of using veins with/without OECs 

instead of nerve grafts has many appealing aspects. As outlined in Experiment 3, 

harvesting a nerve graft generally requires a second surgical site, and renders part 

of the body anaesthetic. In addition, the severed nerve responds by trying to 

regenerate, which frequently leads to neuroma formation and associated pain and 

morbidity. The use of a hollow conduit allows axons to selectively regenerate 

toward distal targets, rather than imposing a misdirected fascicular architecture by 

suture alignment, and may also help prevent outgrowth of axons or neuroma 

formation. A hollow conduit also allows accumulation of fibrin clot and 

endogenous growth factors from the nerve stumps (neurotropic and neurotrophic 

factors). Conduit repairs are considered less technically difficult than nerve grafts, 

especially if cable grafts or perineurial repairs are performed.  
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The choice of vein grafts for this model was simple. Veins are a biological tissue, 

and autologous. They are plentiful and inert, and may generally be harvested close 

to the site of nerve repair. Vein grafts have been utilized in many studies for 

peripheral nerve repair. Vein grafts may be used in their normal configuration or 

turned “inside out”. Turning veins “inside-out” has two theoretical advantages: it 

may prevent venous valves within the lumen of the vein from obstructing axonal 

regeneration, and neural tissue within the wall of the veins may potentially 

provide Schwann cells to assist in the axonal regeneration process (Wang et al., 

1995). However, it is technically difficult (from personal experience) to invert a 

long vein graft, and may cause tearing of the vein wall, which could cause 

obstruction of axonal regeneration or escape of axons into the surrounding tissues, 

hence using standard vein grafts. 

 

It was difficult to determine whether the fibrin glue may have worked within a 

different conduit to the PGA tubes of Experiment 3, but given the overall poor 

results, it was decided to try a new approach for the medium in which to suspend 

the cells within the conduit for Experiment 4. Matrigel (BD Sciences) is a 

gelatinous mixture with a desirable extracellular matrix protein profile and 

viscosity ideal for this technique: the physiological medium used previously may 

have leaked out of the conduits into surrounding tissues, and fibrin glue may have 

been too dense for axonal regeneration.  

 

Since the commencement of this project, olfactory stem cells (OSCs) have been 

isolated from rat and human olfactory mucosa within our laboratory. These OSCs 

are a homogeneous population of neural stem cells which express markers of 

mesenchymal stem cells (CD105, CD73) as well as other stem and progenitor cell 

proteins (OCT4, NES, TUBB3) (Mackay-Sim, 2012). OSCs are easily obtained from 

olfactory mucosal biopsies in a manner analogous to OECs described earlier, and 

are easily produced over a 4 week cycle before ready for implantation. OSCs can 

self-renew in culture and differentiate into neurons and glia (Mackay-Sim), and 

have been used to reconstitute haemopoietic tissue in irradiated rats, undergone 

change to chondrogenic phenotype, and shown benefit when used to regenerate 

cardiac muscle in rats (Wetzig et al., 2011) 
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All of the animals in the 5 experimental groups received a vein graft conduit taken 

from littermates to bridge a 15 mm sciatic nerve gap, and the control group 

received a nerve graft reversed and sutured into the gap. Matrigel was used in each 

of the 5 experimental groups. Group 2 had Matrigel only within the vein grafts, 

group 3 had Matrigel with OECs, group 4 had Matrigel with human OSCs and 

animals were given Cyclosporin postoperatively to prevent graft rejection, group 5 

had Matrigel only within the vein grafts but was given Cyclosporin postoperatively 

to act as a control group for group 4, and group 6 which had Matrigel with rat OSCs 

within the vein grafts. Cyclosporin A (Sandoz Pharmaceutical Company, USA) is an 

immunosuppressive agent, commonly used to prevent immune rejection after 

organ transplant. 

 

The suspension of Matrigel +/- OECs or OSCs was injected into the lumen of the 

vein grafts after the grafts were sutured into place, in order to reduce the leakage 

of medium +/- OECs or OSCs into the surrounding tissues. Twelve weeks +/- 4 days 

were allowed to elapse postoperatively before assessment of results and 

harvesting of nerves was undertaken. No functional assessment was made, after 

the disappointing and inconsistent results from Experiments 1-3. 

Electrophysiology and axon counts were performed as for Experiments 1-3. 

 

6.1.1 Aim: 

The aim of this study was to assess the degree of nerve regeneration of vein grafts 

filled with olfactory ensheathing cells (OECs) or olfactory stem cells (OSCs) 

suspended in an extracellular matrix (Matrigel) in a 15mm gap rat sciatic nerve 

model, and to compare these results to standard nerve grafts. 

 

6.1.2 Hypothesis: 

OECs and OSCs suspended in Matrigel within a vein graft will be more successful 

than standard nerve grafts in repair of a peripheral nerve gap. 
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6.2 Method: 

See Chapter 2 Methods for overall methodology. 

A total of 67 adult DA rats (200g) were used as the experimental animals: 

 5 rats (200g) were euthanised for harvesting of olfactory mucosa for 

subsequent transplant into the experimental animals. 

 20 rats (200g) were euthanized for harvesting of vein grafts (1 animal provides 

approximately 3-4 vein grafts; some of these animals donated olfactory tissue 

for other experiments within the same laboratory) 

 42 rats (250-300g) were used as the experimental animals receiving the nerve 

repair surgery, with 6 animals in each of 6 groups (and 6 early postoperative 

deaths) 

Because of the problems related to post-operative deaths in Experiments 1-3, we 

decided to change the breed of rat to DA rats, in case there was some genetic 

component of Sprague-Dawley rats interacting with our anaesthetic agents. They 

are smaller in comparison to Sprague-Dawley rats, which makes the 15 mm gap 

even larger in relative terms.  

 

6.2.1 Preparation of Matrigel: 

Matrigel (BD Sciences) is a gelatinous extracellular protein mixture containing 

laminin (60%), collagen (30%) and entactin (8%) as well as other proteins and 

growth factors in very low concentrations. When required, the OECs were 

suspended within the Matrigel and injected into the vein grafts once in situ and 

sutured into the nerve gap (harvesting of olfactory tissue and preparation of cells 

performed by Dr Francois Feron with assistance by myself; as per Girard et al, 

2011). 

 

6.2.2 Harvesting of vein grafts: 

Up to 4 vein grafts (usually from the internal jugular and intra-abdominal veins) 

were harvested from other rats, which were euthanized for harvesting olfactory 

mucosa for other studies within the same laboratory. Some vein grafts had 

substantial sized branches, which were “tied off” using 9/0 nylon sutures to 

prevent axonal growth out of the vein graft into the surrounding tissues. 
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6.2.3 Surgical procedure: 

The gap was bridged by a 15 mm long segment of vein or the nerve graft 

(reversed) with two-three 9/0 nylon (non-dissolvable) epineurial sutures between 

the epineurium and the vein to coapt the nerve stump ends to just inside the lumen 

of the tube. Matrigel +/- OECs +/- OSCs was then injected into the lumen of the vein 

graft, as described below. 

 

 Group 1 (NG = nerve graft): The nerve graft was removed, reversed, and 

sutured into the gap. 

 Group 2 (VM = vein graft + medium only): The vein graft was sutured into 

the nerve gap, and then filled with 10 mcL of Matrigel via a Hamilton 28 gauge 

microneedle and syringe. 

 Group 3 (VE = vein graft + OECs): The vein graft was sutured into the nerve 

gap, and then filled with 10 mcL of Matrigel containing 5 x 105 OECs via a 

Hamilton 28 gauge microneedle and syringe. 

 Group 4 (VHSC = vein graft + human OSCs + Cyclosporin): The vein graft 

was sutured into the nerve gap, and then filled with 10 mcL of Matrigel 

containing human olfactory stem cell spheres containing 5 x 105  OSCs via a 

Hamilton 28 gauge microneedle and syringe. These rats received Cyclosporin 

postoperatively. 

 Group 5 (VNSC = vein graft + medium with no stem cells + Cyclosporin): 

The vein graft was sutured into the nerve gap, and then filled with 10 mcL of 

Matrigel via a Hamilton 28 gauge microneedle and syringe. These rats received 

Cyclosporin A postoperatively, and served as a control for Cyclosporin use. 

 Group 6 (VRSC = vein graft + rat OSCs): The vein graft was sutured into the 

nerve gap, and then filled with 10 mcL of Matrigel containing rat olfactory stem 

cell spheres containing 5 x 105  OSCs via a Hamilton 28 gauge microneedle and 

syringe. 
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6.3 Results: 

6.3.1 Post-operative mortality: 

There were 6 deaths in the immediate post-operative period. These animals were 

replaced with spare animals so there 6 animals in each group at the time of testing 

12 weeks +/- 4 days postoperatively. 2 animals died during the electrophysiology 

recording before any useful data was obtained from either limb (1 from each of 

groups VHSC and VNSC groups) meaning there were electrophysiology results for 

only 5 rather than 6 animals in these 2 groups, but the nerves were harvested 

regardless so that all groups have results from 6 animals. 

 

6.3.2 Electrophysiology: 

Responses were elicited from most of the operated limbs and their corresponding 

control limbs. 5 different values were extracted from the data: 

 Threshold 

 Latency 

 Maximal stimulation threshold (MST) 

 Maximal stimulation threshold latency (MSTL) 

 Amplitude 

Data was obtained relatively easily from all control (unoperated) limbs tested. 

Occasionally, electrodes had to be repositioned to obtain good, repeatable muscle 

contractions. This set of data shows great similarity between the groups, 

suggesting reliable technique and results, especially the latency and MST latency 

results. The data obtained from the experimental (operated) limbs was not as 

easily obtained. The scar tissue around the proximal anastomosis required delicate 

dissection to expose the nerve above the repair site to allow placement of the 

bipolar recording electrodes without compromising any axons. Once again, there 

was a need for some electrode repositioning to obtain good, repeatable muscle 

contractions, but this was not onerous, and I am confident that this set of data is 

equally accurate and reliable. All 34 animals had evidence of calf CMAPs, and 31 of 

34 animals had evidence of plantar CMAPs. For the statistical analysis, data are 

expressed as mean +/- SEM. Analysis of Variance (ANOVA) was used to compare 

Treatments and Legs. Bonferonni Corrected Multiple Comparisons posthoc tests 
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compared individual Treaments. All statistics was performed with the statistical 

program, SPSS v20.0. Statistical differences were considered significant at alpha < 

0.05. The statistical analysis was performed by Professor Alan Mackay-Sim, and 

data extracted by myself. 
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6.3.2.1 Calf results: 

Left leg: 

  Threshold (mV) Latency (msec) MST (mV) MSTL (msec) Amplitude (mV) 

NG1 150 2.80 250 2.25 21.35 

NG2 175 2.60 300 2.25 1.28 

NG3 225 2.95 400 2.65 3.48 

NG4 125 2.95 400 2.75 6.3 

NG5 200 3.20 400 3.15 7.65 

NG6 100 3.70 225 3.20 24.35 

      

VM1 150 2.65 475 2.60 22.55 

VM2 100 3.20 250 2.25 16.55 

VM3 175 2.65 700 2.05 19.55 

VM4 125 3.30 225 2.75 15.15 

VM5 75 3.30 200 2.65 13.5 

VM6 375 3.60 850 2.50 25.4 

      

VE1 100 3.85 200 3.05 14.65 

VE2 175 4.95 350 3.15 15.3 

VE3 275 3.35 375 2.20 15.4 

VE4 100 3.30 350 2.05 9.9 

VE5 200 5 400 2.75 35.1 

VE6 150 4.05 775 1.95 9.3 
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VHSC1 100 2.75 325 2.25 14.8 

VHSC2 * * * * * 

VHSC3 125 2.95 225 2.25 23.25 

VHSC4 200 2.90 325 2.50 4.45 

VHSC5 175 3.75 275 2.75 0.4 

VHSC6 75 2.95 150 2.50 4.3 

      

VNSC1 50 3.05 450 2.10 7.2 

VNSC2 * * * * * 

VNSC3 100 3.15 375 2.20 15.15 

VNSC4 200 2.75 425 2.10 16.6 

VNSC5 175 2.95 275 2.35 38.15 

VNSC6 200 3.15 350 2.35 27.65 

      

VRSC1 250 2.95 1000 2.40 15.8 

VRSC2 125 3.50 375 2.50 6.2 

VRSC3 100 2.80 175 2.25 15.95 

VRSC4 450 2.95 950 2.20 10.45 

VRSC5 200 2.80 725 1.55 11.6 

VRSC6 400 2.90 625 1.70 11.1 

Table: 6.1 Left leg calf EP results (unoperated) 
(* Animal died during testing) 
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Right leg: 

  Threshold (mV) Latency (msec) MST (mV) MSTL (msec) Amplitude (mV) 

NG1 75 3.05 250 1.95 8.25 

NG2 225 3.05 425 3.15 0.70 

NG3 325 2.95 550 3.90 5.83 

NG4 275 7.60 400 4.60 0.40 

NG5 175 6.90 300 4 9.95 

NG6 200 4 650 3.85 1.80 

      

VM1 375 3.05 375 3.05 0.35 

VM2 650 2.65 750 2.35 0.45 

VM3 825 1.85 875 1.80 9.10 

VM4 625 3.05 825 2.95 1.90 

VM5 75 7.45 475 2.80 1.55 

VM6 175 4.65 575 3.75 5.40 

      

VE1 100 8.85 525 3.85 3.55 

VE2 125 5.75 325 4.25 2.70 

VE3 75 3.85 275 2.35 5.80 

VE4 175 3.85 250 1.85 2.30 

VE5 150 3.15 900 2.50 0.80 

VE6 100 2.65 150 2.50 0.40 

      

VHSC1 100 4 275 2.05 2.15 

VHSC2 * * * * * 
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VHSC3 225 10.35 825 4.65 2.30 

VHSC4 125 5.40 450 2.40 2.10 

VHSC5 50 4.05 350 2.65 1.50 

VHSC6 50 7.40 250 2.75 2.25 

      

VNSC1 25 6.10 75 4.30 9.20 

VNSC2 * * * * * 

VNSC3 150 4 275 2.65 5.80 

VNSC4 100 5.20 450 2.50 8.85 

VNSC5 125 4 525 2.50 8.25 

VNSC6 225 3.05 375 2.40 6.65 

      

VRSC1 450 3.05 700 2.95 0.40 

VRSC2 125 3.75 525 1.80 11.35 

VRSC3 50 5.10 625 2.80 6.05 

VRSC4 50 4 500 3.50 4.80 

VRSC5 25 6.60 475 2.50 3.30 

VRSC6 125 4.80 450 2.65 1.25 

Table: 6.2 Right leg calf EP results (operated) 
(* Animal died during testing) 
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Summary: 

  Threshold (mV) Latency (msec) MST (mV) MSTL (msec) Amplitude (mV) 

NG left mean 162.5 3.03 329.17 2.71 10.73 

NG right mean 212.5 4.59 429.17 3.58 4.49 

NG left st err 19.094 0.16 33.18 0.17 3.96 

NG right st err 35.21 0.86 61.38 0.38 1.67 

NG R: L ratio 1.31 1.51 1.30 1.32 0.42 

      

VM left mean 166.67 3.12 450 2.47 18.78 

VM right mean 454.17 3.78 645.83 2.78 3.13 

VM left st err 44.10 0.16 111.99 0.11 1.87 

VM right st err 120.14 0.82 82.26 0.27 1.41 

VM R: L ratio 2.17 1.21 1.26 1.13 0.16 

      

