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Abstract

 

The peripheral nervous system has the intrinsic capacity to regenerate but the reinnervation of muscles is often

suboptimal and results in limited recovery of function. Injuries to nerves that innervate complex organs such as the

larynx are particularly difficult to treat. The many functions of the larynx have evolved through the intricate neural

regulation of highly specialized laryngeal muscles. In this review, we examine the responses of nerves and muscles

to injury, focusing on changes in the expression of neurotrophic factors, and highlight differences between the

skeletal limb and laryngeal muscle systems. We also describe how artificial nerve conduits have become a useful

tool for delivery of neurotrophic factors as therapeutic agents to promote peripheral nerve repair and might even-

tually be useful in the treatment of laryngeal nerve injury.
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Introduction

 

Peripheral nerve injury is a common problem; up to

300 000 cases present each year in Europe alone and

despite surgical repair, disability often persists for the

lifetime of many patients (Wiberg & Terenghi, 2003).

The extent of damage determines whether or not

recovery of function is possible. Seddon published his

classification of nerve injuries in 1943, and Sunderland

(1951) expanded this grading system to describe its

clinical relevance in predicting functional outcome

(reviewed in Grant et al. 1999). Neurapraxic injury

involves minimal damage to axons and results in short-

term conduction block. Spontaneous recovery normally

occurs after several days to several weeks. In the case of

axonotmesis the nerve axons are severed and nerve

conduction is lost. Subsequently, a complex series of

molecular and cellular reactions takes place at the

lesion site in an effort to regenerate the axon for

reconnection with its target organ. Given that the

injury often occurs at a significant distance from the

target organ, recovery of function takes months and

often remains far from ideal. Neurotmesis involves

damage to axons and myelin as well as the external

nerve envelope layers. In this instance, the regenerative

process is more disorganized with the re-growth of

poor quality axons with limited function. Neurotmesis

often gives rise to neuromas that prevent axons reach-

ing their target organs. Axons may also grow in a

misdirected fashion and innervate muscle fibres they

did not previously contact. This process is known as

synkinesis. It results in uncoordinated movement of

muscles and is a particular problem for complex organs

such as the larynx which require synchronized move-

ment of many muscles for full function.

 

The larynx and recurrent laryngeal 
nerve injury

 

Laryngeal dysfunction occurs after injury to the recur-

rent laryngeal nerve (RLN). Unilateral paralysis may

follow neck or cardiac surgery, or may be idiopathic

and result in transient or permanent dysphonia. Bi-

lateral paralysis is less common but more serious as it

leads to life-threatening breathing complications. Causes
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include thyroid surgery and neurological disease such

as peripheral neuritis. Current treatment options for

laryngeal paralysis are far from ideal. To date, reinner-

vation strategies for the larynx have limited efficacy

and are not a widely used treatment. Currently, static

medialization techniques such as laryngeal framework

surgery are performed to manage dysphonia and aspi-

ration. In the case of bilateral damage, a tracheostomy

is often required to bypass the airway obstruction, but

this severely impairs quality of life and may actually

aggravate aspiration. Current surgical procedures can-

not restore true laryngeal motion. Thus, our group has

been examining novel methods to repair the injured

RLN using techniques developed for the treatment of

other peripheral nerve injuries (Birchall et al. 2004;

Kingham et al. 2005a).

The motor innervation of the larynx is supplied by

the vagus nerve. Neuron cell bodies are located in the

brainstem in the nucleus ambiguus and the retrofacial

nucleus (Gacek et al. 1977). Axons destined for the RLN

remain grouped with other vagal fibres until branching

off into right and left RLNs in the thorax and tracking

back up to the larynx. One-quarter of RLN motor axons

innervate the posterior cricoarytenoid (PCA), the only

laryngeal abductor muscle, which is responsible for

opening the glottis upon inspiration. The remaining

axons pass to the adductor muscles [thyroarytenoid

(TA), lateral cricoarytenoid and interarytenoid], which

act in concert with the PCA to provide fine control of

phonation, swallowing and the cough reflex.

Various scenarios can occur after RLN damage. After

a mild neurapraxic injury, which may occur after thy-

roidectomy, the nerve can regain function spontaneously

after a number of weeks. By contrast, if the nerve is cut

or crushed not all the regenerating axons will achieve

the desired reinnervation of the laryngeal muscles. Those

that do reach the muscle can prevent denervation

atrophy but are unable to evoke voluntary contraction.

Some axons will fail to reach their targets completely

whereas others will grow in a misdirected fashion. This

leads to adductor axons innervating abductor muscles

and vice versa

 

,

 

 resulting in simultaneous contraction of

antagonistic muscles and mass movement (Crumley,

1989). It is because of synkinesis that surgeons have

found it difficult to restore effective movement to

the paralysed larynx using reinnervation techniques.

Understanding changes that take place in injured

peripheral nerves and the consequences of denerva-

tion for muscle function should lead to new therapies

for treatment of RLN injury. Furthermore, it is important

to appreciate that there may also be intrinsic differences

between the responses of limb skeletal muscles and

laryngeal muscles to denervation. These topics will be

addressed here.

 

Methods for enhancing muscle reinnervation

 

Pharmacological and surgical strategies to enhance

recovery of function aim to increase the number of

appropriate axons which reach their targets in the

shortest time after injury. The goal is to minimize the

amount of end organ atrophy associated with denerva-

tion (Borisov et al. 2001). Loss of connectivity results in

decreased trophic support for the injured neurons and

increased cell death. For instance, up to 35% of the

total dorsal root ganglion (DRG) sensory neuron popu-

lation undergoes apoptosis following nerve transec-

tion (McKay Hart et al. 2002). Motor neurons may be

less sensitive to cell death than sensory neurons (Zhang

et al. 2004) but nevertheless represent a vulnerable

population of cells. Neurons that survive the initial

insult do so by switching on growth genes (Costigan

et al. 2002) to compensate for their decreased trophic

support. In this article we review the current knowledge

of the changes that occur in the expression of one

particular group of growth proteins, the neurotrophic

factors, both at the site of nerve lesion and within the

denervated muscle. Understanding how these changes

influence the profile of regeneration may help in the

development of pharmacological strategies to enhance

neuronal survival, promote faster regeneration and

ensure accurate target reinnervation.

