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Peripheral nerve injuries result in loss of sensory, motor and autonomic functions 

of the area innervated by the injured nerves. Although peripheral neurons have 

the capability to regenerate after a lesion, functional recovery is usually 

unsatisfactory, specially after severe nerve injuries where nerves are completely 

transected. Surgical repair is mandatory after nerve section; if the lesion 

generates a gap too large to allow apposition and direct suture of the nerve 

stumps, a nerve graft is used to bridge this gap, being the autologous nerve graft 

the gold standard technique. However, it has some drawbacks, such as limited 

availability of healthy nerves, donor site morbidity, and longer intraoperative time. 

Allografts can be an alternative to the use of the autografts, although the immune 

rejection against Schwann cells and myelin sheaths impedes their use.  To avoid 

rejection, these allografts can be decellularized.  

The aim of this thesis is to evalute two different enzymatic protocols, one also 

combined with detergents for rat, sheep and human nerves. The regenerative 

capacity of these decellularized allografts has been tested for the repair of critical 

injuries in the rat sciatic nerve and in the sheep peroneal nerve.  

Both decellularization protocols were highly efficient for removing the cells 

present in the nerve while preserving the extracellular matrix structural and 

biomechanical properties. In vivo results in the rat sciatic nerve model showed 

that the decellularized allografts supported nerve regeneration along a critical 

nerve injury inducing a 15 mm gap. However, the lack of cellularity implied slight 

delay in the regenerative process in comparison to the ideal autograft. On the 

other hand, the use of human decellularized xenografts in the rat did not sustain 

well nerve regeneration. An inflammatory and fibrotic reaction was observed at 

early-phases of regeneration. In vitro studies showed that the components of the 

extracellular matrix play also a role in axonal regeneration being less effective 

inter-species. 

In the sheep, we evaluated the regenerative capacity of the decellularized 

allografts in a 5 or 7 cm long gap injury of the peroneal nerve. In both cases, the 

grafts assayed supported effective axonal regeneration along the gap and distal 

target reinnervation, although slower regenerative progression was observed in 

the gap of 7 cm than in the gap of 5 cm. The regeneration outcomes were lower 

than the ones reached with the autograft repair in both allografts due to the lack 
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of cellularity. In summary, decellularized allografts emerge as the most suitable 

alternative to autografts, since they guarantee regeneration in long gap nerve 

injuries in contrast to nerve conduits reported in the literature. 
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• ADSCs: adipose-derived 

mesenchymal stem cells 

• AG: autograft 

• AG5: 5 cm autograft 

• AG7: 7 cm autograft 

• BMSCs: Bone-marrow-derived 

mesenchymal stem cells  

• BST: Barcelona Tissue Bank 

• CMAP: compound muscle action 

potential 

• CNS: central nervous system 

• CSPG: chondroitin sulfate 

proteoglycans  

• DC: 7 cm decellularized nerve 

allograft 

• DC-RA: decellularized rat 

allograft 

• DC-HX: decellularized human 

xenograft 

• DCA: decellularized allograft 

• DRA: decellularized rat allograft 

• DRG: dorsal root ganglia 

• DPI: days post injury 

• ECM: extracellular matrix 

• EMG: electromyography 

• FDA: Food Drug Administration 

• FT: functional tests 

• GM: gastrocnemius 

• IHC: immunohistochemistry 

• iPSCs: induced pluripotent stem 

cells  

• JNK: c-jun N-terminal kinase 

• MPO: months post operation 

• MPS: months post surgery 

• MSC: mesenchymal stem cell 

• NAD+: nicotinamide adenine 

dinucleotide 

• NMNAT2: nicotinamide 

nucleotide adenylyltransferase 2 

• PB: phosphate buffered 

• PBS: phosphate buffered 

solution 

• PDL: poly-D-lysine 

• PL: plantar interosseus 

• PN: peripheral nerve 

• PNI: peripheral nerve injuries 

• PNS: peripheral nervous system 

• RT: room temperature 

• SC: Schwann cell 

• SD: Sprague Dawley 

• SFI: sciatic functional index 

• SGCiE: Servei de Granges i 

Camps Experimentals  

• TA: tibialis anterior 

• VERI: Verigraft AB 



 



 
 
 
 
 
 
 
 
 
 

IV. INTRODUCTION 
 



 



INTRODUCTION 

23  

1. Peripheral Nervous System  

The main function of the peripheral nervous system (PNS) is to connect the 

central nervous system (CNS) with the organs, muscles, and skin to enable 

sensations, perform movements and control the visceral organs. The PNS can 

be divided into two functional categories: the somatic nervous system and the 

autonomic nervous system. The somatic nervous system control actions under 

conscious control, body movements and receives information from external 

stimuli, while the autonomic nervous system controls the functions and receives 

information of the internal organs.  

The human PNS consists of 12 pairs of cranial nerves, 31 pairs of spinal roots 

and their associated nerves, and the peripheral nerves (PN). The cranial nerves 

make the connections between the head and the upper body while the spinal 

nerves make the connections between the head and the rest of the body. 

PN are composed by motor axons that extend from motor neurons located in the 

ventral horn of the grey matter of the spinal cord, sensory neurons located in the 

dorsal root ganglia (DRG) and autonomic neurons; their axons innervate their 

target organs: skeletal muscles, sensory receptors and visceral muscles and 

glands respectively. 

Peripheral nerve fibers were classified by Erlanger and Gasser (1937) according 

to their myelination, diameter, and velocity of impulse conduction. Motor neurons 

can be divided into a motor neurons, that innervate the skeletal muscle fibers, 

and g motoneurons, that innervate the intrafusal fibers of the muscle spindle, and 

play an important role in adjusting the sensitivity of the spindle receptors. Sensory 

axons transduce specific stimuli into electrical signals that will be transported from 

the periphery to the CNS.  
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Depending on the stimuli and their function, sensory neurons can be classified 

as:  

- Proprioceptors: are located in the muscles, joints, and other deep structures. 

The main function is to provide information about the tension and length of the 

muscles, and the position of different body parts.  

- Fine touch receptors: mechanoreceptors with specialized end organs that 

transmit fine information about pressure or touch.   

- Gross touch receptors: mechanoreceptors with free nerve endings that transmit 

information about gross touch.   

- Thermoceptors: either cold or warm receptors, provide information about 

temperature of the skin.  

- Nociceptors: process damaging stimuli, and can be high threshold 

mechanoreceptors, thermal receptors, or chemical receptors, but a majority are 

polymodal.  

- Itch receptors:  convey irritation and tingling sensations (Usoskin et al., 2015). 

 Neurons that innervate cutaneous receptors project to the skin mainly via 

cutaneous nerves, while neurons that carry sensory information from muscles, 

such as proprioceptive neurons, project to the muscles or tendons via muscular 

nerves. Sensory fibers are usually classified by roman numbers (in parenthesis 

in Table 1), in contrast to the broad classification used to classify any type of 

nerve fiber by using combined Latin and Greek letters (Table 1).  
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Table 1. Classification of peripheral nerve fibers. Adapted from Erlanger & 

Gasser (1937). 

 

PN are made up of fascicles of axons, each surrounded by a layer of connective 

tissue, the endoneurium, which contains the endoneurial space. The 

endoneurium consists of collagen fibrils that run longitudinally along the nerve 

fibers between the Schwann cell (SC) basal lamina and the perineurium. The 

endoneurial tubules contain the axons and their associated glial cells. SC 

myelinate the thick axons, insulating them with high resistance and low 

capacitance myelin sheaths, allowing ion flow to create a saltatory conduction 

between the nodes of Ranvier, which increases the speed of nerve impulses.  

Non myelinating SC, called Remak cells, surround a group of unmyelinated 

axons, that due to the lack of myelin, conduce nerve impulses slowly in a 

continuous manner. 

 Fiber 
Diameter 

(µm) 

Conduction 

velocity 

(m/s) 

Myelin Function 

Motor 

fibers 

Aa 12-22 60-120 Yes Skeletal muscle control 

Ag 3-5 30-45 Yes Muscle spindle control 

Sensory 

fibers 

Aa 

(Ia) 
12-22 60-120 Yes 

Muscle spindle 

proprioception 

Aa 

(Ib) 
12-22 45-80 Yes 

Golgi tendon organs 

proprioception 

Ab 

(II) 
6-12 5-30 Yes 

Proprioception and fine 

touch 

Ad 

(III) 
1-5 5-30 Yes 

Temperature, fast pain 

and gross touch 

C 

(IV) 
0.3-1.5 0.5-2 Yes 

Temperature and slow 

pain 

Autonomic 

fibers 

B 6-12 45-80 Yes Preganglionic 

C 0.3-1.5 0.5-2 No Postganglionic 
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The perineurium is the connective tissue assembled around each fascicle. It is 

the nerve layer that offers more tensile resistance, since it is composed of several 

layers of flattened fibroblasts, compacted, and surrounded by basal lamina.  

Finally, the epineurium is the outermost covering connective tissue which 

connects the nerve fascicles in a single trunk. It is composed by longitudinal 

collagen fibers, fibroblasts, mass cells, and fat. Collagen fibers prevent nerve 

stretching and, therefore, injuries during limb motion. It also contains the blood 

vessels that supply the PN, that branch out and penetrate the perineurium. 

However, the endoneurium is poorly vascularized and axonal nutrition relies 

primarily on diffusive mass transfer from perineural capillaries (Figure 1). 

 

 
 

Figure 1. Structure of the peripheral nerve. Transverse view of a peripheral 

nerve composed by different layers of connective tissue, endoneurium, 

perineurium and epineurium. Nerve fibers can be myelinated or unmyelinated 

and are packed in fascicles. 

 

1.1. Extracellular matrix in the PNS 

The extracellular matrix (ECM) is a three-dimensional network matrix of a 

complex molecular nature in which axons and supporting cells are immersed. It 
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is located in the interstitial space of all tissues and contains proteins and 

carbohydrates synthesized and secreted by cells. The ECM plays an important 

role in the migration, proliferation, and differentiation of cells, provides structural 

support, and regulates cell-to-cell communication, contributes to the mechanical 

properties of tissues, enables cells to form tissues, facilitates cell communication, 

and forms pathways through which cells can migrate. In the PNS, the ECM is 

found in the basal lamina of SC and endoneurium (Gonzalez-Perez et al., 2013). 

The components of the ECM can be divided into two main categories: 

proteoglycans and glycoproteins. Three of the glycoproteins have an important 

role in axonal regeneration and their effects have been proved both in vitro and 

in vivo: collagen (Babington et al., 2005), laminin (Werner et al., 2000) and 

fibronectin (Gardiner et al., 2007). 

- Collagen is a trimeric molecule consisting of three a-chains. It can be divided 

into several subfamilies depending on the type of structure they form: fibrillar 

(types I, II, III, V, XI), facet-fibril-associated collagens with broken triple helices 

(types IX, XII, XIV), short chains (types VIII, X), basement membranes (type IV) 

and other types with different structural types (types VI, VII, XIII). Also, is 

associated with fibril formation (type I collagen) and basement membrane (type 

IV collagen) in the establishment of axonal pathfinding during neurodevelopment, 

as well as in the maintenance of synaptic connections and maintenance (Fox, 

2008). 

- Laminin is the major ECM protein involved in cell differentiation, adhesion, and 

migration activities. It is mainly found in the basal lamina and different isoforms, 

such as laminin-2 (a2, b1, g1) and laminin-8 (a4, b1, g1) are secreted by SC and 

are found in PN (Wallquist et al., 2002), whereas laminin-10 (a5, b1, g1) is located 

in sensory end organs (Caissie et al., 2006). Laminin provides the adhesion 

component that confers pro-regenerative capabilities to the basal lamina 

scaffolds after nerve injury (Wang et al., 1992) and has been shown to promote 

neuritogenesis in vitro (Agius and Cochard, 1998). 

- Fibronectin is a glycoprotein found in the ECM. It forms a fibrous network and 

maintains the interactions with laminin and collagen IV, promoting cell 
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proliferation and differentiation. Furthermore, fibronectin mainly binds to integrins, 

but also has binding sites for collagen, heparin, fibrin, and syndecan (Mao and 

Schwarzbauer, 2005). In the nervous system, fibronectin is shortly up-regulated 

after peripheral nerve injuries (PNI) (Lefcort et al., 1992) and is secreted by 

fibroblasts and SC (Baron-Van Evercooren et al., 1986; Chernousov and Carey, 

2000). 

2. Peripheral Nerve Injuries 

PNI result in partial or complete loss of motor, sensory and autonomic functions 

mediated by the involved nerves. The injury of the axons leads to degeneration 

of distal nerve fibers and consequent denervation of the territories and organs 

innervated by the injured nerves. Eventually, axotomized neurons can die. These 

deficits can be recovered by reinnervation of denervated targets following two 

compensatory mechanisms: regeneration of damaged axons and sprouting of 

nearby undamaged axons. However, clinical, and experimental evidence 

generally indicates that these mechanisms are insufficient to ensure effective 

functional recovery, especially after severe injuries (Kline, 2000; Lundborg, 

2000). 

PNI have a variety of etiologies, including trauma, laceration, compression, 

ischemia, or stress-related injuries (Campbell, 2008). Besides, PNI are a major 

clinical and public health problem because severe injuries have a devastating 

impact on patients’ quality of life. Worldwide, more than a million people suffer 

from peripheral nerve damage per year. In Europe, more than 300,000 PNI are 

reported each year, while severe injuries affect 14 cases per 100,000 inhabitants 

per year (Asplund et al., 2009). In the United States, 20 million cases by trauma 

and medical disorders (Lundborg, 2003) result in approximately $150 billions 

spent in annual healthcare (Taylor et al., 2008).  