VE left mean 166.67 4.08 408.33 2.53 16.61 

VE right mean 120.83 4.68 404.17 2.88 2.59 

VE left st err 27.13 0.31 78.70 0.21 3.86 

VE right st err 15.023 0.94 111.32 0.39 0.80 

VE R: L ratio 0.73 1.146938776 0.99 1.14 0.16 

      

VHSC left mean 135 3.06 260 2.45 9.44 

VHSC right mean 110 6.24 430 2.9 2.06 

VHSC left st err 23.18 0.18 33.16 0.09 4.20 

VHSC right st err 32.21 1.20 104.71 0.44 0.14 

VHSC R: L ratio 0.81 2.04 1.65 1.18 0.22 
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VNSC left mean 145 3.01 375 2.22 20.95 

VNSC right mean 125 4.47 340 2.87 7.75 

VNSC left st err 30 0.07 30.62 0.06 5.40 

VNSC right st err 32.60 0.53 78.10 0.36 0.65 

VNSC R: L ratio 0.86 1.489 0.91 1.29 0.37 

      

VRSC left mean 254.17 2.98 641.67 2.1 11.85 

VRSC right mean 137.5 4.55 545.83 2.7 4.525 

VRSC left st err 58.60 0.11 131.60 0.16 1.49 

VRSC right st err 64.79 0.51 39.48 0.23 1.61 

VRSC R: L ratio 0.54 1.52 0.85 1.29 0.38 

Table: 6.3 Summary of calf electrophysiology results 
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6.3.2.2 Plantar results: 

Left leg: 

  Threshold (mV) Latency (msec) MST (mV) MSTL (msec) Amplitude (mV) 

NG1 125 4.70 275 1.80 25.50 

NG2 175 2.95 375 2.50 3.88 

NG3 250 3.45 400 2.95 3.48 

NG4 250 4.15 375 3.05 5.15 

NG5 275 4.70 500 3.60 0.80 

NG6 150 4.60 350 3.50 3.35 

      

VM1 75 4.65 400 4 5.30 

VM2 100 3.05 250 2.75 7.80 

VM3 75 3.15 100 2.80 3.25 

VM4 150 3.30 375 2.95 20.20 

VM5 100 3.75 275 3.15 16.70 

VM6 225 3.50 400 3.20 24.60 

      

VE1 200 3.60 400 2.90 9.05 

VE2 175 3.85 950 1.70 5.95 

VE3 225 4.55 425 2.95 16.95 

VE4 150 3.60 225 2.90 10.60 

VE5 350 6.30 1000 4.15 10.05 

VE6 200 4.95 475 4.05 14.65 

      

VHSC1 25 4.70 100 4.30 7 
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VHSC2 * * * * * 

VHSC3 100 4.25 500 4.05 2.60 

VHSC4 # # # # # 

VHSC5 150 7.30 350 3.45 3.10 

VHSC6 25 4.45 175 4.30 3.30 

      

VNSC1 250 5.10 600 3.75 5.90 

VNSC2 * * * * * 

VNSC3 400 4.95 675 2.75 4.55 

VNSC4 525 4.40 825 4 4.30 

VNSC5 200 4.65 425 3.85 3.50 

VNSC6 50 4.95 425 4.05 4.10 

      

VRSC1 350 5.20 1000 3.05 2.05 

VRSC2 75 5.10 275 3.35 10.95 

VRSC3 # # # # # 

VRSC4 75 4.70 275 3.90 4.40 

VRSC5 100 4.55 250 4.05 8.75 

VRSC6 # # # # # 

Table: 6.4 Left leg plantar EP results (unoperated) 
(* Animal died during testing) 
(# No result for this leg/animal) 
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Right leg: 

  Threshold (mV) Latency (msec) MST (mV) MSTL (msec) Amplitude (mV) 

NG1 100 9 325 1.95 8.40 

NG2 150 6.25 475 3.50 1.48 

NG3 275 6.75 575 4.30 6.55 

NG4 250 5.55 375 3.90 0.98 

NG5 175 5.65 250 5.50 6.60 

NG6 225 6.35 825 4 1.95 

      

VM1 350 13.05 775 3.75 0.70 

VM2 100 9.60 150 7.30 1.15 

VM3 875 8.15 875 8.15 0.40 

VM4 725 3.45 725 3.45 0.60 

VM5 325 11.4 450 2.40 0.80 

VM6 150 7.85 525 5.35 1.55 

      

VE1 125 8.45 300 5.50 0.65 

VE2 150 4.80 725 4.40 3.90 

VE3 225 5.90 450 3.45 0.95 

VE4 300 2.35 500 1.95 0.25 

VE5 325 5.90 425 5.40 0.25 

VE6 125 2.95 150 3.20 0.20 

      

VHSC1 125 8.15 350 7.85 1 

VHSC2 * * * * * 
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VHSC3 700 7.05 700 7.05 0.35 

VHSC4 # # # # # 

VHSC5 75 6.50 225 6.10 1.70 

VHSC6 75 8.95 525 8.30 0.35 

      

VNSC1 50 7.85 125 7.45 0.25 

VNSC2 * * * * * 

VNSC3 225 7.75 325 7.75 1.50 

VNSC4 175 9.20 250 9.10 2.30 

VNSC5 100 9.35 475 7.95 0.60 

VNSC6 525 7.95 525 7.95 0.10 

      

VRSC1 625 3.15 775 2.65 0.15 

VRSC2 500 11.80 500 11.8 0.15 

VRSC3 # # # # # 

VRSC4 400 6.20 650 5.20 1.30 

VRSC5 100 8.80 400 7.55 1 

VRSC6 # # # # # 

Table: 6.5 Right leg plantar EP results (operated) 
(* No result for this leg/animal) 
(# No result for this leg/animal) 
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Summary: 

  Threshold (mV) Latency (msec) MST (mV) MSTL (msec) Amplitude (mV) 

NG left mean 204.17 4.09 379.17 2.9 7.03 

NG right mean 195.83 6.59 470.83 3.86 4.33 

NG left st err 25.34 0.30 29.88 0.27 3.74 

NG right st err 26.94 0.52 84.76 0.47 1.31 

NG R: L ratio 0.96  1.61  1.24  1.33  0.62 

      

VM left mean 120.83 3.57 300 3.14 12.98 

VM right mean 420.83 8.92 583.33 5.07 0.87 

VM left st err 23.64 0.24 47.87 0.19 3.57 

VM right st err 127.71 1.36 108.14 0.93 0.17 

VM R: L ratio  3.48  2.5  1.94  1.61  0.07 

      

VE left mean 216.67 4.475 579.17 3.11 11.21 

VE right mean 208.33 5.06 425 3.98 1.03 

VE left st err 28.63 0.43 129.97 0.37 1.62 

VE right st err 36.32 0.91 79.06 0.56 0.59 

VE R: L ratio  0.96  1.13  0.73  1.28  0.09 

      

VHSC left mean 75 5.18 281.25 4.03 4 

VHSC right mean 243.75 7.66 450 7.33 0.85 

VHSC left st err 27.39 0.64 80.30 0.20 0.90 

VHSC right st err 136.43 0.49 92.65 0.48 0.29 

VHSC R: L ratio  3.25  1.48  1.6  1.82  0.21 
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VNSC left mean 285 4.81 590 3.68 4.47 

VNSC right mean 215 8.42 340 8.04 0.95 

VNSC left st err 82.01 0.13 76.49 0.24 0.40 

VNSC right st err 83.14 0.35 73.14 0.28 0.42 

VNSC R: L ratio  0.75  1.75  0.58  2.18  0.21 

      

VRSC left mean 150 4.89 450 3.59 6.54 

VRSC right mean 406.25 7.49 581.25 6.8 0.65 

VRSC left st err 54.65 0.13 149.77 0.23 1.65 

VRSC right st err 91.43 1.51 67.38 1.94 0.24 

VRSC R: L ratio 2.71 1.53 1.29 1.90 0.10 
Table: 6.6 Summary of plantar electrophysiology results 
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6.3.2.3 Summary of electrophysiology results: 

6.3.2.3.1 Threshold: 

 

 
Figure 6.1: Mean calf threshold results (SEM) 
 
 

 
Figure 6.2: Mean plantar threshold results (SEM) 
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Figure 6.3: Right:left mean calf threshold ratios (right mean calf threshold/left 
mean calf threshold) 
 

 

 

Figure 6.4: Right:left mean plantar threshold ratios (right mean plantar 
threshold/left mean plantar threshold) 
 

The Threshold is the minimum stimulus (mV) to elicit any form of muscle contraction. 

This result is affected by the proximity and the amount of scar/intervening tissue 

between the bipolar stimulus electrodes to the proximal nerve. 

 

There was considerable variation in the thresholds for the control (unoperated) nerves 

ranging from 50-450 mV for the calf muscles and 25-525 for the plantar muscles, and 

for the experimental (operated) nerves from 50-825 mV for the calf muscles and 50-875 
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mV for the plantar muscles (tables 6.1, 6.2, 6.4, and 6.5). This wide range highlights the 

variability in threshold in normal nerves without postoperative scarring, let alone 

operated nerves. 

 

The thresholds for the control (unoperated) limb means ranged from 135-254 mV for 

the calf muscles and 75-285 mV for the plantar muscles, and the experimental 

(operated) limb means ranged from 110-454 mV for the calf muscles and 195-420 mV 

for the plantar muscles (tables 6.3 and 6.6). As such, there was wider variation in mean 

results in the experimental (operated) limbs, which is not surprising, given that the 

surgery would have created scar tissue around the proximal repair site which would 

have affected the transmission of the bipolar stimulus, hence the wider range and 

higher values overall. 

 

Within the operated limb calf muscle results, group VHSC (vein graft with human OSCs) 

had the lowest mean threshold  (110 +/- 32 mV), followed sequentially by groups VE 

(vein graft with OECs) (121 +/- 15 mV), VNSC (vein graft with medium and Cyclosporin 

and no OECs) (125 +/- 33 mV), VRSC (vein graft with rat OSCs) (138 +/- 65 mV), NG 

(nerve graft) (213 +/ 35 mV), and finally VM (vein graft with medium) (454 +/- 120 

mV) (table 6.3). 

Within the operated limb plantar muscle results, group NG had the lowest mean 

threshold (196 +/- 27 mV), followed sequentially by groups VE (208 +/- 36 mV), VNSC 

(215 +/- 83 mV), VHSC (243 +/- 136mV),  (406 +/ 91 mV), and finally VM (421 +/- 128 

mV) (table 6.6). 

 

However, if the ratios of right: left are compared within groups, then the group VRSC  

(54%) performed best followed by VE (73%), VHSC (81%), VNSC (86%), NG (130%), 

and finally VM (217%) for the calf muscles (table 5.3). For the plantar muscles, group 

VNSC (75%) performed best followed by NG (96%), VE (96%), VRSC (270%), VHSC 

(325%), and finally VM (348%) (table 6.6). Obviously, the lower the operated leg 

threshold result and closer to the unoperated leg the more successful the result. 

 

For the calf results, ANOVA demonstrated a significant effect of Treatment (F5,60 = 4.54, 

p = 0.001) and a significant Treatment * Leg interaction (F5,60 = 3.84, p = 0.004) but no 
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effect of Leg (F1,60 = 0.614). Posthoc analysis indicated significant differences between 

VM and VE, VHSC and VNSC (p = 0.025, 0.002 and 0.004, respectively). 

For the plantar results, ANOVA demonstrated significant effects of Treatment (F5,60 = 

3.544, p = 0.007) and a significant Treatment * Leg interaction (F5,60 = 3.808, p = 0.005) 

but no effect of Leg (F1,60 = 0.511). Posthoc analysis indicated significant differences 

between VM and VE, VHSC and VNSC (p = 0.027, 0.013, and 0.026 respectively). 

 

As such, the threshold results provide some interesting albeit limited information as a 

means of comparison between the groups. 
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6.3.2.3.2 Latency: 

 

 

Figure 6.5: Mean calf latency results (SEM) 
 

 

 

Figure 6.6: Mean plantar latency results (SEM) 
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Figure 6.7: Right:left mean calf latency ratios (right mean calf threshold/left mean 
calf threshold) 
 

 

 

Figure 6.8: Right:left mean plantar latency ratios (right mean plantar 
threshold/left mean plantar threshold) 
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robust means of comparison of the quality more than the quantity of axonal 

regeneration. 
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There were striking similarities between the latencies of all control nerves, especially 

the calf muscle groups, as opposed to the threshold results above. This reflects the fact 

that latency measures are relatively independent of local tissue and contact factors, and 

are therefore meaningful for comparison between groups.  

 

The latencies for the control (unoperated) nerves ranged from 2.6-5 msec for the calf 

muscles and 2.95-7.30 msec for the plantar muscles, and for the experimental 

(operated) nerves from 1.85-10 msec for the calf muscles and 2.35-13.05 msec for the 

plantar muscles (tables 6.1, 6.2, 6.4, and 6.5). 

 

Within the operated limb calf muscle results, group VM (vein graft with medium) had 

the lowest mean latency (3.78 +/- 0.82 msec), followed sequentially by groups VNSC 

(vein graft with medium and Cyclosporin and no OECs) (4.47 +/- 0.53 msec), VRSC 

(vein graft with rat OSCs) (4.55 +/- 0.51 msec), NG (nerve graft) (4.59 +/- 0.86 msec), 

VE (vein graft with OECs) (4.68 +/- 0.94 msec), and finally VHSC (vein graft with human 

OSCs) (6.24 +/- 1.20 msec) (table 6.3). Within the operated limb plantar muscle results, 

group VE had the lowest mean latency (5.06 +/- 0.91 msec), followed sequentially by 

groups NG (6.59 +/- 0.52 msec), VRSC (7.49 +/- 1.51 msec), VHSC (7.66 +/- 0.49 msec), 

VNSC (8.42 +/- 0.35 msec) and finally VM (8.92 +/- 1.36 msec) (table 6.6). 

 

However, these results don’t take into account the fact that some of these animals may 

have had better latencies preoperatively than others. If it is presumed that the 

unoperated (left) limbs had very similar results to what the operated (right) limbs 

would have had preoperatively, then this may be taken into account to some degree. If 

the ratios of control (right) to experimental (left) latencies are compared within groups,  

then group VE (115%) performed best followed by VM (121%), VNSC (149%), NG 

(151%), VRSC (153%), and finally VHSC (204%) for the calf muscles. For the plantar 

muscles, group VE (113%) performed best followed by VHSC (148%), VRSC (153%), 

NG (161%), VNSC (175%), and finally VM (250%). Obviously, the closer the operated 

leg latency result is to the unoperated leg the more successful the result. 

 

For the calf results, ANOVA demonstrated a significant effect of Leg (F1,60 = 11.316, p = 

0.001) but no effect of Treatment (F5,60 = 0.725) or Treatment * Leg interaction (F5,60 = 
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0.562). Posthoc analysis indicated no significant differences.  

For the plantar results, ANOVA demonstrated a significant effect of Leg (F1,60 = 18.402, p 

= 0.000) but no effect of Treatment (F5,60 = 1.080) or Treatment * Leg interaction (F5,60 = 

1.113)). Posthoc analysis indicated no significant differences. 

