
Peripheral Nerve Trauma: Mechanisms of Injury and Recovery

Ron M. G. Menorca, BS, Theron S. Fussell, BA, and John C. Elfar, MD

Introduction

Peripheral nerve injuries are common conditions with broad ranging groups of symptoms 

depending on the severity and nerves involved. Although much knowledge exists on the 

mechanisms of injury and regeneration, reliable treatments that ensure full functional 

recovery are scarce. This review aims to summarize various ways these injuries are 

classified in the light of decades of research on peripheral nerve injury and regeneration.

Peripheral Nerve Anatomy

The peripheral nervous system is comprised of three types of cells: neuronal cells, glial 

cells, and stromal cells. Peripheral nerves convey signals between the spinal cord and the 

rest of the body. Nerves are comprised of various combinations of motor, sensory, and 

autonomic neurons. Efferent neurons (motor and autonomic) receive signals through their 

dendrites from neurons of the central nervous system, primarily using the neurotransmitter 

acetylcholine among others. Afferent (sensory) neurons receive their signals through their 

dendrites from specialized cell types, such as Paccinian corpuscles for fine sensation and 

others. These signals are sent to the CNS to provide sensory information to the brain and 

possibly interneurons in the spinal cord when a reflex response is necessary1.

Key roles are played by cells other than neurons in the maintenance and function of the 

peripheral nerves. Schwann cells ensheath nerves in a layer of myelin and provide trophic 

support through the release of important neurotrophs such as Nerve Growth Factor (NGF). 

Myelin improves conduction velocity by limiting the sites of ionic transfer along the axon to 

the nodes of Ranvier, resulting in a faster, “jumping” action potential propagation that is 

termed saltatory conduction. The most heavily myelinated fibers are the large motor neurons 

(Type Aα), followed by afferent muscle spindles (Type Aβ). Nerve conduction velocities in 

theses neurons are approximately 30-120m/s. Unmyelinated neurons (Type C), such as the 

sensory neurons involved in transmitting pain and temperature and postganglionic 

sympathetics are the slowest, conducting at approximately 1-2 m/s (Table 1)2,3.

The non-neuronal cells and connective tissues surrounding neuronal axons provide a 

complex stromal connective tissue scaffold4 for the nerve and are important in 

understanding and classifying nerve injuries. Encasing the individual axons is the deepest 

structural layer, the endoneurium. Surrounding the endoneurium, the perineurium 
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circumferentially bundles axons together to form fascicles. The outermost connective tissue 

layer of the nerve, the epineurium consists of two parts. Dispersed between fascicles is the 

epifascicular epineurium while surrounding the nerve trunk proper is the epineural 

epinerium. Microvessels progressively branch through the nerve according to the structural 

layers providing blood to the axons. Due to their more peripheral location, epineural vessels 

are more susceptible to trauma than the deeper vessels of the nerve5.

Classifications of Nerve Injuries

Peripheral nerve injuries pose various challenges to patients, ranging from mild discomfort 

to life-long impairment. A classification scheme provides a common language for 

physicians and scientists to effectively discuss nerve pathophysiology (Table 2). Seddon was 

the first to classify nerve injuries into three categories based on the presence of 

demyelination and the extent of damage to the axons and the connective tissues of the 

nerve6. The mildest form of injury is called neurapraxia, defined by focal demyelination 

without damage to the axons or the connective tissues. Neurapraxia typically occurs from 

mild compression or traction of the nerve and results in a decrease in conduction velocity. 

Depending on the severity of demyelination, the effects can range from asynchronous 

conduction to conduction block, causing muscle weakness. The next level is called 

axonotmesis, which involves direct damage to the axons in addition to focal demyelination 

while maintaining continuity of the nerve's connective tissues. The most severe form of 

injury is called neurotmesis, which is a full transection of the axons and connective tissue 

layers wherein complete discontinuity of the nerve is observed.

Sunderland later expanded on this classification to distinguish the extent of damage in the 

connective tissues7. In his classification scheme, Grade I and Grade V corresponded with 

Seddon's neurapraxia and neurotmesis respectively. However, Grade II-IV are all forms of 

axonotmesis with increasing amounts of connective tissue damage. In Grade II, axon 

damage is observed with no damage present in the connective tissue. Grade III involves 

damage to the endoneurium and Grade IV includes damage to the perineurium (Figure 1). A 

Grade VI lesion was later introduced by McKennon and Dellon to denote combinations of 

Grade III-V injuries along a damaged nerve, although its usage has not been widely 

accepted8. Attempts at simplifying this scheme by classifying nerves as either non-

degenerative or degenerative have been proposed by Thomas and Holdroff in 1993, but the 

clinical significance of this simplification is still questionable9.

