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Abstract 

Spinal cord injury (SCI) leads to an immediate loss of sensory and motor function below the 

level of injury mostly affecting people in the prime of life. In addition to the primary injury 

there is accumulating neurophysiological and histological evidence of dysfunction in the 

peripheral nerves, not related to direct damage from the primary injury, which exacerbates 

muscle wasting, and contributes to further functional loss and poor recovery. Among the 

potential contributing factors are systemic inflammation, and motor neuron and myelin 

abnormalities that result from a lack of neural traffic. The reversibility of these factors, and 

prevention strategies and possible therapies that may be of benefit to the peripheral nerves 

in spinal cord injury require further investigation. Preventing or reversing peripheral nerve 

dysfunction after SCI is essential to maintain this critical component of the nervous system in 

readiness for the application of other emerging interventions focused on spinal cord repair. 
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1. Introduction 

Spinal cord injury (SCI) leads to an abrupt severe lifelong impairment of sensorimotor function. 

The annual crude incidence rates of traumatic SCI varies from 12.1 per million to 57.8 per million, 

with leading causes being motor vehicle accidents, falls, violence and sports activities [1]. In the USA, 

the estimated lifetime costs associated with tetraplegia are between US$3.5 million to $4.7 million 

and for paraplegia around US$2 million [2].  

SCI results in loss of sensory and motor function below the level of injury, leading to a profound 

muscular atrophy and, in lesions above T4, autonomic dysfunction. It is understood that these 

sequelae result from the loss of descending electrical activity from the brain. However, unless there 

is direct damage to the motor neurons within the injury zone and/or the nerve roots (e.g. cauda 

equina injury), it has been assumed that the spinal circuitry and peripheral nervous system below 

the level of injury remain largely intact, both morphologically and electrophysiologically. Indeed 

numerous studies in both animals [3] and humans [4] have demonstrated that the spinal cord 

retains the ability to produce oscillating patterns of muscle activity such as those required for gait. 

Sensory information about lower extremity loading provides important cues that modulate the 

patterns of muscle activity [4]. The presence of intact motor neurons provides the basis for 

functional electrical stimulation of the paralysed muscles below the level of injury [5]. Thus, the 

peripheral nervous system remains a critical component in the modulation of spinal cord activity 

below the level of injury. 

2. Peripheral Nerve Dysfunction Related to Direct Spinal Cord Trauma 

Traumatic injury to the spinal cord leads to a primary injury as a result of impact, compression, 

or laceration, which directly damage neurons within the injury zone as well as ascending and 

descending tracts. A secondary injury cascade involving vascular dysfunction, oedema, ischemia, 

excitotoxicity, electrolyte shifts, free radical production, inflammation, and cell death leads to 

further tissue destruction. Since grey matter destruction often extends rostral and caudal to the 

primary injury site, motor neurons or nerve roots over a number of segments adjacent and caudal 

to the primary injury site may be affected, leading to lower motor neuron injury (LMN) which may 

be partial [6, 7]. Below the lesion, this may be masked by the upper motor neuron injury [8], and 

the extent of LMN lesions may be under-recognised [9].  

A LMN injury may not be apparent soon after injury, but compound motor action potentials 

disappear over a period of 1 month [10]. Wallerian degeneration, involving axonal degeneration and 

fragmentation of the myelin sheath, commences between 24 and 48 hours after injury, depending 

on axon size [11], and occurs over a period of 7-10 days. Collateral sprouting of spared motor neuron 

terminal branches in partially damaged nerves results in innervation of denervated muscle fibres 

and an increase in motor unit size (i.e., the number of muscle fibres innervated by a single motor 

neuron) [12, 13]. This process may restore muscle strength, and may underlie the functional 

recovery observed in the early stage after injury [7]. 

 



OBM Neurobiology 2020; 4(4), doi:10.21926/obm.neurobiol.2004075 

 

Page 3/17 

3. Compression or Traction Injuries of Peripheral Nerves 

A number of studies have reported frequent sensory and motor nerve dysfunction in people with 

clinically complete SCI, possibly resulting from mechanical compression and/or traction. Indeed, 

carpal tunnel syndrome and median nerve neuropathy are highly prevalent in people with 

paraplegia who are manual wheelchair users [14-18]. In addition to median nerve neuropathy, 

Nogajski et al. [19] reported focal neuropathies affecting the ulnar nerve, and lower limb nerves 

(sciatic and common peroneal nerves) that were more common in patients with tetraplegia and 

may be explained by compression due to positioning. 