 

2.1. Classification of PNI 

The severity of the injury determines the need for surgical repair and the 

appropriate technique. There are two classifications to evaluate PNI severity, 
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made by Seddon (1943) and Sunderland (1990). The most detailed classification 

was made by Sunderland and is more useful from a surgical point of view. It 

differentiates five degrees of injury.  

The first degree (named also as neurapraxia in Seddon's classification) 

corresponds to the interruption of conduction, usually due to compression. It 

affects the myelin sheaths but do not disturb axonal continuity, preventing 

degeneration of distal fibers. This injury recovers within a short time once the 

cause is removed. In the second degree (Seddon's axonotmesis) the axons are 

disrupted, but the connective sheaths remain intact, often due to crush injuries. 

Axons distal to the lesion degenerate and severed axons have to regenerate. 

Recovery is good as the regenerating axons grow within the original endoneurial 

tubules and can reconnect to their original targets. The third degree implies the 

rupture of axons and endoneurial tubules without affecting the perinerium, 

leading to a distal degeneration and internal disorganization of the nerve 

fascicles. In the fourth degree the perineurium is also damaged (in which the 

epineurium remains intact), leading to disrupt and disorganize the fascicular 

architecture, intraneural scar formation, and loss of directional guidance for 

regenerating axons. In addition, neuroma formation is common. In the last degree 

of injury, the fifth degree (Seddon's neurotmesis) there is a complete transection 

of the nerve.  

After transection of a nerve, the elastic forces generate a separation between the 

two nerve stumps. The length of the resulting gap depends on the size of the 

nerve and the adherences to surrounding tissue. When a segment of the PN is 

damaged, such as in severe trauma or in transection lesion, the gap between the 

proximal and the distal stumps is correspondingly longer. In these situations, the 

prognosis for spontaneous recovery is low, and therefore, surgical repair is 

required. The purpose of the repair is to re-establish the continuity of the nerve 

trunk, prevent the formation of scar tissue at the lesion site, and providing the 

injured axons growing from the proximal stump with an appropriate substrate 

which supports nerve regeneration, such as the distal degenerating nerve.  
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Figure 2. Classification of peripheral nerve injuries. Schematic representation 

of the five degrees of nerve injury according to Sunderland classification 

(Sunderland, 1990).  

 

3. Degeneration and regeneration following PNI 

3.1 Neuronal response after PNI 

Neurons have an intrinsic growth capacity during the embryonic stage that is 

repressed during adulthood to allow proper synaptic development (Allodi et al., 

2012). In contrast to most neurons in the CNS, mature neurons of the PNS are 

able to regenerate after axotomy. Peripheral neurons trigger a complex activation 

response both in the soma and in the axon of the injured neurons. Successful 
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regeneration after axotomy mainly depends on the ability of injured neurons to 

survive and to switch from a transmission state to a pro-regenerative state, which 

implies changes in the expression genes that encodes for transcription factors 

(Herdegen et al., 1991; Leah et al., 1991; Schwaiger et al., 2000), that regulate 

other genes involved in cell survival and neurite growth (Navarro et al., 2007).  

After axotomy, the arrival of injury-induced signals is followed by the induction of 

transcription factors, adhesion molecules, growth-related proteins, and structural 

components in the soma, all of which are required for axonal regeneration (Rishal 

and Fainzilber, 2014). A back-propagating calcium wave generated at the site of 

damage (Cho et al., 2013) when the axoplasm is exposed to the extracellular 

environment. Also, a high frequency burst of action potentials quickly inform the 

cell body of the damage caused due to axonal injury and activating several 

protein kinase pathways (Ghosh and Greenberg, 1995). Another set of signals 

includes the early absence of target-derived trophic factors (Lee et al., 1998; 

Raivich et al., 1991) and the arrival of activation signals not only from the injured 

axons themselves but also from other non-neuronal cells. Finally, the axoplasm 

is sealed, and expresses various receptors for neurotrophic factors or cytokines 

that can be activated, internalized, and delivered to the neuron body by 

retrograde transport when SCs and infiltrating macrophages release these 

molecules in the degenerative environment, contributing to the preservation of 

the regenerative function of neurons (Curtis et al., 1993, 1994, 1998). 

These neuronal activation signals also trigger multiple signaling pathway genes 

in neuronal cells that can lead to two opposite outcomes: cell death or 

regenerative response. Among them are some kinases, such as MAPKs Erk1 

and Erk2, c-jun N-terminal kinase (JNK) and p38 kinase. Changes in gene 

expression affect the encoding of cell adhesion and guidance molecules, 

transcription factors, cytoskeletal proteins, trophic factors, cytokines, 

neuropeptides, and neurotransmitter synthesizing enzymes, ion channels and 

membrane transporters. Finally, one of the most important changes after 

peripheral axotomy is the increase of regeneration-related proteins such as 

growth-related proteins GAP-43 (Skene, 1989), ion channels (Goldberg, 2003), 

tubulins and neurofilaments (Hoffman et al., 1987) and neuropeptides (Hökfelt et 
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al., 2000). GAP-43 is upregulated from the first day after axonal injury and is 

usually used as a label to identify growing axonal profiles. Besides, GAP-43 is 

rapidly transported along the axon to growth cones, where the protein 

accumulates to regulate neurite formation and synaptic plasticity (Li et al., 1997).  

Tubulins are significantly increased in axotomized motor and sensory neurons, 

while the neurofilament proteins NF-L, NF-M and NF-H are decreased, probably 

reflecting an increase in axoplasmic fluidity to facilitate axonal transport (Hoffman 

et al., 1987; Tetzlaff et al., 1996; Wong and Oblinger, 1990).  

 

3.2 Wallerian degeneration 

After PNI that implies the rupture of PN fibers, axons, and myelin sheaths distal 

to the lesion are degraded by a process known as Wallerian degeneration. It is a 

well-characterized molecular and cellular event for clearing distal segment debris 

(Zochodne, 2012), creating a permissive environment that will allow axons to re-

growth to their original targets. This degeneration is important in the process, 

since an intact nerve does not support axonal regeneration due to the presence 

of inhibitory factors (Mueller, 1999; Tang, 2003), such as chondroitin sulfate 

proteoglycans (CSPGs) of the ECM and myelin-associated inhibitors of nerve 

regeneration (Mukhopadhyay et al., 1994).  

The process requires guidance signals different from those produced during 

developing stages (Dudanova & Klein, 2013). When the distal nerve stump 

undergoes Wallerian degeneration, the activation of SCs and the infiltration of 

hematogenous macrophages (Stoll and Müller, 1999) eliminate distal axons and 

myelin debris to clear all the inhibitory factors. On the contrary, the proximal axon 

segment and cell soma remain intact. Nerve injury results in impaired supply of 

nicotinamide nucleotide adenylyltransferase 2 (NMNAT2) synthetized in the 

soma to the axon, resulting in diminished levels of this protein as well as 

nicotinamide adenine dinucleotide (NAD+). Axonal injury also leads to SARM1 

activation, that promotes NAD+ depletion. Lack of NAD+ leads to increase of Ca2+ 

in the axoplasm, thus activating Ca2+-dependent proteases that initiate 

degradation of axonal cytoskeletal components (Gerdts et al., 2016). The 
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degenerative end-products are eliminated by the cooperative action of SCs and 

infiltrating macrophages (Stoll and Müller, 1999). The first signs of Wallerian 

degeneration are observed within 24 hours after nerve injury, and they continue 

distally for approximately two weeks, following a proximo-distal progression. 

Denervated SCs can engulf their myelin sheath to some extent, but recruitment 

of hematogenous macrophages is the main pathway for phagocyting myelin and 

axonal debris (Tanaka et al., 1992). From 2-3 days after injury there is an 

important infiltration of macrophages into the degenerating nerve, attracted by 

chemotactic and inflammatory cytokines secreted by reactive SCs. 

At the distal nerve segment, SCs are stimulated by the loss of axonal contact and 

by cytokines secreted by macrophages, and they shift from a quiescent 

phenotype to a pro-regenerative state (Jessen and Mirsky, 2016). The de-

differentiated cells proliferate and line up within the endoneurial tubules forming 

the bands of Büngner. The rate of SC proliferation increases fast after lesion until 

a three-fold increase in number. There is also an increase in the ECM and 

collagen fibrils of the distal nerve segment resulting in reduction of the lumen size 

of denervated endoneurial tubules. 

 

3.3 Axonal regeneration  

The regenerative response at the neuronal body promotes the protrusion of 

growth cones from the proximal stump of the cut axons, that sense the 

surrounding environment and elongate if they found a favorable substrate. If the 

growth cones cannot reach the distal stump, they twist and sprout within the 

proximal stump forming a neuroma. If the regenerating axons gain the distal 

nerve, then elongate within the endoneurial tubules in association with the SCs 

and the basal lamina.  

The orientation of the advancing growth cones is guided by gradients of 

neurotrophic and neurotropic factors mainly produced by reactive SCs and the 

ECM within the degenerated nerve (Fu and Gordon, 1997; Allodi et al., 2012). In 

this scenario, SCs play a key role in nerve regeneration because they constitute 
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the most favourable substrate for axonal growth and synthesize several trophic 

factors that stimulate neuronal survival and regeneration. 

 

 
Figure 3. Degeneration and regeneration after axotomy. After nerve injury, 

SCs detach from the axons and start proliferating helping the recruited 

macrophages to clear the cellular and myelin debris. At the same time, the 

expression of stimulating factors by SCs creates a favorable environment for 

nerve regeneration towards the target organs. 

 

The rate of axonal regeneration is initially very slow but after some days reaches 

a constant value of about 1-3 mm/day. The regenerating axons follow the distal 

nerve to eventually reach target tissues in the periphery, that can be reinnervated. 

Axons that regenerate through incorrect distal pathways to targets that cannot 

reinnervate, such as motor axons to the skin or cutaneous axons to muscle, tend 

to withdraw and may be eliminated. Despite regeneration may be successful, the 

normal nerve structure and function are not restituted. After nerve injury and 

repair, the diameter and conduction velocity of regenerated axons remain below 

normal.  
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3.4. Functional recovery 

Peripheral axons are capable to regenerate after nerve injury, but functional 

recovery does not always occur in lesions from Sunderland’s grade III. The 

reason of poor functional recovery in neurotmesis lesions is in good part the 

misdirection of the axons since endoneurial tubules loss their continuity 

(Lundborg and Rosén, 2001; Valero-Cabré and Navarro, 2002) leading axons to 

reinnervate incorrect target organs. 

Factors contributing to poor functional recovery after nerve injuries includes: 1) 

death of neurons due to axotomy and retrograde degeneration; 2) inability for 

axons to regenerate through the injury, leading to atrophy of denervated targets; 

3) poor specificity of reinnervation by regenerating axons, that after a complete 

nerve section grow randomly along the distal endoneurial tubules. All these 

limitations are more marked when the lesion creates loss of continuity in the nerve 

and the outcome is dependent upon the interstump gap length. 

 

4. Surgical repair strategies 

After neurotmesis or complete transection, both nerve stumps have to be 

reapposed by surgical repair to facilitate that proximal axons invade the distal 

stump and reinnervate the target organs. However, matching of proximal and 

distal endoneurial tubules is impossible, and thus, misdirection of axons to a 

wrong distal pathway is common after this type of lesion (Gonzalez-Perez et al., 

2013). Repair techniques are described below (Navarro and Verdú, 2004) and 

will vary depending on the distance between proximal and distal stumps.  

- Direct suture: The ideal method is to reappose both nerve stumps by epineural 

sutures, however this is only possible if the lesion is a clean cut, the distance 

between both nerve stumps is short  (0.5 to 2 cm in humans), and the repair takes 

place soon after the injury to avoid an excessive retraction of nerve stumps 

(Papalia et al., 2007; Bell and Haycock, 2012). This technique causes a minimal 

trauma associated to the surgical intervention. After removing the scarred part of 

the injured tissue, fascicular patterns and longitudinal surface vessels will help to 
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guarantee accurate re-organization by suturing individual fascicles (Brushart et 

al., 1983). Nevertheless, although microsurgical identification and coaptation of 

individual fascicles is possible by means of perineurial sutures, direct suture does 

not ensure correct matching of the fascicular organization of the nerve trunk. 

- Fibrin Glue: Fibrin glue is a blood-derived adhesive that can be used to directly 

attach both nerve endings without sutures. The main advantages of fibrin glue 

are the shortening of surgical time, reduced fibrosis, and inflammation, and 

coaptation of severed nerve fascicles with minimal induced trauma. In addition, 

general axonal regeneration, fiber alignment and recovery of nerve conduction 

velocity were found to be similar in fibrin glue as in direct suture repairs (Sameem 

et al., 2011). 

- Autograft: when the length of the gap created by tissue destruction and nerve 

retraction is too long to allow the apposition of the nerve stumps with direct suture 

without applying tension, a nerve graft is necessary to bridge the nerve stumps 

(Lundborg, 1988). Autografts provide an aligned microstructure with endoneurial 

tubules for mechanical guidance, and essential pro-regenerative elements, such 

as SCs and their basal lamina with neurotropic and neurotrophic molecules (Hall, 

1986). The autologous nerve graft is the closest structure to the distal segment 

of the severed nerve, preserving the internal structure and the physicochemical 

properties without causing an immune response. This nerve graft undergoes 

Wallerian degeneration providing a mechanical guidance for re-growing axons. 