 

Based on the superior results in both calf and plantar muscle groups, this suggests that 

the OEC group may have developed better myelination and maturation of axons than 

the other groups, similar to the findings of Experiment 2 (nerve graft vs nerve graft + 

OECs). 
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6.3.2.3.3 Maximal stimulation threshold (MST): 
 

 
Figure 6.9: Right:left mean calf MST results (SEM) 
 
 

 
Figure 6.10: Right:left mean plantar MST results (SEM) 
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Figure 6.11: Right:left mean calf MST ratios (right mean calf threshold/left mean 
calf threshold) 
 

 

 

Figure 6.12: Right:left mean plantar MST ratios (right mean plantar threshold/left 
mean plantar threshold) 
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Like the threshold results, there was considerable variation in the MST results, ranging 

from 75-1000 mV across both limbs and both muscles in all groups (tables 6.1, 6.2, 6.4, 

and 6.5). 

 

The MSTs for the control (unoperated) limb means ranged from 260-642 mV for the 

calf muscles and 281-590 mV for the plantar muscles, and the experimental (operated) 

limb means ranged from 340-645 mV for the calf muscles and 340-581 mV for the 

plantar muscles (tables 6.3 and 6.6). 

 

Within the operated limb calf muscle results, group VNSC (vein graft with medium and 

Cyclosporin and no OECs) had the lowest mean MST (340 +/- 78 mV), followed 

sequentially by groups VE (vein graft with OECs) (404 +/- 111 mV), NG (nerve graft) 

(429 +/- 61 mV), VHSC (vein graft with human OSCs) (430 +/- 105 mV), VRSC (vein 

graft with rat OSCs) (546 +/- 40 mV), and finally VM (vein graft with medium) (646 +/- 

82 mV) (table 6.3). Within the operated limb plantar muscle results, group VNSC had 

the lowest mean MST (340 +/- 78m V), followed sequentially by groups VE (404 +/- 

111 mV), NG (429 +/- 61 mV), VHSC (430 +/- 105 mV), VRSC (546 +/- 39 mV), and 

finally VM (646 +/- 82 mV) (table 6.6). 

 

However, if the ratios of right: left are compared within groups, then the group VRSC 

(85%) performed best followed by VNSC (91%), VE (99%), VM (126%), NG (130%), 

and finally VHSC (165%) for the calf muscles (table 5.3). For the plantar muscles, group 

VNSC (58%) performed best followed by VE (73%), NG (124%), VRSC (129%), VHSC  

(160%), and finally VM (194%) (table 6.6). Obviously, the lower the operated leg 

threshold result and closer to the unoperated leg the more successful the result. 

 

For the calf results, ANOVA demonstrated a significant effect of Treatment (F5,60 = 4.385, 

p = 0.002) but no effect of Leg (F1,60 = 1.074) or Treatment * Leg interaction (F5,60 = 

0.849). Posthoc analysis indicated significant differences between VRSC and VHSC and 

VRSC and VNSC groups (p = 0.011 and 0.16 respectively). 

For the MST results, ANOVA demonstrated a significant effect of Treatment (F5,60 = 

3.208, p = 0.013) but no effect of Leg (F1,60 = 1.288) or Treatment * Leg interaction (F5,60 

= 0.992). Posthoc analysis indicated no significant differences. 
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As such, the threshold results provide some interesting albeit limited information as a 

means of comparison between the groups. 
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6.3.2.3.4 Maximal stimulation threshold latency (MSTL): 
 

 
Figure 6.13: Mean calf MST latency results (SEM) 
 
 

 
Figure 6.14: Mean plantar MST latency results (SEM) 
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Figure 6.15: Right:left mean calf MST latency ratios (right mean calf threshold/left 
mean calf threshold) 
 
 

 
Figure 6.16: Right:left mean plantar MST latency ratios (right mean plantar 
threshold/left mean plantar threshold) 
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(operated) nerves from 1.80-4.65 msec for the calf muscles and 1.95-11.80 msec for the 

plantar muscles (tables 6.1, 6.2, 6.4, and 6.5). 

 

Within the operated limb calf muscle results, group VRSC (vein graft with rat OSCs) 

(vein graft with medium) (2.70 +/- 0.23 msec) had the lowest mean latency followed 

sequentially by VM (vein graft with medium) (2.78 +/- 0.27 msec), VNSC (vein graft 

with medium and Cyclosporin and no OECs) (2.87 +/- 0.36 msec), VE (vein graft with 

OECs) (2.88 +/- 0.39 msec), VHSC (vein graft with human OSCs) (2.90 +/- 0.45 msec), 

and finally NG (nerve graft) (3.58 +/- 0.38 msec) group. Within the operated limb 

plantar muscle results group NG  (3.86 +/- 0.47 msec) had the lowest mean latency 

followed by VE (3.98 +/- 0.56 msec), VM (5.07 +/- 0.93 msec), VRSC (6.80 +/- 1.94 

msec), VHSC ( 7.33 +/- 0.48  msec), and finally VNSC (8.04 +/- 0.28 msec)group. 

 

However, if the ratios of right: left are compared within groups, then the group VM 

(113%) performed best followed by VE (114%), VRSC (128%), VNSC (129%), and 

finally NG (132%) for the calf muscles. For the plantar muscles, group VE (128%) 

performed best followed by NG (133%), VM (161%), VHSC (181%), VRSC (189%), and 

finally VNSC (218%). Obviously, the closer the operated leg MST latency result is to the 

unoperated leg the more successful the result. 

 

For the MSTL results, ANOVA demonstrated a significant effect of Leg (F1,60 = 6.140, p = 

0.16) but no effect of Treatment (F5,60 = 2.168) or Treatment * Leg interaction (F5,60 = 

0.169). Posthoc analysis indicated no significant differences. 

For the plantar results, ANOVA demonstrated a significant effect of Leg (F1,60 = 12.141, p 

= 0.001) but no effect of Treatment (F5,60 = 1.835) or Treatment * Leg interaction (F5,60 = 

0.311). Posthoc analysis indicated no significant differences. 

 

Once again, the VE group results are superior when these ratios are considered, 

suggesting the OEC group may have developed better myelination and maturation of 

axons than the other groups. 
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6.3.2.3.5 Amplitude: 

 

 

Figure 6.17: Mean calf MST amplitude results (SEM) 
 

 

 

Figure 6.18: Mean plantar MST amplitude results (SEM) 
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Figure 6.19: Right:left mean calf MST amplitude ratios (right mean calf 
threshold/left mean calf threshold) 
 

 

 

Figure 6.20: Right:left mean plantar MST amplitude ratios (right mean plantar 
threshold/left mean plantar threshold) 
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nerve regeneration), but technical factors such as the location of recording electrodes 

mean a more cautious interpretation of results must be made. 

 

There was a huge range in values in both limbs, from 0.4 – 38.15 mV in the unoperated 

limbs and 0.35 – 11.35 mV in the operated limbs (tables 6.1, 6.2, 6.4, and 6.5).  

 

Within the operated limb calf muscle results, group VNSC (vein graft with medium and 

Cyclosporin and no OECs) (7.75 +/- 0.65 mV) had the highest mean amplitude followed 

sequentially by VRSC (vein graft with rat OSCs) (4.53 +/- 1.61 mV), NG (nerve graft) 

(4.49 +/- 1.67mV), VM (vein graft with medium) (3.13 +/- 1.41 mV), VE (vein graft with 

OECs) (2.59 +/- 0.80 mV) group, and finally VHSC (vein graft with human OSCs) (2.06 

+/- 0.14 mV). Within the operated limb plantar muscle results group NG (4.33 +/- 1.31 

mV) had the highest mean amplitude followed by VE (1.03 +/- 0.59mV), VNSC (0.95 +/- 

0.42 mV), VM (0.87 +/- 0.17mV), VHSC (0.85 +/- 0.29 mV), and finally VRSC (0.65 +/- 

0.24 mV) group. 

 

However, if the ratios of right: left are compared within groups, then the group NG 

(42%) performed best followed by VRSC (38%), VNSC (37%), VHSC (22%), VM (16%), 

and finally VE (16%) for the calf muscles. For the plantar muscles, group NG (62%) 

performed best followed by VNSC (21%), VHSC (21%), VRSC (10%), VE (9%), and 

finally VM (7%).  

 

For the calf results, ANOVA demonstrated a significant effect of Leg (F1,60 = 39.546, p = 

0.000) but no effect of Treatment (F5,60 = 1.722) or Treatment * Leg interaction (F5,60 = 

0.108). Posthoc analysis indicated no significant differences. 

For the plantar results, ANOVA demonstrated a significant effect of Leg (F1,60 = 47.035, p 

= 0.000) but no effect of Treatment (F5,60 = 2.284) or Treatment * Leg interaction (F5,60 = 

1.200). Posthoc analysis indicated no significant differences. 

 

The NG group had highest ratios of right: left amplitudes in both the calf and plantar 

groups.  
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6.3.3 Histological assessment: 

6.3.3.1 Control (unoperated) nerves: 

The normal, unoperated sciatic nerves of 6 animals (1 from each group) were also 

harvested to provide controls for the abnormal, operated nerves. The mean number of 

axons was 5717.  

 

6.3.3.2 Experimental (operated) nerves: 

Initially, there should be the same degree of variation to the right sciatic nerves as 

explained in the paragraph above to the unoperated left sciatic nerves. After the surgery 

and repair, the regenerating process will take over. Axonal sprouting could vary along 

the along the regenerating nerve segment, presumably with higher numbers of 

sprouting axons closer to the upper anastomosis, and dwindling in number distally. 

Allowing for this, it would be expected that the axon counts would be highest 

proximally, then in the middle, then distally. As stated earlier, there is no way of 

knowing whether the axons counted at that section have successfully and appropriately 

regenerated, met end-organ receptors and reanastomosed, which is a limitation of axon 

counts in peripheral nerve regeneration assessment.  

 

Every animal in each group had significant numbers of axons present proximal, distal, 

and within the middle of the graft, signifying sound surgical technique. Comparing the 

proximal sections, the VE group had the highest mean axon counts with 4045, followed 

sequentially by NG, VM, VRSC, VHSC and finally VNSC. Comparing the middle of nerve 

graft transverse sections, the NG group had the highest mean axon counts with 6055, 

followed sequentially by VE, VM, VRSC, VHSC and finally VNSC. Comparing the distal 

sections, the NG group had the highest mean axon counts with 2173, followed 

sequentially by VE, VM, VHSC, VRSC and finally VNSC. Overall, the NG and VE groups 

had highest axon counts, and the VNSC least axon counts.  

For the axon counts, ANOVA demonstrated a significant effect of Treatment (F5,86 = 

29.290, p = 0.000), Leg (F2,86 = 20.949, p = 0.000) and a significant Treatment * Site 

interaction (F10,86 = 4.350, p = 0.000). Posthoc analysis indicated significant differences 

mV 
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between NG and VM, VE, VHSC, VNSC and VRSC groups (p = 0.001, 0.002, 0.000, 0.000, 

0.000 respectively); VM and VHSC, VNSC and VRSC groups (p = 0.003, 0.000, 0.000 

respectively); VE and VHSC, VNSC and VRSC groups (p = 0.001, 0.000, 0.000 

respectively). The statistical analysis was performed by Prof Alan Mackay-Sim, and data 

extracted by myself. 
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 Proximal Middle  Distal 

NG1 4251 6268 2157 
NG2 4000 7269 2014 
NG3 4278 6408 827 
NG4 3929 7229 1608 
NG5 4589 6438 4058 
NG6 2527 2720 2371 
    

VM1 3633 2020 408 
VM2 4024 1577 1145 
VM3 4874 2248 1258 
VM4 3830 1604 2726 
VM5 4283 6202 556 
VM6 2324 795 827 
    

VE1 4535 713 912 
VE2 3451 3089 212 
VE3 5945 3334 2295 
VE4 4045 5498 1602 
VE5 2510 1751 1160 
VE6 3784 2503 766 
    

VHSC1 2385 1253 1625 
VHSC2 1792 2225 927 
VHSC3 1220 1625 204 
VHSC4 3631 827 789 
VHSC5 2456 980 1267 
VHSC6 2075 1017 700 
    

VNSC1 2942 2092 547 
VNSC2 1774 206 677 
VNSC3 1996 1257 535 
VNSC4 1758 1136 302 
VNSC5 1827 1042 719 
VNSC6 1415 572 283 
    

VRSC1 2154 2001 889 
VRSC2 2561 1620 472 
VRSC3 4083 1508 776 
VRSC4 2648 1168 724 
VRSC5 3822 2397 1101 
VRSC6 1615 1452 697 

Table 6.7: Summary of operated limbs axon counts 
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   Proximal Middle Distal 

NG Mean 3929 6055.33 2172.5 

  St dev 725.50 1690.62 1072.29 

  Number 6 6 6 

  SQ num 2.45 2.45 2.45 

  St err 296.18 690.19 437.76 

          

VM Mean 3828 2407.67 1153.33 

  St dev 853.18 1924.02 837.03 

  Number 6 6 6 

  SQ num 2.50 2.45 2.45 

  St err 348.31 785.48 341.72 

          

VE Mean 4045 2814.67 1157.83 

  St dev 1151.28 1624.24 720.97 

  Number 6 6 6 

  SQ num 2.50 2.45 2.45 

  St err 470.01 663.09 294.34 

          

VHSC Mean 2259.83 1321.17 918.67 

  St dev 808.52 522.87 489.02 

  Number 6 6 6 

  SQ num 2.45 2.45 2.45 

  St err 330.08 213.46 199.6404546 

          

VNSC Mean 1952 1050.83 510.5 

  St dev 520.64 644.50 183.50 

  Number 6 6 6 

  SQ num 2.45 2.45 2.45 

  St err 212.55 263.12 74.91 

          

VRSC Mean 2813.83 1691 776.5 

  St dev 958.25 439.02 209.64 

  Number 6 6 6 

  SQ num 2.45 2.45 2.45 

  St err 391.2 179.23 85.59 

Table 6.8: Summary of operated limbs axon counts with statistics 
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Figure 6.21: Mean axon counts by group (SEM) 
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Figure 6.22: NG1 right sciatic nerve middle section 

 

 
 
Figure 6.23: VE3 right sciatic nerve proximal section 
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6.4 Discussion: 

Once again, the loss of several animals was unfortunate, particularly because they were 

from the experimental groups. Replacement of these animals required not only the 

actual operated animals to fill the groups, but also extra animals to supply more OECs. 

Hence, each animal lost actually required 2 more animals. Each experimental 

replacement animal also required 7 days treatment with Amitriptyline pre-operatively, 

and culture of more OECs also took 5-7 days, delaying the completion of the project. 

 

Regarding the electrophysiology assessment, 5 indices were used to collate data in 

order to provide the most complete summary of each group: threshold, latency, MST 

threshold, MSTL, and amplitude. The threshold of a CMAP is affected by the proximity of 

the bipolar stimulus electrodes to the proximal nerve and the amount and nature of 

intervening tissue, factors which could not be controlled between animals and groups. 

This was understood before the commencement of this experiment, but data was 

collated nonetheless for completeness. Because of this and the considerable variation 

present within the unoperated and operated limb results, the threshold and the MST 

data provided some interesting information but only limited comparison between the 

groups. 

 

On the contrary, the latency of a CMAP is relatively independent of local tissue and 

contact factors, and is therefore a robust means of comparison, but more so of the 

quality than the quantity of axonal regeneration. There were similar results between 

the latencies of all control nerves, especially the calf muscle groups, which suggest 

sound electrophysiological recording technique. As discussed in the results section, 

creating a ratio of right: left limb latency results before comparing groups rather than 

just comparing the absolute amounts (with no consideration of inherent differences 

between animals) would allow more accurate comparison of the groups. 

