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Abstract: Peripheral nerve lesions are frequent occurrences in both human and ani-
mal patients, leading to important physiological and labor complications that affect 
the quality of life of those who suffer the injury. More severe injuries are often asso-
ciated with poor nerve regeneration and inadequate functional recovery, even with 
early medical and surgical interventions. Peripheral nerve crush lesions are frequent 
and, therefore, an experimental lesion paradigm widely used in researches involving 
nerve injury models and therapies for its resolution. In recent years, many studies 
have focused on innovative approaches to peripheral nerve treatment after crush 
injuries with more or less success. This review addresses the theme of peripheral 
nerve injury, with a special focus on the axonotmesis lesion, its etiology, pathophysi-
ological mechanisms, methods of functional evaluation and regenerative processes, 
therapeutic options and corresponding recent advances.
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1. Introduction
Peripheral nerve injury (PNI) is a common occurrence both in humans and animals, leading to severe 
and long-term physiological and functional disabilities (Wojtkiewicz et al., 2015). Its clinical rele-
vance is high, since PNI is much more frequent and undervalued than spinal cord injuries (Ronchi et 
al., 2009). The causes of PNI are multiple and distinct, and may include traumatic events or result 
from iatrogenic interventions, mostly medical or surgical (Antoniadis et al., 2014). Loss of motor, 
sensory or autonomic function in the denervated body segments is the main consequence associ-
ated with this type of injury and usually entails to severe functional deficits (Navarro, 2016).

It is known that the peripheral nervous system (PNS) presents a better reparative and regenerative 
capacity than the central nervous system (CNS), and this difference is based essentially on the char-
acteristics of the functional environments in each one of the systems (Lutz & Barres, 2014), the age 
of the injured individual, the type of injury observed and the integrity of the neural cell body of the 
injured nerve (Faroni, Mobasseri, Kingham, & Reid, 2015). Nevertheless, ineffective functional recov-
ery is common in the injured peripheral nerve, particularly due to phenomena of chronic axotomy, 
chronic Schwann cell denervation (Sulaiman & Gordon, 2013) or severe disruption of endoneurial 
tubes that prevent normal progression of the regenerative process (Burnett & Zager, 2004). Muscular 
denervation is most often secondary to the injury of the corresponding peripheral nerve and mani-
fests mainly by neurogenic atrophy and structural fibrosis (Sulaiman & Gordon, 2013). The muscle 
tends to atrophy as the bare fibers shrink and lose their ability to expand (Krarup, Boeckstyns, Ibsen, 
Moldovan, & Archibald, 2016).

The range of possibilities in terms of severity and outcomes after PNI is broad and depends on the 
type of injury. The degree of recovery may vary between low or null in more severe injuries (Kemp, 
Cederna, & Midha, 2017) like neurotmesis (total disruption of the axons and its surrounding layers) 
and good recovery levels in neuropraxia (compression or mild crush injury with Schwann cell sheath 
affection, maintaining the integrity and continuity of the axons and connective tissue) or axonotme-
sis lesions (loss of integrity of the axon and myelin sheath, with maintenance of the outer layers of 
connective tissue and anatomical shape of the nerve) (Dahlin & Wiberg, 2017). The best outcomes 
are observed in lesions with lower severity or with rapid intervention, but even in these cases, the 
prolonged denervation of the nerve segments distal to the lesion site leads to low recovery rates 
and, sometimes, chronic and lifelong disabilities (Rochkind & Nevo, 2014).

PNI can occur isolated or be associated with CNS lesions like brain injuries. These situations make 
it difficult to identify and classify the peripheral problem due, for example, to the cognitive changes 
identified in the patient and to the priority given to life-sustaining measures. In these cases, and 
while the peripheral nerve injury is not identified, timely therapeutic intervention can not be achieved 
and the consequences will be more severe than that observed in a rapid intervention (Mete, Atalay, 
Yemişçi, Karataş, & Turhan, 2007). In cases of superimposition of PNI with CNS trauma, the initial 
clinical manifestations may be only flaccidness, areflexia, and decreased mobility of the correspond-
ing limbs (Robinson, 2004). Since most peripheral nerves are composed of motor, sensory and auto-
nomic neurons, an injury can cause changes in both the efferent (motor and autonomic) and afferent 
(sensory) components of the nerve (Menorca, Fussell, & Elfar, 2013). PNI promotes the loss of sen-
sory input from the somatosensory system but also causes changes in neural circuits in the spinal 
cord, with later long-term changes in spinal somatosensory functions and development of neuro-
pathic pain, allodynia, anesthesia, paresthesia, hypoesthesia, hyperesthesia, and pain in the areas 
supplied body segments (Fitzgerald & McKelvey, 2016; Houschyar et al., 2016). Motor deficits mani-
fest mainly through phenomena of paresis or paralysis of the affected muscles, weakness and mus-
cular atrophy (Lalkhen & Bhatia, 2011). Nerve crush injuries or axonotmesis can occur in several 
situations, including fractures, joint displacements, hematomas or extreme compressive forces 
(Algora, Chen, Seaber, Wong, & Urbaniak, 1996). When lesions occur in the hindlimb, the sciatic 
nerve is the most commonly affected due to compression of the nerve roots, femoral neck fractures, 
hip dysplasia or contusions (Kim, Murovic, Tiel, & Kline, 2004). In these cases of hindlimb injury, nerve 
involvement can occur either directly or indirectly. The occurrence of extensive laceration or 
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complete transection of the nerve can be observed due to the presence of fractures and sharp bone 
fragments near the anatomical location of the nerve. The development of swelling in the soft tissues 
due to inflammation, severe infection or hemorrhage and the direct action provoked by the displace-
ment of osseous fractures can lead to physical compression with development of secondary com-
pressive neuropathy (Bigelow & Graves, 1952; Jacobson & Schrader, 1987). In men, sciatic neuropathy 
is a common occurrence with several etiologies, including compression with traumatic, ischemic or 
idiopathic origin (Feinberg & Sethi, 2006). Lesions of peripheral nerves in the upper limb are the most 
common in man, particularly those associated with traumatic events, (Castillo-Galván, Martínez-
Ruiz, De la Garza-Castro, Elizondo-Omaña, & Guzmán-López, 2014; Ciaramitaro et al., 2010; Eftekhar-
sadat, Babaei-Ghazani, Samadirad, & Mamaghany, 2017; Neal & Fields, 2010; Saadat, Eslami, & 
Rahimi-Movaghar, 2011), and the risk of injury to these nerves is increased due to their anatomical 
location. The most common risk factors include the superficial location of the nerves, their anatomi-
cal pathway in a large area exposed to possible trauma, and their passage through a narrow bony 
canal (Neal & Fields, 2010). A classic example of peripheral nerve injuries in the forelimb is the carpal 
tunnel syndrome in humans, in which compression and traction of the median nerve at the level of 
the carpal tunnel lead to a crush injury of this nerve (Aboonq, 2015). The crushing lesions in the facial 
nerve result from direct local impacts or from the transfer of energy from the surrounding skeletal 
and bony elements of the skull (L. N. Lee, Lyford-Pike, & Boahene, 2013). In these cases, the lesions 
may be caused by the external pressure applied to the nerve itself or by the isquemia that occurs 
when the crushing force exceeds the capillary perfusion pressure (Ozturk, 2015). The prognosis is 
highly dependent on the cause of the lesion, its extension and compression time.

The objective of this article is to address the PNI theme with a special focus on axonotmesis, revis-
iting relevant studies based on this type of lesion and reviewing the advances achieved in peripheral 
nerve regeneration after crush injury. In addition to a complete bibliographic review involving the 
classic and most recent knowledge regarding axonotmesis lesions, its mechanisms and pathophysi-
ology, diagnosis, experimental studies and available therapies, the authors also present a table con-
taining therapeutic trials used in studies of peripheral nerve regeneration after crush injury. In the 
same, a study considered relevant and exemplary of each pharmacological or surgical therapeutic 
approach was selected regardless of the nerve used or the year of publication. For the complete 
understanding of the same by the reader, the animal model used, the type of injury induced, the 
therapeutic approach selected, experimental groups defined, methods of diagnosis, characteriza-
tion and observed outcomes are indicated in Table 1, present at the end of this article.

1.1. Functional anatomy of the peripheral nerve
The peripheral nerve (Figure 1) results from the fusion of two roots that extend from the spinal cord: 
the ventral root includes the motor neurons; the dorsal root includes the sensory neurons and its cell 
bodies are located in the dorsal root ganglion (Catala & Kubis, 2013). The cell bodies of motor neu-
rons are found in the CNS, namely in the ventral horn of the spinal cord and in specific nuclei of the 
brainstem (Stifani, 2014). The long axons of sensory and motor neurons communicate with distant 
target organs (Grinsell & Keating, 2014).

Each peripheral nerve is covered by three layers consisting essentially of connective tissue and 
which are histologically called stroma (Mills, 2007). The endoneurium directly coats each axon, and 
although it contains a thin network of capillaries and microvessels and an outstanding intrinsic elas-
ticity, this layer guarantees little mechanical protection (Mizisin & Weerasuriya, 2011). A group of 
axons surrounded by endoneurium is called nervous fascicle, and each fascicle is covered by perineu-
rium, a thin but dense connective layer. Stronger than the endoneurium, perineurium provides me-
chanical protection against tensile forces and supports the blood-nerve barrier and nerve hemostasis, 
protecting the endoneurial environment against sudden changes of concentration in the vascular 
and extracellular spaces (Weerasuriya & Mizisin, 2011). All fascicles of a nerve are included within 
the outermost coating layer, the epineurium, which, depending on the nerve in question and its di-
mensions, represents between 30% and 70% of the sectional area of the nerve trunk (Rigoard et al., 
2009). The inner portion of the epineurium directly coats all fascicles and their perineurial coatings, 
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contains blood vessels that irrigate and travel along the nerve and even small amounts of adipose 
tissue. The external layer coats the entire nerve, giving it mechanical protection and its anatomical 
shape (Grinsell & Keating, 2014). While the endoneurium has a longitudinal orientation, the perineu-
rium and the epineurium are circumferentially disposed (Seddighi et al., 2016).

Within the endoneurium are myelinated or unmyelinated axons in close relation to the Schwann 
cells. These glial cells guarantee functional connections with the terminal organs such as muscle 
fibers or sensorial terminations by ensuring the saltatory propagation of action potentials along the 
axon (Said & Krarup, 2013). To the set formed by the axons and by the Schwann cells that surround 
it is given the histological denomination of parenchyma (Mills, 2007). The axon itself has a tubular 
shape. The axonal cytoskeleton has a microfibrillary structure consisting of three large groups of 
proteins: microfilaments, microtubules and intermediate filaments including neurofilaments. The 
function of the cytoskeleton is essentially to maintain the shape and participate in axonal growth 
(Rigoard et al., 2009), ensuring the transport of proteins and organelles between the cell body and 
the axon terminals (Josta & Casper, 2015). Some axons develop in close relationship with Schwann 
cell chains, each one associated with a single axon and responsible for producing their myelin 
sheaths. These sheets are essentially composed of several layers of Schwann cell membranes as-
sociated with secreted proteins. Between two myelin segments, also called internodes, there are 
demyelinated spaces called Ranvier nodes (Pereira, Lebrun-Julien, & Suter, 2012). The most abun-
dant protein is P0, which mediates the cell-to-cell interactions and those between the neurons and 
myelin sheaths, being essential in the formation of the latter and in its maintenance (L. Zhao & 
Zheng, 2010).

Myelin helps insulate the axons of electrically charged atoms and molecules present in the fluids 
that surround the entire peripheral nervous system, but their main function is to specifically increase 
the rate at which neural electrical impulses propagate along the nerve fiber. In a demyelinated 
nerve fiber, the electrical impulse moves continuously in wave motions. In the myelinated fibers, the 
conduction is done through a saltatory propagation. The myelin depletes the capacitance and in-
creases the electric resistance along the cell membrane in order to prevent the electric current from 
leaving the axon. This function is achieved through a heterogeneous distribution of voltage-depend-
ent sodium channels along the myelinated fiber, arising at high density at the Ranvier nodes and at 
low density in the para and internodal regions (Saladin, n.d.). In this way, as sodium losses to the 
extracellular fluid are reduced along the inner regions, a separation of electrical charges is main-
tained between intra- and extracellular fluid, allowing sodium to move along the axon more effi-
ciently. Despite this, although sodium moves rapidly along the cell membrane, losses are unavoidable, 
and when the ion values are very low, there is an inability to open the charge-dependent sodium 
channels. Ranvier nodes, on the other hand, possess very high densities of easily excitable sodium 
channels when exposed to the ion present in the extracellular fluid, which is a sufficient amount for 
the channels to open and sodium to penetrate the axon and regenerate the action potential (Brady, 
Siegel, Albers, & Price, 2011). At these sites, the action potential is restored to values similar to those 
present at the beginning of the axon and travels rapidly along the myelinated axon, jumping be-
tween the nodes of Ranvier, with a propagation velocity that can reach 10–500 m/s in man (Schalow, 
Zäch, & Warzok, 1995; van Veen, Schellens, Stegeman, Schoonhoven, & Gabreëls-Festen, 1995). 
Smaller axons usually do not have myelin sheaths and the propagation of the electrical impulse is 
much slower. In these cases, the anatomical relationship between the axons and the corresponding 
Schwann cells is much more intimate and has direct influences on the phenomena of nerve regen-
eration (Said & Krarup, 2013).