Donor nerves are limited to cutaneous sensory nerves of lower functional 

hierarchy, such as the sural or the medial antebrachial nerve (Isaacs, 2010), that 

may be divided in several segments for a fascicular grafting in larger injured 

nerves. Experimental studies have shown that autograft repair sustain similar 

degree of axonal regeneration and thus, allow close functional recovery to the 

direct suture repair. Thus, repair of a nerve section with an autograft requires two 

surgical interventions and involves sacrificing a healthy donor nerve (Kornfeld et 

al., 2019). Autograft repair has some drawbacks, such as morbidity in the donor 

area, causing paresthesia or neuroma formation, and transferring the problem 

from one area of the body to another (Ducic et al., 2012) and longer postoperative 

recovery. Moreover, motor nerve repair typically involves donor sensory nerves, 
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compromising the risk-benefit ratio of autotransplantation (Moradzadeh et al., 

2008) and nerve used are limited in length and caliber, resulting in a lack of donor 

tissue (Whitlock et al., 2009). 

Alternatives to the use of autografts are: 

- Tube repair: Artificial nerve conduits should mimic the natural environment 

found in a degenerating distal stump or and autograft (Doolabh et al., 1996; 

Deumens et al., 2010). Both proximal and distal nerve stumps can be introduced 

within the ends of a tube and hold in place by means of epineural sutures, leaving 

a gap between nerve stumps. The regenerative process starts with the formation 

of a fibrin cable (Lundborg et al., 1982) that will be replaced by collagen and 

laminin secreted by fibroblasts and SCs, respectively (Deumens et al., 2010; 

Gonzalez-Perez et al., 2013). Success of regeneration differs with the material 

properties, the physical characteristics of the conduit, and the length of the nerve 

gap. There is a limitation depending upon the length of the gap (Navarro and 

Verdú, 2004). For nerve gaps longer than 40 mm recovery is minimal to non-

existent (Reyes et al., 2005), as well as in the rat, tubes do not ensure repair of 

gaps longer than 10 mm (Butí et al., 1996). 

- Allograft: Biological materials, such as donor nerves from cadaveric donors may 

be available, with relative abundance, offering different length, caliber, and 

specificity (sensory or motor) suitable for the type of the nerve to repair (Squintani 

et al., 2013). Nevertheless, the alternative use of allografts or xenografts has 

been discouraging, since the immune rejection, mainly directed against SCs and 

myelin sheaths of the graft, impedes axonal regeneration (Evans et al., 1994). 

Rejection can be prevented by administration of systemic immunosuppressants, 

such as cyclosporine or tacrolimus, that effectively allow for host tolerance to 

foreign tissue, and even in the case of tacrolimus, accelerates the rate of axonal 

regeneration (Udina et al., 2003a, b). However, the risks associated to systemic 

immunosuppression, even if it is temporary, limit the widespread translation of 

allograft repair in the clinic (Matsuyama et al., 2000; Fox and Mackinnon, 2007). 

The removal of the immunogenic components of the nerves can be a good 

strategy to overcome this limitation. Acellular nerve allografts appear as a good 
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alternative for autografts, considering that they come from a natural and abundant 

source, are not immunogenic given that the cellular components are effectively 

eliminated, and may keep a normal-like ECM structure which helps guiding 

regenerating axons (Hall, 1986; Moore et al., 2011). Nerve decellularization 

involves several processes and strategies to obtain an immunogenic free scaffold 

while preserving the composition and biomechanical properties of the ECM 

(Szynkaruk et al., 2013; Nieto-Nicolau et al., 2021). The decellularized graft can 

provide adequate support for the migration of fibroblasts, endothelial cells, and 

SCs, from the host nerve stumps into the grafted segment, and still contains 

neurotropic cues, such as laminin, fibronectin, and collagen, that are essential for 

guiding the regenerative growth cones (Wang et al., 1992). Nevertheless, 

decellularized allografts also have some limitations, mainly related to the lack of 

cell support for axonal regeneration. Indeed, the lack of cellular component 

causes a slower regeneration into decellularized grafts compared to the cellular 

autografts. However, this slower regeneration does not necessarily imply poorer 

functional recovery if long time is allowed (Moore et al., 2011).  

Any other tissue containing basal lamina can be used as a bridge for nerve repair, 

in a similar fashion to that of acellular nerve grafts. This option has been used 

primarily with segments of skeletal muscle, once made acellular by freezing-

thawing or chemical extraction. Regenerative axons grow into the empty 

cylinders of muscle basal lamina that contain neurotropic molecules, such as 

laminin and fibronectin, following the migration of SCs. It appears to exist a 

limiting length for muscle grafts, due to the limited migration of SCs. Myelination 

and maturation of regenerated axons have been found to take place more slowly 

in the muscle graft than in the distal nerve segment. 

The use of blood vessels as a conduit to close a gap in PN has also received 

attention. Vein grafts are easily available from autologous origin and have been 

used for bridging nerve gaps in animal studies and in human patients. Vascular 

grafts act as a conduit, but also provide molecular and cellular elements from 

their own wall. Invaginated vein grafts that expose regenerating axons directly to 

the collagen-rich adventitia resulted in increased vascularity and earlier 

regeneration in comparison to standard vein conduits. However, veins tend to 
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collapse, hampering the regenerating nerve fibers, and they are only considered 

for repairing short nerve gaps. The “muscle-in-vein” construct has been also 

assayed by placing a cylinder of acellular muscle within a vein, so that the vein 

prevents muscle fiber dispersion, while the muscle prevents vein collapse and 

provides neurotropic support, however the reported results are controversial 

(Heinzel et al., 2021). 

 

5. Nerve decellularization strategies 

Removal of the antigens responsible for immunological rejection is possible 

through a controlled decellularization process that preserves the regenerative 

components of the ECM (Whitlock et al., 2009). After freezing and freeze-

thawing, usually three to five times, nerve segments were first introduced for 

assaying axonal regeneration along acellular peripheral nerve allografts and for 

investigating the regenerative capabilities of the connective layers and ECM of a 

decellularized nerve (Zalewski and Gulati, 1982; Hall 1986; Gulati and Cole 

1994). Despite being a rapid method, it produces tissue expansion and 

contraction and, it can damage the basal lamina tubules. Moreover, cell debris 

can remain in the nerve tissue, difficulting axonal regeneration (Lovati et al., 

2018). In addition, it has been considered that there is a limit for an effective 

decellularization related with the length of such acellular nerve grafts, that should 

be no more than 20-mm in the rat (Gulati, 1988). More recently, modification to 

the freeze-drying process by unidirectional freezing has been shown to produce 

axially aligned channels in the acellular nerve, resulting in enhanced cellular 

penetration into the graft when compared to non-freeze dried and standard 

freeze-dried scaffolds (Sridharan et al., 2015).  

Cold preservation has been also extensively used. Harvested nerve segments 

can be stored in tissue preservation solutions, such as the University of 

Wisconsin Cold Storage Solution, and stored at 5ºC. Resident cells and myelin 

are not completely eliminated by this procedure, although increasing storage time 

led to decreasing immune response and improved axonal regeneration (Evans et 

al., 1998). After 5-7 weeks prolonged cold storage nerve allografts allowed good 
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axonal regeneration, that was better than with fresh allografts, but clearly lower 

than autografts (Evans et al., 1999; Fox et al., 2005). 

Later developments introduced detergent based decellularization procedures, 

mostly using Triton X-100 to permeate the cell membranes. The protocol 

developed by Sondell and co-workers (1998) was based on two sequential baths 

with 3% Triton X-100 solution followed by 4% sodium deoxycholate solution, thus 

combining a non-ionic surfactant with an anionic detergent to chemically lyse the 

cells. They demonstrated complete removal of SCs and myelin sheaths with 

preserved basal lamina tubule, and good nerve regeneration when assessed in 

vivo. Hudson et al. (2004) proposed a milder and less toxic chemical treatment 

to better preserve the structure of the ECM, with combination of an amphoteric 

detergent consisting of 125 mM sulfobetaine-10 solution followed by an anionic 

detergent solution of 0.14% Triton X-200 and 0.6 mM sulfobetaine-16. They 

compared in vivo their optimized acellular allograft with an isograft and reported 

that the axonal density at the midgraft was similar, whereas it was considerably 

higher than in grafts decellularized by freeze-thawing and by Sondell’s method. 

More recently, Nagao et al. (2011) made another comparative study of Hudson’s, 

Sondell’s, and freeze-thawing protocols for decellularizing allografts in rats. They 

found that the animals reached a plateau in the recovery of the sciatic functional 

index (SFI), and that until 52 weeks of follow-up the Hudson’s grafts allowed 

better recovery than the Sondell’s and the freeze-thawing grafts. However, the 

walking track method and the derived SFI index has a low discrimination after 

complete section or resection of the sciatic nerve in rodents and therefore, limits 

the ability to compare therapeutical strategies (Shenaq et al., 1989; Navarro, 

2016). 

Further refinements to allograft preparation can be implemented to improve 

regenerative capability of these grafts. Elimination of CSPG, a component that 

inhibits axonal growth, can be achieved by incubating frozen-thawed acellular 

grafts in 2 U/ml chondroitinase ABC solution. This additional degradation step 

significantly increased the length that axons regenerated along the acellular graft, 

over 40-mm in the rat sciatic nerve and improved the preservation of the distal 

graft structure (Neubauer et al., 2010). This incubation with chondroitinase ABC 
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enzyme was adopted by more authors to optimize protocols by adding this 

degradation step at the end of the decellularization process, either detergent-

based or thermal. Indeed, the Avance® nerve graft (Axogen Inc., Alachua, FL, 

USA), undergoes detergent based decellularization by Triton X and sulfobetaine-

16 and sulfobetaine-10 following the Hudson protocol, followed by CSPG 

degradation according to the protocol of Neubauer et al. (Lovati et al., 2018). This 

graft is the first processed nerve allograft approved by the Food and Drug 

Administration (FDA) to be used in humans, although limited to the American 

market. Among the well-established decellularization protocols, the one used for 

Axogen is considered as one of the most effective and good results have been 

obtained for repairing long gaps up to 20 mm. When tested in such long gaps in 

rats, the processed acellular graft was inferior to an autograft but superior to a 

collagen conduit (Whitlock et al., 2009).  

The Michigan group adopted a modified detergent-based protocol, using five 

steps including ethylenediaminotetraacetic acid, sodium deoxycholate, azide and 

Triton X-100 detergent, and showed that the produced allografts were 

immunologically inactive, and were not populated by macrophages as seen 

Wallerian degeneration, unlike protocols that do not remove cellular content such 

as freeze-thawing cell destruction (Rovak et al., 2005). These chemically 

acellularized grafts supported axonal regeneration and functional reinnervation 

across 20-mm but not 40-mm nerve gaps in the rat (Haase et al., 2003). 

Other authors have reported variations in the detergent components used for 

chemical decellularization of PN, with combination of Triton-X100 or 200, and 

SDS, an anionic surfactant with amphiphilic properties or peracetic acid, an 

oxidizing agent that permeabilizes the tissue (for review see Lovati et al., 2018; 

Philips et al., 2018a). Phillips and coworkers (2018b) used a novel method 

consisting of subsequent incubations with Triton X-100, DNase, RNase, and 

trypsin. They thoroughly compared the resulting decellularized nerve segments 

with those following Sondell’s and Hudson’s methods. Decellularization by the 

method described by Sondell et al. resulted in reduction of the cell content, but 

disruption of the endoneurial tubules with loss of ECM molecules such as laminin 

and glycosaminoglycans. Decellularization by a modified Hudson’s method did 
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not alter the ECM composition of the nerves, but cell removal was incomplete. In 

contrast, decellularization by their new method led to successful removal of cell 

and nuclear material, while maintaining the structure and composition of the 

ECM, thus offering a promising scaffold for peripheral nerve regeneration.  

Similarly, addition of elastase to previous protocols of detergent decellularization 

significantly reduced the immunogenicity and amount of SCs, while maintaining 

good structural properties of the processed grafts (Hundepool et al., 2017). 

Interestingly, in the same study the authors found that storage at -80°C after the 

decellularization process deteriorated the ultrastructure of the nerve compared 

with cold storage at 4ºC. Among six possible combinations of detergent- and 

nuclease-based decellularization protocols, the combination of amphoteric 

detergent and nuclease was found as the most suitable for nerve decellularization 

in terms of cell removal and preservation of the ECM (Shin et al., 2019). Following 

the advances during the last decades, there are several protocols that may yield 

decellularized PN that are devoid of cells, maintain the ECM architecture without 

affecting its composition and preserves biomechanical properties similar to the 

native nerve. Nevertheless, these and future acellular allografts should be 

quantitatively evaluated, by means of accurate histological, ultrastructural, 

biochemical, and biomechanical analyses, and compared to previous protocols. 

To this end, general guidelines have been proposed (Phillips et al., 2018a) to 

stablish standardized criteria and testing methods, enabling reliable comparison 

of decellularization protocols, and increasing the quality of further in vivo 

experiments. 

Regarding the application to human nerves, Bae et al (2021) decellularized 

median and sural nerves from human cadavers with two different methods: 

nonionic and anionic detergents (Triton X-100 and sodium deoxycholate), similar 

to Sondell’s protocol, and amphoteric detergent and nucleases (CHAPS, DNase, 

RNase), derived from a protocol assayed in rat nerves (Shin et al., 2019). 