Compression Injury

Causes—Compression injuries are not always captured by the commonly used 

classification schemes. Nonetheless, there is little doubt that the majority of peripheral nerve 

compressions fall under the general class of neurapraxia, or Grade I nerve injuries, and 

commonly occur in locations where nerves pass through narrow anatomical openings. The 

most common sites in the upper extremity are the carpal tunnel and the cubital tunnel. As 

expected with a Grade I nerve injury, these are defined by focal demyelination at the site of 

compression with the absence of axonal and connective tissue damage. Compressions can be 

acute or chronic in nature. Acute compressions, as is seen in radial mononeuropathy, are 

commonly acquired after a night of external compression ie hanging one's arm over a chair, 
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and typically present with transient paresthesia, numbness, and wrist drop. Complete 

recovery of the acutely compressed nerve can range from weeks to years. In contrast, 

chronic compressions, as seen in carpal tunnel syndrome, are progressively worsening 

conditions that persist without proper intervention. Symptoms may begin with paresthesia 

and distal numbness, but unlike acute compressions, often progress over time to muscle 

weakness and muscle wasting, depending on the extent of axonal damage at later stages10.

Pathophysiology—Light and electron microscopy shows that normal nerve morphology 

and neuromuscular junctions are still present in chronic compression injuries11,12. However, 

a degraded, thinner myelin sheath is seen, as evidenced by an increased g ratio (a ratio of the 

axon diameter to the axon plus myelin sheath diameter) and a decreased internodal length 

(the distance between adjacent nodes of Ranvier). Also observed in the presence of this 

demyelination are Schwann cell proliferation, dediffentiation, and an increase in Schmidt-

Lanterman incisures (SLIs). SLIs are cytoplasmic components of Schwann cells that are 

thought to maintain the metabolism of the myelin sheath, so an increase in SLIs suggests 

that Schwann cells are increasing their metabolism to undergo re-myelination in the 

presence of demyelination, as is typically seen in chronic compression injuries13.

There are various proposed mechanisms that are thought to lead to compression 

injuries14,103. From an anatomical standpoint, the narrowing of openings leads to increased 

pressure at that site, compressing blood vessels and leading to nerve ischemia, as occurs 

with vasculitis and artherosclorotic diseases. Another proposed mechanism is the result of 

lower pressure, which decreases venous return and can lead to venous stasis. In this state, 

extraneural edema may form over time with subsequent fibrous and scar tissue around the 

nerve and eventual intraneural edema. The examination of these two mechanisms begets the 

question of why the Schwann cells are chiefly affected and not the neurons themselves.

Chronic compression injury was once thought of as a milder form of Wallerian 

degeneration. This has long been disproven due to the lack of axonal damage in this injury. 

The role of macrophages and their mitogenic factors, like interleukins 1, 6, 10, and 12, in 

promoting Schwann cell activity has been proposed but is unlikely since Schwann cells are 

able to proliferate in the absence of macrophages15. Also, since the subtle gradual damage in 

chronic compression does not lead to an inflammatory response, macrophages arrive slowly 

and after much of the Schwann cell proliferation has already occurred, further distancing 

macrophages from being the likely culprit16.

More recent studies have shown that shear stress alone can induce Schwann cell 

demyelination, proliferation and re-myelination17. These in-vitro experiments were 

conducted in highly controlled chambers where gas concentrations, pressure, and solutes in 

the medium were regulated and monitored in real time. In such controlled conditions, the 

application of shear stresses leads to altered Schwann cell protein expression with key 

changes attributed to altered expression of integrin B417.

Much of the in vivo work for studying compression neuropathy has come from the usage of 

biologically inert, polymeric silicone silastic tubes, more commonly used for surgical 

implants and prosthesis. These tubes have been used to create reliable models of 
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compressive neuropathy in many animal models, such as rats29, rabbits30, and mice32, and 

have also been used to study double crush in vivo 31. The compression neuropathy models 

are typically assessed by nerve conduction studies, which in these models reveal a gradual 

decline in nerve conduction velocities in the absence of neuronal or muscular damage, 

which would be evident if an altered compound muscle action potential (CMAP) was seen 

but was not14,31,103.