 

Mechanisms of axonal regeneration

 

Injury to a peripheral nerve normally results in some

degree of axonal regeneration and involves a complex

series of cellular and molecular reactions. Wallerian

degeneration leads to the sealing of severed axon ends

and initiation of the regenerative phase. This results in

phenotypic and morphological changes to both

neurons and Schwann cells within days of injury. Axons

swell as they fill with organelles and the cytoskeleton

begins to break down, leading to the formation of axonal

membrane fragments. This initial phase of degenera-

tion is mediated by increased levels of intracellular

calcium and activation of calcium-dependent proteases

such as the calpains (George et al. 1995). Denervated
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Schwann cells down-regulate their expression of myelin-

associated proteins and certain adhesion-dependent

molecules (Gupta et al. 1988), resulting in the destruc-

tion of their myelin sheaths and the production of high

levels of debris. In order for axons to re-grow across this

lesion site the area must be ‘cleaned up’. Schwann cells

up-regulate pro-inflammatory cytokines within hours

of injury and encourage the migration of macrophages

to the site of injury (Perry et al. 1987; Toews et al. 1998).

Degradation of the myelin sheaths by macrophages

removes growth inhibitory molecules such as myelin-

associated glycoprotein (Tang et al. 1997) and encour-

ages the proliferation of Schwann cells (Baichwal et al.

1988). Thus, within a week of injury, Schwann cells

dedifferentiate and proliferate rapidly to cover the space

previously filled by the degenerating axons and

fragments of myelin. Furthermore, there is co-ordinated

alignment of Schwann cells. When there is a gap,

Schwann cells emerge from the distal stump and form

columns of cells known as the bands of Bungner, which

act to guide regenerating axons to the end organ.

Meanwhile, at the proximal side of the lesion, retro-

grade changes occur within the neuronal cell bodies.

Increased lysosomal phosphatase activity after injury

results in the removal of old protein-synthesizing

machinery. This leads to the production of a new pro-

file of growth-promoting proteins (Fenrich & Gordon,

2004). Axonal sprouts emerge from the proximal stump

and grow towards the lesion site at a rate of 1–2 mm

day

 

−

 

1

 

. An excess production of sprouts ensures that at

least some successfully enter the endoneurial tube and

have the ability to reach their end organ. This involves

a process of contact guidance between the growing

axon tip and the Schwann cells lining the tube. Dedif-

ferentiated Schwann cells up-regulate the expression

of many regeneration-related genes, which produce

proteins associated with axonal elongation (Hall, 2005).

Thus, the ability of the peripheral nerve to regenerate

is strongly determined by its level of trophic respon-

siveness following injury.

 

Altered neurotrophic factor expression in 
injured neurons

 

Understanding the changes that occur in growth factor

expression in the injured peripheral nerve might indi-

cate suitable pharmacological therapies for repair and

enhancement of muscle reinnervation. In this section

we review the available literature on this topic.

 

Nerve growth factor (NGF)

 

NGF was the first neurotrophic factor to be identified

(Levi-Montalcini & Hamburger, 1951) and can bind to

both the p75NTR and trk-A receptors (Kaplan et al.

1991). NGF is present only in low levels in the healthy

nerve but shows rapid increases in expression after

nerve injury (Saika et al. 1991). More recently, it has

been shown that satellite glial cells surrounding the

DRG up-regulate levels of NGF after axotomy and this

contributes to the induction of sympathetic nerve

sprouting after injury (Zhou et al. 1999). Schwann cells

at the injury site can also rapidly up-regulate NGF levels,

possibly to compensate for the loss of supply from the

nerve itself (Abe et al. 2004). The role for NGF in recovery

of motor neuron function may be limited as these cells

do not express the high-affinity trk-A receptors and

 

in vitro

 

 studies have shown little effect on neurite out-

growth in isolated neuronal cultures (Henderson et al.

1993; Wong et al. 1993). The levels of p75NTR are

increased in motor neuron cell bodies and axons as well

as Schwann cells during Wallerian degeneration. Two

independent models of motor neuron injury using

P75–/– mice showed that this up-regulation of P75 was

not necessary for motor neuron survival but in fact

increased the sensitivity to cell death (Ferri et al. 1998;

Boyd & Gordon, 2001).

 

Brain-derived neurotrophic factor (BDNF)

 

BDNF was the second member of the neurotrophin family

to be characterized (Leibrock et al. 1989). It shares 54%

sequence homology with NGF and has multiple actions

throughout the nervous system. The effects of BDNF

are mediated principally by the tyrosine kinase receptor

trk-B (Squinto et al. 1991). Auto-phosphorylation of

the receptor enables it to bind and phosphorylate tar-

get proteins that affect the growth and differentiation

of cells. BDNF is expressed by skeletal muscle and is an

important trophic factor for motor neurons, influenc-

ing the expression of cholinergic genes and promoting

cell survival in culture (Henderson et al. 1993). Evidence

for a role in nerve regeneration comes from a number

of 

 

in vivo

 

 studies. The levels of BDNF are up-regulated

in denervated Schwann cells (Meyer et al. 1992). Blockade

of BDNF with neutralizing antibodies indicates that

these endogenous increases are necessary for efficient

myelination and regeneration of the sciatic nerve (Zhang

et al. 2000). The DRG shows increased levels of BDNF
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after axotomy and this may act locally to induce sprouting,

as in the case of NGF (Deng et al. 2000), or it may be

transported anterogradely leading to increased expres-

sion at the proximal stump (Tonra et al. 1998). The

expression of trk-B has been shown to be critical for

axonal regeneration (Boyd & Gordon, 2001) and enhanced

levels after axotomy suggest a protective response to

injury (Hammarberg et al. 2000). Furthermore, it has

recently been suggested that the up-regulation of

BDNF and trk-B mediates changes in the level of

other regeneration-associated genes (Al-Majed et al.