Decellularization with amphoteric detergent and nucleases removed cellular 

components and preserved the ECM structure better than decellularization with 

classical detergents and had biomechanical properties comparable to those of 

fresh nerves, indicating that the method may be effectively used in large human 
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PN. A combination of cell lysing methods was used by Suss et al (2021) to 

decellularize human median and ulnar nerve segments. They used first a 

hypotonic shock, followed by incubations with Triton X-100, sodium dodecyl 

sulfate and peracetic acid, and in a modified protocol added sonication at 40 KHz. 

They reported that sonication increased the effectiveness of the detergent-based 

protocols for removal of cell components from PN allografts. In another study 

fulfilling the guidelines for decellularization (Phillips et al., 2018b), Nieto-Nicolau 

and co-workers (2021) proved a combination of zwitterionic, non-ionic 

detergents, hyperosmotic solution and nuclease enzyme treatment removed cell 

remnants, maintained collagen and laminin tubules, and preserved the 

biomechanical properties of long human nerve segments without generating 

cytotoxic products. Although further optimization of the decellularization protocols 

can be performed, there is a delicate equilibrium between preserving nerve 

architecture and completely decellularizing the graft to avoid immune rejection. 

In general, the detergent-based methods optimized during the last decade have 

efficiently achieved these goals. 

 

6. Recellularization of decellularized nerve grafts 

The use of a decellularized allografts, mainly of those processed by detergent-

based methods, allows for significant nerve regeneration in preclinical and clinical 

settings but still inferior to the autologous nerve graft (Kornfeld et al., 2021).  

Further experimental improvements may be addressed to add mild and 

preferably local immunosuppression to avoid immune reaction against antigenic 

components remaining in the ECM. On the other hand, improvement of the 

regenerative potential of these grafts can be achieved by enriching them with 

either neurotrophic factors or pro-regenerative autologous cells, such as SCs or 

mesenchymal stem cells (MSCs), to overcome the current limitation in length and 

diameter of the acellular allografts (Peters et al., 2021). Promising results in 

rodent models underline that the combination of autologous or immune-

compatible cells and acellular nerve allografts may be beneficial for nerve 
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regeneration in critical nerve defects and represent the most likely early future 

alternative to autografts in the clinic.  

One of the initial experimental strategies employed to enhance the regenerative 

efficacy of nerve allografts was supplementation with SCs previously isolated in 

culture, demonstrating positive effects on nerve regeneration by adding 

autogenic or isogenic SCs to previously decellularized nerve allografts (Gulati et 

al., 1995; Fansa et al., 1999; Frerichs et al., 2002; Brenner et al., 2005). It must 

be pointed out that acellular allografts repopulated with isogenic SCs supported 

axonal regeneration through them, whereas allogenic SCs underwent rejection 

and impaired regeneration (Gulati, 1995; Rodríguez et al., 1999), or did not 

produce any enhancement (Dumont and Hentz, 1997). These observations 

indicate that SCs continue to exhibit immunogenicity even after being isolated 

and cultured in vitro. 

In general, studies that have applied a non-limiting nerve gap of 10–12 mm found 

little to no enhanced effect of adding SCs to acellular grafts, due primarily to the 

fact that endogenous host cells are able to infiltrate short grafts within short time 

(Szynkaruk et al., 2013). Therefore, supplementation of acellular grafts with SCs 

may be of actual benefit in the case of long gap nerve injuries, in which host SC 

migration and persistence with a repair phenotype appear compromised (Saheb-

Al-Zamani et al., 2013). Thus, SCs from different nerve sources transplanted into 

cold-preserved acellular nerve grafts improved functional recovery compared 

with nerve isografts in a 14-mm rat sciatic injury model (Jesuraj et al., 2014). 

Similarly, autologous SCs repopulated cold-preserved grafts demonstrated 

significantly enhanced nerve regeneration compared to unseeded grafts after 

repair of 6 cm nerve defects in the ulnar nerve of non-human primates (Hess et 

al., 2007).  

SCs can be engineered by viral vectors to deliver neurotrophic support (BDNF, 

CNTF, NT3, GDNF or NGF). When implanted into previously decellularized nerve 

grafts, each factor used had different effects on the overall regenerative process 

(Godinho et al., 2013, 2020) and can have specific effects on different axonal 

populations.  
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Although these experimental results are encouraging, there are some obstacles 

to overcome before therapeutic SC-seeded nerve allografts may be translated to 

the clinic. Among them, the need for autologous source of the cells, likely 

requiring the sacrifice of a healthy nerve, and the time and conditions needed for 

culturing human SCs (Levi, 1996), and the relatively low survival of cells injected 

in decellularized nerves under common methods (Jesuraj et al., 2011). 

Nevertheless, the demonstration that human SCs isolated in culture enhance 

axonal regrowth and myelinate regenerated axons after grafting in the peripheral 

nerve of immune deficient rodents (Levi et al., 1994), is important for clinical 

expectations. Indeed, there is an ongoing phase one clinical trial with the purpose 

to assess the safety of autologous human SC augmentation of nerve autograft 

repair in subjects with severe PNI. 

To facilitate the potential clinical application and to enhance the efficacy of 

decellularized nerve grafts, the use of multipotent cells such as MSCs or their 

derived secretome is receiving more attention, with the aim to further optimize the 

outcome following allograft nerve repair (Pedrini et al., 2019; Contreras et al., 

2022). Bone-marrow-derived mesenchymal stem cells (BMSCs) and adipose-

derived mesenchymal stem cells (ADSCs) were differentiated into SC-like 

phenotype and used to enrich acellular allografts. MSCs are adult multipotent 

progenitor cells found in many organs and tissue types. Due to their relative ease 

of isolation and expansion in culture, MSCs have been used as a multi-purpose 

cell-based therapy, in which transplanted MSCs would reach damaged tissues 

and help to reduce neuroinflammation and even differentiate in specific cell types 

(Wu et al., 2020). 

BMSCs and ADSCs promoted sciatic nerve regeneration and functional recovery 

comparable to that with a nerve autograft for repair a 15-mm long gap in rats 

(Wang et al., 2012). Similarly, skin precursor cells-derived SCs were able to 

improve nerve regeneration across a 12-mm gap in the sciatic nerve of rats 

bridged by a freeze-thawed nerve graft (Walsh et al., 2009). MSCs from different 

sources can represent a clinically relevant and abundant source of transplantable 

cells that may be obtained from in adults from autologous origin and appear to 

enhance nerve regeneration in nerve injuries. 
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Figure 4. Therapies based on mesenchymal stem cells to improve nerve 

regeneration. MSCs are relatively easy to isolate from bone marrow, adipose 

tissue, Wharton's jelly, or dental pulp. These cells have been widely used as 

regenerative therapy for the damaged nervous system. An alternative repair 

method for severe nerve lesions is the use of artificial nerve grafts filled with 

different factors to bridge the nerve stumps. The use of MSCs in the nerve 

conduits as well as the secretome of these cells (conditioned medium) has been 

proved to have beneficial effects in axonal regeneration after nerve injuries. 

Extracted from Contreras et al., 2022. 

 

The group of Shin developed an approach to seed MSCs in acellular nerve 

allografts with improved reproducibility and a more uniform distribution by using 

a dynamic bioreactor compared to microinjection (Rbia et al., 2018; Bedar et al., 

2022). Interestingly, labelled ADSCs could be detected for up to 29 days after in 

vivo implantation within a recellularized graft, longer than in previous methods. 

However, a limited survival of MSCs after in vivo implantation was observed (Rbia 
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et al., 2019). Subsequently they studied the outcomes of nerve allografts seeded 

with undifferentiated and differentiated MSCs, finding that undifferentiated cells 

improved functional outcomes to a greater extent than differentiated cells, and 

similar to autografts, although the model was a mid-gap of 10 mm in the sciatic 

nerve of rats (Mathot et al., 2021). 

Further preclinical investigations on recellularized nerve allografts should clarify 

which type of differentiated cells, the time maintained in vitro, and their optimal 

density is the best option for improving nerve regeneration in well standardized 

long gap nerve injury models before clinical translation can be proposed. 

Cell-free therapies are an emerging alternative to cell therapies in the field of 

tissue regeneration. Considering the limited time that grafted cells survive within 

the host tissue, it is generally considered that the therapeutic effects of MSCs or 

other derived stem cells are related with the secretion of bioactive molecules and 

extracellular vesicles, that constitute their secretome (Wu et al., 2020; Contreras 

et al., 2022). Thus, cells secretome may be used as therapeutic approach, 

avoiding risks associated with the transplantation of cells, such as immune 

rejection, and reducing the problems associated with cell procurement. In a 

recent study, induced pluripotent stem cells (iPSCs) derived exosomes were 

used to supplement acellular nerve grafts bridging a 15-mm defect in the sciatic 

nerve of rats. The results showed satisfactory regenerative outcomes, especially 

motor function, and muscle reinnervation were comparable to those achieved 

with a nerve autograft (Pan et al., 2021), opening an avenue of therapeutic 

interest. 

 

7. Experimental models of PNI and regeneration 

A large variety of both animal models and nerve models have been used in PN 

regeneration research. Rodents, specifically rats, are the most widely used model 

because they have a similar PNS than humans and have low costs compared to 

large animals. Numerous knock-out and transgenic rodent models have been 

developed as approaches to study regeneration-related mechanisms and 

pathways. Non-human primates have been used for devices and/or drugs in final 
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stages before clinical application, but high costs, required facilities, and ethical 

dilemma have limited their use. Large non-human primate animals, such as 

sheep or pigs, are a good model as they have a similar anatomy to humans. 

Several different nerves have been used in experimental studies. The most 

frequently used nerves are the sciatic, facial, median, femoral, and the brachial 

and lumbar spinal roots. Some of these nerves simulate relevant clinical lesions 

that occurs in humans, on the same nerve and on similar nerves. Other nerves 

make it possible to address specific cellular, molecular, or behavioral problems 

to expand knowledge. 

 

7.1. In vivo models of nerve injury and repair 

The ability of severed axons to regenerate and recover functional connections 

after PNI depends on several parameters, such as the type of injury, the location, 

the injured trunk, and the distance between the two nerve ends that determine 

the need for surgical repair and the prognosis of functional recovery. The most 

common lesions performed in experimental studies are focal lesions by crushing 

or freezing the nerve, which induce axonal interruption but preserve the 

connective sheaths (axonotmesis), complete transection of the entire nerve trunk 

(neurotmesis), and resection of a segment nerve that induces a long gap 

(Rodríguez et al., 2004). 

After nerve crush, regeneration is usually successful thanks to the favorable 

terrain provided by repair SCs and the preservation of the endoneurial tubules. 

Both facts enhance axonal elongation and facilitate adequate target reinnervation 

(Valero-Cabré et al., 2004). This type of injuries is adequate to investigate the 

intrinsic cellular and molecular events that participate in PN regeneration, and to 

evaluate factors, such as drugs (Udina et al., 2003b) that may increase the speed 

of regeneration.  

In contrast, surgical repair is needed after complete transections because axonal 

growth is limited across a gap imposed after nerve section. In this type of injury, 

the classical method of repair is the epineural suture. When a long gap is induced 

by resecting a segment of the peripheral nerve, repair requires a graft or artificial 
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bridge for supporting regeneration. The gold standard for repairing a nerve long 

gap is the autograft. Autograft repair allows for similar number of regenerated 

axons and functional recovery compared to direct suture repair. The autograft is 

mainly used to assay new techniques for nerve repair, including the use of nerve 

allografts or xenografts, decellularized grafts of nerves or other tissues (Fansa et 

al., 2002), and most often new artificial alternative grafts based on nerve tubes 

or conduits.  

 

7.2. Sciatic nerve and tributaries 

The sciatic nerve is the most used model for studies on PNI. It is a nerve trunk 

with suitable length in the mid-thigh for surgical manipulation and the use of grafts 

or guides for repair. The sciatic nerve divides above the popliteal fossa into three 

branches: tibial, peroneal, and sural nerves. Each of the branches conveys 

different proportions of sensory, motor, and autonomic axons to muscles, 

vessels, skin receptors or sweat glands located in different areas of the hindlimb. 

Injury to one branch leads to regional paralysis and anesthesia on particular 

regions. Although sciatic nerve injuries themselves are rare in humans, this model 

provides a realistic testing bench for injuries and repair methods in plurifascicular 

mixed nerves with axons of different size and types competing to reach distal 

endoneurial tubules and reinnervate targets. Injuries to one of the branches, 

mainly on the tibial or peroneal nerve, have also been reported. Comparisons 

with the normal distribution allow the efficiency of reinnervation using 

electrophysiological and retrograde tracing methods (Valero-Cabré and Navarro, 

2002). Behavioral recovery during walking has been widely assessed through 

detailed analysis of footprints during walking (Varejão et al., 2001). 

 

7.3. Nerve size and length of regeneration 

The dependence due to the gap created makes the length and the nerve size of 

great relevance for nerve regeneration studies. The success of tubulization 

depends on the capability of the injured nerve to provide sufficient cellular and 

humoral elements to produce the initial regenerative wire, although length is the 
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main limitation. This limit gap depends on the animal species, since it implies both 

the number of non-neuronal cells present and the nerve mass, being up to 4 mm 

in mice (Butí et al., 1996; Gómez et al., 1996), up to 10 mm in rat (Lundborg et 

al, 1982; Williams et al, 1983) and less than 30 mm in non-human primates 

(Mackinnon and Dellon, 1990; Archibald et al, 1995).  