The epineural circulation consists of networks of microvessels extending longitudinally along the 
epineurium and from which cross branches transverse through the perineurium to form a vascular 
plexus of capillaries at the level of the endoneurium. This vascular system is extremely fragile, and 
any change in the nerve can lead to reductions in blood supply to residual levels. The collagen coat-
ing layers ensure increased protection and less susceptibility to compression forces since the impact 
is not directly transmitted to the vessels (Gao, Weng, & Wang, 2013).
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1.2. Peripheral nerve injury grading system
The regenerative success of the peripheral nerve is directly dependent on the severity of the injury. 
The adopting of grading systems related to the type of lesion has as the main objective establishing 
a direct relation between the microscopic changes observed and the clinical manifestations and 
functional prognosis.

The first classification system was created in 1943 by Seddon (Figure 2), who proposed the estab-
lishment of three categories of gravity dependent on the extent of damage to axons and coating 
tissues (Seddon, 1943). In this system, neuropraxia is the first degree and mildest PNI, with no loss 
of nerve continuity. The axons maintain their anatomical integrity but become dysfunctional. 
Typically, there are no Wallerian degeneration phenomena, although small foci of ischemia and 
segmental demyelination may lead to ion-induced conduction blockages and motor and sensory 
losses. Usually, motor fibers are more affected than sensory. Once the affected nerve fails to effec-
tively transmit the electrical impulses, the corresponding body segments become temporarily para-
lyzed until remyelination occurs, although muscle atrophy rarely develops. Once the compressive 
force disappears, complete recovery occurs within days or weeks without the need for surgical inter-
vention (Choi et al., 2016).

Axonotmesis, the second level of PNI and known as crush injuries, is characterized by a disruptive 
lesion of the axon and its myelin coating. The integrity of the outer connective tissue covers, namely 
the perineurium and the epineurium, remains, ensuring that the anatomical shape of the nerve is 
maintained. Once there is an effective injury of the axon, Wallerian degeneration occurs distally to 
the lesion site. However, since the integrity of collagen coats, whose function is also to guide and 
redirect the growth of axonal buds during the regeneration process, is maintained, the prognosis 
tends to be excellent and can be observed a good recovery rate depending on the degree of internal 
disorganization and the distance to the target organ (Burnett & Zager, 2004; Seddon, 1943).

The third level of injury, neurotmesis, is characterized by a complete disconnection between the 
two segments of the injured nerve, affecting the axons, disrupting and distorting all coating layers. 
Common causes for this type of injury include penetrating injuries, pulling forces and injection of 
toxic substances. In this case, there is a total functional loss and the recovery without surgical inter-
vention or another alternative therapeutic method is practically non-existent since the exuberant 
scarring phenomena. The loss of the collagen coatings and their guiding function in the axonal re-
growth prevent the normal regenerative sequence (Campbell, 2008; Seddon, 1943).

In 1951 Sunderland proposed a new classification system (Figure 2) consisting of 5 categories re-
lated to the severity of the injury observed (Sunderland, 1951). First degree is equivalent to 

Figure 1.  Schematic 
representation of the 
peripheral nerve anatomy and 
structural overview of the PNS.
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neuropraxia of Seddon’s classification system and the second, third and fourth degrees of injury cor-
respond to subdivisions of axonotmesis. In the second degree of injury, axonal disruption occurs but 
there is preservation of the endoneurial structure, maintaining the fascicular alignment and the in-
tegrity of the perineurium and epineurium. Lesions of the endoneurium may be partial, and the prog-
nosis depends on the degree of conservation of this layer. In the third degree, the axons, myelin 
sheaths, and endoneurium are disrupted, but the fascicular alignment and integrity of the outer lay-
ers of collagen are maintained. Recovery may occur over several months with conservative treat-
ment or with surgical interventions to release entrapment sites, with or without performing 
neurolysis. In the fourth degree, all layers except the epineurium are disrupted. The occurrence of 
haemorrhage within the nerve and the presence of fibrous tissue associated with fascicular discon-
tinuity imprison and hampers the growth of new axonal buds, promoting the formation of neuro-
mas-in-continuity. Finally, the fifth category concerns to a complete transection of the nerve, 
including the epineurium, and the formation of end-bulb neuromas is common. In these latter two 
degrees, recovery without surgical intervention or another type of therapy is almost impossible 
(Campbell, 2008; Chhabra, Ahlawat, Belzberg, & Andreseik, 2014; Choi et al., 2016).

Finally, in 1988 Mackinnon and Dellon introduced a sixth-degree injury (Figure 2) to the grading 
scheme of Sunderland, corresponding to the occurrence of mixed injuries (Mackinnon & Dellon, 
1988). This last degree considers situations in which the same nerve can suffer distinct types of 

Figure 2.  Schematic 
representation of the different 
injury grading systems for PNI.
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lesions with different severities throughout its extension and cross section. In cases of penetrating 
trauma and fractures near peripheral nerves, this may be the most common type of injury. The level 
of recovery and the need for intervention depends, therefore, on the type of lesions and their degree, 
also conditioning the type of treatment to be instituted (Chhabra et al., 2014).

2. Axonotmesis: The crush injury

2.1. Etiology
The mechanisms associated with PNI in general can be divided into three categories: mechanical or 
traumatic, vascular or ischemic and chemical or neurotoxic (Brull, Hadzic, Reina, & Barrington, 2015), 
and crushing injuries are particularly associated with traumatic and vascular events. The mechanical 
processes are associated to an acute trauma of high aggressiveness with a blunt object that does 
not result in a complete transection of the nerve (Zochodne & Levy, 2005) and to iatrogenic interven-
tions like application of surgical clamps or anaesthesia administrations in the perineural or intraneu-
ral space (Hogan, 2008).

Nerve compression may lead to focal demyelination with ischemia and, if prolonged, to blockages 
in nerve conductivity and neuropeptide production (neuropraxia) or cause total crushing with axonal 
disruption (axonotmesis) (Burnett & Zager, 2004). Stretching lesions generally occur secondary to 
intense and exaggerated exercise, joint dislocations (Ozturk, 2015) and to fractures at the extremi-
ties where intimate contact of the peripheral nerves with the bones is established. Peripheral nerves 
have a remarkable intrinsic elasticity due to the collagen content of the endoneurium, but if the ap-
plied force exceeds the elasticity threshold, nerve avulsion and different degrees of injury (axonot-
mese or neurotmese) can occur (Hainline, 2014). Even injuries resulting from perforating objects can 
result in complete transection, crushing in some segments of the nerve and maintenance of its 
macroscopic continuity (Uzun et al., 2006). Ballistic lesions are particular cases combining both tran-
section and crushing injuries originating from shock waves that propagate through the tissues upon 
penetration of the bullet. Even if the bullet does not reach the nerve itself, it suffers the effects of 
tearing and compression when it passes through the surrounding tissues (Shimon Rochkind, 2015).

Vascular changes occurring simultaneously to the nerve injury may trigger ischemic phenomena, 
obliteration of the vasa nervorum-derived arteries, and haemorrhage within the nerve sheaths (Lim 
et al., 2015). Sufficiently aggressive traumas may lead to changes in epineural vessel permeability 
and, in more severe cases, lesions in the endoneurial vessels with occurrence of oedema and intra-
fascicular haemorrhages secondary to nerve injury, despite the protective effect of the collagen 
coating on nerve vascular plexuses. These changes not only promote a hypoxic environment that 
contributes to the manifestations of neuropathic pain but also the haemorrhage and oedema itself 
can promote axonal compression, crushing and disruption (Gao et al., 2013; Lim et al., 2015).

The neurotoxicity associated with the use of anaesthetics for peripheral nerve blockages or other 
drugs is a common and well described occurrence. Intraneural injection is associated with loss of 
sensitivity, pain, causalgia, and the incidence, duration and associated sequelae are varied (Farber 
et al., 2013). The lesions associated with the injection are multifactorial and depend on the type and 
size of the needle, site and angle of insertion, pressure applied during administration and, of course, 
type and dose of drug administered (toxicity) (Kobayashi et al., 1997; Whitlock et al., 2010). The site 
of administration (extraneural, intraneural, interfascicular or intrafascicular) affects the degree of 
toxicity. Thus, the same substance administered under different conditions (different portions of the 
nerve) can have different toxic effects and lead to different degrees of injury (Cheng et al., 2016). The 
direct chemical effects originate in the toxicity of the solutions when in contact with the nerve or 
with the adjacent tissues, provoking acute inflammatory reactions and subsequent chronic fibrosis 
involving the nerve (Farber et al., 2013). Administrations of large quantities and under pressure can 
lead to crushing lesions and neurotmesis prior to the inflammatory reaction.
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2.2. Pathophysiology and mechanisms of neural recovery
The crushing lesions may give rise to different degrees of neural lesions. Constituting mainly axonot-
mesis, may also be part of different degrees of injury of the Sunderland or Dellon and MacKinnon 
scheme (Kurtoglu et al., 2005). The crushing lesions are, however, tendentially less severe than 
those of nerve transection, since the basement membranes of Schwann cells covering the fascicles 
and nerve fibers are anatomically intact and guarantee that Schwann cells can serve as guide in 
axonal regeneration (Zimmerman & Granger, 1994). In the induced lesions, myelin and axonal de-
generation were observed at the lesion site one week after its induction. In lesions with distal loca-
tion in the peripheral nerve, after 3 weeks, most of the axons are already regenerated and 
remyelinated and the functional recovery is complete after 4 to 5 weeks (Lundborg, 2000). In more 
proximal lesions as well as in the nerve plexuses, the recovery times are much longer, around 1 to 
2 years, since the rate of regeneration and reinnervation is about 1–4 mm per day (Saliba, Saliba, 
Pugh, Chhabra, & Diduch, 2009).

The nerve damage that occurs after the crushing injury originates both in the external pressure 
directly applied on the nerve, in the mechanical deformation resulting from the redistribution of the 
tissues from the compressed zones to the zones without compression and in the ischemic phenom-
ena resulting from forces that exceed the capillary perfusion pressure. The combination of these 
types of forces will result in lesions of greater severity and worse prognosis (Algora et al., 1996; Li et 
al., 1996; Lundborg, 1988). After induction of a crushing force with a significant duration, a circula-
tory arrest occurs (Kobayashi et al., 1997). In addition, local ischemia instituted by the pressure 
promotes biochemical reactions due to microvascular endothelial lesions. The peripheral nerve re-
sponds to the crushing injury through an inflammatory reaction that promotes an increase in local 
vascular permeability and a subsequent intraneural oedema. The occurrence of endoneurial edema 
greatly alters the microenvironment of the nerve by increasing local pressure, thereby decreasing 
blood flow and altering the concentration of electrolytes at the endoneurium. If the circulation is not 
a quickly restored, the ischemic phenomena promote the establishment of Wallerian degeneration 
in the axon (Kurtoglu et al., 2005). Lesions observed in the nerve after its release are greatly influ-
enced by reperfusion, which in turn appears to be mediated by reactive oxygen species (Kobayashi 
et al., 1997) and lactic acidosis (Cheng et al., 2016). Reperfusion lesions are complex and involve 
multiple pathways and molecules, including membrane lipids, enzymes, and specific receptors. 
Lesions originating from oxygen free radicals can be reduced by the effect of cellular antioxidants as 
superoxide dismutase (SOD) or catalase (CAT) which has the ability to eliminate excess of O2 (Lim et 
al., 1986; Zimmerman & Granger, 1994), ascorbic acid or α-lipoic acid (α-LA) and other antioxidants 
that protects the nerve against those types of lesions and promotes recovery (Shokouhi et al., 2005). 
Malondialdehyde (MDA) act as an indication of lipid peroxidation phenomena, and is generally in-
creased in cases of oxidation after reperfusion lesions (Senoglu et al., 2009).

When denervation of an end-organ occurs, its reinnervation may develop through two mecha-
nisms: collateral branching of the intact axons or regeneration of those injured (Aguayo, Peyronnard, 
& Bray, 1973). In lesions in which 20 to 30% of axons have been injured, collateral branching is the 
most common recovery mechanism. This phenomenon begins within the first four days after the 
injury and can last for three to six months (Zochodne & Levy, 2005). There are always a greater 
number of axons that sprout than those that eventually establish connections and reinnervate the 
target organs. The axons that fail their pathway are those that do not receive neurotrophic factors 
from the target organ and inevitably end up degenerating (Menorca et al., 2013). In lesions in which 
there is an affection of more than 90% of the axons within the nerve, like in crush injuries, axonal 
regeneration is the main recovery mechanism (Lunn, Brown, & Perry, 1990). For recovery to be effec-
tive and complete, it is necessary that three sequential phases occur: Wallerian degeneration, ax-
onal regeneration and functional reinnervation of the end-organ. Failures in each one of these 
phases are the main causes of poor prognosis and outcomes observed in PNI.