4. Generalised Peripheral Nerve Dysfunction after Spinal Cord Injury 

Apart from compression-related injuries, more generalised evidence of peripheral nerve 

dysfunction after SCI has been reported [19-25]. To date, these investigations have involved 

electrophysiological techniques, mainly motor and sensory nerve conduction studies combined with 

electromyography. Such techniques are sensitive to the integrity of the myelin sheath and studies 

using them have reported slowed motor conduction, reduced amplitude of compound action 

potentials, fibrillations and aberrant neuromuscular junction transmission in patients with SCI [23, 

27]. Using threshold tracking techniques [28] (i.e. stimulus-response curves, strength-duration 

properties, threshold electrotonus, a current-threshold relationship and the recovery cycle), Lin et 

al [27] reported a high stimulation threshold of motor axons and reduced amplitudes of compound 

action potentials in patients with SCI, consistent with axonal degeneration. While such changes in 

the upper limbs of people with tetraplegia could reflect irreversible axonal degeneration as a result 

of direct damage of motor neurons from primary and secondary injury processes at the time of 

injury, their presence in the lower limbs, far from the injury site, have been reported to reflect trans-

synaptic degeneration [21, 28]. However, the reported electrophysiological changes are also 

consistent with aberrant myelination and demyelination, and enlargement, loss and distortion of 

the nodes of Ranvier, which may be reversible. These changes occur do not necessarily involve 

axonal deterioration nor Wallerian degeneration. A further study of changes in nerve excitability 

during inpatient admission in patients with acute SCI [29] found that although results from nerve 

conduction studies remained within normal limits, there were significant changes in excitability, 

more pronounced in the lower limb. The marked reduction of electrical ‘traffic’ along the nerve 

exacerbates muscle wasting, and contributes to further loss of function and poor recovery [10]. 

5. Histological Abnormalities in Human Peripheral Nerves 

Direct assessment of peripheral nerve morphology in human SCI has not been possible to date. 

However, the recent application of nerve transfer surgery [30-34] to restore volitional control to 

arm and hand muscles in people with cervical SCI presents a novel, unique and rare opportunity to 

sample peripheral nerves after SCI without morbidity. Nerve transfer surgery involves the transfer 

of nerve branches (originating above the injury zone) from an expendable muscle retaining 

volitional control (donor nerve) to an intact but non-functioning recipient nerve below the level of 

injury, with the aim of restoring volitional control of important functions. This type of surgery 

reanimates muscle groups without altering their biomechanics [35]. Common transfers include the 

teres minor (TM) to triceps nerve for elbow extension, the supinator to posterior interosseous nerve 
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(PIN) for finger and thumb extension, the extensor carpi radialis brevis (ECRB) nerve or the brachialis 

nerve branch to the anterior interosseous nerve (AIN) for extrinsic thumb flexion and reanimation 

of flexor digitorum profundus to the index and middle finger.  

Fox et al [32] described decreased fibre density in two of seven anterior interosseous nerves 

sampled at the time of nerve transfer surgery. In our recent, more extensive morphological study 

[36] specimens of donor and recipient nerves were collected from three participants with cervical 

SCI who were referred for surgical reanimation of hand function. Donor nerves included teres minor, 

posterior axillary, brachialis, extensor carpi radialis brevis and supinator. Recipient nerves included 

triceps, posterior interosseus (PIN) and anterior interosseus nerves (AIN). A qualitative assessment 

showed that 80% of the nerves showed abnormalities, with the most common being myelin 

thickening and folding, demyelination, inflammation and a reduction of large myelinated axon 

density. Others were a thickened perineurium, oedematous endoneurium and Renaut bodies. 

Significantly, very thinly myelinated axons and groups of unmyelinated axons were observed. These 

probably are indicative of regenerative efforts rather than thinly myelinated Aδ fibres, since the 

nerve fascicles involved in nerve transfer surgery are identified intra-operatively as motor fascicles.  