 

Figure 5. Graph of the nerve gap dependence of regeneration in silicone tubes. 

Successful regeneration depends on the length of the nerve gap, the limiting gap 

length. Is defined as the length as which regeneration occurs in 50% of treated 

animals (Extracted from Yannas & Hill, 2004). 

Within a short or mid-length gap, tubes provide a window to study the role of 

molecular factors and cell types in the regeneration process (Liu, 1996; Navarro 

et al., 2003). In addition, it should be considered that in the case of long gaps, 

regeneration fails in most cases. Tube repair is the basis for the artificial 

development that can replace the autograft as a gold standard in the clinics. Many 

studies have looked at the introduction of ECM components, neurotrophic factors, 

or transplanted cells within nerve tubes (Schmidt et al., 2003, Navarro et al., 

2003, Deumens et al., 2010). 

 

7.4. Large animal models for translational research on nerve repair 

The rat sciatic nerve transection and repair model is the most widely used rodent 

model in peripheral nerve regeneration (Tos et al., 2009; Siemionow et al., 2009; 
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Angius et al., 2012; Geuna, 2015; Gordon and Borschel, 2017). Nerve anatomy 

of rodents has been well studied, but regeneration is faster than in humans and, 

only short nerve gaps can be studied (Glasby et al., 1999; Angius et al., 2012; 

Diogo et al., 2017). In addition, the recovery of limb function may be better 

because of the short regeneration distances between the injured nerve and the 

target organs in rodents (Kettle et al., 2013). 

Large animal models allow for longer gaps and longer regeneration distances 

that mimic the clinical conditions often found in human nerves. The development 

of new clinical approaches in peripheral nerve regeneration includes preclinical 

animal testing in animal models that reproduce the regeneration process that 

occurs in human nerve injuries (Angius et al., 2012). There is no standard large 

animal model for nerve repair studies (Kornfeld et al., 2019). The large animals 

used for peripheral nerve injury and regeneration studies include primates, dogs, 

cats, pigs, and sheep (Atchabahian et al., 1998; Forden et al., 2011; Angius et 

al., 2012; Alvites et al., 2021).  

Non-human primates have been used in experimental studies to assess nerve 

regeneration between autograft and decellularized allografts treated with FK-506 

in the distal ulnar motor nerve (Auba et al., 2006) or recellularized with autologous 

mesenchymal cells in the ulnar nerve (Hu et al., 2007). Synthetic and biologic 

conduits were also evaluated in up to 5 cm ulnar/radial nerve defects (Mackinnon 

and Dellon, 1990; Archiblad et al., 1995). 

The sciatic nerve model was used to repair a 5 cm with a biodegrabadle artificial 

nerve guide in the cat (Suzuki et al., 1999; Sufan et al., 2001). Peroneal nerve of 

dogs has been also used to assess both allografts (Ide et al., 1998) and conduits 

(Matsumoto et al., 2000). Conventional pigs have been used to test the efficacy 

of allograft nerve regeneration in the ulnar nerve (Atchabian et al., 1998; Jensen 

et al., 2005; Brenner et al., 2005) while Burrell et al. (2020) used minipigs to repair 

5 cm gap injuries in the common peroneal nerve and the deep peroneal nerve. 

Studies have been carried out in rabbits to investigate nerve regeneration with 

autograft in nerve defects between 3 and 7 cm in the saphenous nerve (Koller et 

al., 1997) and muscle grafts in lesions up to 10 cm in the sciatic nerve (Hems et 
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al., 1993). Veins were also evaluated in defects from 4 to 6 cm in the tibial nerve 

(Zhang et al., 2002) and in the peroneal nerve (Strauch et al., 1996, 2001) of 

rabbits. 

The sheep has gained interest as one of the most relevant animal models for 

preclinical studies (Hems and Glasby, 1992; Glasby et al., 1993; Al Abri et al., 

2014; Alvites et al., 2021). Compared to other large animals, sheep have 

advantages because of their availability, simplicity of care and housing, cost, and 

social acceptance (Turner, 2007; Ozturk et al., 2015; Diogo et al., 2017). They 

have generated interest for the study of long nerve gap repair because their 

peripheral nerves resemble human nerves in terms of their length, diameter, and 

function (Diogo et al., 2017; Costa et al., 2018; Kornfeld et al., 2019). Protocols 

for nerve surgery and the clinical evaluation of deficits and histological processing 

have been recently proposed (Alvites et al., 2021). 
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PNS neurons have the ability to regenerate their axons after an injury. However, 

functional recovery is not always satisfactory, with important consequences for 

patients’ quality of life. The degree of functional recovery depends on the type 

and severity of the injury. The current gold standard for repairing severe PNI, the 

autograft, has several drawbacks, such as the sacrifice of an uninjured nerve to 

bridge both nerve stumps. Therefore, it is essential to study alternatives as a 

potential replacement to the use of autograft in human clinics. 

In this thesis, we have collaborated with two different companies, Verigraft AB 

(VERI), a private biotech company from Sweden, and the Barcelona Tissue Bank 

(BST), a public company from Spain. Both companies are interested in optimizing 

nerve graft decellularization protocols with the aim to use decellularized nerve 

allografts to repair long nerve defects in patients. We have evaluated these grafts 

in both rat and large animal models, for upcoming clinical trials and market 

approval. 

 

The main objectives of this thesis are: 

 

• To develop a large animal model for the study of severe peripheral nerve 

injuries. 

• To test the regenerative capacity of decellularized nerve allografts in the 

sheep. 

 

The specific objectives of this thesis are: 

 

• To assess different functional tests to quantify regeneration and 

reinnervation in the sheep model. 

• To evaluate the degree of axonal regeneration and reinnervation in 

different size nerve gaps in the sheep. 

• To evaluate histologically different protocols for decellularization of donor 

grafts from humans, rats, and sheep. 

• To evaluate the regenerative capacity of decellularized nerve grafts in a 

severe resection model in rats. 
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• To study the early phases of regeneration of the decellularized allograft 

and decellularized xenograft in a severe resection model in rats. 

• To evaluate the regenerative capacity of decellularized nerve grafts in a 

severe resection model in sheep. 

 
 
 
 
 



 
 
 
 
 
 
 
 
 
 

VI. STUDY DESIGN AND METHODOLOGIES 
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All the experimental procedures were approved by the Ethics Committees of 

Universitat Autònoma de Barcelona and Generalitat de Catalunya. For the rat 

study protocol, code is 10306 and date of approval is 07/09/2018 whereas for the 

sheep study protocol, code is 10314 and date of approval is 20/11/2018.  

 

1. IN VITRO STUDIES 

1.1 Nerve decellularization 

Rat sciatic nerves, sheep peroneal nerves and human sural nerves were 

harvested from donors and processed by Verigraft and BST. After the 

decellularization, immunohistochemistry (IHC) was performed to evaluate the 

efficiency of the protocols for removing the cellularity and maintaining the ECM 

components. 
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1.2. Dissociated culture of DRG 

Dissociation and culture of mice DRG were performed though enzymatic 

digestion and mechanical dissociation. Coverslips coated with poly-D-lysine 

(PDL) plus human or mice laminin were used to test if the laminin, an important 

component of the ECM can contribute to poorer regeneration potential in grafts 

from different species. 

 

 
 

2. IN VIVO STUDIES 

2.1 Rat 

• Long-term studies: A resection of 15 mm was performed in the sciatic 

nerve of Sprague Dawley (SD) rats. The repair was carried out with the 

gold standard, autograft and with a decellularized nerve allograft. In the 

BST study, a decellularized nerve xenograft from human origin was also 

used. We performed nerve conduction tests at 30-, 60-, 90- and 120-days 

post injury. After the euthanasia, samples of the nerve grafts were taken 

to perform immunohistochemical and histological analyses. 

• Short-term study decellularization: A resection of 12 mm was performed in 

the sciatic nerve of SD rats in two different batches. The repair was carried 

out with a decellularized nerve allograft and decellularized nerve 

xenograft. Both nerves were decellularized with the optimized 

decellularization protocol provided by BST. After the euthanasia, samples 

from the nerve graft were taken to perform immunohistochemical 

analyses.  
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Long-term studies Short-term study 

Study design Study design 

 

 

 

 

 

 

 

 

 

 

Immunohistochemistry and histology Immunohistochemistry 

 

 

 

 

2.2. Sheep 

This thesis focuses on the establishment of the sheep as a large animal model to test 

new therapeutic alternatives to the use of the autograft. Therefore, it was necessary to 

establish the animal model, as well as the tests to assess nerve regeneration. 

We have used a resection of 5- or 7- cm in the peroneal nerve of the sheep. The repair 

was carried out using the gold standard, the autograft or a decellularized nerve allograft 

of the same length. The studies lasted 9 months, during which monthly functional tests 

(FT) were performed to assess the degree of reinnervation. Electromyography (EMG) 

and ultrasound test of the TA muscle were also performed at 6.5- and 9-months post-

surgery (mps). Furthermore, immunohistochemical and morphological analyses were 

performed. 
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Study design 

 
 

 

 

 

 

Evaluation of reinnervation and regeneration 

 

Functional tests            Electromyography            Ultrasound 
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Immunohistochemical and morphological analyses 
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Universitat Autònoma de Barcelona, 08193 Bellaterra, Spain 

2. Integral Service for Laboratory Animals (SIAL), Faculty of Veterinary, Universitat 
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Abstract: Despite advances in microsurgery, full functional recovery of severe 

peripheral nerve injuries is not commonly attained. The sheep appears as a good 

preclinical model since it presents nerves with similar characteristics to humans. 

In this study, we induced 5 or 7 cm resection in the peroneal nerve and repaired 

with an autograft. Functional evaluation was performed monthly. 

Electromyographic and ultrasound tests were performed at 6.5 and 9 months post 

surgery (mps). No significant differences were found between groups with 

respect to functional tests, although slow improvements were seen from 5 mps. 

Electrophysiological tests showed compound muscle action potentials (CMAP) of 

small amplitude at 6.5 mps that increased at 9 mps, although they were 

significantly lower than the contralateral side. Ultrasound tests showed 

significantly reduced size of TA muscle at 6.5 mps and partially recovered size at 

9 mps. Histological evaluation of the grafts showed good axonal regeneration in 

all except one sheep from autograft 7 cm (AG7) group, while distal to the graft 

there was a higher number of axons than in control nerves. The results indicate 

that sheep nerve repair is a useful model for investigating long gap peripheral 

nerve injuries.  
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1. Introduction  

Peripheral nerve injuries results in partial or total loss of motor, sensory, and au- 

tonomic functions of the affected nerve territory [1]. When the axon is transected, 

the segment distal to the lesion disconnects from the neuronal body and 

undergoes Wallerian degeneration [1–4] to create a permissive environment for 

regeneration. In parallel, the axotomized neuron switches to a pro-regenerative 

state, with phenotypic changes to support axon re-growth [5]. Despite adult 

peripheral neurons having this intrinsic regenerative capability and being able to 

reinnervate their target organs eventually, functional outcome is not always 

complete [1,6,7], leading to chronic functional impairments and decreased patient 

quality of life.  

The severity of the nerve injury is one of the main factors that determines the 

degree of recovery. Therefore, mild injuries, such as compression or crush, in 

which only the axons are transected but all the connective layers, including the 

endoneurial tubules, are preserved, usually recover normal function. In contrast, 

when both axons and connective tissue are transected, functional outcomes are 

worse. After a complete nerve transection, surgical repair is mandatory to suture 

the proximal and distal nerve stumps together and, thus, facilitate that axons can 

cross the gap and grow along the distal stump. When direct suture of the two 

stumps is not possible because the separation is too large, a bridge is required 

to guarantee continuity between the two nerve stumps. Currently, the gold 

standard for this type of lesion is the interposition of a segment of another nerve 

from the same patient, called an autologous graft [6,8]. However, long nerve 

defects cannot always be repaired with an autograft due to the limited availability 

of nerve sources for the repair of extensive or multiple nerve injuries. In addition, 

autograft harvesting can lead to neuroma formation and permanent loss of 

sensation in the territory of the donor nerve [9].  

Thus, regeneration of long nerve defects remains a challenge in the clinic, and 

further research is needed to find alternatives to autograft repair. Tube repair, the 

implantation of a tube or conduit from natural or synthetic biomaterials to bridge 
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a nerve gap, emerged as a potential alternative to the autograft repair of 

transected peripheral nerves [10]. However, depending on the size of the injured 

nerve and the species, the regeneration across nerve conduits is limited by the 

length of the gap. Experimental studies showed that regenerating axons can 

bridge empty tubes made of silicone or synthetic materials along a gap of up to 4 

mm in the mouse [11], up to 10 mm in the rat [10], and 30 mm in primates [12,13], 

but fail in most cases with longer gaps. Therefore, the most relevant clinical need 

for alternative repair methods in human patients are lesions resulting in gaps 

between 3–30 cm in length [14].  

The rat sciatic nerve transection and repair model is the most widely used rodent 

model in peripheral nerve regeneration [15–19]. Nerve anatomy of rodents has 

been well studied, but regeneration is faster than in humans and, obviously, only 

short nerve gaps can be studied [17,20,21]. In addition, the recovery of limb 

function may be better because of the short regeneration distances between the 

injured nerve and the target organs in rodents [22]. It is fundamental to provide 

good experimental models with the aim to explore and design new and innovative 

therapies with translational potential.  