Double Crush—Within the realm of compression is another form of injury known as 

double crush23. Double crush pertains to the increased susceptibility of a nerve to develop a 

compressive neuropathy when a proximal compressive lesion of the same nerve is found. 

This phenomenon was first defined by Upton and McComas in 1973 after an observation 

that 81/115 patients with carpal or cubital tunnel also had a neural lesion at the neck24. The 

reverse form of double crush, aptly named reverse double crush, was later described by 

Dahlin and Lundborg in 1990 after observing patients with an ulnar nerve entrapment at the 

wrist later developing a similar proximal injury at the elbow25. The morphology of the 

lesion seen in double crush is identical to lesions seen in chronic compression with the 

unique additive effect of multiple sites with otherwise subthreshold levels of pressure 

contributing to a suprathreshold effect on the nerve. Interruption of axonal traffic and flow 

may prove an explanation for how two minor areas of compression can collude to form an 

effect that would mimic a greater compressive insult at a single site. An article by Wilbourn 

in 1997 discusses these models, their limitations, and points out a need for further research 

and a clinical overuse of the term “double crush” in cases that do not fit the specific 

parameters described by Upton and McComas and Dahlin and Lundborg26. The existence of 

double crush has been confirmed in various studies under subacute compression27,28 and 

severe compression29, using animal nerves in vitro and in vivo.

Crush and Transection Injury

Causes—Crush injuries can cause many different degrees of neural damage that can 

represent any of the class of the schemes described by Seddon6 or Sunderland7. Moreover, 

most of these injuries probably often represent mixed injuries of the sort suggested by 

Dellon and MacKinnon21.

Crush injuries typically occur from an acute traumatic compression of the nerve from a blunt 

object, such as a bat, surgical clamp or other crushing object that does not result in a 

complete transection of the nerve. In contrast, transection injuries, also known as 

neurotmesis or grade V nerve injuries, have a complete discontinuation of the nerve, 

commonly due to a laceration from a knife, gunshot, glass shard, etc34. Ballistic injuries are 

a special case that tends to combine both transection and crush of the nerve from the 

shockwave that moves through the tissue after the passage of the bullet. This has both a 

tearing and compressing effect on the nerve even without the actual passage of the projectile 

through the nerve itself.

Mechanism of recovery—When an end-organ becomes denervated, reinnervation can 

occur in two ways: through collateral branching of intact axons or by regeneration of the 

injured axon35. In injuries where 20-30% of the axons are damaged, collateral branching is 
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the primary mechanism of recovery. This begins in the first 4 days following injury and will 

continue for about 3-6 months, until recovery occurs. As may be expected, an increase in 

motor unit size is observed and the remaining innervated muscle hypertrophies in an attempt 

to compensate the initial denervation of other sections of the muscle. Over time, however, 

the muscle eventually atrophies as fibers without innervation shrink and outpace the ability 

of remaining muscle fibers to expand34. There are more axonal branches that sprout than the 

actual number of nerves that end up eventually innervating a target-organ36. Those branches 

that do not receive neurotrophic factors from the target-end organ undergo a pruning process 

and are destined to degenerate37,38.

In injuries affecting greater than 90% of the axon population within a nerve, axonal 

regeneration is the primary means for recovery39. To achieve full recovery, the nerve must 

undergo three main processes: Wallerian degeneration (the clearing process of the distal 

stump), axonal regeneration, and end-organ reinnervation. Failure of any of these processes 

can contribute to the poor functional outcome commonly observed in patients with 

peripheral nerve injuries.

Wallerian Degeneration—Axons that incur traumatic damage will undergo Wallerian 

degeneration to create a microenvironment conducive for axonal regrowth and 

reinnervation. This process takes place within the first week after injury when the typical 

markers of axonal damage occur: the loss of cell membrane integrity and the breakdown of 

axonal cytoskeleton. Initially, swelling occurs at both ends of the damaged neuron from 

futile continuation of retrograde and anterograde axonal transport40.