Before the regenerative process begins, a series of degenerative phenomena are required, which 
act as a direct prelude to regeneration (Burnett & Zager, 2004). Thus, the success of nerve 
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regeneration depends not only on the severity of the established lesion but also on the efficacy of 
the subsequent degenerative process, being a rapid and efficient inflammatory response a funda-
mental parameter (Gaudet, Popovich, & Ramer, 2011). The term Wallerian degeneration can be used 
to characterize the calcium dependent phenomena that occur in both PNS and CNS after a traumatic 
injury, although there are differences between the two systems with respect to the cells involved 
(Schwann cells and macrophages in PNS and oligodendrocytes and microglia in the CNS) and to the 
outcome (greater efficacy in the removal of myelin in the PNS). A sufficiently intense traumatic force 
promotes abrupt tissue damage at the injury site where the physical impact occurs. These structural 
changes at the level of the axons or their bi-phospholipidic layer unchain a cascade of events of 
programmed cell death that will not be interrupted if the intervention is not fast enough. The nerve 
segment distal to the lesion site undergoes a set of cellular alterations characteristic of Wallerian 
degeneration, even though they are not the direct targets of the lesion. Nevertheless, the sequence 
of degenerative events proliferates both proximally and distally (Menorca et al., 2013).

Once lesion and physical separation occur between the two axonal segments (proximal and distal 
to the lesion), the distal portion initiates the degenerative phenomenon due to loss of communica-
tion with the cell body and related metabolic resources. The proximal segment suffers reactive 
swelling after the injury, but the lesions associated with retrograde degradation are generally mini-
mal (Hall, 2005). The axon in the distal segment degenerates through a process of swelling and 
subsequent proteolytic and autolytic granulation that takes place over 3 to 4 days (Hall, 2005). The 
first event involves an influx of calcium into Schwann cells and into axonal axoplasm due to the sud-
den interruption of oxygen supply (Smith & Hall, 1988). This influx of calcium in the axon causes 
activation of the protease calpain (Touma, Kato, Fukui, & Koike, 2007), is essential for the formation 
of growth cones (Chierzi, Ratto, Verma, & Fawcett, 2005) and for axonal outgrowth (Widerberg, 
Bergman, Danielsen, Lundborg, & Dahlin, 1997). During this period a mechanism called chromatoly-
sis occurs (Moon, 2018). This event involves severe morphological changes in the neuron, with occur-
rence of changes in aggregation, organization and localization of Nissl bodies, cisternae present in 
the rough endoplasmic reticulum, replete with ribosomes and whose functions are related to the 
production of proteins for the functional machinery of the neuron (Johnson & Sears, 2013). In the 
chromatolysis, there is fragmentation of the aggregates of rough endoplasmic reticulum, often ac-
companied by degranulation and loss of ribosomes from rough endoplasmic reticulum, observing in 
electron microscopy the presence of zones without Nissl bodies. The disaggregation of poly and 
monoribosomes also occurs, and both these and endoplasmic reticulum fragments can be found 
within autophagic vacuoles. The cell body itself undergoes severe morphological changes with 
membrane changes and movement of the nucleus to an eccentric position, a direct consequence of 
loss of protein synthesis in cell (Johnson & Sears, 2013; Moon, 2018). Although in the initial descrip-
tions the chromatolysis was considered a catastrophic event for the cell, later studies allow to iden-
tify its reversible nature during successful axonal regeneration phenomena (Gersh & Bodian, 1943). 
Not only has it been described that the chromatolysis is essential and allows the occurrence of ax-
onal regeneration, as it was proposed that it is a catabolic process that nevertheless does not over-
lap with the anabolic processes of RNA and protein production that develops in neurons capable of 
an effective regeneration and that does not progress to irreversible apoptosis. Thus, some neurons 
may exhibit transient chromatolysis; sufficiently damaged neurons may not recover and remain 
chromatolytic and not return to normal levels of protein synthesis, progressing to atrophy or apop-
tosis; and some still manage to protect the protein synthesis machinery from catabolic events and 
promote regeneration (Matthews & Raisman, 1972; Moon, 2018). Myelin degeneration occurs by two 
mechanisms: not only do Schwann cells promote a breakdown process of their own myelin, but also 
attracts the hematogenous macrophages to perform phagocytosis of the resulting debris and lipidic 
droplets released into the medium. In turn, Schwann cells can also perform autophagy, assisting the 
macrophages in the phagocytosis of their own myelin debris in later stages of the lesion (Gomez-
Sanchez et al., 2015). The axonal telodendria also disintegrate (De Lahunta, Glass, & Kent, 2009). All 
these debris attract phagocytic cells (macrophages and neutrophils assisted by the Schwann cells 
themselves) whose function is to phagocyte and destroy these products from cellular degeneration 
(Dubovy, Klusakova, & Hradilova Svizenska, 2014). Activation of immune cells residing in the 
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peripheral nerves and the exuberant attraction of immune cells to the lesion site (neutrophils, lym-
phocytes, mast cells, macrophages) often aggravates Wallerian degeneration, inhibiting normal re-
pair and regeneration of the peripheral nerve (Koeppen, 2004).

Schwann cells, which in the terminal phase of degeneration are reduced to their nucleus and cy-
toplasmic organelles, initiate a rapid phase of mitotic proliferation, partly due to calcium influx 
(Svenningsen & Kanje, 1998), synthesising a new extracellular matrix and forming a column of cells 
called Bands of Büngner whose function is to provide a pathway to guide the growth of the axons to 
the target organ (Napoli et al., 2012). Schwann cells also produce growth factors that, in addition to 
those produced by the target organs, stimulate the growth of new axonal buds from the proximal 
axonal segment still intact (Verge, Gratto, Karchewski, & Richardson, 1996). Among these factors are 
nerve growth factors (NGF), a set of neurotrophic factors capable of protecting sympathetic, sensory 
and cholinergic nerves, promoting the development and differentiation of nerve cells, increasing the 
number of sensory and sympathetic ganglia, and promoting nerve growth in the PNS (Ma et al., 
2014). At the same time, Schwann cells produce interleukins that not only stimulate the proliferation 
of new Schwann cells but also promote proliferation and organization of axonal buds and fibroblas-
tic cells (Verge et al., 1996). The absence of Schwann cells at the nerve injury site (or their destruction 
during the process) can significantly decrease the percentage of axons that regenerate and rein-
nervate the target organs (Kuffler, 2015).

Approximately 2 (Burnett & Zager, 2004) to 7 days after injury, and once all debris has been re-
moved, the regenerative process begins in the proximal segment and extends to the distal one. A 
high number of axonal buds emanate from the last Ranvier node of the proximal segment and ex-
tend into the distal segment, guided by the Bands of Büngner (Deumens et al., 2010; Grinsell & 
Keating, 2014) and by the growth factors secreted (Mudo et al., 1993). During this step, different 
proteases are released from the growth cone to aid the progression of regenerating axons through 
the neighbouring tissue. Theoretically, the greater the number of axons in regeneration and the ax-
onal buds that reach the distal segment, the greater the extent of neurological recovery (Madison, 
Archibald, & Brushart, 1996). But in practice, it is known that most of these regenerating axon buds 
can not extend to the distal tubules of the basement membrane. Of the various axonal extensions, 
only a few contacts the receptor at the distal ends and some are trapped in the haemorrhagic and 
fibrous tissue surrounding the lesion site. Therefore, is important that occurs an abrading of the re-
maining axonal buds, thus avoiding that they continue to grow disorganized and origin neuromas 
(De Lahunta et al., 2009). In summary, a high number of axonal buds does not guarantee the estab-
lishment of multiple effective and functional connections with the distal nerves or muscle fibers, and 
even if this happens, the way axonal buds can use their potential functional reserve and allow func-
tional recovery of the different motor units in each situation remains unclear and even unexpected 
(An et al., 2015).

After nerve damage, Schwann cells contribute to the creation of a permissive environment that 
allows for axonal regeneration. At the same time, during Wallerian degeneration, there is a com-
plete disruption of the axon-Schwann cell communication which is established during normal devel-
opment. At this stage the Schwann cell undergoes a redifferentiation, with changes in genetic 
expression, and promotes the remyelination of regenerated axons, depending on the stimulation 
from molecules such as neuregulin (Stassart et al., 2013). As the axons regenerate, interactions with 
the Schwann cells are also re-established. This, of course, guarantees the remyelination of the axons 
and the restoration of the physiological function of the nerve fibers. Although regeneration and re-
myelination take place synergistically, remyelinated axons usually present a thinner myelin sheath 
and lower internodal lengths when compared to the correspondent axonal prior to the lesion, signifi-
cantly reducing the velocity of the nerve impulse (Sherman & Brophy, 2005). These suboptimal re-
sults may be caused by inefficient stimulation of Schwann cells, by inhibitory factors, or by poor 
response of the damaged Schwann cells to myelination-inducing factors (Stassart et al., 2013). 
Several components are involved in the phenomenon of remyelination, among them the 



Page 11 of 45

Alvites et al., Cogent Medicine (2018), 5: 1466404
https://doi.org/10.1080/2331205X.2018.1466404

aforementioned neuregulin, matrix metallopeptidases and Insulin-like growth factor (IGF-1) 
(Svennigsen & Dahlin, 2013).

When low crushing loads are applied, the degree of nerve injury and the rate of functional recov-
ery are directly dependent on the duration of the damaging force application. While crushing dura-
tions of about 10 min promote mild edema, diffuse axonal degeneration, and short-term paralysis 
in the affected limb, those in the range of 2 to 6 h are associated with total or subtotal axonal de-
generation and long-term paralysis. In the latter case, the phenomena of ischemia, reperfusion and 
dysfunction of the blood-nerve barrier in the microcirculation have a profound influence on the se-
verity of the nerve injury (Schmelzer, Zochodne, & Low, 1989).

Without any type of therapeutic intervention, PNI is rarely followed by total functional recovery. 
The regenerative process can be hampered by many factors, namely the formation of scar tissue 
within and around the nerve and the establishment of adhesions between the nerve and the sur-
rounding tissues (Varitimidis, Riano, Vardakas, & Sotereanos, 2000). These new compounds are 
essentially deposits of collagen that not only cause painful traction and neuropathic pain during 
muscle contractions but also interfere with normal axonal regeneration, leading to low functional 
recovery (Zuijdendorp et al., 2008). The Schwann cells themselves not only produce growth factors 
but also an extracellular matrix which, in a given extension, can inhibit axonal regeneration pro-
cesses (Chen & Brushart, 1998). Traditionally, surgeons attempt to mitigate this uncontrolled for-
mation of collagen scars by approaching the corresponding nerve fascicles (Holmes & Young, 1942) 
but even with this intervention effective recovery in all patients is not guaranteed. In general, it can 
be affirmed that the regenerative success in the peripheral nerve after injury depends on the bal-
ance between the regeneration of Schwann cells and the formation of scar tissue (Kaplan et al., 
2011).

Collateral branching and regrowth of axons to incorrect muscles is also a frequent cause of poor 
functional recovery, and proper reinnervation of the neuromuscular junctions is a limiting factor in 
the functional recovery after PNI (Guntinas-Lichius et al., 2005). Another great difficulty is that, in 
the peripheral nerve, the sensory and motor neurons are mixed and it is necessary to establish cor-
rect connections between them and the respective target organs so that the reinnervation occurs 
correctly. Often, axons with previous motor function undergo misdirection for sensory organs and 
vice versa. These occurrences and reinnervation of incorrect organs lead to serious changes at the 
level of the somatosensory cortex where the interpretation of peripheral signals is reversed (Rosen 
et al., 2012; Taylor, Anastakis, & Davis, 2009). Moreover, when reinnervation occurs inefficiently, 
there is a decrease in the cortical representation of this body segment in the corresponding cerebral 
hemisphere. Thus, adjacent ipsilateral regions and corresponding contralateral regions undergo 
overgrowth to compensate these deficits. Consequently, the interplay of stimuli becomes unpredict-
able (Li et al., 2011). Nonetheless, muscle reinnervation is more effective than cutaneous and glan-
dular reinnervation. The production of growth factors increases significantly in the affected muscle 
after injury, but no such significant increase is observed in the skin (Hsieh et al., 2013). Motor neurons 
are thought to be able to recognize levels of trophic support in their terminal branches and axonal 
buds grow toward the site where growth factors are most abundant (Campenot, 1982). Most of the 
growth factors that are important for regeneration and remyelination are also essential for effective 
reinnervation of the target organ (Svennigsen & Dahlin, 2013).

2.3. Diagnosis and clinical manifestations
The diagnosis and precise location of the peripheral nerve lesions are based on the clinical history 
and the physical and neurological exams of the injured individual (Lee, Singh, Nazarian, & Ratliff, 
2011). Although the regeneration of crushed nerves is usually spontaneous, the associated morbid-
ity can be variable and depends on the cause of the injury, the moment it occurred and its extent. In 
the lesions of nerves located on the limbs, functional dysfunctions may range from paraesthesia and 
partial motor weakness to complete sensory loss and paralysis. Without therapeutic interventions 
and with longer recovery periods, these lesions may result in complete denervation and atrophy of 
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the corresponding muscles (Ozturk, 2015). If the crushing injury occurs at the level of the facial 
nerve, facial weakness, muscular asymmetry, ocular changes, feeding and swallowing difficulties, 
changes in facial expressions and in vibrissa movements can be observed (Lee et al., 2013). In the 
case of the hypoglossal nerve, since it innervates the muscles of the tongue and presents an impor-
tant motor function in the maxillofacial region, its lesions can cause changes in the tongue move-
ments as difficulties to feeding and swallowing (Zhang & Tu, 2005). Similarly, injury to any peripheral 
nerve will manifest with important functional changes in their innervated regions and organs.