2004).

 

Neurotrophin-3 and -4 (NT-3, NT-4)

 

Other proteins more distantly related to NGF are the

neurotrophins, NT-3 and NT-4, each with a preferential

binding pattern to trk receptors. NT-3 principally signals

through the trk C receptor and is abundantly expressed

in the peripheral nervous system (Katoh-Semba et al.

1996), whilst NT-4 binds to the trk-B receptor expressed

by most motor neuron cells (Escandon et al. 1994). A

number of 

 

in vitro

 

 and 

 

in vivo

 

 studies have indicated

that both NT-3 and NT-4 are key survival factors for

motor neurons (Sendtner et al. 1996). Furthermore,

NT-4 has been shown to be required for the early

re-growth of regenerating axons. Allografts from NT-

4-knockout animals produced significantly shorter axonal

extensions than wild-type animals whereas BDNF

knockouts were no different (English et al. 2005).

A recent extensive study has mapped the changes in

neurotrophin expression in the injured peripheral nerve

after different types of injury (Omura et al. 2005). The

levels of NT-3 mRNA in the sciatic nerve were signi-

ficantly decreased after axotomy but not after crush

injury. NT-4 mRNA was also significantly decreased

after neurotmesis with fluctuating levels in the other

injury paradigms. The levels of both proteins were

significantly enhanced after all types of injuries. This

increased production of protein is likely to come

from invading inflammatory cells at or near the site of

injury. For instance, enhanced levels of NT-3 have

been shown to be proportional to the extent of macro-

phage infiltration rather than to the severity of axonal

pathology (Sobue et al. 1998). Furthermore, in contrast

to the anterograde transport of BDNF after injury,

NT-3 is transiently up-regulated at the proximal stump

and transported back to the cell body (Nitta et al.

1999).

 

Ciliary neurotrophic factor (CNTF)

 

CNTF is a 22–24-kDa neurokine protein expressed

throughout the peripheral and central nervous systems

and also in skeletal muscle (Sendtner et al. 1994). It

binds to a glycosyl-phosphatidylinositol-linked CNTF

receptor, which exhibits a high degree of homology

to the 

 

α

 

-subunit of the interleukin-6 receptor system

(Grotzinger et al. 1997). In peripheral nerves, CNTF is

expressed at high levels in Schwann cells but is down-

regulated after injury (Smith et al. 1993; Lee et al.

1995), via the activation of a Ras extracellular-signal-

regulated kinase (ERK) signalling pathway (Abe et al.

2001). The CNTF receptor is expressed by many classes

of neuron but it is cranial and spinal motor neurons

that are particularly sensitive to the effects of CNTF.

Such neurons display a rapid, robust increase in

phospho-STAT3 in their dendrites, cell bodies and

nuclei upon stimulation with CNTF (MacLennan et al.

2000). Activation of STAT3 via CNTF release is an early

retrograde signal in axotomized facial motor neurons

(Kirsch et al. 2003). Concomitantly, the up-regulation

of CNTF receptor after injury (Ito et al. 1998) is likely

to be a protective response (Curtis et al. 1993). Indeed,

CNTF-knockout mice show an impaired ability to

recover from a sciatic nerve crush injury (Yao et al.

1999).

 

Glial cell line-derived neurotrophic factor (GDNF)

 

GDNF and its corresponding receptors are distantly

related to the transforming growth factor family.

GDNF promotes the survival of both motor (Henderson

et al. 1994) and sensory neurons (Matheson et al. 1997)

and is abundantly expressed by skeletal muscle (Nagano

& Suzuki, 2003). Injury to the adult rat sciatic nerve

induces rapid up-regulation of GDNF mRNA in Schwann

cells at the lesion site (Hammarberg et al. 1996) and

differential regulation of GNDF receptors in the sen-

sory neuron bodies (Bennett et al. 2000). The receptors,

GDNF-

 

α

 

 and c-ret, are also increased in the facial nucleus

after motor neuron axon transection (Burazin &

Gundlach, 1998). GDNF stimulates the migration of

Schwann cells, leading to enhanced myelination. Recent

experiments have shown that GDNF activates multiple

kinase proteins and utilizes cell adhesion molecule

signalling pathways to regulate Schwann cell function

prior to myelination (Iwase et al. 2005). Chronically

denervated Schwann cells show decreased expression
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of GDNF and this correlates with impaired regenera-

tion (Hoke et al. 2002).

 

Neuregulin-1

 

The neuregulin-1 family of proteins are homologous to

the epidermal growth factor family and signal via the

receptor tyrosine kinases of the ErbB family (reviewed

in Garratt et al. 2000). A number of different laborato-

ries discovered neuregulins independently, resulting in

a complex nomenclature. Essentially the two best char-

acterized forms of neuregulin-1 are a Type I, otherwise

known as neu differentiation factor, heregulin, or ace-

tylcholine receptor-inducing activity (ARIA), and Type II,

known as glial growth factor (GGF). Type I neuregulin-1

and its associated ErbBs are concentrated at the

neuromuscular junction where they regulate differ-

entiation of muscle fibres, prevent apoptosis and

modulate expression of the acetylcholine receptor gene

(reviewed in Falls, 2003). Alternative splicing gives rise

to various isoforms within each type. For instance, GGF-

I, GGF-II and GGF-III at nanomolar concentrations have

been shown to be potent mitogens for rat Schwann

cells 

 

in vitro

 

, whereas at lower concentrations they

promote Schwann cell survival (Minghetti et al. 1996).