Changes at the Distal Stump

The axonal changes at the distal end of the severed nerve eventually lead to the breakdown 

of the nerve stump to make way for a newly regenerating axon. The hallmark of this phase is 

the granular disintegration of the cytoskeleton41. This occurs after a sudden inflow of 

extracellular ions, primarily Ca+ and Na+, leads to a cascade of events resembling apoptosis, 

which serves to recruit macrophages using signals elaborated from Schwann cells. It has 

been shown that the distal nerve stump is capable of transmitting an action potential hours 

after transection, a fact used to study synaptic transmission and muscle function in isolated 

nerve-muscle preparations42-44. More recently, mRNA of brain-derived neurotrophic factor 

(BDNF) and glial cell line-derived neurotrophic factor (GDNF) were found to be up-

regulated while neurotrophin-3 and ciliary neurotrophic factor (CNTF) were down-regulated 

in the distal stumps of transected tibial nerves. Chronically denervated distal nerve stumps 

will maintain these changes 6 months after injury if regeneration has not occurred45.

Changes at the Proximal Stump

The changes in the proximal stump vary based on the location of the injury relative to the 

neuronal body and the severity of the injury. The breakdown of the proximal stump is 

limited and typically only progresses to the first node of Ranvier. However if the site of 

injury is very close to the neuronal body, apoptosis may occur46. In severe injuries, the 

proximal portion of the nerve will undergo chromatolysis - changing the genetic motive of 

the cell to alter its focus to the regeneration phenotype. During this process, proteins 
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associated with growth such as GAP-43, tubulin and actin are upregulated and 

neurofilaments (involved in maintaining axonal diameter) are downregulated47-49. 

Endogenous neuroprotectants such as heat-shock protein-27 (HSP27) are upregulated 

perhaps to promote the survival of the damaged neuron50,51. When the axon eventually 

reaches its target-organ and neuronal maturation is required, the gene expression of the 

neuron will revert back from a regenerative state to a maintenance state.

Schwann cells and Macrophages

Schwann cells are primary mediators in triggering many of the events in Wallerian 

degeneration and changes in their protein expression at the site of injury are key to axon 

regeneration. In the absence of axonal contact, Schwann cells convert to a non-myelinating 

behavior - downregulating the expression of several proteins such as PMP22, Krox-2052, P0 

and connexin-3253. Synthesis is arrested and differentiation is promoted with production of 

C-jun54, and neurotrophic factors such as NGF and CNTF are produced55. Together, these 

factors contribute to the formation of a pool of new schwann cells under the protection of 

endogenous compounds such as erythropoietin56. These changes are later progressed by 

mitogens released from the proximal stump neurons such as ATP and neuregulin57,58 which 

together with acetylcholine help mature the new Schwann cells to a myelinating 

phenotype59.

Schwann cells clear debris through phagocytosis and by recruiting macrophages60. This 

effect is dependent on the protein, MAC-2, which supports Schwann cell phagocytosis61. 

Schwann cells are also the source of monocyte chemoattractant protein-1 (MCP-1) which 

works to recruit macrophages62.

Macrophages, attracted by schwann cells, rapidly arrive at the site of nerve injury63 – a 

process dependent on the breakdown of the blood-nerve barrier. Macrophages also rescue 

the precious cholesterol in damaged nerves and produce apolipoprotein E, among other 

lipoproteins64-66. Finally, macrophages themselves produce factors that further promote 

Schwann cell proliferation64,67.

After the clearance of myelin debris, the dedifferentiated Schwann cells proliferate on the 

remaining endoneurial tubes of the extracellular matrix (ECM). Collectively, these are 

known as the bands of Bungner and the hollow tube that is formed provides a path for the 

regenerating axon to regrow68. Greater success in reinnervation from a regenerative axon is 

observed when the endoneurial tube is intact and neuroma formation is favored without the 

tube which shrinks with time if unpopulated by an axon within four months34,39. It is the 

accumulation of Na+ channels in ectopic axons unable to find tubes which may result in 

neuropathic pain.

Nerve Regeneration—Although the alteration in the genetic expression of the neuron 

from a quiescent state to a regenerative state occurs concurrently with the events of 

Wallerian degeneration, axonal regeneration itself begins after Wallerian degeneration is 

completed69. At the distal tip of the proximal bud, a growth cone is formed. It has been 

found that calcium plays a role in the proximal stump to promote growth cone formation70. 

Hours after injury, the growth cone sends out filapodia to sample the microenvironment. On 
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their way to the distal nerve stump, the filopodia are initially randomly oriented but gain 

direction once actin and myosin expression is upregulated within the cell body49,71,72.