2.4. Experimental models

2.4.1. In Vitro Models
In vitro research on peripheral nerve regeneration is still extremely limited due to the anatomical 
and structural complexity of these organs whose in vitro reproduction is very difficult and rarely 
adequately achieved (Geuna, 2015). Although some neuronal and glial cell lines have been proposed 
to replace or complement preclinical studies in vivo, their potential is very limited and insufficient to 
mimic nerve regeneration (Cirillo et al., 2014). It was thought that these limitations could be over-
come using organized cultures to mimic the 3D disposition of the nerve and the organization of 
neuronal and glial cells. Nevertheless, maintenance of these cultures is technically complex and 
clinical translation has not yet been successfully achieved (Siddique, Vyas, Thakor, & Brushart, 2014). 
Thus, as long as no more effective, less expensive and technically less complex in vitro models are 
developed, in vivo models of peripheral nerve regeneration are still essential.

2.4.2. In vivo models

2.4.2.1. Animal model: Although in most biomedical applications rat and mouse are the most com-
monly used species, rat is the main animal model for axonotmesis. The anatomy of the rat is well 
studied and characterized (Greene, 1955) and there are morphological similarities between its pe-
ripheral nerves and those of humans. Other advantages of its use include the large relative dimen-
sions of the rat nerves that allow reducing the complexity of the microsurgical procedures (Tos et al., 
2008), the possibility of standardizing and comparing functional tests and also the resilience of this 
species when compared with mice (Tos et al., 2009), although in terms of dimensions and connective 
tissue density, they have differences with human nerves (Mackinnon, Hudson, & Hunter, 1985; 
Ronchi et al., 2009). The mouse is important in studies with specific objectives where the availability 
of genetically modified animals is required (Tos et al., 2008). The major disadvantage in both species 
of rodents is their extremely high neuroregenerative capacity, which makes it difficult to assess the 
efficacy of the therapeutic methods used (Myckatyn & Mackinnon, 2004).

Although smaller animal models represent the first choice in peripheral nerve regeneration, the 
use of larger models in preclinical studies has obvious advantages since the regenerative process in 
these species is similar to that seen in humans (Fullarton, Lenihan, Myles, & Glasby, 2000). Rabbits 
are particularly important in studies which include instruments and devices whose dimensions are 
too large for the sciatic nerve size of the rat or mouse, maintaining the advantages of working with 
rodents (Gao, You, et al., 2013). Other species of mammals used include, mini-pig (Uranus et al., 
2013), guinea pig (Rao, Kotwal, Farooque, & Dinda, 2001), dog (Xue et al., 2012) and cat (Sufan et al., 
2001), particularly because of their larger body dimensions. Primates were also used in preclinical 
studies because of the similarities between these species and the human. For ethical and legal rea-
sons, the use of dogs, cats and primates has been progressively reduced (Geuna, 2015).

Among the larger models, the sheep model is considered one of the most relevant for clinical 
studies prior to translation for humans (Diogo et al., 2017). One of the great advantages of using this 
model is the dimensional similarity between sheep’s and men’s nerves, in both hindlimb and fore-
limb (Jeans, Gilchrist, & Healy, 2007), besides the rate of axonal regeneration is also identical to that 
observed in man (Lawson & Glasby, 1995) and the peripheral nerves of the sheep are polyfascicular 
and histomorphologically identical to those of man (Strasberg et al., 1996). The equivalence of ages 
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between the sheep and the man is also well established, and it is known that a sheep about one year 
old corresponds to a young-adult human (Fullarton et al., 2000). This knowledge is important be-
cause it allows us to use the age of the model as an important variable to consider in the results of 
the studies carried out. From the technical point of view, sheep are easily available, easy to maintain 
and handle, relatively cheap and do not raise ethical issues in scientific and civil society (Fullarton, 
Myles, Lenihan, Hems, & Glasb, 2001). The median and facial nerves are the most explored in this 
model, allowing translational applications in areas such as maxillofacial, hand and finger surgery 
(Diogo et al., 2017). Unexpectedly, there are few published studies regarding to the sciatic nerve 
(Meuli-Simmen et al., 1997). Also, the majority of studies in nerve injury resort to the neurotmesis 
(Meuli-Simmen et al., 1997) model and not to the axonotmesis model (Fullarton, Lenihan, Myles, & 
Glasby, 2002). Despite the clear advantages of its use, the studies of peripheral nerve regeneration 
performed in this model are few and only started to be explored recently. There is a great opportu-
nity to explore this model in studies of peripheral nerve regeneration, particularly in poorly explored 
nerve such as the sciatic and in lesions with little representation in the literature, namely axonotme-
sis for which there is still no well-described lesion model in the sheep model.

Some non-mammalian species have also been used in studies of peripheral nerve regeneration, 
but the phylogenetic distance with humans makes them more important for evolutionary under-
standings (Blanco, Rosado, Padilla, & Del Cueto, 1999).

2.4.2.2. Nerve model: Most studies in animal models are based on the approach to the sciatic nerve 
and its terminal branches, (Pavić, Pavić, Tvrdeić, Tot, & Heffer, 2011), mainly because this is the larg-
est peripheral nerve (Ronchi et al., 2009) and due to the high number of functional and behavioural 
tests available for this nerve (Nichols et al., 2005), especially in rat model. The high number of data 
available in the literature on the sciatic nerve as an axonotmetic model also allows an efficient com-
parison of the results obtained in the current and previous studies. In the case of the mouse, the 
reduced dimensions of their nerves require advanced microsurgical techniques, which constitute a 
significant limitation in the performance of epineural repairs without injury to axonal tissue per se. 
Still, recent worldwide advances in reconstructive surgery, the discovery of common immunomark-
ers in both rat and mouse axons and the availability of several colonies of genetically engineered 
mice are positive indicators of the potential of this species in PNI and axonotmesis studies (Tos et al., 
2008).

 In addition to the sciatic nerve, other nerves of the hindlimb were explored in regeneration stud-
ies after PNI, namely the femoral (Robinson & Madison, 2009), tibial (Apel et al., 2009) and peroneal 
nerves (Alluin et al., 2009). Due to their reduced size in rodent models, these nerves are usually used 
in larger animal models.

 In recent years, the forelimb nerves have gained importance in studies of peripheral nerve regen-
eration (Wang, Spinner, Sorenson, & Windebank, 2008). The median nerve has attracted attention 
due to the availability of easier and reliable behavioural tests when compared with sciatic nerve 
tests (Lee et al., 2007). In the sheep model, as indicated, the median nerve is precisely the most 
explored nerve in the literature (Diogo et al., 2017). One of the great advantages of using the nerves 
of the forelimb is the small interference with animal welfare, especially in the rodent models, since 
the hindlimb is more important in terms of locomotion and environmental exploration. On the other 
hand, the results obtained in studies of the forelimb are more easily translated due to the impor-
tance that surgeries in the nerves of the hand have in human medicine. The movements of the 
hands and fingers are precise and complex, and these features are common in rodents and humans. 
Another advantage of the median nerve is that, unlike the sciatic nerve, which normally consists of 
a single fascicle at its origin which is divided into a variable number of fascicles in its distal portions, 
this median nerve usually presents a single fascicle through all its extension, which facilitates the 
quantitative morphological analysis. The major disadvantage concerns to the reduced dimensions 
of the nerves of the forelimb, which require advanced microsurgical techniques, particularly in the 
mouse model (Tos et al., 2008).
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Several non-limb nerves have already been considered and explored in regenerative studies. 
Among these, the facial (Hadlock et al., 2008), hypoglossal (Gonzalez-Forero, Portillo, Sunico, & 
Moreno-Lopez, 2004), inferior alveolar (Atsumi et al., 2000), mental (Li et al., 2012) (in the head), and 
vagus (Bregeon et al., 2007) and cavernous (Ding et al., 2009) (autonomic nerves) are indicated. Of 
this group of non-limb nerves, the only nerve for which a suitable functional test is available is the 
facial nerve (Hadlock et al., 2008).

2.4.3. Experimental lesion paradigm
Axonotmesis is one of the experimental lesion paradigms referring to nerve regeneration studies, 
along with neurotmesis. This is strictly related to the clinical manifestations observed in the patient, 
with the great difference that the crushing lesions in the rat do not lead to the formation of neuro-
mas, unlike in humans (Tos et al., 2009). Experimental axonotmesis is induced through a crush injury 
in which an interruption of the nerve fibers is promoted, with maintenance of the connective tissue 
lining around the nerve (Sarikcioglu et al., 2007) and thus maintaining the anatomical continuity of 
the nervous trunk. Therefore, the injured axons have a guiding pathway guaranteed by the layers of 
connective tissue and Wallerian degeneration occurs in the distal segment, mimicking the real clini-
cal situation. With the maintenance of the macroscopic anatomical integrity of the nerve trunk, 
there is no need to perform an epineural repair (Geuna, 2015).

Despite the consolidated use of animal models in studies of PNI by crushing, it has not yet been 
possible to establish a perfect and standardized method regarding to the crushing method used, 
duration of force application, instrument used, lesion size, magnitude and reproducibility (Ronchi et 
al., 2009). Several surgical models of crush injury induction have already been developed and tested, 
including those using surgical instruments, suture knots with specific strands and even the applica-
tion of crushing forces through needles and flat surfaces (Bain, Mackinnon, & Hunter, 1989; De 
Koning, Brakkee, & Gispen, 1986). Among the first instruments available for the induction of crushing 
injury were simple or haemostatic forceps, but since none of them allows precise quantification of 
applied force, it made it very difficult to perform a correlational evaluation between induced injury 
and subsequent recovery. The application of tourniquets to induce injury was also used, although 
this method, being quantitative, was indirect (Chen et al., 1992). The development of a compression 
box emerged as a viable method of inducing crushing injuries, allowing to control the magnitude of 
the injury through pressure and duration of application. This device was effective for larger models 
such as the rabbit, but not for the rat whose body and nerve dimensions are too small (Rydevik & 
Lundborg, 1977). Latter, a specific device created specifically for rats allowed to induce quantita-
tively controlled lesions in this model (Chen et al., 1992).

 In 2001, a method was established based on the use of a clamp in which the force, the pressure 
exerted and duration of the compression are standardized and reproducible (Beer, Steurer, & Meyer, 
2001). This method has been successfully applied in different models of sciatic nerve (Varejao, 
Cabrita, et al., 2004) and median nerve crush injuries (Ronchi et al., 2009). The clamp is manufac-
tured and commercially available from the Institute of Industrial Electronic and Material Sciences, 
University of Technology, Vienna, Austria. Being equipped with three different springs (41/43/49) and 
two washers, it can be used in different combinations to apply different forces depending on the 
manufacturer’s table and the need for the experience.

The induction of crushing lesions in the sciatic nerve of the rat is the most commonly performed. 
The animals should always be operated under anaesthesia and with appropriate analgesia. In lat-
eral decubitus, and after complete trichotomy and local asepsis, access to the sciatic nerve is done 
through a careful dissection of the gluteal muscles. Once appropriate haemostasis has been estab-
lished, soft tissue retractors can be applied to expand the surgical field, thereby helping to expose 
the sciatic nerve and its most important branches (posterior tibial and peroneal nerve). Dissection of 
the sciatic nerve is not difficult, once used magnifying glasses or surgical microscopes, the nerve 
being manipulated with microsurgical instruments and avoiding unnecessary trauma to the nerve. 
The crushing lesion may then be induced according to the intended method, followed by the 
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application of drug therapy or materials, depending on the case. Immediately after acute compres-
sion, the crushed area appears flattened, with preservation of the nerve continuity (Figure 3) (Tos et 
al., 2009). A 9/0 or 10/0 nylon suture can be performed to the epineurium, distally or proximally to 
the lesion site, so that it can later be determined whether there are differences in these distances 
over time due the regenerative process. Then, the gluteal muscles can be sutured alone or in combi-
nation with the skin. Usually, the contralateral limb is not operated and can be used as a control in 
the tests performed. Intervened animals should be observed daily to monitor the wound healing 
process or, where applicable, to determine nerve function (Ozturk, 2015).

The lesions applied on other nerves follow the general lines described for the sciatic nerve, with 
the appropriate anatomical adaptations. For the facial nerve, the surgical access is made through an 
incision in the infra-auricular region, and the trunk of the nerve should be identified emerging ante-
riorly to the digastric muscle (Hadlock, Heaton, Cheney, & Mackinnon, 2005). To the hypoglossal 
nerve, access is made through a vertical incision in the submaxillary region so as to expose the nerve 
below the digastric tendon (Fan, Wang, Wang, Lan, & Tu, 2015). In the sheep, access to the median 
nerve must also be accompanied by particular care. Once anesthesia and analgesia have been es-
tablished, the animal should be placed in lateral decubitus and the anterior limb properly trichoto-
mized and the conditions of a special should be guaranteed. Cutaneous incision and muscular 
dissection should be careful due to the presence of large sensitive structures such as accessory ce-
phalic vein, radial artery and vein. After exposing the muscle bellies, the tendon sheath of the tendi-
nous junction of the flexor carpi radialis muscle can be released to facilitate access and allow tendon 
cutting. Once dissection of the muscles is completed, and with the aid of retractors, the median 
nerve can be exposed and subjected to a crushing injury with the desired instrument, force and du-
ration. The fascia and subcutaneous tissue may then be re-approximated with absorbable 3/0 or 4/0 
sutures and the skin sutured with absorbable 3/0 sutures (Ozturk, Uygur, & Lukaszuk, 2015).