Furthermore, GGF-II increases Schwann cell motility and

activates Schwann cells to release factors that contri-

bute to axonal outgrowth (Mahanthappa et al. 1996).

The process of Schwann cell dedifferentiation and

proliferation is a prerequisite for axonal regeneration

after injury. GGF mRNA is induced in the peripheral

nerve 3 days after axotomy and this coincides with the

onset of Schwann cell DNA synthesis. Expression of erbB2

and erbB3 neuregulin receptors is similarly increased,

suggesting that Schwann cell responses to GGF may be

modulated by changes in receptor density (Carroll et al.

1997). These autocrine survival pathways help prevent

significant Schwann cell apoptosis during injury (Kopp

et al. 1997) and involve signalling via the mitogen-

activated protein kinase pathway and activation of

transcription factors (Parkinson et al. 2002).

 

Neurotrophic factors and recurrent laryngeal nerve injury

 

The majority of the above studies have focused on

changes in expression of neurotrophic factors after

injury to the sciatic nerve. Few studies have specifically

examined this phenomenon in the RLN but it seems

likely that similar changes will occur and that these

could be targets for therapeutic repair. Indeed, fibro-

blast growth factor-2 (FGF-2) has been shown to be up-

regulated in the nucleus ambiguus after RLN crush and

transection injuries (Sanuki et al. 2000). Subsequent

experiments showed that local administration of FGF

to the injured nerve significantly reduced the morpho-

logical signs of muscle atrophy and enhanced vocal fold

movement (Motoyoshi et al. 2004). Similar changes in

GDNF expression in the nucleus ambiguus might also

account for the effect that adenoviral GDNF gene

transfer has on survival of injured motor neurons and

the recovery of vocal fold movement after RLN injury

(Saito et al. 2003; Araki et al. 2006).

 

Characteristics of skeletal and laryngeal 
muscles: effect of denervation

 

In order for a nerve to reinnervate a muscle effectively

it is important to understand the changes that occur in

the muscle after denervation. Motor neurons and the

muscles they innervate are mutually dependent, so

when a nerve is injured the muscle also undergoes

degenerative and regenerative changes. Muscles

contain individual muscle fibres that can be broadly

classified as exhibiting a fast or slow phenotype. This

classification is determined on the basis of myosin

heavy chain (MyHC) protein expression and oxidative

enzyme and mitochondrial content (Schiaffino &

Reggiani, 1996). Thus, skeletal muscles are composed

of fibres expressing slow type I (slow) or fast type II

(principally including subtypes IIA, IIB and 2X) MyHC

protein. Slow and type IIA fibres express high levels of

oxidative enzyme, whilst type IIB fibres display an

enhanced glycolytic biochemistry. Therefore, muscles

which exhibit high levels of slow type protein, such as

the soleus, show a low velocity of contraction and are

highly resistant to fatigue. The opposite is true for fast

type muscles such as the extensor digitorum longus (EDL).

Laryngeal muscles innervated by the RLN display

unique histochemical differences to limb muscle.

Although these muscles express the skeletal muscle fast

and slow MyHC isoforms (Fig. 1) they also contain other

unique MyHC proteins that are not found in limb muscles.

SDS-PAGE and Western blot analyses have shown

that the TA laryngeal adductor muscle expresses a

protein similar to that found in extraocular muscle

(DelGaudio & Sciote, 1997), which might explain the fast

contraction times of this muscle. Another characteristic

marker of laryngeal muscles is the high incidence of
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hybrid fibres that coexpress two or more MyHCs. For

instance, as many as 40% of the fibres in the human

PCA are hybrids (Wu et al. 2000). Though this phenom-

enon is sometimes observed in skeletal muscle it is

more generally associated with the process of regener-

ation. It has been suggested that these hybrid fibres

arise because they receive frequently different patterns

of neural inputs allowing the muscle to perform multiple

functions.

The electrical firing pattern of the motor neuron dic-

tates the phenotype of individual muscle fibres (Lomo

et al. 1974). When nerve injury occurs it is typical for

slow muscles to become faster and fast muscles to

become slower. This happens as the relative propor-

tions of fast and slow MyHC proteins change within the

muscle. For instance, in the EDL muscle there is a signi-

ficant decrease in the number of IIB-positive fibres and

an increase in type IIA and slow fibres after nerve

transection (Michel et al. 1996; Bobinac et al. 2000).

The soleus shows decreased levels of type I MyHC and

undergoes 

 

de novo

 

 expression of type IIX protein

(Grossman et al. 1998) after long periods of muscle

inactivity. Cross-reinnervation experiments show that a

fast muscle can be converted to a slow one following

innervation by a slow motor nerve (Buller et al. 1960).

Similarly, laryngeal muscles like limb skeletal muscle

are under neural control. For instance, tonic low-

frequency impulses are necessary for maintaining slow

type MyHC protein expression in PCA muscle while

slow fibres can be converted to fast following cross-

reinnervation with the hypoglossal nerve (Paniello et al.

2001). The transitions in fast subtype proteins have

been well characterized in rat RLN transection experi-

ments. The levels of IIB MyHC protein are decreased

and IIA and IIX MyHC increased (Shiotani & Flint, 1998).

Furthermore, IIX MyHC protein has been shown to

replace IIB proteins when examined using immuno-

histochemical techniques (Rhee et al. 2004). There is

considerable variation in MyHC protein expression

between species (reviewed in Hoh, 2005). We have

investigated the MyHC protein transitions in porcine

laryngeal muscles as part of our studies in developing

a pig model for laryngeal transplantation (Birchall

et al. 2002). When the porcine RLN is cut we find signi-

ficant changes in the expression of MyHC proteins

(Kingham et al. 2005a). Denervated PCA muscle exhibits

decreased levels of the fast type MyHC isoforms, IIA

and IIB, and increased slow type MyHC expression.