Large animal models allow for longer gaps and longer regeneration distances 

that mimic the clinical conditions often found in human nerves. The development 

of new clinical approaches in peripheral nerve regeneration includes preclinical 

animal testing in animal models that reproduce the regeneration process that 

occurs in human nerve injuries [17]. There is no standard large animal model for 

nerve repair studies [9]. The large animals used for peripheral nerve injury and 

regeneration studies include primates, dogs, cats, pigs, and sheep [17,23–25]. 

The sheep has gained interest as one of the most relevant animal models for 

preclinical studies [25–28]. Compared to other large animals, sheep have 

advantages because of their availability, simplicity of care and housing, cost, and 

social acceptance [20,29,30]. They have generated interest for the study of long 

nerve gap repair because their peripheral nerves resemble human nerves in 

terms of their length, diameter, and function [9,20,31]. Protocols for nerve surgery 
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and the clinical evaluation of deficits and histological processing have been 

recently proposed [25].  

The aim of this study is to standardize a model of peripheral nerve injury in sheep 

and adequate methods for evaluation during a long follow-up period that will be 

useful for the investigation of new therapeutic alternatives to the autograft for the 

repair of severe, long-gap nerve injuries. We include the surgical approach, 

functional monitoring, electrophysiological and ultrasound tests, and histological 

analyses, for a comprehensive and detailed quantification of nerve regeneration 

and reinnervation.  

2. Materials and Methods 

2.1. Animals and Study Design 

Nine adult, female ripollesa sheep (Ovis aries) were used. Their age was 2–5 

years and their body weight was 55–69 kg. They were obtained from Servei de 

Granges i Camps Experimentals (SGiCE, Bellaterra, Spain) of the Universitat 

Autònoma de Barcelona (UAB, Bellaterra, Spain). The animals were housed in 

groups in a conventional manner, in stable on straw at the SGiCE from one week 

post-surgery until the end of the study. The light cycle was natural as well as the 

temperature and the humidity. 

Animals were divided in two experimental groups: autograft 5 cm (AG5; n = 4) 

and autograft 7 cm (AG7; n = 5) depending on the length of the graft used. Blood 

samples were taken and general health assessment was performed before 

inclusion in the study. Clinical signs, including general state, behavior, 

claudication, water and food intake, and wound healing during the observation 

period were assessed twice a day for 3 days after the surgery, once a day for one 

week, and then once a week until the end of the follow-up at 9 months post-

surgery. In the operated and the contralateral (as control) hindlimbs, clinical 

evaluation of motor and sensory functions was performed prior to and at monthly 

intervals after surgery to evaluate nerve regeneration and reinnervation (Figure 
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1). Electrophysiological and echography testing was carried out at 6.5 and 9 

months post surgery (mps). 

 

Figure 1. Schema of the design of the study. Following the surgery, functional 

tests (Fx test) were performed each month, electrophysiological tests and 

echography were made at 6.5 and 9 months, and samples were taken for 

histology at the end of the follow-up. Both operated and contralateral hindlimbs 

were tested at each interval. 

2.2. Surgical Procedure 

Animals were fasted 16 h prior to the surgery to reduce the ruminal content and 

to prevent deviant swallowing and consequent risk of provoking aspiration. For 

the surgery, the sheep were sedated with an intramuscular injection of a mixture 

of midazolam (0.2 mg/kg) and morphine (0.4 mg/kg). A venous catheter was 

inserted in the cephalic vein and anesthesia was induced with propofol (4 mg/kg 

i.v.). Animals were intubated to maintain a proper anesthesia level by means of 

isoflurane (2 L/min) mixed with 100% oxygen. Fluid therapy was given with 10 

mL/kg of Ringer solution, and a preoperative antibiotic dose of cefazoline (22 

mg/kg) was administered intravenously. A gastric catheter was also placed in the 

stomach to avoid reflux during anesthesia.  

The sheep was placed in a lateral decubitus position and the incision zone was 

shaved and cleaned with chlorhexidine solution. The peroneal nerve was 

exposed using a longitudinal lateral skin incision along the right thigh followed by 
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splitting the semitendinosus and biceps femoris muscles. Under the operating 

microscope, a length of 50 or 70 mm of the common peroneal nerve was resected 

1 cm above the iliac vein to create a nerve gap (Figure 2). The distance between 

the proximal cut of the peroneal nerve and the entrance of the distal nerve into 

the TA muscle was 34–36 cm. The two nerve stumps were then bridged with the 

resected nerve segment in the same orientation by means of 8/0 epineural 

sutures. The resistance of the coaptation was tested by slightly stretching the 

nerve. The incision was closed by layers and disinfected with povidone iodine 

solution. 

After the surgery, the animals were transferred to the SGiCE, where they were 

housed in couples for one week in a controlled enclosure, and thereafter housed 

in groups at the regular sheep barn. Postoperative care included buprenorphine 

(0.01 mg/kg s.c.) twice a day for 2 days and meloxicam (0.2 mg/kg s.c.) once 

daily for 3 days. Long-term antibiotic ceftiofur (5 mg/kg s.c.) was administered 

after the surgery. 
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Figure 2. Photographs of the surgical procedure for the peroneal nerve injury and 

repair. (A) The surgical approach was performed with the animal in lateral 

recumbency through a lateral longitudinal skin incision. (B) Wide dissection 

showing the peroneal nerve location (arrow) after the sciatic nerve bifurcation into 

the tibial and peroneal nerve in a cadaveric sheep. (C) Resection of the common 

peroneal nerve under the operating microscope to create the nerve gap. (D) A 5 

cm autograft was sutured again to the nerve stumps with epineural sutures 

(proximal suture marked with yellow arrow and distal suture marked with a yellow 

asterisk). (E) Detail of the 8 stitches made to join the nerve graft with the healthy 

nerve stump without tension. (F) After the surgery, some animals showed foot 

drop in the standing position. 
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2.3. Functional Testing 

Prior to the surgery and afterwards at monthly intervals, animals were tested for 

functional evidence of regeneration and reinnervation of the operated hindlimb 

compared with the contralateral hindlimb (Figure 7). Each parameter assessed 

was scored on a semiquantitative scale of 0 (no deficit), −1 (partial deficit or 

functional loss), or −2 (complete loss of response to the maneuver). In all the 

sessions, each functional test was validated by first performing the test on the 

non-operated control hindlimb of the same animal. Ankle and foot placement 

were assessed in the orthostatic position. Locomotion was evaluated during free 

walking in the pen and during fast walking to assess the ability to maintain plantar 

support and paying particular attention to the foot drop position of the operated 

hindlimb (0 = normal walk and maintenance of the plantar support; −1 = few 

failures on the plantar support maintenance; −2 = foot drop in most of the steps). 

The mass of the TA muscle was assessed by manual palpation comparing the 

contralateral hindlimb with the operated one (0 = similar mass; −1 = slight 

reduction; −2 = large reduction). The proprioceptive response was tested by the 

ability to replace the hoof from a forced plantar flexion position to a plantar 

support three times (0 = consistent response; −1 = one failure; −2 = two or three 

failures). The hindfoot withdrawal reflex was tested by assessing whether the 

animal withdrew the hindlimb when pinching with a forceps in three areas of the 

dorsal area of the hindfoot, proximal, middle, and distal (Figure 3). Each site was 

tested two different times and the score was independent between the three 

zones (0 = fast and brisk withdrawal response of the limb; −1 = weak or non-

consistent response in 2 trials; −2 = no response in 2 trials. Two researchers, 

who were blind regarding the group allocated throughout the study period, scored 

on a 0–1–2 scale each of the above maneuvers for all the animals and test days; 

the score given was by agreement between the observers (Table 1). 
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Figure 3. Photograph of the maneuver used for the proprioception test, assessing 

the capability of dorsiflexion of the hindfoot from a forced plantar flexion position 

(A). The flexor withdrawal reflex assesses the response to pinching the dorsum 

of the foot with a hemostat in a proximal point, a middle point (B) and a distal 

point. 

Table 1. Items used in the functional evaluation of sheep after injury and repair 

of the peroneal nerve. The score points negative values in the case of deficit or 

loss of response. 

 

Parameter 0 −1 −2 

Locomotion Normal gait Limp Drag the limb 

Muscle loss (TA) No loss Reduced Atrophy 

Proprioception Present Decreased Absent 

Flexor withdrawal reflex 

(proximal point) 

Present Decreased Absent 

Flexor withdrawal reflex 

(middle point) 

Present Decreased Absent 

Flexor withdrawal reflex 

(distal point) 

Present Decreased Absent 
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2.4. Electrophysiological Tests 

Electrophysiological tests to evaluate reinnervation of the TA muscle were 

performed at 6.5 and 9 mps under general anesthesia. Animals were sedated 

with intravenous diazepam (0.25 mg/kg), and then anesthesia was induced with 

an intravenous injection of diazepam and ketamine (0.25 mg/kg and 5 mg/kg, 

respectively). The sciatic nerve was stimulated with transcutaneous needle 

electrodes placed at the sciatic notch using an EMG apparatus (Sapphire 4ME 

Medelec, Vickers Healthcare Co., Surrey, UK). The compound muscle action 

potential (CMAP) of the TA muscle was recorded with monopolar needle 

electrodes (Figure 4) from the control hindlimb and the operated hindlimb; the 

amplitude and onset latency were measured from the maximal response 

obtained. The stimulus intensity was progressively increased until a maximal 

amplitude CMAP was obtained, and the recorded CMAP corresponded with 

contraction of the TA muscle and hindlimb movement. In addition, free-running 

EMG recordings were made to detect fibrillation potentials as a sign of muscle 

denervation. 

 

Figure 4. (A). Setup used for the nerve conduction studies. Stimulating needle 

electrodes were placed at the sciatic notch to stimulate the nerve (+ –), whereas 

recording needle electrodes were placed at the TA muscle (active electrode, G1) 
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and at the distal tendon (reference, G2). The red band corresponds to the ground 

electrode. (B,C) Sample EMG recordings at 9 mpo. Top trace (B) shows the 

CMAP in the control hindlimb, and the bottom trace (C) in the operated hindlimb 

of a sheep of AG7 group. The onset of the CMAP is labeled with mark 1, the 

negative peak of the CMAP with mark 2, and the end with mark 3. Note the 

differences in time and voltage scales, noted at the right of each trace. 

2.5. Ultrasound Test 

Echographic evaluation of the leg anterior compartment was performed with a 

MyLab® Gamma apparatus (Esaote, Genova, Italy) at the same time of the 

electrophysiological tests, 6.5 and 9 mpo, under general anesthesia. Hair of the 

dorsal area of the leg was shaved, and the skin was cleaned with water and mild 

soap. To optimize image acquisition, acoustic gel was used. The size of the TA 

muscle, calculated as area and perimeter, was determined using the B-mode 

ultrasound (15 MHz), with a linear ultrasound probe in the cranial aspect of the 

crus at the midpoint between the tibial crest and the tuber calcanei (Figure 5). 

The control hindlimb of all animals was used as a control. 

 

Figure 5. Procedure for the echographic imaging. The ultrasound probe was 

placed with conductive gel on the mid of the TA muscle mass (A). Sample images 
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of the echography of TA muscle, delineated by discontinuous line in a control 

hindlimb (B), and in an operated hindlimb (C). 

2.6. Histological Evaluation 

At the end of the follow-up at 9 mpo, following electrophysiological and ultrasound 

tests and under general anesthesia, the sheep were euthanized with an 

intravenous administration of Euthasol (400 mg/kg). The sciatic nerve and 

branches were exposed under surgical dissection. The nerve graft, including the 

proximal and distal suture lines, was harvested, and fixed in 4% 

paraformaldehyde for 5 days at 4 °C. The TA muscle was dissected and 

weighted. Samples from the TA muscle and a piece of skin of the dorsum of the 

hindfoot were taken and fixed in paraformaldehyde 4% for 7 days at room 

temperature (RT). Samples from the contralateral hindlimb were taken as control 

samples. 

The nerve graft was divided into different segments to analyze the middle 

segment of the graft and the nerve distal to the graft. Each segment was also 

divided in two halves. The first half of the nerve graft of section 2 and section 4, 

corresponding to the middle and distal to the nerve graft, respectively, were 

transferred to 70° ethanol for 48 h. Samples were embedded in paraffin and 5 

mm thick cross-sections were cut on a microtome. Some slides were 

deparaffinated and stained with hematoxylin and eosin to visualize the general 

structure of the nerve graft under light microscopy. Other slides were processed 

for immunohistochemistry. The latter slides were deparaffinated and blocked with 

a solution of normal goat serum and normal donkey serum (10%) in phosphate-

buffered solution (PBS) containing 0.3% Triton. The sections were incubated 

overnight at RT with primary antibodies against neurofilament (NF200; 

myelinated axons; 1:400; AB5539-Millipore) and against S100 protein (S100; 

Schwann Cells; 1:50; 22520-DiaSorin). Following washes, sections were 

incubated against secondary antibodies bound to Alexa Fluor 488 and Alexa 

Fluor 594. Immunolabeled sections were viewed under epifluorescence 

microscopy (Olympus BX51). The total number of regenerated myelinated axons 
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was estimated by measuring the cross-sectional area of the nerve grafts and 

counting myelinated axons labeled with NF200 in selected fields distal to the 

nerve grafts. 