Abnormalities were observed in both donor and recipient nerves and they differed in appearance 

and aetiology. Figures 1 and 2 show axonal and myelin abnormalities in donor (nerves to supinator 

and teres minor) and recipient (anterior interosseus and posterior interosseus nerves and nerve to 

triceps) nerves. Donor nerves had predominantly reduced axon density, Renaut bodies and 

regenerating axons, whereas the recipient nerves had more severe myelin abnormalities. The 

pathophysiological mechanisms underlying such changes are not understood and are likely to be 

multifactorial. Some of these are discussed in detail below. 

 

Figure 1 Light micrographs of methylene blue stained cross-sections from donor 

supinator and teres minor nerves in participants with SCI. Nerve fascicles in A have 

relatively normal axon density and myelin (M). Nerve fascicles in B have reduced axon 

density and aberrant myelin, including thinning and demyelination (arrows), thickening 

(*) and folding (#). Teres minor nerve in C has a sparsely populated endoneurium with 

small thinly myelinated/demyelinated axons (solid arrows) and an oedematous 

endoneurium and prominent Renaut bodies (dotted arrows). Bar (A-C) = 50μm. D shows 

an epineural blood vessel infiltrated with mononuclear blood cells, neutrophils and 

lymphocytes. E shows epineural connective tissue infiltrated by mast cells. Bar (D, E) = 

20 μm. Micrographs: A & B are from two participants with SCI at C5, 11 months post-

injury; C from a participant with SCI at C5, 10 months post-injury; D & E from participants 

with SCI level C4 12 months and level C5 at 7.5 months respectively. 
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Figure 2 Light micrographs of methylene blue stained cross-sections from recipient 

nerves in participants with SCI. Nerve fascicles in A show reduced axon density, myelin 

(M) thinning and demyelination (arrows), thickening (*), small thinly myelinated axons 

(<) and infolding (#). B shows reduced axon density. C is a partial longitudinal section 

shows extensive myelin thickening (*) and infolding (#) and small thinly myelinated 

axons (<). PIN=posterior interosseous nerve, AIN=anterior interosseous nerve. Bar = 

50μm. Micrographs: A, B, C are from a participant with SCI at C5, 11 months post-injury. 

6. Effect of SCI on Motor Neuron Function 

The loss of signals from the brain after SCI result in anatomical and functional changes in the 

neuronal circuitry below the level of injury [37]. Importantly, loss of descending input to the motor 

neurons below the level of injury has a profound effect on their integrity and function [28]. The 

number of motor neurons in the sub-lesional spinal cord appear to remain unchanged after injury 

in humans and in experimental animals [38-41]. However, a study using intraneural motor axon 

stimulation in humans showed that motor neuron excitability may depend on how close the motor 

neurons are to the site of injury. For example, thenar motor neurons became more excitable after 

SCI at C4, and less excitable after SCI at C5 or C6 compared with motor neurons in able-bodied 

people [42]. Studies in experimental animals show a number of other changes. There is a reduction 

in the dendritic tree of motor neurons [43]. SCI leads directly to a loss of excitatory drive to the 

motor neurons, mediated by descending inputs to segmental interneurons, which are also a major 

source of synaptic inputs onto the motor neuron [44]. Such a loss of synaptic input may lead to a 

de-afferentation-induced remodelling of the dendritic architecture [45, 46]. Motor neuron 

excitability is reduced immediately after SCI [47, 48], however in the chronic phase, motor units 

exhibit long-lasting discharges sustained by plateau potentials which contribute to exaggerated 

reflex activity and spasticity [49, 50]. 