Similarly, there was a fall in type IIB levels in the dener-

vated TA muscle but increases in both IIA and slow

MyHC. These relatively rapid changes in MyHC protein

expression in both skeletal and laryngeal muscles

precede other more obvious markers of denervation.

A denervated muscle undergoes a rapid decline in

mass – the rat EDL muscle loses up to two-thirds of its

mass within a month after denervation (Sterne et al.

1997b). This occurs as a result of individual muscle fibres

undergoing atrophy, particularly in fast type fibres

early in the time course of denervation. Morphological

signs of denervation-induced atrophy manifest them-

selves as a reduction in muscle fibre diameter and the

loss of the mosaic pattern of fibres normally found in

control tissue (Sterne et al. 1997b). We observe similar

phenomena in laryngeal muscles after RLN transection

in the pig (Fig. 2). The ability of regenerating axons to

make contact with muscle may also be impeded owing

to the proliferation of connective tissue cells in denervated

muscle. Often significant fibrosis and replacement of

muscle cells with fat tissue occurs with long-term atrophy

(Dulor et al. 1998).

Denervation of skeletal muscle results in the loss of

one myonucleus per fibre per day (Viguie et al. 1997).

Entire muscle fibres may also degenerate and die in

long-term denervated muscles (Anzil & Wernig, 1989).

Fig. 1 The thyroarytenoid laryngeal 
adductor muscle expresses 
predominantly fast-type fibres. Serial 
transverse sections of the TA muscle 
immunostained for (A) fast-type MyHC 
(red) and (B) slow-type MyHC (red). A 
laminin antibody (green) was used to 
highlight individual muscle fibres. For 
clarity, arrows indicate a group of muscle 
fibres negative for fast- and positive for 
slow-type MyHC. Scale bar = 100 µm.
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In order to reinnervate these muscles successfully it

would be necessary to find ways in which to replace

these lost fibres. Indeed, the muscle initiates its own

regenerative processes in an attempt to do this. Satellite

cells within adult muscle act as a source of regenerating

muscle fibres (Grounds et al. 2002). When a muscle is

denervated it rapidly up-regulates the number of sat-

ellite cells but because there is only a limited supply,

this can become exhausted in long-term denervated

muscle (Viguie et al. 1997). In contrast to skeletal limb

muscle, there appears to be a continuous remodelling

of uninjured laryngeal muscle fibres. BrdU labelling

experiments showed positive nuclei in the PCA and TA

muscle but not in tibialis anterior and pectoralis major

muscles (Goding et al. 2005). Other experiments, how-

ever, suggest that after denervation of laryngeal

muscles there is an increase in the expression of cell cycle

inhibitors such as p21 (Caiozzo et al. 2004). This might

lead to an inhibition of satellite cell proliferation or result

in increased apoptosis of the muscle fibres, which has

been associated with the ageing TA muscle (Malmgren

et al. 2001). Identifying ways in which changes in satel-

lite cell number could be manipulated might lead

to increased functional muscle reinnervation. Recent

experiments have begun to elucidate the interrelation-

ships of the myogenic response, muscle fibre atrophy

and cell death mechanisms in skeletal muscle (Borisov

et al. 2001).

 

Altered neurotrophic factor expression in 
denervated muscles

 

Changes in the expression of neurotrophic factors

within the denervated muscle are likely to influence

how neuromuscular connections are remodelled dur-

ing peripheral nerve regeneration. These changes have

been well studied in skeletal muscles.

 

The neurotrophin family

 

Denervation leads to increased NGF production by

skeletal muscle 4 days after nerve injury (Amano et al.

1991). 

 

In vitro

 

 studies have shown that NGF acting

through the p75NTR results in the fusion of myotubes

suggesting a role in muscle differentiation (Erck et al.

1998). When myoblasts differentiate into myotubes

the levels of p75NTR are down-regulated along with

NGF levels (Wheeler & Bothwell, 1992). The chronic

deprivation of NGF in a transgenic mouse model leads

to a reduction of the size of muscle fibres in the hind-

limb muscles together with an increased incidence of

central nuclei indicative of muscle damage (Capsoni

et al. 2000). Thus, it is tempting to speculate that NGF

may play an important role in muscle maintenance and

regeneration after nerve injury.

BDNF expression is up-regulated in muscle after sci-

atic nerve transection (Griesbeck et al. 1995). In a more

detailed study, the type of nerve injury was shown to

determine whether BDNF expression is altered. Neurot-

mesis induces rapid and sustained increases in BDNF

levels in the soleus. Axotomy produces slower, transient

rises, whilst crush injury is without effect (Omura et al.

2005). BDNF is expressed in both muscle fibres and the

surrounding terminal Schwann cells (Meyer et al. 1992).