 

In absolute terms, the VE group performed best for both the calf and plantar CMAP 

latencies. There were similar results for the MST latencies, although the VM group 

relegated the VE group to 2nd place in the calf CMAPs but not the plantar CMAP results 

where the VE group again performed best. Based on these superior results overall in 
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both calf and plantar muscle groups, it is reasonable to speculate that the OEC group 

may have developed better myelination and maturation of axons than the other groups, 

similar to the findings of Experiment 2 (nerve graft vs nerve graft + OECs). Larger 

numbers of animals would be necessary to make conclusions which are statistically 

significant. 

 

The amplitude of a CMAP relates to the number of muscle fibres contracting with each 

stimulus, which in turn relates to the number of axons which have successfully 

regenerated, but is unfortunately affected by the location of the recording electrode and 

other local factors. In an ideal world, the amplitude results would correlate with the 

quantity but not quality of axonal regeneration, but technical factors limit the 

interpretation of these results. The NG group had highest ratios of right: left amplitudes 

in both the calf and plantar groups, which may mean higher numbers of regenerated 

axons, but may also reflect more favorable local factors, such as reduced scar tissue 

reaction.  

 

Comparison of axon counts proximal, distal, and in the middle of the nerve grafts 

provides additional useful information. It is important to recognize that there is 

considerable variation in the numbers of axons present within normal nerves in animals 

and humans. This variation not only exists between different animals, but also between 

corresponding nerves within the same animal. 

 
After the surgery and repair, the regenerating process will take over. Axonal sprouting 

could vary along the along the regenerating nerve segment, presumably with higher 

numbers of sprouting axons closer to the upper anastomosis, and dwindling in number 

distally. Eventually, once a regenerating sprout has successfully identified an 

appropriate endoneurial channel and elongated distally, re-establishing distal 

connections, the other sprouts are pruned back. Allowing for this, it would be expected 

that the axon counts would be highest proximally, then in the middle, then distally. As 

stated earlier, there is no way of knowing whether the axons counted in a transverse 

section have successfully and appropriately regenerated, met end-organ receptors and 

reconnected, which is a limitation of axon counts in peripheral nerve regeneration 
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assessment. There were no branches exiting from the sciatic nerve within the segment 

examined, which otherwise could have caused some further inaccuracies. 

 
There may also be some inaccuracies within the counting process; however, this 

process should have affected all animals and sections equally, reducing bias. As such, 

comparison of axon count numbers has a potential degree of inaccuracy, but remains a 

widely accepted and utilized means of comparing results of nerve repair and 

regeneration. 

 
The axon counts from all groups show the presence of a considerable number of 

regenerating axons in all sections, signifying sound surgical technique.  Apart from the 

NG group, there were highest mean axon counts in the proximal sections, followed by 

middle of nerve graft then distal sections, which fits with the explanation provided 

above about expected axon counts in regenerating nerves. Overall, the NG and VE 

groups had highest axon counts, and the VNSC least axon counts. 

 
The OSC groups’ electrophysiology and histology results were disappointing. To the 

best of our knowledge, this is the first and only experiment which has investigated OSCs 

in a peripheral nerve setting, and it appears OSCs have little to offer peripheral nerve 

repair and regeneration. 

 
Overall, the NG and VE groups performed best, with the VE group (vein graft + OECs) 

best in the electrophysiological results and the NG group (nerve graft) best in the 

histological results. This is an interesting but not unexpected result, and suggests the 

vein graft filled with Matrigel model is the most successful OEC model so far for 

peripheral nerve repair and regeneration after the relative failures of the 3 previous 

experiments (silicone tube, nerve graft, biodegradable PGA/PLA tube). This finding 

provides focus and impetus for the next and final experiment in this PhD project as I 

continue the underlying goal to produce an alternative method of repair for 

peripheral nerve gaps with improved results and less associated technical difficulty 

and morbidity than nerve grafts. 
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6.4.1 Summary: 

 The vein graft filled with Matrigel model is a useful and successful model for 

studying peripheral nerve repair and regeneration. 

 The vein graft + OECs model is more successful than just Matrigel or Matrigel filled 

with rat or human OSCs. 

 The vein graft + OECs model achieved better electrophysiology results (latency of 

CMAP), while the nerve graft achieved higher axon counts. 

 The presence of OECs within the vein graft with Matrigel model may develop better 

myelination and maturation of axons. 

 OSCs suspended in Matrigel within a vein graft was not a successful model for repair 

of rat sciatic nerves. 
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7. EXPERIMENT 5: ARTERIAL GRAFT WITH 
EXTRACELLEULAR MATRIX SPONGE MODEL 
 
7.1 Introduction: 

The vein graft filled with Matrigel model proved to be the most successful model thus 

far compared to nerve grafts. In experiment 4, the VE group (vein graft filled with 

Matrigel + OECs) had the best electrophysiology results of all of the groups and the 

second highest axon counts after the nerve graft group.   

 

Experiment 5 aimed to build upon these promising results. One of the unsolved 

questions which remained after the vein graft model was the fate of the injected 

medium suspension, which in one group contained OECs. The medium containing OEC 

suspension was injected into the vein graft after suturing into the nerve gap to limit the 

amount of leakage from the hollow conduit into the surrounding tissues: there appeared 

to be a fairly “snug” fit, with some “telescoping” of the vein into the 2 nerve stumps. 

Despite this, does any fluid leak out?  

 

As this next phase was being developed, another researcher (Dr Ann McDonnell) from 

an adjacent laboratory reported success seeding OECs to an extracellular matrix (ECM) 

she had developed, which had a sponge-like consistency. These ECM sponges had 2 

desirable properties for the next model: they were permissive and supportive to OECs, 

and solid tissue which would almost certainly remain within the lumen of the vein 

grafts, less likely to leak than the liquid medium previously used. 

 

Arterial grafts were used for this experiment rather than vein grafts as they provide 

very similar properties, albeit with more rigid walls and with less potential for collapse 

than vein grafts. I did not feel that changing this aspect would dramatically affect the 

results. While arterial grafts are less plentiful than nerve grafts, they still remain a 

viable and practical option for potential human application, and have been assessed and 

reported in the literature previously (Ghayemi et al., 2014). 
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The preparation of OECs in medium was the same as previous experiments, which was 

then seeded to the ECM sponges in small (<1mm) pieces. These were inserted into the 

arterial grafts under microscopy using jeweller’s forceps to almost completely fill the 

hollow lumen. All of the animals in the 3 experimental groups received an arterial graft 

conduit taken from littermates to bridge a 15 mm sciatic nerve gap, and the control 

graft received a nerve graft reversed and resutured (as in previous experiments). Some 

of the animals had an empty arterial graft, while others had ECM sponges soaked in 

medium +/- OECs. 6 months rather than 3 months were allowed to elapse 

postoperatively with the hope that this longer timeframe would allow more of the 

unsuccessful axons to be “pruned back” to the proximal nerve trunk, thereby meaning 

the axons present in the middle and distal sections more likely represent successfully 

“reconnected” axons and not “innocent bystander” axonal sprouts artificially increasing 

the axon count. Once again, no functional assessment was made, after the disappointing 

and inconsistent results from experiments 1-3. Electrophysiology and axon counts were 

performed as for experiments 1-4 at 6 months +/- 1 week, but an automated axon 

counting method was used on this occasion. 

 

7.1.1 Aim: 

The aim of this study was to assess the degree of nerve regeneration using an arterial 

graft with/without OECs seeded to extracellular matrix sponges in a 15mm gap rat 

sciatic nerve model, and to compare these results to standard nerve grafts. 

 

7.1.2 Hypothesis: 

OECs seeded to ECM sponges placed within a vein graft will be more successful than 

standard nerve grafts in repair of a peripheral nerve gap. 
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7.2 Method: 

A total of 70 adult DA rats (200g) were used as the experimental animals: 

 5 rats (200g) were euthanised for harvesting of olfactory mucosa for subsequent 

transplant into the experimental animals. 

 20 rats (200g) were euthanized for harvesting of arterial grafts (1 animal provides 

approximately 2-3 arterial grafts, but not all animals had sufficient length of aorta 

and common iliac arteries) 

 45 rats (250-300g) were used as the experimental animals receiving the nerve 

repair surgery, with 10 animals in each of 4 groups (5 early postoperative deaths) 

 

7.2.1 Preparation of ECM sponge: 

7.2.1.1 ECM sponges: 

Throughout evolution, collagen proteins have maintained a highly conserved amino acid 

sequence, and allogenic and xenogenic sources have been used extensively for scaffold 

materials with low antigenic potential (Badylak, 2002; Palsson and Bhatia, 2004). 

Bovine type I collagen has been used widely due to its relative abundance, but may 

potentially transmit Bovine Spongiform Encephalopathy or other mammalian 

pathogens (Song et al., 2006). Marine-derived collagen has also been investigated, and 

collagen extracted from jellyfish and fabricated into porous scaffolds has been studied 

(Song et al., 2006). Sponges (phylum Porifera) are water-dwelling, filter-feeding 

metazoans, with no structures or tissues that can be considered organs but rather 

sponge cells of various types responsible for specific functions in the structure 

and maintenance of the sponge. Morphological and biochemical investigations have 

revealed similarities between marine sponge and vertebrate extracellular matrices 

(Garrone, 2001; Exposito et al., 2002). 

7.2.1.2 Marine sponge collagen (Spongin) modification: 

Raw, sun-bleached and dried marine sponge (Family Spongiidae, genus Spongia) was 

purchased from a retail distributor in Brisbane, Australia. The raw material was sliced 

into 1cm x 1cm cubes then agitated in a solution of 0.1M HCl in distilled, deionised 

water (ddH2O) for at least 1 hour using a standard magnetic stirrer. The scaffold 
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sections were then rinsed by agitation in ddH2O for at least 2 hours, with wash changes 

every 30 minutes. Scaffold sections were then placed in a sterilized glass mortar and 

gently pressed with a sterile glass pestle at least five times, then re-washed for 30 

minutes in ddH2O. Scaffold pieces were then transferred to a 55oC drying oven and 

allowed to dehydrate for at least 48 hours. After drying, scaffold pieces were placed in 

7-10ml glass screw-top autoclaving vials and sterilized by autoclaving at 170oC at 15 psi 

pressure (dry heat mode) for 60 minutes. Sterilized scaffold pieces were then stored in 

their airtight vials in a biological safety cabinet until re-hydration by pre-soaking in 

tissue culture medium (performed by Dr Ann McDonnell).  

7.2.1.3 Seeding of modified scaffold with olfactory 

ensheathing cells (OECs): 

OECs were grown in sterile, serum-free Dulbecco’s Minimum Essential Medium (D-

MEM) (Gibco) supplemented with 25mM HEPES, NT3 (specified concentration), and 

200IU/ml penicillin/200g/ml streptomycin (Invitrogen). Tissue culture assays and 

passages were performed under strict aseptic conditions in a biological safety cabinet 

(Model BH143, Gelman Sciences). Cell lines were grown in sterile 25cm2 tissue culture 

flasks (Corning) in 5% CO2/95% air at 37oC in a humidified CO2 incubator and passaged 

every 4 days or as required using standard tissue culture protocols. 

 

Sterile, modified, scaffolds were placed in wells of a sterile 6-well or 12-well tissue 

culture plate containing an optimal volume of a suitable tissue culture growth medium 

pre-warmed to 37oC. The scaffolds were then seeded with 1x106 freshly trypsinised 

OECs and incubated at 37oC in a humidified CO2 incubator (95% air/5% CO2 for time 

periods ranging from 3 days to 3 weeks. Cell proliferation and confluence over the 

seeded scaffolds were monitored daily using an inverted light microscope, and spent 

medium was replaced as required for the duration of the trial period. Tissue constructs 

were then aseptically removed as required using sterile surgical forceps and scalpels 

and either prepared for surgical implantation (using the peripheral nerve-lesioned rat 

model) or fixed in 4% glutaraldehyde in 0.1M sodium cacodylate buffer for histological 

analyses using scanning electron, immunofluorescence or light microscopies  

(performed by Dr Ann McDonnell). 
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On the day of surgery, the OECs were seeded to the ECM sponges. Small pieces (<1mm) 

were inserted into the arterial grafts under microscopy using jeweller’s forceps to 

almost completely fill the hollow lumen. 

 

7.2.2 Artery harvest: 

Donor animals were euthanised with 1 mL of Pentobarbitone given intraperitoneally. A 

linear incision was made from the xiphsternum to pubic region, and the peritoneal 

cavity opened. The bowel was mobilized and displaced to allow exposure of the aorta 

from the diaphragm to bifurcation. The entire aorta and common iliac arteries were 

harvested. 

 

7.2.3 Surgical procedure: 

The gap was bridged by a 15 mm long segment of artery or the nerve graft (reversed) 

with three 9/0 nylon (non-dissolvable) epineurial sutures between the epineurium and 

the vein to coapt the nerve stump ends to just inside the lumen of the vein. 

 

 Group 1 (NG = nerve graft): A 15 mm segment of nerve was excised, reversed, and 

sutured into the nerve gap with 9/0 nylon (non-dissolvable) epineurial sutures. 

 Group 2 (VG = vascular graft): A 15mm arterial graft was sutured into the nerve 

gap with 9/0 nylon (non-dissolvable) epineurial sutures. 

 Group 3 (VS = vascular graft with ECM sponges): A 15mm arterial graft was 

sutured into the nerve gap with 9/0 nylon (non-dissolvable) epineurial sutures, 

which had been filled with ECM sponges soaked in DMEM/F12 with 10% foetal calf 

serum. 

 Group 4 (VE= vascular graft with ECM sponges + OECs): A 15mm arterial graft 

was sutured into the nerve gap with 9/0 nylon (non-dissolvable) epineurial sutures, 

which had been filled with ECM sponges soaked in DMEM/F12 with 10% foetal calf 

serum containing 5 x 105 OECs. 
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7.3 Results: 

7.3.1 Post-operative mortality: 

There were 5 deaths in the immediate post-operative period. These animal were 

replaced with spare animals so there 10 animals in each group at the time of testing 6 

months +/- 1 week postoperatively. 4 animals died during the electrophysiology 

recording before any useful data was obtained from either limb (2 from each of groups 

VS and VE), meaning there were electrophysiology results for only 9 rather than 10 

animals in these 2 groups, but the nerves were harvested regardless so that all groups 

have results from 10 animals. 

 

7.3.2 Electrophysiology: 

Responses were elicited from the control limbs of all 36 animals which completed 

electrophysiology testing, and most of the operated limbs. 5 different values were 

extracted from the data: 

 Threshold 

 Latency 

 Maximal stimulation threshold (MST) 

 Maximal stimulation threshold latency (MSTL) 

 Amplitude 

Data was obtained relatively easily from all control (unoperated) limbs tested. 

Occasionally, electrodes had to be repositioned to obtain good, repeatable muscle 

contractions. This set of data shows great similarity between the groups, suggesting 

reliable technique and results, especially the latency and MST latency results. The data 

obtained from the experimental (operated) limbs was not as easily obtained. The scar 

tissue around the proximal anastomosis required delicate dissection to expose the 

nerve above the repair site to allow placement of the bipolar recording electrodes 

without compromising any axons. Once again, there was a need for some electrode 

repositioning to obtain good, repeatable muscle contractions, but this was not onerous, 

and I am confident that this set of data is equally accurate and reliable. 