Apart from loss of descending excitatory drive, there may be direct damage to motor neurons 

within the SCI zone which would lead to a lower motor neuron injury and/or reduced axon density 

in the peripheral nerve. It is important to note that the donor and recipient nerves used in the 

reanimation of the upper limb using nerve transfer surgery arise from motor neuron pools adjacent 

to the SCI which may be directly affected by the injury. However, neurophysiological evidence of 

high stimulation threshold of motor axons and reduced amplitudes of compound action potentials 

in lower limb peripheral nerves in patients with SCI [27] suggest that reduced axon density is a 

systemic phenomenon. Animal studies have shown that lack of muscle activity also affects motor 

neuron properties [51] which are dependent on trophic factors associated with muscle activity, that 

are retrogradely transported along motor axons [52]. Compared with simple limb immobilisation, 
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SCI results in an increased proportion of intermediate fast twitch motor units at the expense of 

fatigue-resistant motor units [53].  

Our observations of a reduction in the number of large myelinated axons is consistent with the 

electrophysiological changes previously reported, including a reduction or loss of compound action 

potentials [19-25, 27-29]. The presence of thinly myelinated or unmyelinated axons may be related 

to regenerative efforts associated with the response to the original LMN injury. If so, this highlights 

regeneration over a prolonged period, as the participants were more than 10 months post-injury 

(Figures 1, 2, 3). 

 

Figure 3 A. Light micrograph of a toluidine blue-stained tangential section from the 

recipient anterior interosseous nerve (AIN). Note the pale stained axons, and darkly 

stained myelin showing abnormal thickening (*) and infolding (#). An abnormal node of 

Ranvier has overlapping myelinated regions and internalized Schwann cell loops (red <). 

Populations of relatively normal small thinly myelinated and unmyelinated axons 

(arrows) are also present. Bar = 20μm. B. Electron micrograph of a node of Ranvier 

(yellow arrows) in longitudinal section from the recipient posterior interosseous nerve 

(PIN) from a participant with SCI. Residual myelin is thickened (M). Schwann cell 

cytoplasm is absent from the nodal region and the axoplasm is deteriorated and cystic. 

Note unmyelinated axons (black arrow). Bar = 5μm. C. Electron micrograph of recipient 

nerve (TRICEPS). Note infolded residual myelin (#) with multiple regions of split lamellae, 

encroaching on the axon space but also detached from axon membrane. Bar = 5μm. 

Micrographs: A from a participant with SCI at C4, 12 months post-injury; B & C from a 

participant with SCI at C5, 11 months post-injury. 

Renaut bodies, observed only in the nerve to teres minor and the posterior axillary nerve in our 

study, are composed of spidery fibroblasts and perineurial cells, have been reported in more than 

50% of nerves at risk of sub-clinical entrapment that are mainly located at sites of nerve 

compression [54, 55]. The axillary nerve passes through the quadrilateral space accompanied by the 

posterior circumflex humeral artery and may be subject to compression. A neurovascular 

compression syndrome, the quadrilateral space syndrome, is an uncommon condition presenting 

as a complaint of shoulder pain combined with shoulder weakness [56]. It is difficult to diagnose, 

and weakness due to compression of this nerve may be masked in a person with tetraplegia. 



OBM Neurobiology 2020; 4(4), doi:10.21926/obm.neurobiol.2004075 

 

Page 7/17 

However, the axillary nerve is potentially another nerve in the upper limb that may be at risk of 

compression after SCI in addition to those already reported.  

Studies in experimental animals have shown that the neuromuscular junction is selectively 

vulnerable to inactivity between and within muscles [57, 58]. Skeletal muscles can be subdivided 

into two separate categories, Fast Synapsing and Delayed Synapsing, on the basis of distinct focal 

clustering of acetylcholine (AChR) receptors, the alignment of the presynaptic nerve with focal AChR 

clusters, and the alignment of Schwann cells with the presynaptic nerve terminal [59]. These two 

muscle types respond differentially to SCI, with animal studies showing destabilised synapses in Fast 

Synapsing hindlimb flexor muscles (extensor digitorum longus and tibialis anterior), but not in 

Delayed Synapsing extensors (medial gastrocnemius and soleus) [60]. 