BDNF may activate trk-B receptors found in the neuro-

muscular junction and has also been shown to inhibit

agrin-induced clustering on cultured myotubes (Wells

et al. 1999). The level of NT-3 is unaltered in the

gastrocnemius and soleus muscles after sciatic nerve

transection while the levels of NT-4 are increased

(Funakoshi et al. 1993; Omura et al. 2005). NT-4 immuno-

reactivity is particularly detected in slow type muscle

fibres (Funakoshi et al. 1995). Furthermore, the role of

NT-4 in muscle fibre type specification has been inves-

tigated. Injection of NT-4 into the soleus muscle of

Fig. 2 The posterior cricoarytenoid 
laryngeal abductor muscle displays signs 
of atrophy after RLN transection. 
Transverse sections of (A) control PCA 
muscle and (B) PCA muscle 1 month 
after denervation. Haematoxylin and 
eosin staining indicates how the mosaic 
pattern of muscle fibres is lost and the 
reduction of fibre size after nerve injury. 
Scale bar = 50 µm.
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neonatal rats accelerates naturally occurring trans-

formation from fast to slow type MyHC. However, NT-4

fails to restore the normal course of this transforma-

tion in the denervated muscle, suggesting that its

mechanism of action is via a retrograde signal to the

motor neuron (Carrasco & English, 2003). NT-3 and

NT-4 may also have diverse roles in modelling the

neuromuscular junction. Muscle-derived NT-3 increases

the aggregation of acetylcholine receptors in neuron–

muscle co-culture (Fu et al. 1997) while NT-4 inhibits

agrin-induced clustering of the receptors, the latter

effect being mediated by the trk-B receptor (Wells

et al. 1999).

 

CNTF

 

While muscle-derived CNTF plays an important role

in motor neuron survival (Arakawa et al. 1990) it also

induces sprouting at the neuromuscular junction (Siegel

et al. 2000). CNTF has a myotrophic function and plays

a key role in controlling protein turnover in muscle (Wang

& Forsberg, 2000), regulating a number of key enzymes

such as acetylcholinesterase (Boudreau-Lariviere et al.

1996). Interestingly, recent studies suggest that CNTF

can also modulate the differentiation of muscle satel-

lite cells (Chen et al. 2005) and may therefore play a

role in muscle regeneration.

 

GDNF

 

GDNF plays a critical role in the development and

function of synaptic connections. GDNF is constitutively

supplied to the neuromuscular junction (NMJ) during

postnatal development and into adulthood, suggest-

ing its importance in maintenance of the NMJ (Nagano

& Suzuki, 2003). After denervation there is an up-

regulation of GDNF levels in muscle (Lie & Weis, 1998).

Altered production of GDNF in muscle may be respon-

sible for activity-dependent remodelling of the NMJ

(Wehrwein et al. 2002). Over-expression of GDNF in

skeletal muscle induces multiple end-plate formation

and results in hyper-innervation (Zwick et al. 2001).

Thus, after nerve injury, reinnervation is enhanced in

myo-GDNF mice (over-expressing GDNF under the con-

trol of the myogenin promoter) but at the expense of

both neurofilament integrity and functional reliability

(Gillingwater et al. 2004). To date, there does not appear

to be data on the effect of GDNF on muscle satellite

cells.

 

Neurotrophic factor expression and matching of motor 

neurons to the muscle fibres they innervate

 

If a regenerating axon manages to reach a sufficiently

intact muscle it should be directed to its original end-

plate sites. Like skeletal muscle, each laryngeal muscle

fibre has a mono-neuronal innervation derived from

one axon. In contrast to skeletal limb muscle, in which

there is one motor end plate per muscle fibre, laryngeal

axons form several connections with the muscle fibre,

a phenomenon that might account for the rapid and

sustained contraction properties of the laryngeal

muscles (Perie et al. 1997). Numerous mechanisms dur-

ing development are responsible for matching a given

motor neuron to its intended target. Specificity may be

defined at the level of the whole muscle, regions of

the muscle or individual muscle fibre phenotype. For

instance, there is evidence that a set of specific guid-

ance cues increases the probability of slow and fast

motor neurons being directed to the regions of muscle

containing more slow or fast muscle fibres, respectively

(Wang et al. 2002). In our own studies using nerve con-

duits (see below) we have shown that addition of NT-3

to nerve conduits promotes the recovery of only type

IIB fibres in the gastrocnemius muscle (Sterne et al.

1997b). This led to our hypothesis that these muscle

fibres are specifically innervated by a subset of trk-C-

dependent motor neurons. The fact that trk-C mRNA

levels are higher in type IIB-expressing EDL muscle motor

neurons than soleus (slow type) motor neurons sup-

ports this hypothesis (Simon et al. 2002). Furthermore,

we have shown that use of NT-3-containing conduits

results in selective reinnervation of the EDL muscle

(Simon et al. 2000) whilst NT-4 treatment results in

improvements to the soleus muscle (Simon et al. 2003).

Neurotrophins thus represent a likely group of factors

that act as guidance cues for regenerating axons, and

their release at the level of the muscle might play a

key role in determining the accuracy of reinnervation.

Whereas skeletal muscle fibres appear to be imprinted

with a unique identity during development, which

enables them to express specific neurotrophins, it is

unknown if the same is true for laryngeal muscles.

Whereas limb muscles are derived from somites, laryn-

geal muscles along with other craniofacial muscles

have a more complex origin (Noden, 1983). Myoblasts

migrate into the branchial arches from where they give

rise to individual laryngeal muscles. Studies have shown

that different signalling pathways are responsible for



 

Bioengineered nerve repair, P. J. Kingham and G. Terenghi

© 2006 The Authors 
Journal compilation © 2006 Anatomical Society of Great Britain and Ireland

 

519

 

the initiation of myogenesis in limb and craniofacial

muscle development (Mootoosamy & Dietrich, 2002),

suggesting there might be different patterns of

muscle–motor neuron matching in the innervation of

laryngeal muscles.

With a view to addressing this matter we have begun

studies to determine the expression profiles of neuro-

trophins in laryngeal muscles after denervation (Kingham

et al. 2005b). Using Western blot analysis we showed

that the levels of NT-3 in the PCA muscle were signific-

antly elevated five-fold in denervated vs. control muscles

2 months after RLN transection. The denervated TA

muscle also showed a two-fold increase in NT-3 expres-

sion. The pattern of NT-4 expression followed a similar

profile as NT-3. By contrast, changes in BDNF expres-

sion were only observed in the PCA muscle. There was

a significant eight-fold increase in BDNF levels in the

denervated PCA after 2 months. Immunohistochemistry

confirmed that these changes occurred within muscle

fibres themselves and not surrounding terminal glia.