The mobility of the growth cone is dependent on the presence of particular receptors in its 

membrane. It can be attracted or repulsed by contact-mediated or chemical means known as 

neurotrophism73,74. Examples of guidance molecules are semaphorins, ephrins, netrins, and 

slits. Inhibitory guidance molecules like Collapsin-1 promote growth cone collapse. 

Neurotrophins like BDNF lessen the susceptibility of growth cones promoting nerve 

regeneration75. The rate of regeneration may very depending on location along the neuron in 

which proximal segments may see an increase of 2-3mm/day while more distal segments 

may progress at a rate of 1-2mm/day.

The path of the growth cone may be disrupted by scar tissue and growth cones release 

proteases and plasminogen activators to clear its path. This is also to clear any cell-cell or 

cell-matrix interactions from non-neuronal cells that are hindering its path70.

Schwann cells play a substantial role in promoting axonal regeneration, as they are the main 

source of neurotrophic factors, which generally interact with tyrosine kinase receptors to 

alter the gene expression profile of the neuron to promote regeneration. This message is 

relayed through a retrograde transport76. NGF has a low level expression within healthy 

nerves, but is upregulated in Schwann cells during injury. NGF promotes growth and 

proliferation of Schwann cells and is also found on the receptors of Schwann cell lining 

bands of Bungner to provide trophism to the outgrowing axon39. Many neurotrohic factors 

have been discovered, with functions ranging from improving cell survival through 

mechanisms of apoptosis prevention, to promoting regenerating factors in the neurons and in 

Schwann cells (Table 3)77. Furthermore, Schwann cells produce neurite-promoting factors, 

which are incorporated in the ECM such as fibronectin and laminin. Growth cones utilize 

these proteins for adhesion to the basal lamina of the endoneurial tubes78.

Infiltrating macrophages, after phagocytosing myelin, also promote nerve regeneration 

through the secretion of IL-1, which induces the expression of NGF in Schwann cells and 

increases the NGF-receptor density on Schwann cells. This feed-forward mechanism leads 

to the secretion of mitogens to further trigger Schwann cell proliferation79. Macrophages, 

however, also secrete IL-1 receptor antagonist, which decreases regrowth of myelinated and 

unmyelinated axons when applied by an implantation tube in mice with transected sciatic 

nerves80.

When the growth cone reaches the endoneurial tube, it has a better chance of reaching the 

end-organ. Maturation must occur before the functional connection is complete. The 

maturation process includes remyelination, axon enlargements, and finally, functional re-

innervation. The axonal outgrowth produces ATP and acetylcholine, which promote the 

change of the Schwann cell's phenotypes from non-myelinating to myelinating59.

Shortcomings for recovery

Although peripheral nerve injuries are not life threatening, they can cause a considerable 

decline in the patient's quality of life81. This motivates further investigation in finding ways 
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to optimize recovery. Re-innervation is not synonymous with complete functional recovery. 

It is the emerging understanding of these along with the key role of clinically relevant 

factors, which stands to complete recovery from the exception to the rule. Key elements of 

neuroregeneration are gap distance, Wallerian degeneration, axon guidance specificity, and 

end-organ viability.

The presence of an intact endoneurial tube more often leads to a better outcome in nerve 

regeneration. Thus Grade II lesions, which confer damage to the axons alone without any 

damage to the surrounding connective tissue, have optimal conditions for axonal regrowth. 

Grade III and IV lesions however, not only have a disrupted endoneurial tube making it 

difficult to form appropriate bands of Bungner, they also have increased scar tissue 

formation that can be a considerable deterrent to the growth cone, leading to disorganized 

outgrowth.

The more distal the injury to the neuron, the more likely it is to recover with the very 

proximal lesions, close to the neuronal cell bodies, often triggering programmed neuronal 

cell death. Gap length is negatively correlated with successful regeneration – linking the size 

of the injury to the fidelity of the axonal outgrowth.

During nerve recovery, the axonal outgrowth becomes remyelinated by the resident 

Schwann cells. However, this myelination is generally much thinner than normal, with 

predictable electrical consequences82. In a recent study, using a mouse sciatic nerve crush 

model, it was found that axonal neuregulin-1 (NRG1) type III and I restored normal levels 

of myelination when overexpressed in transgenic mice. Unexpectedly, denervated Schwann 

cells also expressed NRG-1 type I as a paracrine/autocrine signal suggesting that full 

remyelination of regenerated axons may not occur due to simply insufficient stimulation by 

neuronal growth factors from Schwann cells83.