7. Inflammation 

Human post-mortem studies of cases of SCI have shown that local ischemia predominantly 

affects the spinal grey matter due to damage of the anterior sulcal arteries and disruption of the 

microvasculature within the spinal cord at the time of injury [61]. Restoration of blood flow, while 

essential to salvaging of ischemic tissue, paradoxically causes further damage through release of 

reactive oxygen species [62], as well as inflammatory cytokines, such as TNF-α, interleukins and 

interferons. Increased levels of inflammatory or metabolic products may directly affect channel 

function in the peripheral axons [63]. Immune factors such as anti-ganglioside GM1 antibodies have 

been shown to promote formation of antibody-complement complexes that could block sodium 

channels to disrupt the node of Ranvier [64]. People with SCI have chronic systemic inflammation 

and immune suppression [65] and this, in conjunction with existing neurological deficits, may make 

them more susceptible to developing channelopathies.  

However, the axonal dysfunction could result from local, rather than systemic processes. The 

inflammatory response noted by Messina et al [36] was based on the observation of epineural vessel 

and connective tissue localisation of mononuclear blood cells, neutrophils, lymphocytes (Figure 1D) 

and mast cells (Figure 1E). Inflammation of the peripheral nervous system in patients with SCI may 

either contribute to, or be a response to, the abnormalities observed.  

Axonal degeneration of sensory and motor axons has been identified as a feature of critical illness 

polyneuropathy and myopathy, which are frequent complications in patients admitted to intensive 

care units [66, 67]. Such patients have multiple serious risk factors such as acute respiratory distress 

syndrome, sepsis or systemic inflammatory response syndrome or multiple organ failure. Systemic 

inflammatory response syndrome is also associated with trauma, including SCI. Among the features 

of critical illness polyneuropathy are reversible channelopathies, and microcirculatory abnormalities 

leading to endoneural oedema [67]. 

8. Schwann Cells and Myelination 

There are four classes of Schwann cells: myelinating Schwann cells (MSCs), nonmyelinating 

Schwann cells (NMSCs), perisynaptic Schwann cells (PSCs) (also known as terminal Schwann cells), 

and satellite cells of peripheral ganglia. The best characterised are MSCs, each of which wraps 

around a single large diameter axon, creating the myelin sheath necessary for efficient propagation 

of the action potential. PSCs are located at the neuromuscular junctions, where they cover, but do 

not completely wrap around, the presynaptic terminal of motor axons [68]. There is intimate contact 
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between Schwann cells and peripheral axons along their entire length. A single Schwann cell 

myelinates up to 1000 μm long internodes (discrete myelinated axonal segments separated by the 

nodes of Ranvier) [69] (Figure 3), therefore a minimum of 100 Schwann cells are required for every 

10 cm of axon length. The nodes of Ranvier regulate nervous system activity. Node length is tightly 

controlled but is sensitive to Schwann cell integrity and myelin changes. The nodal region has three 

domains, the node, marked by clustering of sodium channels, the paranode, localised using the 

adhesion molecule Caspr, and the juxtaparanode, marked by clustering of potassium channels. 

Disruption of organisation of the nodal region results in pathophysiological changes associated with 

demyelinating diseases [68]. Arancibia-Cárcamo et al. [70] showed that differences in the length of 

nodes can fine-tune the activity of the nervous system and that this could result in electrical signals 

moving at different speeds through different nerve cells. These findings raise the possibility that 

nerve cells may not only actively alter the length of their nodes in order to alter their signal speed, 

but that external influences, such as loss of descending input or electrical stimulation may also affect 

node length.  

Schwann cell and myelin abnormalities in the peripheral nervous system (PNS) (Figure 3) 

probably contribute to the electrophysiological abnormalities recorded in peripheral nerves and 

target muscles. Such myelin abnormalities in peripheral nerves of people with SCI have not 

previously been reported. In SCI the abrupt cessation of action potentials disrupts the calcium 

mediated activity-dependent communication between axons and Schwann cells, and it has been 

suggested that this compromises myelin integrity [71]. Altered myelination has been reported in 

the peripheral nerves of animal models of SCI and Charcot-Marie-Tooth disorders [72, 73] and 

studies of experimental Charcot-Marie-Tooth disease may provide some insight into mechanisms 

underlying peripheral nerve dysfunction in SCI. Detachment of the myelin sheath and axonal 

atrophy have been observed after SCI in rats and were associated with electrophysiological 

abnormalities [71]. Separation of the axon from the associated myelin sheath has also been 

observed in the nerves of people with Charcot-Marie-Tooth disease. At high resolution, the changes 

are localised to the paranodal region and involve compromised Schwann cell functions and impaired 