The second half of the sections were post-fixed in 3% paraformaldehyde and 3% 

glutaraldehyde in cacodylate-buffer solution (0.1 M, pH 7.4) at 4 °C. The samples 

were post-fixed in osmium tetroxide (2% for 2 h), dehydrated with ethanol, and 

embedded in Epon resin. Semithin sections 0.5 μm thick were cut on an 

ultramicrotome (Leica, Wetzlar, Germany) and stained with toluidine blue. 

Representative light microscopic images were selected. 

Samples from TA muscle and skin of the dorsum of the hindfoot were embedded 

in paraffin, sectioned, and stained with hematoxylin and eosin to visualize the 

general structure. 

2.7. Data Analysis 

All the data are expressed as mean ± standard error of the mean (SEM). 

Statistical comparisons of functional and histology results were analyzed by using 

Student’s t test and two-way ANOVA after testing for normal distribution. The 

GraphPad Prism 9 software was used for analysis and graphic representations. 

Statistical significance was considered if p<0.05. 

3. Results  

3.1. Clinical Observations  

The surgical approach allowed the dissection of the peroneal nerve over a long 

distance, its resection, and its repair by interposing the same nerve segment with 

either a 5 or a 7 cm autograft, AG5 and AG7, respectively. All the sheep 

recovered well from the surgery and survived to the end of the study. In addition, 

no significant clinical signs were observed during the experimental study. After 

the surgery, animals were able to stand and walk and showed good mobility. As 

a result of the peroneal nerve injury, two animals from AG7 group had a marked 

foot drop posture and developed pressure ulcers. A molded plastic splint was 
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placed at 1 mps, and the skin ulcers were treated with clorexhydine and 

Blastoestimulin cream and covered with Vetrap bandage. After one month, one 

of the sheep recovered and the splint was removed. In contrast, the other sheep 

continued with the food drop posture until the end of the study.  

3.2. Functional evaluation 

After the surgery, all sheep showed deficit in locomotion score based on the 

occurrence of foot drop during fast walking. In the resting orthostatic position, all 

the sheep, except the two animals of AG7 group indicated above, were able to 

maintain the plantar support of the right hindlimb. In all the sheep, we observed 

evidence of foot drop during fast walking, as they failed to maintain the plantar 

support in some steps (scored as −1 or −2) (Figure 6A). The proprioceptive 

response was not significantly reduced after the surgery and did not change 

during the follow-up (Figure 6B). The muscle mass of the right reinnervated 

tibialis anterior (TA) muscle showed a clear reduction one month after the surgery 

in comparison to the contralateral muscle. A significant improvement (p<0.01) 

was detected in AG5 group at the end of the follow-up with respect to values at 

30 days (Figure 6C). The withdrawal reflex response to pinching the skin of the 

dorsum of the foot was abolished at the first test after the surgery and recovered 

slowly during the follow-up to close to normal levels, early in proximal (p<0.0001) 

(Figure 6D) and middle (p<0.05) (Figure 6E) sites, likely due to collateral 

reinnervation. In contrast, the reflex in the distal site showed a return of response 

compatible with peroneal reinnervation, reaching full recovery in all the sheep of 

AG5 group at the end of the study (p<0.001 vs. values at 30 days), and in all 

except one in the AG7 group (p<0.05 vs. values at 30 days) (Figure 1F). 
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Figure 6. Plots of the monthly functional tests during the follow-up (9 months) in 

the AG5 and AG7 groups. Results are expressed as mean ± SEM. (A): 

Locomotion, scored based on the occurrence of foot drop during fast walking, 

was reduced and did not have significant recovery. (B): The proprioceptive 

response was slightly impaired and did not show noticeable changes. (C): The 

mass of the TA muscle was reduced postinjury and significantly recovered 

($p<0.01) vs. baseline at 30 days postoperation, at the end of the follow-up in 

AG5 group. (D–F): The withdrawal response to pinching the skin of the dorsum 

of the foot recovered to close to normal levels in AG5 group. D: The responses 

recovered significantly in AG5 and AG7 groups at 90 days postoperation 

($p<0.0001 and #p<0.0001 vs. baseline at 30 days postoperation, respectively) 

in the proximal site. E: In the middle site, recovery was observed at 120 days 

postoperation in the AG7 group (#p<0.05) and at 180 days postoperation in the 

AG5 group ($p<0.01), compared to baseline at 30 days postoperation. In both 

cases, the responses were earlier than in the distal site, likely due to collateral 

reinnervation. F: Pinching the distal site showed a response compatible with 

peroneal reinnervation, with significant improvement at 210 days postoperation 

in AG7 group (#p<0.05) and at 240 days postoperation in AG5 group ($p<0.001) 

vs. baseline at 30 days post surgery. 
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3.3. Electrophysiological Results 

Motor nerve conduction tests were performed at 6.5 and 9 months after the 

surgery under general anesthesia (diazepam 0.25 mg/kg and ketamine 5 mg/kg 

i.v.), to assess reinnervation of TA muscle with an electromyography (EMG) 

apparatus (Sapphire 4ME, Vickers Healthcare Co., Surrey, UK). In the left control 

hindlimb, the TA compound muscle action potential (CMAP), evoked by 

stimulation of the sciatic nerve at the sciatic notch, appeared at an average of 4.3 

± 0.1 ms of latency and had a mean amplitude of 21.2 ± 0.7 mV considering the 

nine sheep of the study (Figure 7). In the right, operated hindlimb, at 6.5 mps, 

75% of the animals from AG5 group and 60% of the animals from AG7 showed 

consistent evidence of reinnervation with CMAPs at long latency, with disperse 

shape and small amplitude (1.53 ± 0.67 mV in group AG5 and 0.97 ± 0.48 mV in 

group AG7). At 9 mps, all the sheep of group AG5 but only 80% of group AG7 

group had a positive CMAP. The mean CMAP amplitude of group AG7 (1.87 ± 

0.72 mV) was significantly lower than in group AG5 (5.00 ± 2.13 mV) (Figure 7A), 

and the onset latency was significantly longer in AG7 group (11.58 ± 1.06 ms) 

compared to AG5 group (9.46 ± 0.6 ms) (Figure 7B). 

 

Figure 7. Plots of the latency (A) and the amplitude (B) of the TA CMAP evoked 

by stimulation of the sciatic nerve at the sciatic notch and recorded at 6.5 and 9 

months after surgical insertion of autografts of 5 and 7 cm length, AG5 and AG7, 

respectively, and compared with the measurements made in the control 

contralateral hindlimb. A. Small and long latency CMAPs were recorded in 3 of 

the sheep of each experimental group at 6.5 mps. B. The CMAP amplitudes 
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increased at 9 mps, although they were much lower than in control muscles. 

Values are represented as mean ± SEM. *p<0.05 AG7 vs. group AG5; 

**p<0.0001 AG5 and AG7 groups vs. Control. 

3.4. Echographic Evaluation of TA Muscle 

Echography of TA muscle was performed following the electrophysiological tests, 

at 6.5 and 9 mps, under general anesthesia. In the operated hindlimb, the size of 

the TA muscle was significantly decreased, and the echo density changed due to 

muscle atrophy secondary to denervation. At 9 mps, the muscle size, the 

perimeter (Figure 8A), and the area (Figure 8B) were still below control values, 

although the muscle area was significantly lower (p<0.5) in the group AG7 (2.44 

± 0.21 cm2) compared to the group AG5 (3.43 ± 0.23 cm2) (Figure 3B). The TA 

muscle size of the sheep without EMG recovery was the smallest, linking muscle 

size to degree of reinnervation. The TA muscle was weighed fresh after 

extraction. The mean values in the experimental sheep of AG5 and AG7 were 

38.5 ± 1.4 g and 33.0 ± 4.5 g, and were significantly lower (p<0.05) than 78.8 ± 

4.8 g for the left control muscles. 

 

Figure 8. Histogram of the measurements of perimeter (A) and area (B) of the 

TA muscle obtained by echographical imaging. Values are mean ± SEM. *p<0.05 

group AG7 vs. AG5; **p<0.0001 groups AG7 and AG5 vs. Control. 
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3.5. Histological Results of the Grafted Nerve 

After harvesting, the nerve autografts of all the sheep showed neuromata that 

were visible at both proximal and distal suture lines, but the autograft had a well-

preserved appearance. The sheep peroneal nerve is composed of multiple 

fascicles, usually more than 30, each containing numerous nerve fibers densely 

packed in the endoneurium. The fascicular structure was maintained in the 

autografted segment in both experimental groups. Regenerative axons were 

seen both inside and outside the nerve fascicles (Figure 9). 

 

Figure 9. Representative micrographs of cross-sections of the middle part of the 

nerve graft stained with hematoxylin and eosin. (A,D) control nerve, (B,E) nerve 

of a sheep of group AG5, and (C,F) of group AG7, viewed at 40× magnification 

(A–C), scale bar 500 μm, and at ×200 magnification (D–F), scale bar 150 μm. 

Immunohistochemical labeling for NF200 and S100 in sections taken at the 

middle of the nerve grafts showed the presence of myelinated axons and 

Schwann cells in the intrafascicular and extrafascicular space of the autografts. 

In contrast, distal to the nerve autograft, myelinated axons and Schwann cells 

were only observed within the fascicles (Figure 10). In semithin transverse 

sections of the mid segment of the nerve autograft of both experimental groups, 

we found that myelinated axons were grouped in small regenerative units and 
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were distributed throughout the autograft structure, as well as unmyelinated 

axons and Schwann cells (Figure 10M–O). 

Regarding the quantitative analysis of NF200 positive myelinated axons, one 

animal of group AG7 did not show regenerated axons, likely attributable to suture 

dehiscence in early phases after the surgery. The estimated mean number of 

myelinated axons in the control peroneal nerve was 18,022 ± 2040 axons. At the 

mid-level of the autograft, there was a significantly higher number of myelinated 

axons in the AG5 group compared to group AG7 (57,294 ± 1368 axons and 

26,213 ± 2798 axons, respectively, ***p<0.001). Distal to the nerve graft, there 

were also significantly more axons in group AG5 (36,185 ± 3533 axons) 

compared to group AG7 (20,600 ± 6082 axons) (***p<0.001). 
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Figure 10. Representative immunohistochemical images of transverse sections 

of a control peroneal nerve (A,D,G,J) and of an autograft of group AG5 (B,E,H,K) 

and of group AG7 (C,F,I,L). Sections were immunolabeled against NF200 for 

myelinated axons (A–F), and against S100 for Schwann cells (G–L). Images were 

taken at ×40 magnification (A–C,G–I), scale bar 200 μm, and at ×400 

magnification (D–F,J–L), scale bar 100 μm. The bottom panels show 
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representative semithin transverse sections of the middle segment of the nerve 

graft stained with toluidine blue. (M) control nerve, (N) AG5, and (O) AG7 graft, 

at 10,000× magnification, scale bar 10 μm. 

3.6. Histological Evaluation of Reinnervated Targets 

The intact TA muscle showed an organized structure of elongated muscle fibers 

with the nuclei at the periphery. In cross-sections, histological images showed 

compact muscle fibers, polygonal in shape and surrounded by basal lamina 

(Figure 11A, D). In the operated hindlimb, the TA muscle showed an irregular 

structure in both experimental groups. Some areas appeared with a normal 

structure, although the muscle fibers had smaller diameter than normal, likely 

corresponding to reinnervated areas of the muscle, whereas other areas showed 

signs of atrophy and inflammatory cell infiltration (Figure 11B-C, E-F).  

 

Figure 11. Representative micrographs of cross-sections of the TA muscle 

stained with hematoxylin and eosin from (A,D) a control muscle, (B,E) a sheep of 

group AG5, (C,F) a sheep of group AG7, taken at ×40 magnification (A–C), scale 

bar 200 μm, and at ×200 magnification (E–F), scale bar 100 μm. Note the areas 

of hypotrophic muscle fibers with inflammatory cell infiltration in the denervated 

muscle areas of AG sheep. 
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The skin samples of control hindlimb, in sagittal sections, showed distinct 

organization in three layers: epidermis, dermis, and subcutaneous tissue. The 

skin samples of the operated hindlimb showed a similar aspect to the skin from 

the contralateral side, without signs of inflammatory cell infiltration or tissue 

atrophy. 

4. Discussion 

In this study, we have shown that nerve regeneration is successful after autograft 

repair of a large defect in the peripheral nerve of sheep and can be objectively 

evaluated. Thus, we propose that the sheep is a suitable model to evaluate 

regeneration through long nerve gaps. Sheep represent an adequate large 

animal model because they have similar body weight and peripheral nerve 

dimensions to humans. Unlike rodent species, sheep have plurifasciculated 

nerves [32] and a regeneration rate identical to humans [33,34]. Compared to 

other large animals used, including pigs, sheep are calm, easy to obtain, and 

cost-effective, and they allow the evaluation of sensory and motor functions with 

the same methods used in the clinic. In addition, their life expectancy is 

sufficiently long to allow long-term studies to compare with studies of recovery 

after human peripheral nerve injuries, requiring at least 2 years for recovery to 

plateau values [35–37]. Other useful models in preclinical studies, like 

conventional pigs, would be unusable for long-term studies due to their high 

growth rate, in addition to their stressful and nervous behavior. Other large 

species, which include nonhuman primates and dogs, present more ethical 

concerns. 