These results suggest that BDNF might be a specific

neurotrophic factor associated with laryngeal abductor

axons and could represent a suitable therapeutic agent

for the reinnervation of the paralysed larynx.

 

Artificial nerve conduits for the delivery of 
neurotrophic factors

 

Neurotrophic factors thus have a profound effect at

the neuromuscular interface, influencing both neuron

survival and outgrowth and muscle cell function and

regeneration. The application of these growth factors

either directly to the injured nerve or intrathecally

via mini-osmotic pumps has been shown to enhance

peripheral nerve regeneration and in some cases promote

functional muscle recovery (reviewed in Terenghi, 1999).

Advanced methods of delivery might ensure some of

these molecules become clinically successful therapeutic

agents.

It is widely accepted that physical guidance of axons

is critical for efficient nerve repair. For many years,

surgeons have used autologous nerve grafts to repair

large gap nerve injuries. This graft serves as a scaffold

to direct regenerating axons while also providing viable

Schwann cells that guide via the band of Bungner and

releasing a plethora of growth factors. More recently

the use of artificial nerve conduits has been suggested

as an alternative to this graft as the nerve graft has a

number of disadvantages. For instance, there is only a

limited availability of donor material, and many lesions,

such as those to the brachial plexus, require long

sections of nerve. Furthermore, the requirement for a

second surgical procedure results in a permanent

denervation and associated sensory deficit at the donor

site. The purpose of an artificial nerve conduit is to

isolate the process of nerve regeneration within a tube,

allowing for concentrated trophic communication

between the proximal and distal nerve stumps and

reduction in the infiltration of scar tissue. Furthermore,

a simple tube structure can be enhanced by the

addition of chemical stimulants such as neurotrophic

factors and biological cues such as Schwann cells. The

lumina of nerve conduits are often filled with a gel to

prevent escape of axons and act as a reservoir for the

added neurotrophic factors and cells.

Artificial nerve conduits may be constructed from

either natural or artificial materials. Extracellular matrix

(ECM) molecules such as fibronectin and collagen

have been shown to influence axonal outgrowth via a

number of stimulatory and inhibitory cues for growth

cone migration (reviewed in Grimpe & Silver, 2002) and

can be used in nerve conduits. We have compared the

use of nerve repair mats constructed from orientated

strands of fibronectin with autologous nerve grafts

and freeze-thawed muscle grafts. Fibronectin mats

supported a significantly faster rate of growth and

number of axons than the freeze-thawed muscle grafts

at early time points, and 15 days after repair fibronectin

and nerve grafts had comparable amounts of regener-

ating axons and Schwann cells (Whitworth et al. 1995).

Furthermore, we were able to enhance nerve regenera-

tion further by the addition of NGF (Ahmed et al.

1999) or NT-3 (Sterne et al. 1997a) to the mats. Individual

fibres of fibronectin promote Schwann cell spreading

and migration prior to alignment with the axis of

the fibres (Ahmed & Brown, 1999). A more recent study

has shown that larger cables of fibronectin can be con-

structed for use in repairing longer nerve gaps. These

cables provide pores of 10–200 

 

µ

 

m that allow Schwann

cells and fibroblasts to penetrate (Ahmed et al. 2003).

Our work with fibronectin mats led to the discovery

that treatment with neurotrophins has selective effects

on muscle reinnervation as previously described.

A number of collagen-based nerve conduits has also

been successfully used to repair experimental nerve

gaps (Archibald et al. 1991; Kitahara et al. 1999) but

repair across large gaps is limited (Yoshii & Oka, 2001).

Cross-linking BDNF to the tubes produces favourable
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recovery of function of limb muscles and the largest

mean axon diameters proximal and distal to the repair

site (Utley et al. 1996). In a later experiment by the

same group it was shown that addition of CNTF to the

BDNF collagen tubes resulted in more enhanced recovery

(Ho et al. 1998). Addition of collagen gels to the lumina

of nerve conduits speeds the rate of nerve regenera-

tion (Labrador et al. 1998). Collagen gel can also be

used to deliver growth factors effectively. NT-3 and

BDNF enhance peripheral nerve regeneration through

synthetic tubes supplemented with collagen gel (Midha

et al. 2003).

Because natural polymers such as the ECM molecules

are biocompatible and have few toxic side-effects,

many other similar molecules have been investigated

for peripheral nerve repair. Our own recent studies

have focused on poly-3-hydroxybutyrate (PHB). PHB is

a member of the polyhydroxyalkanoate family of poly-

esters, which are considered to be attractive tissue

engineering materials (reviewed in Chen & Wu, 2005).

PHB was discovered as a storage product of bacteria

but it is now known that it plays important physio-

logical functions in a wide variety of cells (Reusch, 1995).

We showed that PHB manufactured as bioresorbable

sheets (Fig. 3) could be used in primary nerve repair

without evoking an inhibitory inflammatory response

(Hazari et al. 1999b). Subsequent experiments showed

that PHB could be used to bridge a 10-mm nerve gap.

There was a progressive increase in axon density and

Schwann cell number up to 30 days after repair, which

compared favourably with the changes occurring in an

autograft control (Hazari et al. 1999a). Furthermore,

PHB permitted good angiogenesis, a prerequisite for

successful regeneration. LacZ transduced Schwann cells

were then transplanted into the conduit. After 3 weeks,

transplanted Schwann cells were clearly identified tak-

ing part in the regeneration process and enhanced the

axonal regeneration rate by 100% (at the optimal con-

centration) compared with empty conduits (Mosahebi

et al. 2001). Further experiments compared the effects

of allogeneic vs. syngeneic Schwann cell transplantation

(Mosahebi et al. 2002). Although allogeneic Schwann

cells were rejected at 6 weeks, both groups equally

enhanced the axonal regeneration distance, though

the quantity of axons was greater using syngeneic cells.