The axonotmesis lesion paradigm presents clear advantages when compared to neurotmesis. 
From the ethical point of view, and considering that in the case of crushing lesions, nerve regenera-
tion is faster, the functional impairment is transient and the discomfort for the animal is compara-
tively smaller, axonotmesis raises fewer questions than neurotmesis (Geuna, 2015). The lesion is 
technologically easier to induce, facilitating the task for operators with little experience in microsur-
gery. In addition, there are no significant differences in postoperative outcomes between the differ-
ent animals, contrary to what happens in neurotmesis (Ronchi et al., 2009; Varejao, Cabrita, et al., 
2004). Thus, this procedure is suitable for sequential and interrelated studies in which reproducibility 
is essential, facilitating the identification of changes not only in the tissue but also at cellular and 
molecular level (Chen et al., 1992) and still making this a great experimental model to study the 
time-related regenerative changes (Sta, Cappaert, Ramekers, Baas, & Wadman, 2014). Finally, 
changes identified in nerve regeneration after crush injury should be used as a pre-clinical end-point 
predictor of the efficacy of applied therapeutic agents. The main disadvantage is the fastness of re-
generative phenomena under basal conditions, that is, when there is no therapeutic intervention, 
which makes it difficult to identify differences between experimental groups (Tos et al., 2009).

Figure 3.  Steps for the 
induction of an axonotmesis 
lesion in rat’s sciatic nerve: 
(a) Isolation of the sciatic 
nerve from neighboring 
tissues; (b) induction of injury 
(material used, time and 
force of application depends 
on the selected protocol); (c) 
anatomical flattening of the 
sciatic nerve after injury.
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2.4.4. Methods of evaluation of axonal regeneration and functional assessment

2.4.4.1. Retrograde labelling: The techniques of retrograde labelling using fluorescent dyes are a 
good method for marking and studying the nerve pathways, allowing to analyse the connections 
between the peripheral nerve and the spinal cord or dorsal ganglion and to differentiate between 
the motor and sensory neurons (Hayashi et al., 2007). Different dyes can be applied to assess the 
neuronal population both before and after the injury, thus enabling neuronal death, regenerative 
success or misdirection phenomena to be monitored (Kemp et al., 2017). The dyes can be applied at 
various locations within the nerve and at different distances from the lesion site. Although it is a 
precise and specific method to evaluate axonal regeneration after injury, its application should con-
sider some specific care. When different dyes are applied in a simultaneous manner, it is necessary 
to anticipate possible interactions between them that hinder the analysis. In addition, some dyes 
may be toxic after prolonged use. Finally, a healthy nerve should always be used as a positive control 
to guarantee a correct interpretation of the pathways observed (de Ruiter, Spinner, Verhaagen, & 
Malessy, 2014; Kemp et al., 2017).

2.4.4.2. Histology and Histomorphometry: Histological evaluation is used by most authors to quan-
tify the number and dimensions of nerve fibers in regeneration and the thickness of the correspond-
ing myelin sheaths after PNI. This analysis is an essential step in studies of peripheral nerve 
regeneration and should be used in a complementary way to functional, electrophysiological and 
molecular assessment methods. Classically, histological evaluation would be strictly descriptive, but 
currently the approach to the tissues is much more complex and it is possible to perform morpho-
metric and quantitative analyses of the histological sections under study (Carriel, Garzon, Alaminos, 
& Cornelissen, 2014). The quantitative analysis allows the identification of intact and regenerated 
axons as well as inflammatory reaction and fibrosis within the nerve (important in crushing lesions) 
and outside it (perineural adhesions), besides the formation of neuromas; with the morphometric 
evaluation it is possible to determine the number of cells in a specific region of the nerve, the diam-
eter of the cells and the proportion of area occupied by regenerating tissue compared to the injured 
tissue (Raimondo et al., 2009). In cases where the study involves the use of biomaterials, the histo-
logical evaluation also allows to determine the degree of degradation of the material used, to iden-
tify the presence of foreign body reactions and the formation of granulomas.

The most commonly used method in the histologic evaluation of the peripheral nerve is toluidine 
blue staining semithin sections (Figure 4), which allows the identification of most myelinated axons 
and a good delineation of myelin sheaths. It is also the ideal method to perform a morphometric 
analysis, allowing to determine parameters such as number and density of nerve fibers, the diame-
ter of fibers and axons, cross-section and perimeter of fibers and axons, thickness of myelin sheaths 
and different ratios between the axon diameters, myelin sheaths and fibers (Bozkurt et al., 2012; 
Mills, 2007). The ultrathin sections are also used to evaluate ultrastructural changes and regenera-
tive phenomena in axons and myelin through transmission electron microscopy. It also allows to 
perform morphometric evaluations (Hirano, 2005). Regardless of the methods used from among 
those available, histological evaluation of the nerve requires additional experience and knowledge 
from the operator. It is important to know the topographic anatomy of the nerves and how the his-
tological appearance varies in the different sites of the same nerve, but also in the same place be-
tween different animals. These variations are particularly important when trying to determine the 
number of dimensions of myelinated fibers, and the use of randomized protocols and biased count-
ing and measurement methods is essential to avoid the presence of bias in the histomorphometric 
evaluation (Carriel et al., 2014).

The immunohistochemistry and immunofluorescent methods allow the identification of a high 
number of specific proteins in the tissue sections under study. Several available antibodies allow the 
recognition of neuronal cell-related proteins, surface and intracellular markers, cytoskeleton pro-
teins, extracellular matrix proteins and growth factors related to the degree of peripheral nerve re-
generation after PNI (Raimondo et al., 2009). Evidence the presence of axonal regrowth phenomena 
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is the most important regeneration indicator. Neurotubes and neurofilaments can be easily identified 
by immunohistochemistry aimed at identifying components of the neuronal cytoskeleton (Huang et 
al., 2012). Proteins associated with newly formed axons, such as GAP-43, can be identified by similar 
methods (Carriel, Garzón, Campos, Cornelissen, & Alaminos, 2017). Schwann cells have a crucial im-
portance during the regeneration of the peripheral nerve, but their identification by conventional 
histological methods is difficult. The use of antibodies to recognize glial fibrillar acid protein and 
S-100 proteins related to these glial cells facilitates this recognition. Identification of Schwann cells 
by immunostaining simultaneously to a regeneration pattern is considered a positive indicator of 
nerve regeneration (Carriel et al., 2014). The extracellular matrix produced by the Schwann cells 
plays a key role in guiding the new axons in the regenerative process. Laminin is an important com-
ponent of the extracellular matrix of nerve fibers and its identification is a valid parameter in deter-
mining the degree of nerve regeneration (Chernousov, Yu, Chen, Carey, & Strickland, 2008). Other 
matrix components, such as the collagen fibers, may also be identified by common histochemical 
methods. Finally, myelin can also be identified by immunohistochemistry and immunofluorescence 
methods using antibodies that specifically recognize their basic proteins (Carriel et al., 2011).

Histological and histochemical methods can be used to evaluate axonal regeneration, but a direct 
relationship between axonal regeneration and effective functional recovery is not always estab-
lished, and an appropriate level of axonal regeneration associated with a low functional outcome 
can be observed. In addition, the histological evaluation tends to hamper the evaluation of the nerve 
regeneration due to the phenomena of mismatch, separation, protruding, straddling, or kinking ob-
served between proximal and distal axons. Additionally, even with the use of high-resolution optical 
microscopy, myelinated fibers less than 2 μm in diameter will not be easily detectable, underesti-
mating the count (Ronchi et al., 2014).

Histomorphometric and histological studies can also be extended to the muscles directly inner-
vated by the nerves in question. Studying the contractile force of one or more muscles innervated by 
a specific nerve is an assessment method also commonly used (Yu & Bellamkonda, 2003), as well as 
the determination of wet muscle weight. In cases of crush injury, wet muscle weights return to val-
ues almost identical to cases without injury in the space of two months (Vleggeert-Lankamp, 2007).

2.4.4.3. Electrophysiological assessment: The electrophysiological evaluation of the nerve after in-
jury is an indirect method of predicting nerve regeneration, close to the determination of motor and 
sensory function. In this way, this method of evaluation can be applied in situations where, due to 
the complexity and material required, the direct functional tests cannot be used. The electrophysi-
ological assessment can be carried out both for efferent and afferent components (Navarro & Udina, 
2009) and after a crush injury, 8 weeks is the amount of time needed to the electrophysiological 
parameters to return to baseline levels (Bridge et al., 1994). Since in the rat model the motor recov-
ery is the main goal of preclinical studies, evoked compound muscle action potential (CMAP) after 
electrical stimulation of the proximal and distal segments of the injury site is the most commonly 
used electrophysiological method (Nijhuis et al., 2013) through the application of electrodes in the 
muscle of interest, nerves could being tested in the hindlimb, forelimb or even testing the facial 
nerve (Navarro & Udina, 2009). The CMPA allows identifying action potentials of close muscle fibers 
from stimulation of the corresponding supplying motor nerve. In health animals, the CMAP presents 
values between 18 and 25 mV and in axonotmetic lesions in the sciatic nerve, with the use CMAP, 
that is possible to identify signs of reinnervation 3–4 weeks after the injury (Kemp et al., 2017).

Regarding the sensory component, the somatosensory evoked potential is the standard method. 
Electrophysiological assessment methods tend to overestimate the degree of nerve recovery since 
they reveal the functional potential of the PNS rather than its true functional capacity at the time 
(Toros et al., 2009).

2.4.4.4. Behavioural analysis: After any nerve damage, the main clinical objective is a high degree of 
functional recovery. In any therapeutic intervention, the goal is a complete recovery or a significant 
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functional improvement, a reduction in the duration of the therapy instituted and a reduction in the 
economic losses for the patient and for the society.

Regarding the motor function recovery of the sciatic nerve, the most commonly used test is the 
walking tract analysis to determine the Sciatic Functional Index (SFI). Created in 1982 (de Medinaceli, 
Freed, & Wyatt, 1982), SFI is a quantitative and non-invasive method useful in assessing functional 
recovery of the hindlimb through recording and observation of the footprint, considering the rela-
tionship between the toes, the foot and the hindlimb as a whole. This index is applied in the deter-
mination of functional recovery in compression, stretching, crushing lesions, in the use of grafts and 
conduit and even in neurorrhaphy (Algora et al., 1996). Although it remains the most popular test 
among researchers of peripheral nerve regeneration, and even with subsequent modifications (Bain 
et al., 1989), its validity has already been questioned (Varejao, Cabrita, et al., 2004). The main limita-
tions of the method are the frequent development of flexion contracture, autotomy phenomena and 
smearing of the paws and dragging of the tail during the footprint record (Dinh, Hazel, Palispis, 
Suryadevara, & Gupta, 2009). The BBB scale, a method traditionally applied in studies of spinal cord 
regeneration after injury, may also be applied in PNI studies. This test is based on the assessment of 
specific functional behaviours such as limb movement and paw placement during gait, assigning on 
a scale from 0 to 21 the value of 0 when there is no ability to perform voluntary movements and 21 
when movements are considered normal (Dinh et al., 2009). The results observed in the SFI and BBB 
methods are tendentially correlated, and this correlation is particularly evident in the crush injury 
models. Since the BBB scale is based on the observation of the body as a whole during the evaluation 
of the animal, unlike the walking track analysis that is based on the observation of the footprint 
without taking into account how the movements are performed, the scale can be a more sensitive 
tool to analyse lesions by axonotmesis (Dinh et al., 2009). Another alternative method that can be 
used to evaluate the sciatic nerve after injury is the extensive postural thrust (Thalhammer et al., 
1995), i.e. the force in grams that the animal manages to apply with injured and healthy limbs on a 
digital balance. It is a method that requires the complex activation of the plantarflexor muscle 
groups (soleus and gastrocnemius) and whose results are tendentially correlated with those ob-
tained by SFI (Varejao, Melo-Pinto, Meek, Filipe, & Bulas-Cruz, 2004).

Figure 4. Representative light 
micrographs of toluidine 
blue-stained semi-thin cross 
sections of control and crushed 
median nerves at different time 
points in the rat animal model. 
Bar: 20 μm.
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Currently, and with the availability of better image capture systems, it is possible to use computer-
ized systems for more precise and useful gait analysis (Bozkurt et al., 2008). The kinematic evalua-
tions are the set of analyses related to joint movements without considering the type of forces 
applied to them. The set of evaluations used to the sciatic nerve, which are predominantly per-
formed using videographic recording and subsequent observation, involve the determination of gait-
stance duration, evaluation of ankle kinematics and of toe out angle during the gait (Varejao, Cabrita, 
et al., 2004; Varejao, Melo-Pinto, et al., 2004). Its main disadvantage is the technical complexity and 
the material required for its realization.

Since rat, such as humans, present prehensile forelimbs, the functional tests used for the median 
nerve are those that stimulate and evaluate this function. One example is the grasping test, in which 
the animal is suspended over a dynamometer so that it can grasp it with the injured limb, being then 
raised. The dynamometer will assess the maximum weight the animal can bear and lift before re-
leasing it (Jager, Ronchi, Vaegter, & Geuna, 2014).