 

Data are expressed as mean +/- SEM. Analysis of Variance (ANOVA) was used to 

compare Treatments and Legs. Bonferonni Corrected Multiple Comparisons posthoc 
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tests compared individual treatments. All statistics was performed with the statistical 

program, SPSS v20.0. Statistical differences were considered significant at alpha < 0.05. 

The statistical analysis was performed by Prof Alan Mackay-Sim, and data extracted by 

myself. 

 

7.3.2.1 NG group: 

9 out of 10 animals had electrophysiological evidence of recovery in the calf muscles 

and 7 out of 10 animals in the plantar muscles of the operated limbs. These results are 

consistent with expected results for the nerve graft technique. 

 

7.3.2.2 VG group: 

7 out of 10 animals had electrophysiological evidence of recovery in the calf muscles 

and 2 out of 10 animals in the plantar muscles of the operated limbs. These results are 

poorer than the nerve graft group, suggesting (at first glance) that arterial grafts alone 

are inferior to nerve grafts. 

 

7.3.2.3 VS group: 

6 out of 8 animals had electrophysiological evidence of recovery in the calf muscles and 

0 out of 8 animals in the plantar muscles of the operated limbs. Once again, these results 

are poorer than the nerve graft group, suggesting (at first glance) that arterial grafts 

containing ECM sponges are inferior to nerve grafts. 

 

7.3.2.4 VE group: 

8 out of 8 animals had electrophysiological evidence of recovery in the calf muscles and 

6 out of 8 animals in the plantar muscles of the operated limbs. These results are vastly 

superior to the other experimental groups and (at first glance) compare favorably to the 

nerve graft group. 
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7.3.2.5 Calf results: 

Left leg: 
  Threshold (mV) Latency (msec) MST (mV) MSTL (msec) Amplitude (mV) 
NG1 left 200 3.25 275 2.80 10.40 

NG2 left 175 2.65 200 2.65 7.74 
NG3 left 125 2.88 350 2.58 20 

NG4 left 200 3 450 2.83 9.51 

NG5 left # # # # # 

NG6 left 175 4.38 225 2.80 4.81 

NG7 left 75 2.28 325 2.33 4.41 
NG8 left 175 3.58 350 3.05 10 

NG9 left 200 3.38 250 2.88 3.93 
NG10 left 200 2.80 250 2.65 8.77 

      
VG1 left 175 3.20 200 2.80 5.18 

VG2 left 200 2.80 325 2.50 1.98 

VG3 left 200 3.18 750 2.75 20 
VG4 left 100 3.08 225 2.75 20.39 

VG5 left 150 2.80 400 2.68 5.69 
VG6 left 175 2.88 225 2.78 12.49 

VG7 left 125 2.75 750 2.58 7.52 
VG8 left 125 2.88 500 2.70 6.80 

VG9 left 200 3.45 250 2.95 3.79 

VG10 left 175 3.23 275 2.65 20 
      

VS1 left 175 3.05 225 2.83 4.83 
VS2 left 125 3.48 150 3.30 6.38 

VS3 left 175 3.08 250 2.55 5.13 
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VS4 left 150 2.75 300 2.75 12.44 

VS5 left 100 3 225 2.60 10 
VS6 left 100 3.28 150 2.63 9.89 

VS7 left 100 3.33 700 2.78 20 
VS8 left 50 3.10 50 3.10 4.55 

VS9 left * * * * * 
VS10 left * * * * * 

      

VE1 left 50 3.33 375 2.58 10.04 
VE2 left * * * * * 

VE3 left 100 3.63 175 2.83 9.69 
VE4 left 100 3 725 2.56 8.98 

VE5 left 75 2.95 100 2.95 11.42 
VE6 left 125 2.75 175 2.70 7.3 

VE7 left * * * * * 

VE8 left 100 3 475 2.60 10 

VE9 left 75 3 500 3 8.46 

VE10 left 75 3 725 2.98 18.04 
Table: 7.1 Left leg calf EP results (unoperated) 
(* Animal died during testing) 
(# No result for this leg/animal) 
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Right leg: 
  Threshold (mV) Latency (msec) MST (mV) MSTL (msec) Amplitude (mV) 

NG1 left 100 3.60 175 3.25 9.32 

NG2 left 225 3.38 350 3.08 20 

NG3 left 300 3.93 775 3.45 8.43 

NG4 left 225 4.15 300 3.25 2.80 

NG5 left # # # # # 

NG6 left 175 3.93 400 3.9 9.29 

NG7 left 150 4.05 275 3.38 20 

NG8 left 175 3.58 350 3.05 10 

NG9 left 500 3.78 575 3.25 1.65 

NG10 left 225 3.48 900 3.25 10 

      

VG1 left # # # # # 

VG2 left 150 4.28 300 4.13 11.67 

VG3 left # # # # # 

VG4 left 400 3.98 450 3.10 3.05 

VG5 left # # # # # 

VG6 left 750 8.95 925 8.25 3.25 

VG7 left 150 6.83 150 6.85 0.50 

VG8 left 125 8.28 125 8.23 5.17 

VG9 left 350 7.80 350 7.80 1.53 

VG10 left 125 8.13 575 7.78 3.05 

      

VS1 left # # # # # 

VS2 left # # # # # 
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VS3 left 250 3.38 250 3.38 4.20 

VS4 left 150 3.38 150 3.38 0.38 

VS5 left 150 5.05 150 5.05 0.34 

VS6 left 125 2.70 150 2.58 7.65 

VS7 left 150 4.33 150 3 0.62 

VS8 left 125 3.95 175 3.25 1.94 

VS9 left * * * * * 

VS10 left * * * * * 

      

VE1 left 75 4.48 100 3.55 12.24 

VE2 left * * * * * 

VE3 left 100 5.75 325 2.88 6.58 

VE4 left 150 2.65 200 2.55 2.02 

VE5 left 200 2.80 250 2.78 4.44 

VE6 left 125 5.73 150 5.65 1.17 

VE7 left * * * * * 

VE8 left 75 6.55 125 2.55 2.04 

VE9 left 100 8.78 150 2.88 2.46 

VE10 left 150 3.48 175 3.58 1.52 
Table: 7.2 Right leg calf EP results (operated) 
(* Animal died during testing) 
(# No result for this leg/animal) 
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Summary: 
  Threshold (mV) Latency (msec) MST (mV) MSTL (msec) Amplitude (mV) 

NG left mean 158.33 2.99 294.44 2.65 8.22 

NG right mean 230.56 3.76 455.56 3.32 10.16 

NG left sterr 17.67 0.21 25.61 0.070 1.69 

NG right sterr 38.59 0.09 81.20 0.08 2.12 

NG R: L ratio  1.36  1.20  1.53  1.22  1.15 

      

VG left mean 40.09 3.01 364.29 2.7 10.42 

VG right mean 292.86 6.89 410.71 6.59 4.03 

VG left sterr 15.15 0.10 73.77 0.06 2.81 

VG right sterr 87.41 0.75 104.49 0.80 1.39 

 VG R: L ratio  1.80  2.23  1.05  2.43  0.39 

      

VS left mean 112.5 3.09 279.17 2.73 10.33 

VS right mean 158.33 3.80 170.83 3.44 2.52 

VS left sterr 17.97 0.08 91.38 0.08 2.30 

VS right sterr 19.00 0.34 16.35 0.35 1.19 

 VS R: L ratio  1.30  1.21  0.67  1.22  0.28 

      

VE left mean 87.5 3.08 406.25 2.78 10.49 

VE right mean 121.88 5.03 184.38 3.3 4.06 

VE left sterr 9.50 0.11 99.81 0.08 1.34 

VE right sterr 17.62 0.85 29.85 0.42 1.54 

VE R: L ratio 1.39 1.63 0.454 1.19 0.39 
Table: 7.3 Summary of calf electrophysiology results 
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7.3.2.6 Plantar results: 

Left leg: 
  Threshold (mV) Latency (msec) MST (mV) MSTL (msec) Amplitude (mV) 

NG1 left 350 4.20 400 4.15 4.16 

NG2 left 200 4.05 250 3.85 9.95 

NG3 left 150 4.25 350 3.65 8.73 

NG4 left 325 7.25 300 3.8 1.43 

NG5 left # # # # # 

NG6 left 225 8.08 375 4.15 5.05 

NG7 left 150 8.73 250 3.70 5.40 

NG8 left 225 2.90 425 2.73 1.80 

NG9 left 300 7.40 400 3.85 3.02 

NG10 left 225 4.23 425 3.85 3.29 

      

VG1 left 375 8.23 700 4.13 3.45 

VG2 left 150 4.28 475 3.60 1.99 

VG3 left 225 3.80 325 3.70 1.23 

VG4 left 175 5.10 350 3.85 4.16 

VG5 left 200 7.65 250 4.05 5.74 

VG6 left 225 3.33 375 2.93 1.16 

VG7 left 125 3.50 425 3.15 0.68 

VG8 left 375 7.75 450 4.03 13.6 

VG9 left 200 9.38 325 4.08 2.58 

VG10 left 300 7.70 425 3 1.44 

      

VS1 left 250 4.20 425 3.85 3.78 

VS2 left 250 5.28 350 4 2.18 
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VS3 left 275 4.03 400 4 2.50 

VS4 left 200 7.40 275 3.70 4.45 

VS5 left 100 3 225 2.60 10 

VS6 left 125 4.93 200 4.03 3.18 

VS7 left 75 5.33 100 4.43 2.95 

VS8 left 50 3.70 175 3.68 3.48 

VS9 left * * * * * 

VS10 left * * * * * 

      

VE1 left 75 3.80 150 2.93 1.25 

VE2 left * * * * * 

VE3 left 175 3.23 275 2.93 1.80 

VE4 left 125 4.25 250 3.85 2.03 

VE5 left 125 3.25 275 3 0.94 

VE6 left 175 7.35 275 2.75 1.79 

VE7 left * * * * * 

VE8 left 150 4.55 250 3.73 10 

VE9 left 100 3.03 175 4.20 1.59 

VE10 left 75 3.87 125 3.95 2.09 
Table: 7.4 Left leg plantar EP results (unoperated) 
(* Animal died during testing) 
(# No result for this leg/animal) 
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Right leg: 

  Threshold (mV) Latency (msec) MST (mV) MSTL (msec) Amplitude (mV) 

NG1 left 100 4.85 225 4.33 0.76 

NG2 left 250 4.30 475 4.48 2.07 

NG3 left 275 4.35 475 3.83 1.12 

NG4 left 275 5.13 425 5 5.39 

NG5 left # # # # # 

NG6 left 225 4.85 475 4.75 0.81 

NG7 left 175 5 300 4.68 5.82 

NG8 left 100 4.50 425 4.63 10 

NG9 left # # # # # 

NG10 left # # # # # 

      

VG1 left # # # # # 

VG2 left 125 5.58 650 5.55 2.20 

VG3 left # # # # # 

VG4 left # # # # # 

VG5 left # # # # # 

VG6 left 1025 16.8 1025 16.80 0.34 

VG7 left # # # # # 

VG8 left # # # # # 

VG9 left # # # # # 

VG10 left # # # # # 

      

VS1 left # # # # # 
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VS2 left # # # # # 

VS3 left # # # # # 

VS4 left # # # # # 

VS5 left # # # # # 

VS6 left # # # # # 

VS7 left # # # # # 

VS8 left # # # # # 

VS9 left * * * * * 

VS10 left * * * * * 

      

VE1 left 75 6.95 100 6.73 5.38 

VE2 left * * * * * 

VE3 left 200 5.63 225 5.40 0.59 

VE4 left # # # # # 

VE5 left 250 2.78 350 2.70 0.03 

VE6 left 250 4.15 275 3.93 7.96 

VE7 left * * * * * 

VE8 left 100 2.43 125 2.45 6.25 

VE9 left 250 2.83 325 2.6 2.09 

VE10 left # # # # # 

Table: 7.5 Right leg plantar EP results (operated) 
(* No result for this leg/animal) 
(# No result for this leg/animal) 
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Summary: 

 Threshold (mV) Latency (msec) MST (mV) MSTL (msec) Amplitude (mV) 

NG left mean 235 5.99 352.5 3.68 4.43 

NG right mean 200 4.71 400 4.53 3.71 

NG left sterr 26.049 0.85 24.98 0.17 1.11 

NG right sterr 28.87 0.12 37.40 0.14 1.32 

NG R: L ratio 0.85 0.79 1.13 1.23 0.84 

      

VG left mean 235 6.07 410 3.65 3.61 

VG right mean 575 11.19 837.5 11.18 1.27 

VG left sterr 61.91 1.62 86.68 0.33 2.72 

VG right sterr 450 5.62 187.5 5.63 0.93 

 VG R: L ratio  2.45  1.84  2.04  3.06  0.35 

      

VS left mean 165.63 4.73 268.75 3.78 4.064 

VS right mean ***  *** *** *** *** 

VS left sterr 88.58 1.34 114.76 0.53 2.50 

VS right sterr *** *** *** *** *** 

VS R: L ratio *** *** *** *** *** 

      

VE left mean 125 4.15 217.86 3.35 2.78 

VE right mean 187.5 4.13 233.33 3.97 3.72 

VE left sterr 17.68 0.61 26.82 0.24 1.31 

VE right sterr 32.76 0.74 42.16 0.72 1.33 

VE R: L ratio 1.5 0.99 1.05 1.16 1.38 
Table: 7.6 Summary of plantar electrophysiology results (*** no result obtained) 
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7.3.2.7 Summary of electrophysiology results: 

7.3.2.7.1  Threshold: 
 

  
Figure 7.2: Mean calf threshold results (SEM) 
 
 

 

Figure 7.3: Mean plantar threshold results (SEM) 
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Figure 7.4: Right:left mean calf threshold ratios(right mean calf threshold/left 
mean calf threshold) 
 

 

 
Figure 7.5: Right:left mean plantar threshold ratios (right mean plantar 
threshold/left mean plantar threshold) 
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1025 mV for the plantar muscles (tables 7.1, 7.2, 7.4, and 7.5). Once again, this wide 

range highlights the variability in threshold in normal nerves without postoperative 

scarring, let alone operated nerves. 

 

The thresholds for the control (unoperated) limb means ranged from 40-158 mV for 

the calf muscles and 125-235 mV for the plantar muscles, and the experimental 

(operated) limb means ranged from 121-292 mV for the calf muscles and 187.5-575 

mV for the plantar muscles.  

 

In the calf muscle recordings, there were higher mean thresholds for the operated 

nerves than the control nerves in all 4 groups. In the plantar muscle recordings, there 

were no results in the VS (ECM sponge) group, and interestingly, there were lower 

thresholds in the operated than control group in the NG (nerve graft) group. Higher 

mean thresholds were required for stimulation of plantar muscles than calf muscles in 

both limbs of virtually all groups, with the exception of the NG group plantar results. 

 

Within the operated limb calf muscle results, group VE (ECM sponge with OECs) had the 

lowest mean threshold  (122 +/- 18 mV), followed sequentially by groups VS (ECM 

sponge) (158 +/- 19mV), NG (nerve graft) (231 +/- 39 mV), and finally VG (empty graft) 

(293 +/- 87 mV) (table 7.3). Within the operated limb plantar muscle results, VE group 

had the lowest mean threshold (188 +/- 33 mV), followed sequentially by group NG 

(200 +/- 29 mV), then VG (575 +/- 450 mV). Group VS had no plantar results (table 7.6). 