The penetration of allogeneic Schwann cells into the

conduits was similar to that of the syngeneic Schwann

cells, indicating the absence of any deleterious immune

response. Therefore, a PHB conduit containing allogeneic

Schwann cells may have a useful clinical application. In

order to deliver the Schwann cells efficiently within the

conduit we have subsequently used alginate hydrogels

as a matrix material to fill the lumen of the tubes

(Mosahebi et al. 2003). This compound has also proved

useful in the delivery of neurotrophic factors within the

conduit. GGF was mixed in alginate gel and injected into

a PHB conduit, which was then used to repair either a

2- or a 4-cm nerve gap (Mohanna et al. 2005). PHB–GGF

Fig. 3 Poly-3-hydroxybutyrate artificial 
nerve conduits for peripheral nerve 
repair. (A) Individual PHB fibres shown 
under a scanning microscope can be 
manufactured into sheets (B), which 
contain fibres aligned in an identical 
orientation. PHB sheets are then either 
wrapped around the injured nerve ends 
or formed into tubular structures (C) to 
enclose the nerve (D) (arrows indicate 
sutured ends of nerve), to provide an 
environment conducive for 
regeneration.
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conduits significantly increased the quantity of Schwann

cell and axonal regeneration compared with those in

control conduits as well as significantly reducing the loss

in muscle mass observed 4 months after nerve transection.

Many research groups are actively investigating

synthetic materials for peripheral nerve repair. Hudson

et al. (1999) reviewed the other properties that mate-

rials should fulfil in order to produce a successful nerve

conduit. One important factor highlighted is that the

material should have the ability to deliver growth

factors in a controlled manner. Polyesters such as poly-

glyolic acid (PGA), polylactic acid (PLA) and poly(lactic-

coglycolic) acid (PLGA) have been the most commonly

researched materials because of their wide availability,

ease with which they can be modified and early regu-

latory approval for other applications (Hudson et al.

1999). Growth factors have been used successfully in

these conduits. For instance, GGF has been delivered

directly to the lesion using PLGA conduits (Bryan et al.

2000). GGF conduits enhanced the total number of

axons and significantly increased the number of blood

vessels compared with saline controls. Whilst combin-

ing GGF with Schwann cells negated the enhanced

numbers of axons and blood vessels seen with GGF alone,

this combination resulted in the highest myelination

index and the fastest conduction velocities recorded.

Microspheres formed from PLGA have been used to

encapsulate neurotrophic factors (Mittal et al. 1994)

and these might prove useful for the slow continual

release of growth factors directly to the lesion. A search

of the literature suggests that the number of synthetic

materials under research for peripheral nerve injury

continues to expand (Pego et al. 2001; Sundback et al.

2005; Ciardelli & Chiono, 2006). The ability of these

materials to deliver growth factors will be an impor-

tant factor in determining if they can enhance recovery

of function.

 

Neurotrophic factors and nerve conduits for 
RLN repair and laryngeal muscle reinnervation

 

Because synkinesis represents a major barrier to direct

repair of the RLN, there has been limited success in pro-

moting accurate laryngeal muscle reinnervation after

nerve injury. Laryngeal pacemakers have been used to

provide short-term function and maintenance of muscle

mass (the so called ‘baby-sitting’ effect) while nerve

regeneration proceeds (Zealear et al. 2003) but these

systems are still far from ideal and do not affect the

process of regeneration itself. Anatomical reinnervation

provides an alternative approach to this. Given that the

PCA muscle is critical for the breathing functions of the

larynx most studies have focused on ways to reinner-

vate this muscle. The phrenic nerve can be re-routed to

innervate the PCA and drive laryngeal abduction (Fex,

1970; Crumley, 1983). Nevertheless, aberrant reinner-

vation can still occur in this system. We have therefore

sought ways to guide regenerating phrenic nerve axons

more accurately and speed the processes of regenera-

tion and muscle reinnervation.

We have built on our previous work with the use of

PHB nerve conduits for peripheral nerve repair. Using a

pig model we performed unilateral RLN transection

followed by anastomosis of the phrenic and RLN

repaired with PHB mats (Birchall et al. 2004; Kingham

et al. 2005a). The aim was to reinnervate the PCA muscle

selectively; therefore, the adductor branches of the

RLN at the point of entry to the larynx were cut and

tied to prevent regeneration. There was a progressive

and organized regeneration of phrenic nerve axons

across the conduit, 1–4 months after injury, which led

to some recovery of function of the PCA at 4 months.

Analysis of the laryngeal muscles revealed that the

diameter of the fast fibres was reduced after denerva-

tion (Birchall et al. 2004). The size of the PCA muscle

fibres tended to increase after repair, suggesting that

they were progressively reinnervated (Fig. 4). Analysis

of the content of MyHC protein revealed there were

also significant changes in the isoforms expressed after

denervation (Kingham et al. 2005a). Overall there was

a decline in fast-type MyHC proteins and an increase in

slow-type MyHC. Four months after nerve repair, the

levels of fast- and slow-type MyHC protein in the PCA

were not significantly different from control, suggesting

that the muscle had regained its normal motor neuron

innervation pattern. By contrast, the levels of MyHC in

the TA remained abnormal, indicating that this muscle

was denervated and our method of RLN repair using

conduits promoted accurate reinnervation of the PCA

muscle.

These results are highly encouraging but remain sub-

optimal. We are therefore continuing our studies of

the relationship between laryngeal muscle phenotype,

motor neuron innervation pathways and neurotrophic

factor expression. This should enable us to select a suit-

able growth factor for addition to the nerve conduit

and, we hope, enhance laryngeal muscle reinnervation

and speed recovery of function.
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