Finally, the functional assessment of the facial nerve involves the determination of the move-
ments of the whiskers (vibrassal test) and eyelids, both spontaneous and from controlled electrical 
stimuli. These movements can either be observed directly or recorded on video and identified using 
infrared and laser detectors, not only identifying the movements but also comparing them bilater-
ally (Heaton et al., 2008). After a facial nerve crush injury, the return to normal whiskers movements 
takes about 25 days (Hadlock et al., 2005).

Related to sensory function recovery of the sciatic nerve, different tests are also available. The 
withdrawal reflex latency test, associated with the use of a heating plate, electrical stimulation, me-
chanical stimulation or by pricking with a needle, is the most commonly used to determine the integ-
rity of the nociceptive function (Wong, Kanagasabapathy, Bakar, Phan, & Sabaratnam, 2015). The 
stimulus is applied directly to the hindpaw’s plantar surface and withdrawal reflex, i.e. the time the 
animal takes to flex the limb, is measured in seconds. The better the animal’s sensitive function, the 
faster the limb is withdrawn from the source of painful stimuli (Boisse, Spencer, Mouihate, Vergnolle, 
& Pittman, 2005). Another commonly applied test is the von Frey test which allows to study the 
mechanisms of cutaneous stimulation-induced sensory input and measure the phenomenon of me-
chanical allodynia, characterized as a painful withdrawal responds to a previously non-painful stimu-
lus. The test is performed by applying mechanical force with the von Frey filaments to the plantar 
surface of the rat’s hindpaw. During the sensory tests, it is important to avoid stimulating the medial 
aspect of the foot plantar region, since this zone is enervated by the saphenous nerve, direct branch-
ing of the femoral nerve, and not by the sciatic nerve and its ramifications (Kemp et al., 2017).

2.4.4.5. In vivo imaging: The use of ultrasonography (US) in the evaluation of PNI, particularly with 
improvements in image resolution and availability as observed in recent years, significantly in-
creased. US evaluation of the nerve can determine if there is continuity after injury, gap length (if 
present), presence, location and dimensions of neuromas, presence of other lesions associated with 
nerve injury (tendons, muscles), degree of scarification and the state of adjacent and nerve-related 
tissues such as blood vessels or bones. Thus, US allows the diagnosis of cases of axonotmesis or 
neurotmesis in situations in which neurophysiological evaluation is not effective (Zeidenberg, Burks, 
Jose, Subhawong, & Levi, 2015). High resolution ultrasound (HRU), with superior image quality, al-
lows the identification of all nerve branches in the limb under study, thus providing a clear identifica-
tion of total or partial transections, nerve lacerations, epineural hematomas, formation of neuromas 
and the need to perform surgical interventions (Toros et al., 2009; Zhu, Liu, Li, Shao, & Hu, 2011). 
Regarding other diagnostic methods, the US allows a dynamic evaluation, continuous along the 
body, of the nerves under study, to observe and identify small abnormalities that would not be visu-
alized by other methods, presents practically no contraindications for the patient and is widely avail-
able. The use of equipment and probes with reduced dimensions allows their use in smaller animal 
models.
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Magnetic resonance imaging (MRI) is a good option to evaluate the extent of PNI. Providing high-
resolution images using T2-weighted images in combination with fat and flow suppression, allows 
the representation and evaluation of the anatomy of the peripheral nerve in detail. Despite this, and 
due to the associated costs and the time required for the exams, it is not always a viable option for 
all research centres. Its use in smaller animal models is reduced (Chhabra & Carrino, 2015).

2.5. Advances in axonotmesis: Brief review
After years of studies devoted to the induction of crushing injuries in the peripheral nerve, it is now 
known that the rate of recovery is directly related to the initial load applied and distance to the cell 
body, being the speed of recovery dependent on the physical and pharmacological agents used. 
Despite the intrinsic capacity of the PNS to regenerate after injury, in cases of severe compression 
the results are mostly unsatisfactory. Current treatments are mainly based on surgical intervention 
(Faroni et al., 2015), although conservative and pharmacological treatments are also being explored 
in the literature.

2.5.1. Conservative treatments
Physical exercise contributes beneficially to regenerative phenomena after PNI since it induces the 
synthesis of growth factors, promotes synaptic elimination (Teodori et al., 2011) and accelerates the 
regrowth and regeneration of the peripheral axons. During exercise, Schwann cells themselves pro-
duce and release neurotrophic factors. Among the growth factors identified and released during 
exercise are NGF and brain derived neurotrophic factor (BDNF) (de Ruiter et al., 2014; English, 
Wilhelm, & Sabatier, 2011). In addition, physical exercise can relieve neuropathic pain by promoting 
the release of endogenous opioids (Stagg et al., 2011). These benefits are achieved through aerobic 
exercise (e.g. use of treadmills and swimming) (Boeltz et al., 2013; Teodori et al., 2011) but resistive 
exercise seems to have fewer benefits in stimulating the regenerative process and in relieving neu-
ropathic pain (Antunes et al., 2016). The simultaneous use of physical exercise with other therapeu-
tic techniques such as electrotherapy or phototherapy seems to result in even better prognosis in 
the peripheral nerve lesions (Rosa Junior et al., 2016).

Electrostimulation (ES) was proposed as a therapeutic method for the repair of peripheral nerve 
lesions in a clinical setting, and its experimental application was widely explored. The application of 
ES at low intensity in the proximal nerve stump promotes nerve regeneration (Kim, Han, Shin, Lee, & 
Choi, 2011; Lal et al., 2008) by increasing the expression of BDNF (Al-Majed, Neumann, Brushart, & 
Gordon, 2000), which promotes the proliferation of Schwann cells and the formation of myelin during 
the regenerative process (Wan, Xia, & Ding, 2010; Zhang, Xin, Tong, & Tong, 2013). In addition, ES also 
promotes expression of genes associated with growth factors (Geremia, Gordon, Brushart, Al-Majed, 
& Verge, 2007) and neutrophine signalling (W. English, Schwartz, Meador, Sabatier, & Mulligan, 2007). 
Several studies have shown that ES at low intensity (20 Hz or less) for 30 min to 1 h facilitates and 
promotes nerve regeneration and that the timing of ES application affects the effectiveness of the 
regenerative process, indicating that early interventions are essential for recovery (Alrashdan et al., 
2010; Zhang et al., 2013). The application of brief pulses of suprathreshold ES also stimulates the 
phenomena of remyelination and functional recovery, improving the regenerative velocity of the mo-
tor and sensorial neurons (Zhang et al., 2013). ES can also be combined with surgical techniques, 
making it even more attractive to surgeons (Willand, Nguyen, Borschel, & Gordon, 2016). Despite this, 
there are also studies that contraindicate the use of ES in PNI. The application of high-frequency 
transcutaneous electrical nerve stimulation seems to delay nerve regeneration, functional recovery, 
and exacerbate atrophic muscle events after crushing lesions in the rat model (Baptista et al., 2008; 
Gigo-Benato et al., 2010), even delaying the mechanisms of nerve reinnervation and inducing muscle 
dysfunction and hypoexcitability after crush injuries (Pinheiro-Dardis, Erbereli, Gigo-Benato, Castro, & 
Russo, 2017). Thus, the benefits of its use remain controversial and require more research.

Stimulation of the injured nerve by an electromagnetic field is a viable non-invasive technique for 
stimulation of regeneration after PNI (Hei et al., 2016). The application of the electromagnetic field 
stimulates the regeneration of the peripheral nervous system, promoting functional recovery and 
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increasing the number and diameter of the regenerated axons (Patel & Poo, 1982). Although not 
fully understood, its effect is thought to be the stimulation of NGF activity, decreased inflammatory 
cytokine activity and altered membrane gated channel activity (Hei et al., 2016). In addition, when 
used in conjunction with mesenchymal stem cells, it stimulates the differentiation of these into 
neuron-like cells by affecting the cell cycle (Sun et al., 2009). The effect of these fields has a specific 
biological window, and interference in survival, propagation, and regeneration of the peripheral 
nerve depends on the amplitude (0.3 to 300 mT), time (10 min/day to 24 h/day) and frequency (2 Hz 
to 2000 Hz) of exposure (Rusovan, Kanje, & Mild, 1992; Song et al., 2014). Protocols involving low 
frequencies and short exposure times (50 Hz, 1H) at 1 mT of amplitude seem to have good effects on 
the nerve after axonotmesis, being suitable for application in clinical situations and avoiding long 
periods of exposure and associated costs (Hei et al., 2016).

Ultrasounds are primarily used for diagnosis, but low-intensity ultrasound (LIU) can also be used 
as a therapeutic option, including in the stimulation of peripheral nerve regeneration after PNI (Raso, 
Barbieri, Mazzer, & Fasan, 2005). The mechanisms by which LIU induce a positive biological response 
are not fully understood, but are thought to be related to the interaction between the thermal and 
mechanical effects of ultrasound that cause intercellular material movements, stimulate membrane 
diffusion movements, accelerate the metabolism and blood circulation and improve tissue nutrition. 
In addition, it is believed that the ultrasound also stimulates the release of BDNF (Ni et al., 2017).

Phototherapy promotes and accelerates the regrowth and axonal regeneration after axonotme-
sis, particularly with low power radiation. Among the observed effects are reduced scar tissue for-
mation, fewer degenerative phenomena in the motor neurons of the spinal cord, and a significant 
increase in axonal growth and myelination (Rochkind, 2009). The effect of the laser on the nerve 
promotes the synthesis of ATP and cell proliferation, increasing the available energy in the axons, 
the expression of neurotrophic factors and promoting an increase of axonal budding and nerve re-
generation (Rosa Junior et al., 2016).

2.5.2. Pharmacological treatments
Wherever possible, pharmacological treatment should be preferred over surgical intervention. 
Various pharmacological agents have been used and described as effective in stimulating or improv-
ing nerve regeneration after crush injury.

The prevention of exuberant scar tissue is an important aspect in studies of peripheral nerve re-
generation. The two major approaches used to evade these phenomena are the surgical creation of 
barriers between the injured nerve and surrounding tissues and the use of pharmacological agents 
such as steroid hormones to prevent the inflammatory response. The use of corticosteroids in ax-
onotmesis models has always been involved in doubts due to the results obtained: although the ani-
mals treated with these therapies seem to be associated with higher recovery rates (Khan, Faruqi, & 
Ansari, 2014), the differences between treated and untreated animals do not always show statisti-
cally significant differences (Galloway, Jensen, Dailey, Thompson, & Shelton, 2000) and the associ-
ated use of corticosteroids and other drugs shows little efficacy of the first group in reversing the 
harmful effects (Capadia, Shetty, Khambati, & Ghate, 2010). They act by selectively inhibiting fibro-
blast growth and the migration and phagocytic action of granulocytes (Mukudai et al., 2015). In any 
case, the use of dexamethasone, a glucocorticoid commonly applied to reduce edema and the ef-
fects of neural inflammation, appears to promote and accelerate nerve recovery after induction of 
crush injury, elevating the expression of proteins associated with a high activity of growth cones 
during regenerative processes (GAP-43), controlling inflammatory cell invasion at the lesion site and 
avoiding the harmful effects of the exuberant innate immune response (Feng & Yuan, 2015). Also 
methylprednisolone has been intensely investigated because of its neuroprotective properties, and 
the administration of high doses have the capacity to inhibit the action of oxygen radicals and lipid 
peroxidation, promoting axonal regeneration and inhibiting exuberant scar formation (Nachemson, 
Lundborg, Myrhage, & Rank, 1985). The use of corticosteroids locally appears to be more effective 
than its systemic application (Suslu, Altun, Erdivanli, & Turan, 2012) but its rapid degradation and 
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absorption limits its effectiveness. Continuous systemic administration does not overcome these 
problems since the secondary metabolic effects are severe (Mukudai et al., 2015). Sustained release 
of drugs in the form of microspheres with the use of specific membranes seems to guarantee the 
best balance between the desired regenerative effects and undesirable side effects (Li, Li, Cao, Luo, 
& Lian, 2016).

Other alternative agents to control the exuberant inflammatory reaction following peripheral 
nerve crush injury include the use of gabapentin. Traditionally used as an anticonvulsant, it not only 
has an analgesic effect in the control of allodynia and neuropathic pain, but also modulates the in-
flammatory response, promoting the removal of debris during the degenerative phase and attenu-
ating the exuberant effects of the inflammatory response and axonal remyelination during the 
regenerative phase (Camara et al., 2015, 2013). The use of phytoestrogens such as genistein with-
drawn from soybean has similar effects, performing neuroprotective functions, reducing allodynia 
and neuropathic pain, having an anti-inflammatory effect by reducing the levels of cytokines associ-
ated with the peripheral nerve subjected to axonotmesis and promoting an increase of the expres-
sion of the myelin basic proteins (MBP) and GAP-43 proteins associated with remyelination and 
axonal regeneration respectively (Ozbek et al., 2016).