 

However, if the ratios of right: left are compared within groups, then the group VS 

(130%) performed best followed by NG (136%), VE (139%), and finally VG (180%) for 

the calf muscles (table 7.3). For the plantar muscles, group NG (85%) performed best 

followed by VE (150%), then VG (244%), and no recordable results at all for group VS 

(table 7.6). Obviously, the lower the operated leg threshold result and closer to the 

unoperated leg the more successful the result. 

 

For the calf results, ANOVA demonstrated significant effects of Treatment (F3,57 = 5.814, 

p = 0.002) and Leg (F1,57 = 7.868, p = 0.007) but no significant Treatment * Leg 

interaction (F3,57 = 0.926). Posthoc analysis indicated significant differences between VE 
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and NG and VE and VG groups (p = 0.026 and 0.007 respectively). 

For the plantar results, ANOVA demonstrated significant effects of Treatment (F3,43 = 

6.399, p = 0.001), Leg (F1,43 = 7.649, p = 0.008) and Treatment * Leg interaction (F2,43 = 

5.580, p = 0.007). Posthoc analysis indicated significant differences between VG and VE 

and (p = 0.036). 

 

This variation in results, particularly in the experimental (operated) nerves, is not 

surprising given that the surgery would have created scar tissue around the proximal 

repair site which would have affected the transmission of the bipolar stimulus, hence 

the wider range and higher values overall. As such, the threshold results provide some 

interesting information, but limited information as a means of comparison between the 

groups. 
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7.3.2.7.2  Latency: 
 

 

Figure 7.6: Mean calf latency results (SEM) 
 
 

 

 
Figure 7.7: Mean plantar latency results (SEM) 
 
 

0

1

2

3

4

5

6

7

8

9

 NG  VG  VS  VE

msec

Groups

Mean calf latencies

L calf mean latency

R calf mean latency

0

2

4

6

8

10

12

14

16

18

 NG  VG  VS  VE

msec

Groups

Mean plantar latencies

L calf mean latency

R calf mean latency



 218 

 
Figure 7.8: Right:left mean calf latency ratios (right mean calf threshold/left mean 
calf threshold) 
 

 

 
Figure 7.9: Right:left mean plantar latency ratios (right mean plantar 
threshold/left mean plantar threshold) 
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that latency measures are relatively independent of local tissue and contact factors, and 

is therefore meaningful for comparison between groups. 

 

The latencies for the control (unoperated) nerves ranged from 2.28-4.38 msec for the 

calf muscles and 2.90-9.38 msec for the plantar muscles, and for the experimental 

(operated) nerves from 2.70-8.95 msec for the calf muscles and 2.43-16.8 msec for the 

plantar muscles (tables 7.1, 7.2, 7.4, and 7.5). 

 

Within the operated limb calf muscle results, group NG (nerve graft) had the lowest 

mean latency (3.76 +/- 0.09 msec), followed sequentially by groups VS (ECM sponge) 

(3.80 +/- 0.34 msec), VE (OEC + ECM sponge) (5.025 +/- 0.85 msec), and finally VG 

(empty graft) (6.89 +/- 0.75 msec) (table 6.3). Within the operated limb plantar muscle 

results, group VE had the lowest mean latency (4.13 +/- 0.74 msec), followed 

sequentially by groups NG (4.71 +/- 0.12 msec), then VG (11.19 +/- 5.61 msec) and no 

recordable results at all for group VS (table 6.6). 

 

However, these results don’t take into account the fact that some of these animals may 

have had better latencies preoperatively than others. If it is presumed that the 

unoperated (left) limbs had very similar results to what the operated (right) limbs 

would have had preoperatively, then this may be taken into account to some degree. If 

the ratios of control (right) to experimental (left) latencies are compared within groups, 

then the NG group (120%) performed best followed sequentially by VS (121%), VE 

(163%), then VG (228%) for the calf muscles and NG group (79%) performed best 

followed by VE (99%), then VG (184%) and no result for the VS group for the plantar 

muscles.  

 
For the calf results, ANOVA demonstrated significant effects of Treatment (F3,57 = 7.429, 

p= 0.000), Leg (F1,57 = 45.402, p = 0.000), and Treatment * Leg interaction (F3,57 = 8.517, 

p = 0.000). Posthoc analysis indicated significant differences between VG and NG and VG 

and VS groups (p = 0.010 and 0.015 respectively). 

For the plantar results, ANOVA demonstrated significant effects of Treatment (F3,43 = 

7.096, p = 0.001) and Treatment * Leg interaction (F2,43 = 5.072, p = 0.011), but not Leg 

(F1,43 = 3.332). Posthoc analysis indicated significant differences between VG and VE (p 
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= 0.010). 

 

Based on these absolute results, the NG group (nerve graft) had lowest calf muscle 

latencies and group VE the lowest plantar latencies. Based on the latency ratios, group 

NG had the lowest ratio for calf and plantar results. Could the nerve graft have produced 

the most mature (and myelinated) axons? 
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7.3.2.7.3  Maximal stimulation threshold (MST): 

 

 

Figure 7.10: Mean calf MST results (SEM) 
 
 

 

Figure 7.11: Mean plantar MST results (SEM) 
 

 

0

100

200

300

400

500

600

 NG  VG  VS  VE

mV

Groups

Mean calf MSTs

L calf mean MST

R calf mean MST

0

200

400

600

800

1000

1200

 NG  VG  VS  VE

mV

Groups

Mean plantar MSTs

L calf mean MST

R calf mean MST



 222 

 
Figure 7.12: Right:left mean calf MST ratios (right mean calf threshold/left mean 
calf threshold) 
 

 

 
Figure 7.13: Right:left mean plantar MST ratios (right mean plantar threshold/left 
mean plantar threshold) 
 

The Maximal stimulation threshold (MST) is the minimum stimulus (mV) to elicit a 

maximal muscle contraction, which plateaus beyond this point with increasing 

stimulus. Like threshold measurements, this result is affected by the proximity and the 

amount of scar/intervening tissue between the bipolar stimulus electrodes to the 

proximal nerve. 

 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

 NG  VG  VS  VE

Ratio

Groups

Mean calf MST ratios

0

0.5

1

1.5

2

2.5

 NG  VG  VS  VE

Ratio

Groups

Mean plantar MST ratios



 223 

Like the threshold results, there was considerable variation in the MST results, ranging 

from 50-1025 mV across both limbs and muscles in all groups (tables 71, 7.2, 7.4, and 

7.5). 

 

Within the operated limb calf muscle results, group VS (ECM sponge) had the lowest 

mean MST (171 +/- 16 mV), followed sequentially by groups VE (OEC + ECM sponge) 

(184 +/- 30 mV), VG (empty graft) (411 +/- 104mV), and finally NG (nerve graft) (456 

+/- 81 mV) (table 6.3). Within the operated limb plantar muscle results, group VE had 

the lowest mean MST (233 +/- 42 mV), followed sequentially by groups NG (400 +/- 37 

mV), VG (838 +/- 188 mV), and no result for the VS group (table 6.6). 

 

However, if the ratios of right: left are compared within groups, then the group VE 

(45%) performed best followed by VS (67%), VG (105%), and finally NG (153%) for the 

calf muscles (table 6.3). For the plantar muscles, group VE (105%) performed best 

followed by NG (113%), then VG (204%), and no recordable results at all for group VS 

(table 6.6). Obviously, the lower the operated leg threshold result and closer to the 

unoperated leg the more successful the result. 

 

For the calf results, ANOVA demonstrated significant effects of Treatment (F3,57 = 2.926, 

p = 0.041) and Treatment * Leg interaction (F3,57 = 2.946, p = 0.040) but no significant 

effect of Leg (F1,57 = 0.441). Posthoc analysis indicated no significant differences. 

For the plantar results, ANOVA demonstrated significant effects of Treatment (F3,43 = 

22.134, p = 0.000), Leg (F1,43 = 18.641, p = 0.000) and Treatment * Leg interaction (F2,43 

= 9.779, p = 0.000). Posthoc analysis indicated significant differences between NG and 

VE (p = 0.003), VG and VS and VG and VE (p = 0.000 for both). 

 

As such, the threshold results provide some interesting albeit limited information as a 

means of comparison between the groups. 
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7.3.2.7.4 Maximal stimulation threshold latency (MSTL): 
 

 

Figure 7.14: Mean calf MST latency results (SEM) 
 
 

 

Figure 7.15: Mean plantar MST latency results (SEM) 
 

 

0

1

2

3

4

5

6

7

8

 NG  VG  VS  VE

msec

Groups

Mean calf MSTLs

L calf mean MST latency

R calf mean MST latency

0

2

4

6

8

10

12

14

16

18

 NG  VG  VS  VE

msec

Groups

Mean plantar MSTLs

L calf mean MST latency

R calf mean MST latency



 225 

 
Figure 7.16: Right:left mean calf MST latency ratios (right mean calf threshold/left 
mean calf threshold) 
 

 

 
Figure 7.17: Right:left mean plantar MST latency ratios (right mean 
plantarthreshold/left mean plantar threshold) 
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(operated) nerves from 2.60-4.43 msec for the calf muscles and 2.45-16.80 msec for the 

plantar muscles (tables 7.1, 7.2, 7.4, and 7.5). 

 

Within the operated nerve calf muscle results, group VE (OEC + ECM sponge) had the 

lowest mean latency (3.30 +/- 0.42 msec) followed sequentially by NG (nerve graft) 

(3.32 +/- 0.08), VS (ECM sponge) (3.44 +/- 0.35), and finally VG (empty graft) (6.59 +/- 

0.80) group. Within the operated nerve plantar muscle results, group VE performed 

best (3.97 +/- 0.72 msec), followed by group NG (4.53 +/- 0.14 msec), VG (11.18 +/- 

5.63msec), and no recordable results at all for VS group. 

 

If the ratios of right: left are compared within groups, the ordering is the same, with 

group VE (119%) performing best followed sequentially by NG (122%), VS (122%), and 

finally VG (243%) for the calf muscles and VE (116%) followed sequentially by NG 

(123%), VG (306%) and no recordable results at all for the VS group for the plantar 

muscles. Obviously, the closer the operated leg MST latency result is to the unoperated 

leg the more successful the result.  

 

For the calf results, ANOVA demonstrated significant effects of Treatment (F3,57 = 

15.046, p= 0.000), Leg (F1,57 = 45.297, p = 0.000), and Treatment * Leg interaction (F3,57 

= 16.090, p = 0.000). Posthoc analysis indicated significant differences between VG and 

NG, VS and VE groups (p = 0.000, 0.001 and 0.000 respectively). 

For the plantar results, ANOVA demonstrated significant effects of Treatment (F3,43 = 

11.097, p = 0.000), Leg (F1,43 = 33.744, p = 0.000) and Treatment * Leg interaction (F2,43 

= 15.761, p = 0.000). Posthoc analysis indicated no significant differences. 

 

Based on the superior results in both calf and plantar muscle groups, this suggests that 

the VE group (OEC + ECM sponge) may have developed better myelination and 

maturation of axons than the other groups. 
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7.3.2.7.5 Amplitude: 
 

 

Figure: 7.18 Mean calf MST amplitude results (SEM) 
 

 

 

Figure 7.19: Mean plantar MST amplitude results (SEM) 
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Figure: 7.20 Right:left mean calf MST amplitude ratios (right mean calf 
threshold/left mean calf threshold) 
 

 

 
Figure 7.21: Right:left mean plantar MST amplitude ratios (right mean plantar 
threshold/left mean plantar threshold) 
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regeneration), but technical factors such as the location of recording electrodes mean a 

more cautious interpretation of results must be made. 

 

Within the calf muscle results, there were similar mean amplitudes of the control 

(unoperated) limbs between the groups, suggesting a consistent technique for 

recording results.  

 

There was a huge range in values in both limbs, from 0.68–20 mV in the unoperated 

limbs and 0.03–20 mV in the operated limbs (tables 7.1, 7.2, 7.4, and 7.5). 

 

Within the operated nerve calf muscle amplitude results, group NG (nerve graft) had the 

highest mean amplitude recording (10.16 +/- 2.12 mV), followed sequentially by VE 

(OEC + ECM sponge) (4.06 +/- 1.52 mV), VG (empty graft) (4.03 +/- 1.39 mV), and 

finally VS (2.52 +/- 1.19 mV). This order was reversed in the plantar muscle results, 

with group VE marginally higher (3.72 +/- 1.33 mV) than group NG (3.71 +/- 1.32 mV), 

followed by VG (1.27 +/- 0.93) and no recordable results at all for the VS group for the 

plantar muscles.  

 

If the ratios of right: left are compared within groups, group NG (115%) performing 

best followed sequentially by VG (39%), VE (39%), and finally VS (28%) for the calf 

muscles, and VE (138%) followed sequentially by NG (84%), VG (35%) and no 

recordable results at all for the VS group for the plantar muscles. Obviously, the higher 

or closer the operated leg amplitude result is to the unoperated leg the more successful 

the result.  

 

For the calf results, ANOVA demonstrated a significant effect of Leg (F1,57 = 12.521, p = 

0.001) but no effect of Treatment (F3,57 = 1.437) or Treatment * Leg interaction (F3,57 = 

2.522). Posthoc analysis indicated no significant differences. 

For the plantar results, ANOVA demonstrated no significant effects of Treatment (F3,43 = 

0.597), Leg (F1,43 = 0.475) or Treatment * Leg interaction (F2,43 = 0.729). Posthoc 

analysis indicated no significant differences. 
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7.3.3 Histological assessment: 

Unfortunately, there were some technical difficulties in the processing of these nerve 

segments for immunohistochemistry. Despite the same technique used for each nerve, 

some nerves did not stain as well as others, which made the axon counting difficult and 

potentially inaccurate. To combat this, repeat sections, staining, photography and axon 

counting was performed on these sections. This rectified potential inaccuracies in some 

cases, but there remained some nerve sections which still stained poorly. It appears that 

this is due to excessive uptake of the fixative solution by these nerve segments, which 

cannot be subsequently reversed. Rather than include potentially inaccurate data which 

could skew and bias the results, I elected to remove this data from the analysis, and 

average the remaining results in each group.  