Schwann cell-myelin interactions [72]. In experimental Charcot-Marie-Tooth disease, myelin 

infolding, similar to that shown in Figure 3, was observed. This was linked to constricted axons, 

suggesting that the infolding myelin may physically block axonal transport. The myelin infolding was 

also associated with a widened nodal gap at the node of Ranvier and preceded the node of Ranvier 

abnormalities [73]. It has been proposed that the myelin infolding and nodal abnormalities are 

caused by defects in the maintenance of the myelin sheath and the Schwann cell-axon relationship, 

and may be the precursors of demyelination and axonal degeneration [73, 74]. Examination of the 

nodes of Ranvier in the peripheral nerves of people with SCI at both the light microscopy (Figure 3A) 

and high resolution electron microscopy (Figure 3B, 3C) levels shows deterioration.  

In nerve transfers the decentralised recipient axon is severed and subsequently undergoes 

axonal degeneration. This initiates a process of Wallerian degeneration, necessitating myelin 

removal by Schwann cells and macrophages, in order to enable the formation of Schwann cell tubes 

(bands of Büngner) to guide and support donor axons [75]. It has been shown that the larger the 

diameter of the nerve fibre, the slower the rate of degeneration, and that the thickness of the 

myelin sheath appears to be the main factor determining the rate of degeneration [76]. Therefore, 

the presence of a markedly increased volume of myelin would likely increase the time required for 

removal, exacerbating and extending the associated inflammatory responses, thereby delaying and 
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possibly compromising formation of Schwann cell tubes for regeneration after nerve transfer 

surgery. Interventions that could reverse the formation of excess myelin applied prior to surgery, 

such as electrical stimulation, may normalise the myelin and thereby accelerate regeneration post-

surgery. 

9. Interventions to Improve the Health of Peripheral Nerves after SCI 

Maintenance of peripheral nervous system function during the early period after SCI may lead to 

better functional outcomes. A number of different interventions have been investigated in animal 

models. 

9.1 Activity-Based Training 

In a rat model of intensive care, attenuation of hindlimb muscle fibre atrophy with passive cycling 

was accompanied by reduced oxidative stress, decreased myosin losses and spared force-

generating capacity of the exercised muscles [77]. Gene expression of brain-derived neurotrophic 

factor (BDNF) and glial cell line–derived neurotrophic factor (GDNF), growth factors which help 

regulate neuronal survival and synaptic strength, was upregulated in paralysed muscles of spinal 

cord-injured rats after only one session of passive cycling [78]. Similarly, BDNF, neurotrophin-3 and 

neurotrophin-4 were upregulated in the lumbar spinal cord enlargement within four weeks of 

passive cycling, implying potentially bi-directional signalling via a neuromuscular retro/anterograde 

transport pathway [79]. However, caution needs to be applied, as increasing neural activity through 

exercise may have detrimental effects during the acute phase of sprouting in damaged peripheral 

nerves. Exercise was shown to compromise sprouting in the context of extensive partial denervation 

of rat hindlimb muscles [80].  

Other forms of activity-based training have been used in other contexts. For example full 

recovery of whisking (the sweeping movement of the vibrissae) was restored with regular gentle 

mechanical stimulation (both manual and environmental) of paralysed vibrissal muscles and whisker 

pads following facial nerve injury in the rat [81]. This study highlights the importance of afferent 

input which plays a major role in shaping and maintaining the morphology of the dendritic tree [82, 

83]. 

9.2 Electrical Stimulation 

Only one study has specifically investigated the application of an intensive short-term peripheral 

nerve stimulation program to reverse electrophysiological changes in patients with chronic SCI [84]. 

A portable neuromuscular electrical stimulator was used to stimulate contraction of target muscles 

(450 μs pulses delivered at 100 Hz with a 2s on-off cycle) for 30 minutes daily for 6 weeks. Nerve 

excitability studies showed that the axonal dysfunction was ameliorated after this program, 

although the mechanisms underlying the change are not understood. Moreover, this stimulation 

was applied passively to patients. Functional electrical stimulation (FES) on the other hand, enables 

patients to do functional tasks, e.g. grasping and releasing objects, and therefore has the added 

benefit of neuromodulation within the spinal cord through task-specific practice [85].  