B vitamins have the ability to attenuate degenerative processes in the peripheral nerve, either 
alone or in combination (Jolivalt et al., 2009). Vitamin B12, or cobalamin, is essential for various 
metabolic processes, and its decrease promotes deficiencies of methionine, the amino acid involved 
in the synthesis of phospholipids and myelin. In addition, cobalamin has antioxidant properties. Its 
positive effects in cases of peripheral nerve axonotmesis have already been demonstrated (Gan et 
al., 2014; Hobbenaghi et al., 2016). promoting morphological and functional recovery. In addition to 
its direct metabolic effects, it is thought that the vitamin B12 can also act upregulating genes related 
to various growth factors (Gan et al., 2014). Its mechanisms of action in this context need further 
investigation.

The use of androgens has also been weighted to stimulate regeneration after PNI. The use of thy-
roid hormones reduces nerve recovery time after injury (Fargo, Alexander, Tanzer, Poletti, & Jones, 
2008) and increases the expression of microtubule destabilizing factor (SCG10) (Voria et al., 2006), 
although the use of this type of substances still needs further studies.

Since oxidative stress is a mechanism associated with nerve damage but not its main component, 
the early application of antioxidant therapies for neuroprotection in cases of axonotmesis may have 
a concomitant effect on the stimulation of nerve regeneration, although they should not be used as 
single therapy (Hajimoradi, Fazilati, Gharib-Naseri, & Sarkaki, 2015). The use of antioxidants such as 
alpha-lipoic acid has protective effects in cases of crushing injury, stimulating an increase in endog-
enous antioxidants (SOD and CAT) and a decrease in lipid peroxidation indicators like MDA when 
applied prior to induction of the lesion (Senoglu et al., 2009). Zofenopril, an angiotensin converting 
enzyme, has a sulfhydryl group and therefore potential antioxidant activity (Subissi, Evangelista, & 
Giachetti, 1999). Its use after an induced crushing injury is associated with better functional recov-
ery and more effective axonal regeneration (Kalender et al., 2009).

Trapidil is a vasorelaxant that decreases nerve damage associated with ischemia by decreasing 
vasospasm after crushing lesions, attenuating myelin separation and endoneurial and mitochon-
drial swelling (Kurtoglu et al., 2005).

Nimodipine, an L-type voltage-gated calcium channel antagonist traditionally used as a vasodilator, 
demonstrates positive effects in promoting axonal regeneration after crushing injury, (Strauss, 
Romstock, Fahlbusch, Rampp, & Scheller, 2006) stimulating improvements in neuromuscular function, 
accelerating muscle reinnervation (Nishimoto, Kumai, Minoda, & Yumoto, 2012), increasing the sur-
vival of motor neurons, (Mattsson, Aldskogius, & Svensson, 1999) and generally ensuring a functional 
recovery and axonal regrowth after nervous crushing (X.-s. Zheng, Ying, Yuan, & Li, 2015). Although its 
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mechanisms of action are not yet fully understood, nimodipine is thought to act through stimulating 
remyelination by Schwann cells, decreasing the local inflammatory reaction (Li, Hu, Liu, Bao, & An, 
2009) and increasing the expression of calcium-binding S-100b proteins that play an important role in 
the regulation of intracellular calcium and actively participate in the growth of neurites and in neu-
ronal survival (Gonzalez-Martinez, Perez-Pinera, Diaz-Esnal, & Vega, 2003; Zheng et al., 2015).

Melatonin presents as a hormone with enormous potential to be used as a therapy in both axonot-
mesis and other types of PNI. The use of melanin in different studies demonstrated its ability to 
stimulate proliferation of Schwann cells both in vivo and in vitro and to improve nerve regeneration 
after PNI. The number of motor end plates observed on nerves after injury is higher in animals treated 
with melatonin when compared to animals treated with a simple saline solution (Chang et al., 2014). 
Further, melatonin treatment ensures better preservation of myelin sheaths after crushing or neurot-
mesis lesions, decreases levels of lipid peroxidation, and increases SOD, CAT and glutathione peroxi-
dase activity (Kaya et al., 2013). All the beneficial effects of melatonin treatment in controlling the 
formation of exuberant scars and neuromas and in the stimulation of functional recovery of injured 
nerves make this hormone particularly attractive for clinical use, even though that some studies indi-
cate potential toxic effects of its use, namely being able to interact negatively with the microtubules 
of the axons, promoting their disorganization, morphological alterations and potential disintegration 
(Piezzi & Cavicchia, 1981). Finally, melatonin is able to reduce not only the level of cell death by apop-
tosis in the CNS (Reiter, 1998) but also the death of motoneurons in the rat sciatic nerve after PNI 
(Rogerio et al., 2002). Essentially, more studies are needed to determine the balance between its 
benefits in peripheral nerve regeneration when compared to its potent nefarious effects.

The potentials effects of ES are probably related to the reestablishment of nerve conductivity at 
the level of the injured nerves. Thus, pharmacological restitution of nerve conductivity may also 
have beneficial effects. The use of 4-aminopyridine (4-AP), a potassium channel blocker, was consid-
ered as potential therapy in this subject. Early use of 4-AP after the induced crush injury allowed a 
better and faster motor and behavioural recovery, improved nerve conduction velocity, increased 
the sectional area of regenerated axons and correspondent myelin sheath thickness and increased 
P0 protein levels. In addition, there were no increased manifestations of neuropathic pain but rather 
a rapid restitution of the normal response to painful and thermal stimuli (Tseng et al., 2016). 4-AP 
allows the electrical impulses to be conducted even in demyelinated axons by blocking the K + chan-
nels, allowing the K + ions to leak from the axons and restoring the depolarization levels essential for 
the propagation of the action potentials (Hayes et al., 1994).

Sildenafil citrate is an effective inhibitor of phosphodiesterase-5 (PDE-5), and in addition to pro-
moting protection in situations of ischemia and reperfusion in the rat model (Das, Maulik, Das, 
Kadowitz, & Bivalacqua, 2001), it also reduces flap necrosis by increasing the secretion of growth 
factors and ensuring a better structural organization of the nerve after regeneration. Simultaneously, 
the use of this drug seems to promote a better and faster return to the physical performance of the 
injured animal (Korkmaz et al., 2016).

The use of aspirin, which was already largely consolidated, has gained importance in recent years 
due to the evidence of its neuroprotective effect on CNS, namely protecting dopaminergic cells 
against neurotoxicity and promoting oligodendrogenesis and remyelination in cases of white matter 
lesions (Chen et al., 2014). Also its use in the SNP seems to have positive effects on axonal regenera-
tion, promoting an increase in the number of surviving motoneurons after crushing injury, promoting 
the reaching of the distal stumps by the outgrowing nerve fibers, resulting in larger diameter of the 
myelin sheaths in the regenerated axons and improved functional recovery in treated animals (Cui 
et al., 2015). Although its mechanism of action has not yet been fully clarified, taking into account 
its effect on the attenuation of demyelination and promoting an increase in the thickness of the 
newly formed myelin sheaths (Chen et al., 2014), it is reasonable to infer that it acts directly on the 
cell Schwann, probably promoting their survival or their action after the nerve injury.
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Lithium chloride, a glycogen synthase kinase 3β inhibitor used as a mood stabilizer, is also studied 
because of its neuroprotective, antiapoptotic and anti-inflammatory effects. This molecule seems to 
have special potential in the treatment of nerve lesions where axon injury and demyelination occur 
simultaneously, a situation in which axonotmesis is included. Its administration after nerve crush 
lesions stimulates the expression of myelin genes, promoting remyelination and effective functional 
recovery (Makoukji et al., 2012).

Natural products, although still used reluctantly, appear to have beneficial effects on nerve regen-
eration after injury, and can improve motor performance, sensory function and nerve conductivity. 
Although the list of available products is broad and its pharmacological targets are not yet under-
stood, it is known that its mechanisms of action include activation of antiapoptotic signalling path-
ways, control of inflammatory cytokines and overexpression of growth factors (Araujo-Filho et al., 
2016). For example, the ABPP, polypeptides extracted from Achyranthes bidentata Blume, presents 
regenerative effects identical to cobalamin in terms of SFI, nerve conductivity and morphometric 
analysis after crush injury (Yuan et al., 2010); curcumin and propolis promote better recovery rates 
after sciatic nerve crush injury than methylprednisolone (Yuce et al., 2015) and Ginsenoside Rg1, an 
active compound extracted from ginseng, promotes better axonal regeneration and functional recov-
ery than mecobalamin (Ma, Li, Tian, & Lei, 2010). The list of natural substances and their beneficial 
effects in promoting regeneration after axonotmesis is extensive, corroborating the efficacy of these 
products in the treatment of different diseases. However, even with the evidence that these com-
pounds may act on different pharmacological targets and accelerate nerve regeneration, additional 
successful evidences are required to determine the relationship between them and PNI models and 
to establish these products as valid therapeutic options in clinical practice (Araujo-Filho et al., 2016).

2.5.3. Cell-based therapies
Cell-based therapies have been a potential alternative for the treatment of different lesions and 
neurological problems, including PNI. Diverse types of cells have already been considered in this type 
of therapies (Figure 5). Although theoretically able to differentiate into distinct types of cells and 
tissues, embryonic stem cells have been progressively discarded because of the ethical problems 

Figure 5.  Different types of 
MSCs in culture, (a) Human 
Dental Pulp MSCs (P2); (b) 
Equine Synovial Membrane 
MSCs (P4); (c) Equine Umbilical 
Cord MSCs (P1); (d) Rat 
Olfactory Mucosa MSCs (P4).
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associated with their use, making adult stem cells the best candidates (Orbay, Uysal, Hyakusoku, & 
Mizuno, 2012). Schwann cells, also considered and studied in this field, present several limitations in 
terms of clinical application, with donor site morbidity, difficulties in the expansion and complexity 
of the application phases. In addition, the number of Schwann cells decrease with aging (Hood, 
Levene, & Levi, 2009) Studies and preclinical application of mesenchymal stem cells (MSCs) have 
undergone a major advance in recent years, mainly due to their ability to differentiate into the types 
of cells needed at each site, the secretion of growth factors essential to the regenerative process 
and its capacity to modulate and attenuate the local and systemic inflammatory reactions (Bhangra, 
Busuttil, Phillips, & Rahim, 2016) MSCs have the advantage of could be obtained from virtually all 
tissues in the donor organism, including adipose tissue, bone marrow, dental pulp, umbilical cord 
(both umbilical cord blood and Wharton’s jelly), foetal blood, circulatory system, hair follicle, lungs, 
synovium, skeletal muscle and olfactory mucosa (Caceres, Peress, Rameshwar, & Fernandez-Moure, 
2016; Ge et al., 2016; Kobolak, Dinnyes, Memic, Khademhosseini, & Mobasheri, 2016) The list, how-
ever, is continuously expanding. When applied in regenerative medicine, these cells have character-
istics that make them excellent therapeutics adjuvants, namely easy expansion, ability to 
differentiate into different types of cells, tropism to injured sites, immunoprivileges and local and 
systemic immune modulation, trophic stimulation and modulation of functions of the tissues where 
they are or on which they act (Scatena, Eaton, Jackson, Lund, & Giachelli, 2017). When applied spe-
cifically to peripheral nerve regeneration, MSCs can secrete neurotrophic factors and create a propi-
tious environment to the occurrence of neurogenesis and proliferation of Schwann cells at injury 
sites. Moreover, they themselves can follow a neurogenic differentiation or differentiate into 
Schwann cells, in addition to modulating the inflammatory response and Wallerian degeneration 
(Kingham et al., 2007). Once in the appropriate microenvironment, MSCs can produce and secrete 
various growth factors such as NGF, BDNF, glial-derived neurotrophic factors (GDNF), neurotrophins, 
endothelial and ciliary growth factors (Walsh & Midha, 2009). Remyelination regeneration of injured 
axons are also stimulated by the presence of MSCs, which those synthetizing and release many my-
elin proteins, such as myelin MBP or P0 proteins (Zhang et al., 2017).

The application of the cells at the site of crush injury can be challenging, although there are sev-
eral options available. The first option involves the suspension of the MSCs in a suitable medium and 
their microinjection at the lesion site. This process, however, can be traumatic both for the cells and 
for the intraneural architecture, leading to a defective cellular distribution (Pang et al., 2013). 
Another option involves the suspension of the cells in a fibril matrix and injection of this matrix 
around the injured site (Zhao et al., 2014). When associated with the use of biomaterials, in the 
crushed nerve wrapping processes, cells can be injected directly into the lumen of the wrap material, 
this being natural or synthetic (Jiang, Jones, & Jia, 2017). Despite its apparent potential, the mecha-
nisms of action of MSCs are still not fully understood and cell stability, the risk of tumorigenesis and 
the risks of cell migration are still concerns. Individual application of MSCs at injury sites, although 
associated with improvements in outcomes, are still less effective than conventional surgical tech-
niques. Its efficacy seems to be potentiated when used concomitantly with biomaterials and associ-
ated with growth factors (Jiang et al., 2017).