 

  

mV 
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  PROXIMAL   MIDDLE   DISTAL  
  LEFT RIGHT  LEFT RIGHT  LEFT RIGHT 

NG 1 4028 4112   4122 3834   4715   

NG 2 4738 2793   5036 5036   4401 1361 

NG 3 4826 1233   4726 3755     3705 

NG 4 4652 4303   7961     1830 1506 

NG 5 5834 3717   5590 4434   4419 3417 

NG 6 2701 3707   2969 5080   924 2822 

NG 7 3660 3920   2897 2947   2870 1361 

NG 8 5570 2854   4383 4616     1248 

NG 9 3157     2174 809   698 431 

NG 10 4563 1377   5340 3461   6972   

                  

VG 1 6631 279   3761 1029   5175   

VG 2 5285 1464   5759 1659   4144 1373 

VG 3 2503 1586   2575 3204   2463 777 

VG 4 1872 463   3255 3554   5587 385 

VG 5 4530 1305   4895     4694   

VG 6 5667 939   5432 1719       

VG 7 4384 1507   1231 715   3306 780 

VG 8 5783 1890   4413 822   2177 654 

VG 9   774   5997 3810   6274 2575 

VG 10   421     689   2660 849 

                  

VM1 1458 860   3584 1739   865 1723 

VM 2 4934     5406 1751   3760 3760 

VM 3 1842     1876     1926 2383 



 234 

VM 4 534 1053   492       1128 

VM 5 1607 2035   5149 332   3528   

VM 6 2530 507   2550     5205 695 

VM 7   397   878     3456 3068 

VM 8 3294 1395   3862 1577   5866 864 

VM 9 6954 1296   1158     3953 1137 

VM 10             0 0 

                  

VE 1 4144 413   4021 767   2609 2008 

VE 2 947 2823   1916 884   1204 406 

VE 3   345   2115 2599     211 

VE 4 1396 287   1320 470   3793 542 

VE 5   173   5717 557   969 335 

VE 6   784   5642 2233   1954 1999 

VE 7 4892 1253   1295 527   1735 149 

VE 8 7137 960   617 1264   752   

VE 9 1278 1142   1694 1267   2239 358 

VE 10 4220     2742       359 

                  

Mean 3865.18     3540.79     3150.68   

St dev 1826.66     1848.36     1797.58   

Num 33     38     34   

SQ num 5.74     6.16     5.83   

St err 317.980     299.84     308.28   
Table: 7.7 Summary of axon counts
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GROUP  PROXIMAL   MIDDLE   DISTAL  

  LEFT RIGHT  LEFT RIGHT  LEFT RIGHT 

NG Mean 4372.9 3112.89   4519.80 3774.67   3353.63 1981.38 

  St dev 995.62 1145.68   1656.20 1323.82   2160.98 1175.69 

  Number 10 9   10 9   8 8 

  SQ num 3.16 3   3.16 3   2.83 2.83 

  St err 314.84 381.89   523.74 441.27   764.02 415.67 

                    

VG Mean 4581.88 1062.8   4146.44 1911.22   4053.33 1056.14 

  St dev 1648.40 563.69   1589.87 1273.06   1479.44 732.18 

  Number 8 9   9 8   9 6 

  SQ num 2.83 3   3 2.83   3 2.45 

  St err 582.80 187.90   529.96 450.09   493.15 298.91 

                    

VS Mean 2894.13 1077.57   2772.78 1349.75   3173.22 1639.78 

  St dev 2115.68 563.0   1826.14 683.12   1919.97 1214.11 

  Number 7 7   8 4   9 8 

  SQ num 2.65 2.65   2.83 2   3 2.83 

  St err 799.65 212.79   645.64 341.56   639.99 429.25 

                    

VE Mean 3430.57 908.89   2707.9 1174.22   1906.88 707.44 

  St dev 2307.48 817.54   1816.29 767.59   992.82 743.17 

  Number 6 9   10 9   8 7 

  SQ num 2.45 3   3.16 3   2.83 2.65 

  St err 942.02 272.51   574.36 255.86   351.02 280.89 

Table: 7.8 Summary of operated limb axon counts with statistics 
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Figure 7.22 Mean left leg axon counts by group (SEM) 
 

 

Figure 7.23 Mean right leg axon counts by group (SEM) 
 
 
 

 Proximal Middle Distal  Total 

Mean 3865.18 3540.79 3150.68   3516.42 

St dev 1826.66 1848.36 1797.58   1830.30 

Num 33 38 34   105 

SQ num 5.74 6.16 5.83   10.25 

St err 317.98 299.84 308.28   178.62 
Table: 7.9 Summary of unoperated limb axon counts with statistics 
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  Proximal Middle Distal 

HN 0.71 0.84 0.59 

HA 0.23 0.46 0.26 

HC 0.37 0.49 0.52 

HE 0.26 0.43 0.37 

Table: 7.10 Ratios of right: left axon counts by group 
 

 

 

 

Figure 7.24 Ratios of right: left axon counts by group (right mean axon 
counts/left mean axon counts) 
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finding in nerves where axons branch off, but the nerve segment examined had 

no such branches.  

 

This range is similar to previous experiments (Experiments 1-4). It is difficult to 

explain such variation between animals, which otherwise are matched for age 

and weight, and in fact, littermates. Could some of the variation be inaccuracies 

in the counting process? This is possible, but if so, all groups would be equally 

affected. Regardless, this inherent variation must be taken into account. We have 

presumed that there would be similar axon counts in both sciatic nerves of a rat. 

By calculating axon counts from both nerves in all animals, we have attempted to 

control for this in an individual and group basis. Absolute values of axon counts 

would be biased in favour of the group that had the highest number of axons to 

start with. As such, ratios of the operated nerve axon counts to their 

corresponding unoperated axon counts would seem the fairest means of 

comparison. 

 

The difference in axon counts at proximal, middle, and distal sections require 

explanation. Obviously, some of this variation relates to inter-animal variability, 

and allowance is made for this by comparing each operated (right) leg to the 

unoperated (left) leg. This may also be due to inaccuracies within the counting 

process; however, this process should have affected all animals and sections 

equally, reducing bias.  There were no branches exiting from the sciatic nerve 

within the segment examined. 

 

7.3.3.2 Experimental (operated) nerves: 

Initially, there should be the same degree of variation to the right sciatic nerves 

as explained in the paragraph above to the unoperated left sciatic nerves. After 

the surgery and repair, the regenerating process will take over. Axonal sprouting 

could vary along the along the regenerating nerve segment, presumably with 

higher numbers of sprouting axons closer to the upper anastomosis, and 

dwindling in number distally. Allowing for this, it would be expected that the 

axon counts would be highest proximally, then in the middle, then distally. As 
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stated earlier, there is no way of knowing whether the axons counted at that 

section have successfully and appropriately regenerated, met end-organ 

receptors and reanastomosed, which is a limitation of axon counts in peripheral 

nerve regeneration assessment.  

 

Every animal in each group had significant numbers of axons present proximal, 

distal, and within the middle of the graft, signifying sound surgical technique 

(tables 7.7 and 7.8). Comparing the operated (right) nerve proximal sections, the 

NG (nerve graft) group had the highest mean axon counts with 3113 +/- 382 

axons, followed sequentially by VS (ECM sponge) with 1078 +/- 213 axons, VG 

(empty graft) with 1063 +/- 188 axons and finally VE (OEC + ECM sponge) with 

909 +/- 273 axons. Comparing the operated (right) nerve middle sections, the 

NG group had the highest mean axon counts with 3775 +/- 441 axons, followed 

sequentially by VG with 1911 +/- 450 axons, VS with 1350 +/- 342 axons and 

finally VE with 1174 +/- 256 axons. Comparing the operated (right) nerve distal 

sections, the NG group had the highest mean axon counts with 1981 =/- 416 

axons, followed sequentially by VS with 1640 +/- 429 axons, VG with 1056 +/- 

299 axons and finally VE with 707 +/- 281 axons. Overall, the NG group had the 

highest axon counts in all 3 sections, and VE group lowest. 

 

For the axon counts, ANOVA demonstrated a significant effect of Treatment 

(F3,178 = 14.440, p = 0.000), Leg (F1,178 = 86.607, p = 0.000), and Treatment * Leg 

interaction (F2,43 = 3.780, p = 0.12). Posthoc analysis indicated significant 

differences between NG and VM, VE and VH groups (p = 0.026, 0.000, and 0.000 

respectively), and VM and VH groups (p = 0.001). The statistical analysis was 

performed by Prof Alan Mackay-Sim, and data extracted by myself.  
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Figure 7.25: NG1 right sciatic nerve proximal section 
 

 

Figure 7.26: VE2 right sciatic nerve distal section 
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7.4 DISCUSSION: 

 
Yet again, the loss of several animals was unfortunate, particularly because they 

were from the experimental groups. Replacement of these animals required not 

only the actual operated animals to fill the groups, but also extra animals to 

supply more OECs. Hence, each animal lost actually required 2 more animals. 

Each experimental replacement animal also required 7 days treatment with 

Amitriptyline pre-operatively, and culture of more OECs also took 5-7 days, 

delaying the completion of the project. 

 

Regarding the electrophysiology assessment, 5 indices were used to collate data 

in order to provide the most complete summary of each group: threshold, 

latency, MST, MSTL, and amplitude. The threshold of a CMAP is affected by the 

proximity of the bipolar stimulus electrodes to the proximal nerve and the 

amount and nature of intervening tissue, factors which could not be controlled 

between animals and groups. This was understood before the commencement of 

this experiment, but data was collated nonetheless for completeness. Because of 

this and the considerable variation present within the unoperated and operated 

limb results, the threshold and the MST data provided some interesting 

information but limited comparison between the groups. 

 

On the contrary, the latency of a CMAP is relatively independent of local tissue 

and contact factors, and is therefore a robust means of comparison, but more so 

of the quality than the quantity of axonal regeneration. There were similar 

results between the latencies of all control nerves, especially the calf muscle 

groups, which suggest sound electrophysiological recording technique. As 

discussed in the results section, creating a ratio of right: left limb latency results 

before comparing groups rather than just comparing the absolute amounts (with 

no consideration of inherent differences between animals) would allow more 

accurate comparison of the groups. 

 

In absolute terms, the NG group performed best for the calf CMAP latencies, and 

the VE group for the plantar latencies. If the ratios of control (right) to 
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experimental (left) latencies are compared, then the NG group performed best 

for both the calf and plantar muscles. This data set would suggest that the NG 

group had better myelination and maturation of axons. However, the VE group 

performed best for the calf and plantar MSTL results for the absolute results as 

well as when comparing right: left ratios, suggesting the OEC group may have 

developed better myelination and maturation of axons, similar to the findings of 

Experiment 2 (nerve graft vs nerve graft + OECs). Larger numbers of animals 

would be necessary to make conclusions which are statistically significant. 

 

The amplitude of a CMAP relates to the number of muscle fibres contracting with 

each stimulus, which in turn relates to the number of axons that have 

successfully regenerated, but is unfortunately affected by the location of the 

recording electrode and other local factors. In an ideal world, the amplitude 

results would correlate with the quantity but not quality of axonal 

regeneration, but technical factors limit the interpretation of these results. The 

NG group had highest ratios of right: left amplitudes in the calf groups, and the 

VE group had highest ratios of amplitudes in the plantar groups. Does this mean 

the NG and VE groups had higher numbers of regenerated axons, or does this 

reflect more favorable local factors, such as reduced scar tissue reaction? 

 

Comparison of axon counts proximal, distal, and in the middle of the nerve grafts 

provides additional useful information. It is important to recognize that there is 

considerable variation in the numbers of axons present within normal nerves in 

animals and humans. This variation not only exists between different animals, 

but also between corresponding nerves within the same animal. 

 
 As stated above, after the surgery and repair, the regenerative process will take 

over. Axonal sprouting could vary along the along the regenerating nerve 

segment, presumably with higher numbers of sprouting axons closer to the 

upper anastomosis, and dwindling in number distally. Eventually, once a 

regenerating sprout has successfully identified an appropriate endoneurial 

channel and elongated distally, re-establishing distal connections, the other 

sprouts are pruned back. Allowing for this, it would be expected that the axon 
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counts would be highest proximally, then in the middle, then distally. As stated 

earlier, there is no way of knowing whether the axons counted in a transverse 

section have successfully and appropriately regenerated, met end-organ 

receptors and reconnected, which is a limitation of axon counts alone in 

peripheral nerve regeneration assessment. There were no branches exiting from 

the sciatic nerve within the segment examined, which otherwise could have 

caused some further inaccuracies. 

 
There may also be some inaccuracies within the counting process; however, this 

process should have affected all animals and sections equally, reducing bias. As 

such, comparison of axon count numbers has a potential degree of inaccuracy, 

but remains a widely accepted and utilized means of comparing results of nerve 

repair and regeneration. 

 
The axon counts from all groups show the presence of a considerable number of 

regenerating axons in all sections, signifying sound surgical technique. Apart 

from the VS (ECM sponge) group which had the highest mean axon count in the 

distal sections, the highest mean axon counts where in the middle sections for 

the absolute numbers and the right: left ratios. Overall, the NG group had highest 

axon counts. 

 
Overall, the NG and VE groups performed best in the electrophysiology results, 

and the NG group best in the histological results. The results of this experiment 

are not as impressive for the experimental arterial graft with OECs group 

compared to the nerve graft as were achieved for experiment 4 using the vein 

graft with Matrigel compared to the nerve graft. 

 

7.4.1 Summary: 

 The arterial graft filled with ECM sponge model is a useful and successful 

model for studying peripheral nerve repair and regeneration. 

 The arterial graft + OECs model is more successful than just an arterial graft 

or arterial graft containing ECM sponges. 
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 The arterial graft + OECs model achieved similar electrophysiology results to 

nerve grafts, but the nerve graft group had superior axon counts. 
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8. DISCUSSION CHAPTER 
 
OECs within a vein graft are as successful as nerve grafts in repairing peripheral 

nerve injuries with gap. This has been tested in 5 experimental models, 

beginning with silicone tubes, then nerve grafts, biodegradable conduits, vein 

grafts then finally arterial grafts containing OECs using predominantly 

electrophysiological and histological measures of comparison. Each of these 

experiments has served as a stepping stone towards achieving the goal of this 

project: to develop an alternative model for repair of injured peripheral 

nerves using conduits with OECs which is more successful and has less 

associated cost, technical difficulty, and morbidity than the current gold 

standard method, the nerve graft.   

 

8.1 Development of concept: 

As stated in the introduction chapter, peripheral nerve injury is a major health 

problem, affecting almost 3% of all trauma cases (Kemp et al., 2008). In 

Queensland in 2009, there were a total of 690 peripheral nerve injuries 

(Queensland Trauma Registry, 2009). Peripheral nerve damage may also occur 

in the setting of surgery for cancer, especially in the head and neck region. 

Despite optimal medical and surgical treatment, these injuries cause varying 

degrees of sensory and motor impairment, with potentially devastating effects 

on employability, quality of life, and financial cost to the individual and insurance 

companies, not to mention the health care systems. 

 

OECs play an important role in the regeneration of olfactory neurons from the 

nasal olfactory mucosa through the cribriform plate and along the skullbase to 

the olfactory cortices of the brain- quite a considerable feat considering the 

otherwise limited regenerative abilities of the nervous system. These unique 

abilities have been tested extensively in animal models of spinal cord injury, and 

to a limited degree in human models. It is, therefore, a logical extension to 

examine their potential in a peripheral nerve setting. At the commencement of 

this project, only 1 study had investigated this (Verdu, et al., 1999). Since then a 
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relatively small number of other studies have been performed, but the question 

“Do OECs assist peripheral nerve regeneration?” remains unanswered. 

 

Thus, at the commencement of this project, there was a significant void in the 

literature and collective experience in this area. Initially, I intended to repeat the 

silicone tube study of Verdu et al. (1999) although with better methodology. 

Having done this, I then wanted to try several different conduits containing OECs 

to determine whether they yielded better results than the silicone tube model, 

and which was most successful in comparison to the current gold standard, 

nerve graft. 