In spinal cord-injured humans, functional electrical stimulation (FES)-assisted exercise, mainly 

cycling and rowing, has been included in rehabilitation programs for many years. FES is delivered by 
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stimulating the peripheral nerves of the muscles in the appropriate sequence required for the 

functional task, and a number of different types of neuroprostheses have been developed that 

utilise FES for assisting standing, walking and grasping [86]. This is only possible if the muscles can 

be stimulated, i.e. no complete LMN injury. Because FES directly stimulates the peripheral nerves, 

it provides a way of increasing neural traffic along the nerves through assisting with functional tasks. 

Most of the research to date has focused on reversing muscle atrophy, changes in muscle fibre type, 

and improvements in cardiorespiratory and metabolic health [87]. Increases in muscle strength have 

also been reported [86, 88], as well as a reduction in the levels of inflammatory markers, interleukin-

6 (IL-6), tumor necrosis factor-alpha (TNF-alpha), and C-reactive protein (CRP) [88]. However there 

have been no studies to date which have directly examined the effects of FES on peripheral nerves. 

10. Interventions to Improve Regeneration of Peripheral Nerves  

The context of nerve transfer surgery highlights the importance of peripheral nerve regeneration. 

The misdirection of regenerating axons after peripheral nerve transection has been considered to 

be a major factor associated with poor functional recovery [89, 90]. A number of experimental 

interventions have been used to promote axonal regeneration after nerve repair, including a variety 

of neurotrophins, such as leukemia inhibitory factor (LIF) [91] or reducing inhibitory molecules in 

the environment, such as chondroitin sulfate proteoglycans [92]. However while these strategies 

were successful in promoting regeneration, they have also been shown to increase the amount of 

misdirection of regenerating axons and functionally inappropriate innervation [92]. Brief electrical 

stimulation applied just prior to transection also resulted in misdirection of regenerating axons [90]. 

Electrical stimulation upregulates neurotrophic factors such as BDNF and trkB in motor neurons 

after sciatic nerve injury in the rat [93] and has been applied at the time of repair of peripheral 

nerves to accelerate axonal regeneration and muscle reinnervation in animals and humans [94]. 

Two weeks of continuous low frequency (20 Hz) stimulation of an injured femoral nerve proximal 

to the injury site in the rat was shown to promote axonal regeneration, speeding the process from 

8 weeks to 3 weeks [95]. However, even one hour of electrical stimulation at 20 Hz at the time of 

nerve repair was equally effective in promoting both motor and sensory axon regeneration [95]. 

Low intensity interval treadmill exercise has been shown to enhance axonal sprouting in rat 

common fibular nerve [96]. Electrical stimulation provided for one hour immediately after injury 

combined with two hours of daily treadmill running for four weeks led to increased axonal 

regeneration after sciatic nerve injury and repair in the rat [97]. However a high workload during 

the early period of reinnervation may be detrimental, so exercise of reinnervating muscle needs to 

be carefully titrated [98]. While there have been further studies investigating the timing and dosage 

of application of electrical stimulation in animals [99, 100], there have been a number of trials of 

this intervention in humans (reviewed in [101]). One hour of electrical stimulation at 20 Hz, provided 

either intra-operatively or immediately post-operatively to patients who had surgical repair or 

decompression of peripheral nerves, led to improved function and showed proof of concept in 

translation of experimental findings to the clinic. 

11. Summary 

There are still many questions about the aetiology, ultrastructural, morphological and 

immunological characteristics, onset and progression of the abnormalities observed in the 
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peripheral nerve after SCI. The reversibility of the observed changes, and prevention strategies and 

possible therapies that may be of benefit to the peripheral nerves in spinal cord injury require 

further investigation. A better understanding of how peripheral nerve abnormalities in SCI may be 

reversed is essential in order to be able to develop/apply/predict therapies that maintain this critical 

component of the nervous system in readiness for the application of other emerging interventions 

focused on spinal cord repair.  
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