2.5.4. Growth factors
Neurotrophins are the set of molecules naturally present and expressed in the process of nerve re-
generation. When released at the proximal nerve endings and distal to the lesion site, they have the 
ability to stimulate and guide axonal growth and differentiation. Several of these neurotrophic fac-
tors have already been isolated and applied in preclinical studies to stimulate axonal regeneration. 
These factors include superfamily growth factor beta, NGF, insulin-like growth factors, neurotrophins 
3, 4, and 5, ciliary neurotrophic factor, neuregulin-1, BDNF, GDNF and platelet-rich plasma (Gaudin et 
al., 2016; Sariguney et al., 2008). NGF is one of the most studied factors. It is present in low concen-
trations in the healthy nerves, its expression increasing significantly in nerves after injury, playing 
essential functions in the survival of the neurons and in the growth of the new neurites. In addition 
to promoting the proliferation and differentiation of neurons, it is still capable of modulating the dif-
ferentiation of the injured nerve (Namiki, Kojima, & Tator, 2000). Administration of NGF at injury 
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sites promotes nerve repair and functional recovery (Petruska & Mendell, 2004). At the same time, 
the presence of these growth factors can reduce the expression of p38MAPK, a pathway that is acti-
vated early in PNS (Agthong, Kaewsema, & Chentanez, 2012) lesions and appears to be involved in 
cell death phenomena. Thus, early administration of exogenous NGF after crushing lesions has ben-
eficial effects both through its protective and regenerative action over regeneration and through 
inhibition of p38MAPK expression and its effects on cell death (Fan et al., 2015). BDNF administration 
promotes faster functional recovery after crush injury in mice, stimulating neuronal intrinsic growth 
capacity and behavioural recovery (Zheng et al., 2016). IGF-1, a neuropeptide naturally produced in 
the brain and peripheral nerve after injury has a trophic effect on several tissues (nervous, connec-
tive and muscular), stimulating the development and growth of neurons and glial cells, allowing 
axonal outgrowth, acceleration of remyelination and neuronal survival (Bayrak et al., 2017; 
Nachemson, Lundborg, & Hansson, 1990).

When applied in solution at the lesion site, however, these factors rapidly diffuse into body fluids, 
requiring periodic administration associated with increased costs and undesirable side effects (Apfel 
et al., 1998). To overcome these limitations alternative methods for administering NGF to the nervous 
system have already been tested, namely drug delivery systems (Haller & Saltzman, 1998), encapsu-
lated cell transplantation, biomaterials (Houschyar et al., 2016) and gene therapies (Esaki et al., 2011).

2.5.5. Gene therapies
Gene therapy, which has steadily grown in recent years, involves the insertion, alteration or removal 
of genes in certain cells to treat diseases. The most common embodiment is the insertion of genes 
at a specific genomic location so that the transduced cells continuously produce proteins of interest 
(Oliveira, Lopes, de Almeida, & Martinez, 2014). The use of viruses to introduce therapeutics genes is 
the most efficient method for the nervous system (RJ Mason, R Tannemaat, JA Malessy, & Verhaagen, 
2011). Although it is a relatively recent and unexplored therapeutic technique, has already been suc-
cessfully applied in different studies of peripheral nerve regeneration after axonotmesis. One study 
has explored the use of a recombinant replication-deficient adenoviral vectors to induce the release 
of NGF delivery by Schwann cells, promoting a sensory recovery in a nerve after crushing (Li et al., 
2012). In another study, adenovirus was used to increase the expression of sciatic nerve growth fac-
tors after crushing injury, stimulating axonal protection, attenuating myelin degeneration, and pro-
moting functional recovery (Tsai et al., 2010). Another technique involves transplantation of cells 
previously genetically modified in vitro to the injured tissue to be treated (Mason, Tannemaat, 
Malessy, & Verhaagen, 2011). One study addressed the transplantation of human amniotic fluid-
derived mesenchymal stem cells genetically modified to the production of GDNF in the treatment of 
an ischiatic nerve after axonotmesis, thus promoting axonal regeneration and decreasing the phe-
nomena of apoptosis (Cheng et al., 2010). Despite these promising results, gene therapy is still far 
from being fully effective and safe. First, although methods that do not use viruses are safer in gene 
transfer, viral methods are much more effectives. Genetic therapies are always subject to the occur-
rence of immune responses and systemic reactions, and the methods used to reduce these occur-
rences (filtration methods) are not entirely safe. Finally, the risks of targeting wrong cells and of 
mutagenesis by inserting exogenous DNA into the genome are issues concerning biosafety that 
must be taken into account (Oliveira et al., 2014).

2.5.6. Surgical interventions
In clinical practice, with no standard pharmacological treatment yet available, surgical interventions 
are necessary in all cases where spontaneous recovery is not observed. In any case, perform or not 
a surgical intervention is a complex decision: if surgery is performed too early, much of the potential 
for spontaneous recovery is lost. On the other hand, establishing that the observed lesion has the 
potential for spontaneous recovery is equally risky, since the confirmation is essentially clinical and 
the neuropraxic lesion can only be confirmed weeks to months after lesion establishment. After this 
period, and if no recovery has been observed, the opportunity to perform an effective surgical inter-
vention has been lost (Birch et al., 2012). These factors should be considered also in the experimen-
tal surgical intervention and in the corresponding experimental model instituted.
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In the case of neurotmesis lesions, in which there is a true nerve gap with anatomical separation of 
the proximal and distal segments to the lesion, the surgical options are varied and include epineural 
repairs (neurorrhaphy) (Dahlin, 2008), intranerve sutures (Lundborg, 1988), sutures between healthy 
nerves and injured nerves (neurotilization) (Simon, Spinner, Kline, & Kliot, 2016), the use of grafts 
(autografts or allografts) (Grand, Myckatyn, Mackinnon, & Hunter, 2002; Millesi, 2007) and nerve guid-
ance conduits (NGC) (Safa & Buncke, 2016). In the case of crush injuries, since the epineurium and the 
anatomic shape of the nerve trunk are maintained, most of these surgical approaches are not effec-
tive. For axonotmesis, traditional surgical techniques included neurolysis and nerve decompression, 
often associated with poor outcomes. A specific surgical technique has been developed to ensure a 
protective barrier around the crushed nerve, reducing the formation of scar tissue and adhesions with 
surrounding tissues and supplying an optimal environment for nerve regeneration. The concept of 
wrapping the crushed nerve aims to wrap the lesion site with a material that decreases the degree of 
exuberant healing, neural fibrosis, changes in metabolism and leads to effective wound healing. 
Nerve wrapping can be performed using autologous or allogenic tissues and biological or synthetic 
materials (Ozturk, Uygur, & Siemionow, 2015) and can be applied as a single surgical therapy or com-
bined with administration of pharmacological agents, growth factors or stem cells (Suzuki et al., 
2017). During application of the wrap, and once the crush injury is performed, this is wrapped around 
the crushed site to cover the entire injured area. Loose sutures can be performed between the wrap 
and adjacent muscle fascia’s to prevent migration of the wrap (Ozturk et al., 2015).

The use of autologous tissues to wrap the site of the crushing lesion, such vascular grafts, dermofas-
cial fat grafts or muscle flaps, allows to create a local environment that promotes axonal migration and 
regeneration without the problems related to the antigenic components (Leuzzi et al., 2014; Millesi, 
2007). Allografts are usually obtained from cadavers, and although from the structural point of view 
they are as functional as autografts, it is necessary to establish an immunosuppressive therapy, usually 
for extended periods of time, to avoid rejection reactions on the receptor (Grand et al., 2002). These 
materials may undergo enzymatic treatment prior to application to become acellular, reducing the 
need for immunosuppressive treatments and increasing the likelihood of success. Even so, the probabil-
ity of inflammatory reactions is high and can lead to the formation of scarring phenomena, which is 
precisely the opposite of the purpose of its use (Kehoe, Zhang, & Boyd, 2012). The use of sheaths con-
sisting of absorbable acellular extracellular collagen matrices, derived from animals or humans (human 
amniotic membrane; intestinal submucosa swine—AxoGuardTM Nerve Protector; collagen type I—
NeuraWrapTM/NeuroMendTM) can also be used as a material for wrapping the injured site (Gaudin et al., 
2016). Its use allows to stimulate the neovascularization, to promote survival, growth, and regeneration 
of axons, guarantees the presence and action of several growth factors and cytokines and is associated 
with few or no immunogenic complications (Yi, Lee, Lee, Lee, & Yang, 2013). All natural materials tend 
to degrade in a non-toxic manner, although the speed of this process is faster (Bell & Haycock, 2012).

The use of synthetic material for wrapping the axonotmesis injury allows the creation of a separa-
tion barrier between the injury site and the surrounding tissues and to keep the neurotrophic and 
neurotropic factors secreted in the injured site (Kehoe et al., 2012), overcoming the disadvantages 
of the organic options (Safa & Buncke, 2016). The synthetic materials used must meet the estab-
lished criteria for the safe use of biomaterials, being: (a) biocompatible with the tissue where it will 
be applied, with absence of local or systemic inflammatory reactions (Scatena et al., 2017); (b) bio-
degradable; (c) mechanically and architecturally stable during the regenerative process (Basu, 
2017); (d) resistant to the application of sutures and to possible local inflammatory reactions (e) 
flexible and resistant in a balanced way, in order to avoid compression during the regeneration and 
to limit the accumulation of inflammatory and fibrous material (Belanger et al., 2016); (f) capable of 
preventing excessive loss of neurotrophic factors at the site of injury (Kehoe et al., 2012); (g) capable 
to provide a good pathway for the growth cone, reducing the phenomena of misdirection (Peng, Li, 
Chiu, & Wang, 2017); (h) semipermeable and with pores of adequate dimensions to allow the influx 
of oxygen and nutrients necessary for the regenerative process but to prevent the entry of inflam-
matory cells and the loss of growth factors (Meek & Coert, 2008); (i) technically appropriate, allowing 
good standards of production, sterilization, storage and handling (Kaur, 2017). Various materials can 
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be used, to wrapping the crushed nerve, divided between absorbable and non-absorbable 
(SalubridgeTM) materials (Kehoe et al., 2012). The use of synthetic materials is associated with the 
risk of production of acidic materials during degradation, which can have a detrimental effect on the 
regenerative microenvironment and cellular activity (Bell & Haycock, 2012). In any situation, the 
ideal material is the one that can protect the nerve, prevent the formation of neuromas, decrease 
the degree of adhesion, promote a minimal inflammatory reaction and stimulate axonal regenera-
tion (Xu, Varitimidis, Fisher, Tomaino, & Sotereanos, 2000). Mostly, the best results are obtained 
when the nerve is wrapped in autologous weavers (fat grafts or twenty grafts).

3. Conclusion and further directions
PNI are lesions commonly identified in clinical practice, with several underlying causes, severe func-
tional and behavioural consequences, and often poor and far from desirable outcomes. Despite the 
intrinsic capacity of the peripheral nervous system to spontaneously regenerate after injury, the 
degree of regeneration and functional recovery is fundamentally dependent on the type of injury 
instituted, with remarkable recovery rates for lesions of lesser severity rarely and suboptimal out-
comes for neurotmesis if there is no therapeutic intervention that supports and promotes the re-
parative nerve behaviour.

Peripheral nerve crushing lesions are among the most common lesions within the PNI and represent 
the limit between the lesions susceptible to spontaneous regeneration and those that require compul-
sory surgical intervention for regeneration to happen. Crush lesions usually occur associated with ex-
treme compressive forces, fractures and hematomas that affect not only the nerve itself but also all 
neighbouring tissues, creating a complex healing environment that interacts and directly affects the 
regenerative nerve phenomena. The main barriers to normal and efficient nerve regeneration in these 
cases are the establishment of exuberant inflammatory reactions, the occurrence of adhesions be-
tween the nerve and surrounding tissues, reperfusion injuries, failure in the stimulation and guiding of 
axonal regrowth and reinnervation of the target organs, occurrences of axonal misdirecting and fail-
ures in remyelination. For each of these failure mechanisms it is necessary to establish a precise and 
oriented therapeutic tactics, and in this need lies the complexity of the treatment of PNI.

Axonotmesis is an experimental lesion paradigm that mimics in a controlled environment the oc-
currence of crushing lesions in the peripheral nerve, allowing to test different therapeutic approach-
es, alone or in an association, in the promotion of normal nerve regeneration. In the last decades, 
several therapeutic approaches have been applied in this type of lesion, from pharmacological and 
hormonal treatment to surgical interventions of neurolysis and decompression. More recently, the 
development of new branches of medicine such as gene therapies and cell based therapies associ-
ated with new surgical techniques such as wrapping have allowed great advances in the treatment 
of crush injuries. Despite this, the results obtained to date are still far from being the ideal. Despite 
the years of interventions and the number of published works, it has not yet been possible to estab-
lish a single and uniform lesion model that allows a comparison between works free from inter-ex-
perience and inter-operator variability. In addition, methods of determining axonal regeneration 
and functional assessment, being multiple, are often used without considering the correlation be-
tween them and the specific component of regeneration that each method tests. The ideal tests will 
be those that allow an accurate analysis of several outcome measures and the subsequent recovery 
after treatment. If a comprehensive analysis is not performed, different components of the regen-
erative process may be ignored in the final analysis, thus leading to erroneous conclusions that 
overestimate or underestimate the therapeutic potential of an intervention. For example, given that 
the main clinical objective in any intervention is, above all, a high degree of functional recovery, the 
number of publications in which these tests are not performed in detriment of other methods of 
determining axonal regeneration is still very high.

In conclusion, and even considering all the remarkable advances already made in the treatment 
of the peripheral nerves after injury and, specifically, submitted to axonotmesis lesions, it is neces-
sary to continue the efforts to determine the ideal therapy for this type of lesion, establishing 
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uniform injury models and appropriate functional and regenerative assessment methods adapted 
to each situation.
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