 

8.2 Conduits: 

Experiment 1 repeated the results of the Verdu et al study (1999) although with 

slightly different methodology, demonstrating that OECs placed within a silicone 

tube bridging a long gap (17 mm in rat sciatic nerve) can stimulate nerve 

regeneration, albeit with very limited electrophysiological and histological 

results. Experiment 2 showed that nerve grafts containing OECs had slightly 

better latency results, but smaller axon counts than a standard nerve graft (albeit 

not statically significant). Experiment 3 (biodegradable PGA/PLA tube) had 

disappointing results, for reasons that remain unclear. Experiment 4 

demonstrated that vein grafts filled with Matrigel and OECs had better latency 

results and higher proximal nerve section axon counts than standard nerve 

grafts, although the nerve graft had higher axon counts in the middle and distal 

axon sections (albeit not statically significant). Finally, Experiment 5 showed 

similar latency and amplitude results overall between the artery graft with ECM 

sponge and OECs and nerve graft groups, but higher axon counts in the nerve 

graft group (albeit not statically significant). 

 

At the commencement of this project, I had hoped the biodegradable conduit 

would be the most successful model. I repeated the technique of Hadlock, et al. 

(1998) which had worked well previously. I had envisaged potentially 

developing a range of conduits of varying sizes and shapes to cope with the 
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range of situations surgeons face with peripheral nerve injury and repair, even 

conduits with multiple branches to simulate the facial nerve’s convoluted 

anatomy. It may also have been possible to incorporate growth factors or cells 

into the walls of these conduits as well as within the lumen. Unfortunately, this 

model produced poor results, and possible explanations are provided above.  

 

8.3 Cellular transplants: 

As state above, at the commencement of this project, only 1 study had 

investigated the potential for OECs to enhance axonal regeneration in a 

peripheral nerve repair setting (Verdu, et al., 1999). All 5 experimental models 

used OECs within different conduits to determine whether they are beneficial 

and which is the optimal conduit. 

 

Midway through his project, the concept of using OSCs in peripheral nerve repair 

and regeneration developed. An additional 3 groups were added to Experiment 4 

to test this. Unfortunately, the OSC groups had poorer results than the OEC and 

nerve graft groups. There have been no published reports of OSCs in a peripheral 

nerve setting to date.  

 

8.4 Outcome measures and interpretation of 

results: 

Interpretation of these results is hampered by the inherent limitations of 

assessment of peripheral nerve repair and regeneration. In humans, behavioral 

results are most clinically relevant, followed by electrophysiological results- 

there is no role for histological results in humans as harvesting the nerve would 

defeat the purpose of the repair, unless these nerves were obtained post-

mortem. In the animals used in our early studies, behavioral testing was 

inconsistent, despite developing a comprehensive battery of neurobehavioral 

tests, adapted in part from Hadlock, et al. (1999). Some of the rats would not 

respond to pin-prick tests on the plantar surfaces of their non-operated limbs, 

making interpretation of the results from the operated limbs very difficult.  
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Regarding the electrophysiological indices tested, the threshold and MST results 

were affected by the proximity of the bipolar stimulus electrodes to the proximal 

nerve and the amount and nature of intervening tissue, factors which could not 

be easily controlled between animals and groups. This was understood before 

the commencement of this experiment, but data was collated nonetheless. 

Because of this, the threshold and the MST data provided some interesting 

information but limited comparison between the groups. The latency and MSTL 

results were the most useful indices for comparing groups, as they are relatively 

independent of local tissue and contact factors. To make this data even more 

robust, ratios of the operated: unoperated (right: left) results were made for 

each animal to control for potential differences in preoperative values before the 

surgical intervention had occurred, presuming both limbs had similar results 

preoperatively. The amplitude results relate to the number of muscle fibres 

contracting with each stimulus, which in turn relates to the number of axons 

which have successfully regenerated, but is affected by the location of the 

recording electrode and other local factors, and could not be controlled between 

animals and groups. Once again, this limits the relevance of the amplitude results 

for comparing groups. Overall, these electrophysiology tests have provided 

consistent, repeatable, objective, qualitative but not quantitative results, with the 

latency and MSTL measures most useful for comparing groups. 

 

Axon counts provide the number of axons present in that nerve transverse 

section (proximal, middle, and distal to the nerve repair), but no information as 

to whether the axons have successfully and appropriately regenerated, met end-

organ receptors and reconnected. There may also be some inaccuracies within 

the counting process; however, this process should affect all animals and 

sections equally, reducing bias. As such, comparison of axon count numbers has a 

potential degree of inaccuracy, but remains a widely accepted and utilized means 

of comparing results of nerve repair and regeneration.  
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Each experiment has compared a different experimental model using OECs to a 

nerve graft model, which was taken from the right sciatic nerve, reversed and 

sutured into the same gap. This method represents a “perfect” type of nerve graft 

repair in that the nerve graft has the perfect width, length, and structure (motor 

vs sensory vs mixed type of nerve, size of endoneurial channels, etc.) for that 

nerve gap. This is an unrealistic situation clinically, whereby surgeons are never 

provided with such a “perfect” nerve graft option to harvest to repair a nerve 

gap. As such, all of the nerve graft groups in these experiments have been 

afforded a distinct advantage to what would occur in “real life”. A fairer approach 

would have been to use other nerves which were not a “perfect fit”, but that 

would have caused more pain and morbidity to our animals (if another nerve 

was harvested from somewhere else in their bodies) or a higher requirement of 

animal numbers (if nerves were donated from other animals). While this 

approach may have leveled the playing fields somewhat, both of these options 

would have caused greater pain and suffering to potentially more animals and 

compromised ethics approval requests. For this reason, the nerve graft group 

results for all of these experiments may be better than “real life” situations 

would achieve, and this must be borne in mind when comparing to the 

experimental groups. Perhaps the OEC groups would have performed better (in a 

relative sense)? 

 

The statistical analysis of this data has shown some statistical significance in 

some of the results, but not all. This relates to the number of animals in each 

group and the relative similarities in results between groups. Each of these 

experiments has been a stepping-stone to find the optimal “OECs in conduit” 

model. Higher numbers of animals in each group would have helped these 

statistical results to be more significant, but that would have caused pain and 

suffering to more animals, not to mention increased time and expense to conduct 

these experiments. Having established that either a vein or artery graft with 

either Matrigel or ECM sponge containing OECs is optimal, future experiments 

could concentrate on less groups with higher numbers of animals in each group, 

which should lead to higher statistical significance.  
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8.5 Problems and limitations: 

Several problems arose during the course of this project. The loss of animals in 

the immediate postoperative period was unfortunate and disappointing. 

Obviously, this may occur whenever operating on small animals, but may also 

have been related to some genetic susceptibility of these animals to the 

anaesthetic agents used. Changing to DA rats helped reduce these postoperative 

deaths, but this breed of rat is significantly smaller than Sprague-Dawley rats, 

which made the 15 mm gap larger in relative terms. In fact, there was barely 15 

mm between the proximal end (beyond the lumbosacral plexus) and the distal 

end (trifurcation) of the sciatic nerve. The OEC models appear to be “safe” and do 

not appear to have caused any harm. The rhabdomyosarcoma that developed in 

one of the animals in Experiment 3 appears to have been incidental, and 

unrelated to the experiment. These are “not uncommon” tumours in rats, and it 

is difficult to see how glial cells from olfactory mucosa would cause a malignancy 

of skeletal muscle cells. Each of these problems have prompted a reassessment 

of the processes involved, thorough review of relevant literature, and 

consultation with experts in an attempt to determine the reasons why these 

unforeseen problems arose. 

 

The surgical technique was well tried and tested, with no variation between 

animals apart from the different conduits used. The electrophysiology recordings 

were also standardized as was the nerve harvesting, sectioning, staining, and 

axon counting. There are inherent limitations in the analysis of the objective 

electrophysiology results. Latency is the most reliable result as it is relatively 

independent of local tissue factors and location of stimulating and recording 

electrodes. If these aspects could be standardized, then amplitude would be very 

useful, as it should reflect the strength of muscle action potential and indirectly 

muscle contraction. Axon counts detail the number of axons present at that 

cross-section of the nerve but not whether they have successfully regenerated.  

Although imperfect, these indices remain the common modalities tested and any 

potential inaccuracies should affect all of the animals in all of the groups equally. 
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Harvesting a nerve graft to repair a peripheral nerve requires a reasonable 

degree of surgical skill but usually not a significant amount of time (30-60 

minutes). Usually, a sural or greater auricular nerve would provide adequate size 

and length for most situations. This is always performed at the time of nerve 

repair. In contrast, a vein raft with OEC model would require less surgical time to 

harvest the vein with an almost inexhaustible supply, with significantly less 

morbidity (numbness, neuroma formation, etc.) to a nerve graft. However, the 

OEC component of any OEC conduit model complicates matters significantly. 

Initially, an olfactory biopsy is required, which should only take 15-20 minutes 

with negligible morbidity. A qualified scientist (with equivalent of honours 

student expertise) would then need to prepare the OECs within an appropriate 

laboratory which would take a total of 8-10 hours over 3-4 weeks, and cost 

$500-1000. Once ready, the OECs could be handed to the surgeon 

intraoperatively to place within the vein graft. As such, the OEC within vein graft 

model is considerably more difficult to perform and would delay repair for at 

least a month. 

 

8.6 The future of peripheral nerve repair and 

regeneration: 

Philosophically, there are a limited number of aspects of axonal regeneration 

which may be potentially manipulated to improve results: 

 Increase the number of axon sprouts (already up to 15 sprouts/axon). 

 Increase the speed of axonal regeneration (across the gap and then down the 

endoneurial channels to end-organ receptors). 

 Improve axonal alignment (so axons enter “correct” endoneurial channels). 

 Retain more “positive” factors (e.g. Schwann cells, growth factors, etc.) 

 Reduce “negative” factors: (e.g. free radicals, inhibitory factors, etc.) 

 Prolong longevity of end-organs (delay irreversible atrophy of motor end-

plate or sensory receptors). 
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Current research aims to improve the results following peripheral nerve repair 

on many fronts: the search for superior conduits and manipulation of substrate 

material; application of knowledge of growth factors, receptors, and cell 

adhesion molecules; and modification of surgical techniques to minimize 

neuronal architectural distortion. These focal areas of research all relate to 

maximizing the number of axons crossing the nerve gap; there are no 

obvious mechanisms at this stage for influencing the appropriate alignment 

of axons at the distal stump interface, promoting axonal extension towards 

the end-organ sites, or connection with previous end-organs. The primary 

goal of peripheral nerve repair is to obtain the maximum level of functional 

recovery for the patient. Only the first of these steps (i.e. increasing the number 

and possibly the orientation of the regenerating axons) can be influenced by 

surgical intervention: the rest is up to “Mother Nature”. Hence, the surgical aim is 

to repair the nerve so as many axons as possible traverse the nerve gap, enter 

the distal stump, and proceed to reinnervate appropriate end-organ receptors 

(Pham, et al. 1991) as quickly as possible before they undergo irreversible 

atrophy. Clinically, this aim is attempted by providing an environment that will 

maximize axonal regeneration with optimal orientation of nerve fascicles. The 

ultimate goal is restoration to levels of premorbid innervation and function. 

 

Subsequent experiments would use the vein graft with Matrigel and OECs model, 

which appears the most successful in comparison to nerve grafts overall, but 

perhaps in a larger, more “human-like” animal such as sheep, rabbit or monkey. 

It would be tempting to use a facial nerve rather than sciatic nerve model. Larger 

animals with sciatic nerve injuries would probably be more physically 

compromised than rats, and a facial palsy would have less morbidity. Also, being 

an ear, nose, throat, head and neck surgeon, I have greater interest and exposure 

to facial nerve than peripheral nerve injuries in my clinical practice. 

 

Since these experiments have been performed, additional assessment indices 

have been popularized. Harvesting the muscle to perform weight analysis may 

be useful for comparing methods, as better re-innervated muscles would be 

heavier (less atrophied). Placement of radiolabelled tracer within the muscles of 
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the live animals and allowing several days for the tracer to be retrogradely 

transported to the cell bodies in the spinal cord (sciatic nerve model) or 

brainstem (facial nerve model) before harvesting would provide information 

about how many axons have successfully reinnervated, and may be assessed 

histologically using whole mounts of the nerves with confocal analysis at varying 

depths. More sophisticated behavioural testing would also be possible.  

 

At present, the nerve graft remains the gold standard method, but probably can’t 

be improved upon much further. Selecting a similarly sized nerve with similar 

modalities (motor, sensory, or mixed) and using good microsurgical technique 

will optimize nerve graft results, but there appears little else that can be done to 

improve nerve graft results. Therefore, the challenge remains to continue 

searching for another conduit (+/- growth factors or cells) which can improve 

results compared to nerve grafts, but without prohibitive cost or technical 

complexities. It is likely that adjunctive measures such as systemic medications, 

ultrasound, enhanced rehabilitation and physiotherapy may also provide 

synergistic benefit to improved nerve repair techniques. Recent surgical 

advances have clearly demonstrated that peripheral nerve repair and 

regeneration cannot be considered a matter of surgical reconstruction only, but 

should rather be addressed from multiple and interdisciplinary viewpoints: 

“perfect microsurgical repair is just part of the story!” (Battiston et al. 2009 in 

Raimondo et al., 2011).  

The development and availability of 3D printers for constructing models of any 

size, shape, material, and property as well as nanospider machines which can 

produce microscopic fibres suitable for grafting cells and growth factors 

represent exciting new areas with potential in peripheral nerve repair. To date, 

only autologous OECs have been considered with reduced ethical, immune 

rejection and infection transmission concerns compared to OECs donated from 

others; however, the time, cost, and laboratory requirements to produce these 

on an individual basis are significant and limiting. As an alternative, 

immortalized clonal OEC cell lines have been developed named Neonatal 

Olfactory Bulb Ensheathing Cell (NOBEC) lines. NOBECs produce the same 
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growth promoting proteins as primary cell cultures (Goodman et al., 1993 in 

Raimondo, 2011), possess regeneration capabilities, and retain the major glial 

features (Audisio et al., 2009 in Raimondo, 2011). Perhaps these NOBECs will 

prove the answer to this dilemma. 

 

The recent increase in health and safety considerations in the workplace (such as 

better education, gloves, failsafe mechanisms on machines, etc.) should 

theoretically lead to reductions in the number and severity of peripheral nerve 

injuries. Likewise road safety campaigns, apart from reducing death tolls, may 

reduce these injuries as well. Optimizing medical treatment at the time of injury 

and in the crucial first few hours and greater awareness of peripheral nerve 

injuries in the multi-trauma patient may lead to earlier recognition and better 

results. Unfortunately, these injuries may be missed due to the severity of other 

life-threatening problems, which is understandable but regrettable. Establishing 

specialized tertiary referral centers for peripheral nerve injures (or increased 

promotion if they already exist) and publishing management protocols may also 

improve results. There is no doubt that surgeons will become more adept at 

peripheral nerve repair with greater exposure and case load, as will specialized 

nurses and allied health professionals. The acceptance of multidisciplinary 

clinics in many aspects of medicine and surgery attests to this. This also makes 

research more feasible, with structured clinical audits and peer review of results 

and the potential for multi-center trials.  
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8.2 Conclusion: 

The goal of this project was to develop an alternative model for repair of injured 

peripheral nerves using conduits with OECs which is more successful and has 

less associated cost, technical difficulty, and morbidity than the current gold 

standard method, the nerve graft. These 5 experiments have repeated some 

models and provided results of new, previously untested models of OECs and 

OSCs within conduits in peripheral nerve repair and regeneration.  Based on the 

results of these experiments, it appears OECs are useful adjuncts to improve the 

results of peripheral nerve repair and regeneration using vascular conduits, but 

the associated additional time and cost may render these models less practical 

and attractive than the current gold standard, nerve graft. 
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