Even if the regenerated axon is able to reach the target, maturation is only possible if the 

end-organ is maintained. This includes the stabilization of the neuromuscular junction 

(NMJ) in the case of motoneurons84. The NMJ is comprised of the terminal end of the motor 

axon, terminal Schwann cells (TSCs) and the end plate of muscle fibers containing 

acetylcholine receptors (AChR)85 (Figure 2). The presence of the axon provides trophic 

support to the end-plate and a long degenerated axon leads to dispersion of AChR clusters. 

Agrin, a glycoprotein released by the distal nerve terminal is suggested to be the key 

regulator of cluster formation86. In agrin-deficient mutant mice, poor cluster formation and 

synaptogenesis is observed following nerve injury87. Taken together, these data suggest that 

supplementing agrin at the NMJ may preserve ACh-R clusers and may lead to better 

preservation of end-organ. Aside from dispersion, AChR turnover shortens by a factor of ten 

when an axon is not present at the end plate88.

Muscle fibers undergo atrophy as early as 3 weeks after denervation, with collagen deposits 

forming in the endomysium and the perimysium. However the structural architecture of the 

muscle and the end-plate integrity can be maintained for up to 1 year69,89. After 2 years, 

irreversible muscle fibrosis has occurred along with muscle degeneration, leading to a 

permanent loss of functional muscle tissue. Sensory end-organs such as Paccinian 
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corpuscles, Meissner corpuscles and Merkel cells can last up to 2-3 years, so sensory 

function can still be recovered even after muscle function is permanently lost33. The time for 

growth supportive phenotypes of Schwann cells associated with target tissues are also 

limited90. Nerve transfers have been used to try and prevent denervation atrophy, but full 

strength and muscle function are seldom fully recovered91.

Experimental strategies

Various models of nerve injury are used to develop viable treatments for nerve injury. In 

vitro models of neuronal survival include cell culture, tissue engineered 3D cultures, 

organotypic cultures and glial cell cultures whereas in vivo models most often involve injury 

to the sciatic nerve of varied species.

In vitro Models—Neurons from the dorsal root ganglion are the most commonly used 

neurons in neuronal cell culture experiments. Animals only yield a small number of cells 

however, which can be prohibitive92. A common cultured cell line is the rat 

pheochromocytoma cell line (PC12), which has neuroendocrine function and can be induced 

to differentiate into adult sympathetic neurons using NGF93. Cell cultures are commonly 

used for in vitro studies of the direct effects of drugs, substrates, and growth factors on 

neurons. Neurons co-cultured with glial cells and other cell-types have been useful in 

elucidating the interactions between those cells.

Culturing neural cells has also provided information on the dependence of neural cells on an 

appropriate microenvironment for optimal recovery. Tissue engineered 3D cultures utilize 

an artificial tissue based ECM to study neurite growth. Contact guidance cues can be added 

to study axonal path taking and guidance through the endoneurial tube94,95. Organotypic 

cultures utilize the natural environment of the neurons in such a way that the tissue 

cytoarchitecture and interactions between cell types are preserved96,97.

In vivo – nerve injury models—Animal models of crush and laceration injuries can be 

created to follow clinically relevant lesions and allow for greater study of molecular and 

cellular processes within particular nerve types (ie mixed, motor, sensory). Rodents are the 

most commonly used animals due to their inexpensive housing costs and similar distribution 

of nerve trunks to humans. Also, there is a large availability of genetic, cellular and systemic 

physiology in rodent models including transgenic animals98.

The most common injury model is the sciatic nerve. Although sciatic nerve injuries in 

humans are rare to due the deep anatomical location within the lower extremity, the animal 

model provides a plethora of information regarding recoveries of particular nerve types and 

their potential for recovery as they attempt to reach endoneurial tubules. Femoral nerve 

injuries in the rat are relevant in the study of particular nerve types because it has one 

exclusively motor branch and another, which is exclusively sensory 99,100.

Median nerve injuries are important as they are common in clinical practice but in practice, 

assays of median nerve function are prohibitively difficult in rodents. Some work focuses on 

electrophysiological techniques along with measures of grasping for functional outcome in 

rats101 and more recently, in mice using 12/0 sutures for repair after injury102.
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Outcome measurements of in vivo models—Proper outcome measurements in the 

assessment of functional nerve recovery are critical to define conclusive findings. Outcome 

measurements include: counting the number of particular structures such as axons, neurons, 

reinnervated end-plates and reinnervated motor units, assessing nerve and muscle evoked 

potentials through electrophysiological studies and evaluating muscle contractile force and 

weight. Behavioral studies also exist particularly in assessing sciatic nerve function through 

walking track analysis and sensory hypersensitivity function testing. Axon count and muscle 

contractile forces may be the most valid assessment during the early phases of axon 

regeneration. At this phase, sprouts regenerate asynchronously and reach their end-target at 

different times so may provide misleading information using evoked potentials or other 

forms of assessment103.

Conclusion

The peripheral nerve can be injured in a variety of ways and most injuries are a mixture of 

previously described mechanisms. The nerve can be assessed in a number of ways clinically 

but the basic and translational sciences behind new treatments are only now being 

elucidated. The clinical correlations of these processes when better understood promise to 

guide treatment decision in the future.
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Synopsis/Key Points

• Peripheral nerve injuries are common and can be very debilitating leading to 

poor quality of life. Available treatments remain suboptimal. Injuries range in 

severity from mild compression to severe crush and lacerations.

• Classification schemes describing the extent of injury provide clinicians and 

scientists with a language to correlate nerve pathophysiology with patient 

symptoms and prognosis.

• In vivo injury models particularly the sciatic nerve of rodents have extensively 

been used to study the effectiveness of both surgical and medical treatments for 

nerve injury using appropriate outcome measurements.

• Experiments using cell cultures have elucidated interactions among nerve cell 

constituents and revealed the complex interplay between factors in the injury 

micro environment.

• Taken together, advancements in the understanding of nerve injury and recovery 

continue to provide new avenues for surgeons to explore future prospective 

therapies.
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Fig. 1. 
Classification of nerve trauma

From: Tsao B, Boulis N, Bethoux F, Murray B. Trauma of the Nervous System, Peripheral 

Nerve Trauma. In: Daroff: Bradley's Neurology in Clinical Practice, 6th ed. 2012 p 

984-1001. (Image courtesy Cleveland Clinic, 2006. Illustrator, David Schumick, BS, CMI.)
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Fig. 2. 
The Neuromuscular Junction

1. Illustration and TEM of the neuromuscular junction. From: Lee Y, Thompson WJ. 

Chapter 54 - The Vertebrate Neuromuscular Junction. Muscle, 2012;2:775-787.

Menorca et al. Page 17

Hand Clin. Author manuscript; available in PMC 2015 April 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Menorca et al. Page 18

Table 1

Nerve Fiber Types and Properties

Fiber Class Myelin Diameter (Mm) Conduction Velocity (m/s) Spinal Cord Tract Location Function

Aα + 6-22 30-120 Ipsilateral dorsal column Efferent to muscles Motor

Aβ + 6-22 30-120 Contralateral spinothalamic tract Afferent from skin and 
joints

Tactile, proprioception

Aγ + 3-8 15-35 Ipsilateral dorsal column Efferent to muscle spindles Muscle tone

Aδ + 1-4 5-30 Contralateral spinothalamic tract Afferent sensory nerves Pain, cold, temperature, 
touch

B + 1-3 3-15 Preganglionic Preganglionic sympathetic Various autonomic functions

sC - 0.3-1.3 0.7-1.3 - Postganglionic sympathetic Various autonomic functions

dC - 0.4-1.2 0.1-2.0 Contralateral spinothalamic tract Afferent sensory nerves Various autonomic functions 
Pain, warm, temperature, 
touch

Modified from: Berde CB and Strichartz GR. Local Anesthetics. Miller:Miller's Anesthesia, 7th ed. Lars (eds) Eriksson I, Fleisher LA, Wiener-
Kronish JP, Young WL. 2009.

Miner JR, Paris PM, Yealy DM. Pain Management. Mark: Rosen's Emergency Medicine, 7th ed. (eds) Marx et al. 2010
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Table 2

Seddon and Sunderland Classification of Nerve Injury

Seddon Sunderland Injury

Neurapraxia Grade I Focal segmental demyelination

Axonotmesis Grade II Axon damaged with intact endoneurium

Axonotmesis Grade III Axon and endoneurium damaged with intact perineurium

Axonotmesis Grade IV Axon, endoneurium, and perineurium damaged with intact epineurium

Neurotmesis Grade V Complete nerve transection.

Grade VI (MacKinnon & Dellon) Mixed levels of injury along the nerve
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Table 3

Summary of the changes in the molecular expression in axotomized neurons after peripheral nerve injury.

Lesion Location References

Neurotrophic factors/receptors

BDNF ↑ Transection DRG Kashiba and Senba (1999)

↑ CCI DRG Obata et al. (2003)

↑ Crush DRG Ernfors et al. (1993)

↑ Ligation DRG Fukuoka et al. (2001)

↑ Transection MN Gu et al. (1997)

↑ Crush DRG Tonra et al. (1998)

↑ Spinal ligation DRG Shen et al. (1999)

Trk = Crush DRG Ernfors et al. (1993)

Ret (GDNF receptor) ↑ Transection MN Hammarberg et al. (2000)

= Transection DRG Bennett et al. (2000)

GFRalpha2 ↓ Transection DRG Bennett et al. (2000), Hoke et al. (2000)

GFRalpha1, GFRalpha3 ↑ Transection DRG Bennett et al. (2000)

Ret and GDNFalpha1 ↑ Crush DRG/MN Naveilhan et al. (1997)

NT-3 = Spinal ligation DRG Shen et al. (1999)

= Transection SC Funakoshi et al. (1993)

trkB ↑ Transection MN Hammarberg et al. (2000)

↑ Crush SC/DRG Ernfors et al. (1993)

NGF = Transection MN Gu et al. (1997)

↑ Spinal ligation DRG Shen et al. (1999)

NGF-R ↑ Crush MN Ernfors et al. (1989)

16 kDa pancreatitis-associated protein 
(Reg-2)

↑ Transection DRG Averill et al. (2002)

Transcriptional factors

c-fos ↑ Transection MN Gu et al. (1997)

↑ Transection DH Kajander et al. (1996)

↑ CCI DH Kajander et al. (1996) and Ro et al. (2004)

c-jun ↑ Transection DRG Jenkins and Hunt (1991), Broude et al. (1997) and 
Kenney and Kocsis (1997)

↑ Crush MN Jenkins and Hunt (1991)

Signal transd. and activ. of transc. 3 
(STAT3)

↑(A) Transection DRG Qiu et al. (2005)

Activating transcription factor 3 (ATF-3) ↑ Transection MN/DRG/DH Tsujino et al. (2000)

NFκB ↑ Transection DH Pollock et al. (2005)

↑(A) PNSL/CCI DRG Ma and Bisby (1998)

Isl 1 ↑ Crush DRG Vogelaar et al. (2004)

DRG11, LmX1b, Pax3 = Crush DRG Vogelaar et al. (2004)

Others
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Lesion Location References

TNF-alpha receptor 1 (p55) ↑ Crush DRG Ohtori et al. (2004)

Nectin-3 ↑ Transection MN Zelano et al. (2006)

P38 mitogen-activated protein kinase 
(MAPK)

↑(A) CCI DRG Obata et al. (2004a)

Monocyte chemoattractant protein-1 
(MCP-1)

↑ CCI DRG/MN/DH Zhang and De Koninck (2006)

Fibroblast growth factor 2 (FGF-2) ↑ Ligation DRG Madiai et al. (2003)

Glutamate transporter EAAC1 ↓ CCI DH Wang et al. (2006)

cAMP response element binding protein 
(CREB)

↑(P) CCI DH Miletic et al. (2004)

All the injuries were performed on the sciatic nerve in murine adult animals. The changes indicated are mainly based on studies on mRNA 
expression or immunoreactiviy; some are based on phosphorylation (P) or activity (A). Measurements were performed in sensory neurons of dorsal 
root ganglia (DRG) or motoneurones (MN) of the ventral horn; in some cases, determinations were described as expression in dorsal horn (DH) or 
spinal cord (SC). Note that for each molecule, references are grouped according to type of injury, as in some cases the expression varies depending 
on the injury model or the cell type. The arrows (↑: increase; ↓: decrease) represent up- or down-regulation.

Hand Clin. Author manuscript; available in PMC 2015 April 24.