For nerve injury in an animal model to be a useful model with translational 

potential, the injured nerve must be also relevant. In humans, the most frequently 

injured nerve in the lower limb is the common peroneal nerve [25,38]. In sheep, 

this nerve is similar in size to the human nerve [34,37] and it is also plurifascicular, 

giving rise to the deep peroneal nerve branch that innervates muscles in the 

anterior compartment of the hindleg, and to the superficial peroneal nerve 

providing sensory innervation to the dorsum of the paw. Surgical access to the 
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peroneal nerve is an easy procedure with blunt dissection of the semitendinosus 

and biceps femoris muscles. Since the common peroneal nerve is a mixed nerve, 

both motor and sensory functional losses in the denervated targets are expected 

[39]. The injury of this nerve in sheep mimics the symptoms of the inversion of 

the foot and inability to dorsiflex the ankle [25,40]. However, the motor deficits 

are limited, and do not markedly disturb standing and walking of the animals 

[32,37]. We observed that the sheep did not show disabling consequences of the 

nerve surgeries in their locomotor motion or a reduced quality of life. This was so 

despite two animals showing a sustained foot drop position that, together with the 

lack of sensitivity in the dorsum of the foot, led to focal pressure ulcerations. 

Other studies producing a transection and relatively long gaps in the sheep used 

the median nerve in the forelimb, with gaps ranging from 5 mm to 5 cm 

[22,24,30,34,41,42], or the facial nerve inducing just transection or gaps up to 5 

cm [27,43]. However, injuries of the forelimb nerves lead to more functional 

deficits, since compensation for animal weight support and movement is more 

effective in the hindlimbs [37]. The sciatic and the tibial nerves have also been 

subjected to gap lesions and repair with different conduits bridging a 1 cm gap 

[44–46], and with recellularized allografts in a 2 cm gap [47] in comparison with 

autologous nerve grafts. The sheep peroneal nerve has been used in a few 

studies prior to the present study. Strasberg and colleagues [32] compared the 

outcomes of the surgical repair of the peroneal nerve via insertions of 8 cm long 

nerve autografts and allografts. Histological and electrophysiologic analyses 

were carried out at 6 and 10 months. Roballo et al. [37] compared 

electrophysiological and histological outcomes after peroneal nerve transection 

and a 5 cm autograft in adult sheep. Alvites et al. [25] compared only functional 

outcomes 3 and 6 months after peroneal transection and repair by direct suture 

or via a chitosan conduit leaving a ~24 mm gap. In the study by Tamez-Mata et 

al. [48], a peroneal nerve segment of 30 mm in length was excised, and repair 

was performed by an autograft or an allograft recellularized with Schwann-like 

cells. Altogether, the peroneal nerve in sheep is a good model for preclinical trials 

in which several-centimeter-long gaps can be repaired with newly developed 

grafts or synthetic conduits in comparison with the standard autologous graft. 
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Importantly, the long distance that axons must grow in the sheep hindlimb 

requires a considerably long follow-up for assessment of reinnervation of distal 

targets and meaningful functional recovery. We measured the distance between 

the proximal section of the peroneal nerve and the entrance of the distal nerve 

into the TA muscle, and it was between 34–36 cm. Considering a rate of 

regeneration of 1–2 mm/day, similar to humans, 6 to 12 months would be needed 

for regaining muscle innervation, and even longer for reinnervation of the dorsum 

of the hindfoot. Our evidence of TA muscle reinnervation by nerve conduction 

tests at 6.5 months suggests a regeneration rate ~2 mm/day, in line with previous 

results reported by Strasberg et al. [32], Radtke et al. [45], and Roballo et al. [37], 

who performed similar electrophysiological tests. Indeed, an average axonal 

regeneration velocity of 1.57 mm/day was estimated in sheep that received an 

autologous nerve graft in the tibial nerve [46]. It is worth noting that the time 

courses of functional recovery for surgical repair of both 5 and 7 cm lengths of 

the autografts used to repair the transected peroneal nerve were parallel, even 

though the functional recoveries were less when 7 cm long autografts rather than 

5 cm long grafts were inserted. These observations indicate that the length of the 

autograft plays a role. 

We used clinical evaluations for assessing functional recovery of sensory-motor 

functions after autograft repair in sheep that are used regularly in human patients. 

These quantifiable functional behavioral measures provided important indicators 

of recovery that were complemented by electrophysiological measures. We 

established monthly intervals for a functional evaluation to assess the deficits 

produced by the peroneal nerve injury and the recovery course. Peroneal nerve 

injury, as in humans, results in inability to dorsiflex the ankle [25,40]. In the 

standing position, most sheep were able to correctly place the hoof and make 

plantar contact with the ground; however, two of the sheep were unable to do so 

and showed persistent contact with the dorsum of the foot that led to skin lesions. 

Whilst we do not know why some sheep presented more marked motor deficits, 

mechanical factors may be involved. Alvites et al. [25] reported overextension of 

the hock and overflexion of the distal joints in their sheep, with only slight 

improvement from 10–12 weeks after neurotmesis and direct suture repair. 
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Testing foot placement during open locomotion in the barn allowed us to detect 

foot drop in the operated paw in all the sheep. The incidence of foot drop partially 

improved in two sheep of each group from 5 mps onwards, but the mean score 

of the groups did not change significantly during follow-up. That the 

proprioceptive response in the animal’s hoof was only diminished slightly after 

the injury may be accounted for by the proprioception conveyed by the tibial and 

sural nerves that remained intact. Evaluating the time to response using a similar 

maneuver, Alvites et al. [25] found a small reduction in time but already at 6–8 

weeks after direct suture. Therefore, measurement of the proprioceptive 

response has limited use in this model. A fast recovery of the withdrawal reflex 

induced by painful stimulation in the peroneal cutaneous territory, was observed 

at early times in proximal and mid sites of the dorsum of the foot, as reported also 

by Alvites et al. [25]. This may be explained by reinnervation of the foot by 

collateral sprouting of neighbor intact nerves that branch from tibial and sural 

nerves. For this test, the distal third appears to be the one sensitive to peroneal 

nerve regeneration (see Figure 6F). 

Electrophysiological tests are commonly used to objectively evaluate nerve 

regeneration and muscle reinnervation after nerve injuries in humans and in 

animals [49,50]. In contrast to small animal models, large animal models allow 

for easier access to stimulation and recording sites, limiting electrical artifacts 

[51]. Some animals from both experimental groups showed recordable CMAPs 

at 6.5 mps, indicating that regenerating axons had crossed the nerve autograft 

and into the denervated distal nerve stump to reinnervate the TA muscle. At 9 

months, all sheep but one showed positive CMAPs with increasing amplitude and 

decreasing latency, indicating regeneration and myelination of motor axons. 

Based on our electrophysiological findings, 9 months appeared to be the 

minimum timepoint to reliably evaluate different therapies after long nerve gap 

neurotmesis in the sheep, in agreement with other studies [32,37,45], and the 

amplitude of the CMAP is the most valuable parameter [50]. Complementing 

electrophysiology, we used high-resolution echography to evaluate the degree of 

atrophy of the TA muscle as an indirect measure of reinnervation. This is the first 
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time that ultrasound has been used to quantitatively assess muscle mass after 

nerve injury in experimental studies. 

When the nerve samples were harvested, a small amount of fibrosis was 

observed around the suture lines in both experimental groups, whereas the 

diameter of the autografts and the host nerve stumps were similar, contrary to 

observations when the autograft was from a smaller nerve [51]. In both 

experimental groups, the peroneal nerve fascicles were preserved but they were 

slightly smaller than in the control nerve. Myelinated axons and Schwann cells 

were seen within but also some outside of the fascicles, as commonly reported 

after neurotmesis [24]. This can be explained by the difficulty of surgically aligning 

the two ends of the autograft and the proximal and distal stumps of the host nerve. 

As a result, regenerating axons are likely to be misdirected into pathways that 

they were not in previously, that in turn, likely result in poor recovery [52,53]. In 

both experimental groups, myelinated axons of smaller size than normal were 

seen both within the nerve graft and distal to the graft. The higher number of 

axons counted compared to the control nerve can be explained by the well-known 

phenomenon of multiple regenerative sprouts emitted by each axon [54] that, 

despite a tendency to reduce with time, persist even months after injury in the 

distal stump [55]. 

In conclusion, sheep provide an excellent opportunity to study peripheral nerve 

regeneration in long-nerve gap injuries allowing assays of new repair strategies 

for the translation towards clinical treatments of nerve injuries. This large animal 

model addresses key factors for assessing regeneration and can be adequately 

evaluated by functional tests in addition to electrophysiological and ultrasound 

tests, as shown in this study. 
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Abstract  

Decellularized nerve allografts are an alternative to autograft for repairing severe 

nerve injuries, since they have higher availability and do not induce rejection. In 

this study, we have assessed the regenerative potential of a novel 

decellularization protocol for human and rat nerves for repairing nerve resections, 

compared to the gold standard autograft. A 15-mm gap in the sciatic nerve was 

repaired with decellularized rat allograft (DC-RA), decellularized human xenograft 

(DC-HX), or fresh autograft (AG). Electrophysiology tests were performed 

monthly to evaluate muscle reinnervation, whereas histological and 

immunohistochemical analyses of the grafts were evaluated at 4 months. A short-

term study was also performed to compare the differences between the two 

decellularized grafts (DC-RA and DC-HX) in early phases of regeneration. The 

decellularization process eliminated cellularity while preserving the ECM and 

endoneurial tubules of both rat and human nerves. Higher amount of 

reinnervation was observed in the AG group compared to the DC-RA group, while 

only half of the animals of the DC-HX showed distal muscle reinnervation. The 

density of myelinated axons was significantly higher in AG compared to both DC 

grafts, being this density significantly higher in DC-RA than in DC-HX. At short 

term, fibroblasts repopulated the DC-RA graft, supporting regenerated axons, 

whereas an important fibrotic reaction was observed around DC-HX grafts. In 

conclusion, the decellularized allograft sustained regeneration through a long gap 

in the rat although at a slower rate compared to the ideal autograft, whereas 

regeneration was limited or even failed when using a decellularized xenograft.  
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1. Introduction 

Peripheral nerve injury results in partial or total loss of the sensory and motor 

functions dependent on the injured nerve(s), with important consequences for the 

quality of life of affected subjects (Navarro et al., 2007). It is estimated an 

incidence of nerve injuries of 13.9/100,000 inhabitants per year (Asplund et al., 

2009) resulting in more than 300,000 such injuries in the EU per year. Although 

peripheral neurons have the ability to regenerate their axons and eventually 

reinnervate the previously denervated target organs, clinical and experimental 

evidence shows that regeneration is often unsatisfactory, especially following 

severe injuries (Pfister et al., 2011; Lovati et al., 2018).  

Surgical repair is needed after nerve transections, to re-unite the two nerve 

stumps, with the aim to facilitate proximal axons to regenerate through the distal 

degenerating nerve and to finally reinnervate their target organs (Pfister et al., 

2011). However, direct suture is not always possible, and long nerve gaps must 

be bridged. The clinical gold standard repair technic in clinics is the interposition 

of an autologous nerve graft between the proximal and the distal stump (Grinsell 

and Keating, 2014; Gaudin et al., 2016; Kornfeld et al., 2021). Although it sustains 

nerve regeneration across long defects, the use of an autografts has some 

disadvantages, such as limited availability of donor nerves, increased operating 

time, and morbidity at the site of extraction (e.g., pain, scars, neuroma, and 

sensory loss). 

Although devoid of the drawbacks of autografts, allografts induce an immune 

rejection response by the recipient body and therefore require systemic 

immunosuppressive therapy. The most immunogenic elements in the allografts 

are Schwann cells and myelin sheaths, since their membrane present major 

histocompatibility complex antigens (Evans et al., 1994). Immune compatibility 

between donor and host is thus important to guarantee axonal regeneration, both 

in nerve grafts and artificial guides pre-filled with transplanted Schwann cells 

(Rodríguez et al., 2000). A promising alternative to autografts is a decellularized 

nerve allograft (Hundepool et al., 2017; Lovati et al., 2018; Philips et al., 2018). 

The decellularization involves several processes that guarantee immunogenic 
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free scaffolds from native nerves, while preserving the extracellular matrix (ECM) 

components and the biomechanical properties of the grafts (Szynkaruk et al., 

2013; Nieto-Nicolau et al., 2021). Therefore, decellularization of human 

peripheral nerves is an innovative strategy in tissue engineering and it can 

become an alternative to autografts to repair long-gap peripheral nerve injuries. 

For its clinical translation, it is mandatory to evaluate the pro-regenerative 

potential of optimized protocols of decellularization of human cadaver nerves. 

However, the preclinical evaluation of human grafts in experimental models has 

an important limitation, since these grafts become xenografts when transplanted 

to experimental animals, and the immune rejection caused by donor antigens 

(Udina et al., 2003) or other inter-species differences (Wood et al., 2014) can 

interfere with their regenerative potential. Nevertheless, it is worth to further 

explore the potential of decellularized xenografts as a repair alternative to grafts 

from the same species origin. Therefore, in this study we aimed to perform a 

comparative assessment of the effective axonal regeneration, along a critical 

nerve gap of 15 mm length induced in the sciatic nerve of adult rats, repaired with 

a decellularized allograft, a decellularized human xenograft, or the gold standard 

autograft. 

2. Materials and methods 

2.1 Ethics Approval 

This study followed the ethical precepts of the Declaration of Helsinki and was 

approved by local ethics committee. Human tissue was processed according to 

guidance for clinical use (EEC regulations 2004/23/CE and 2006/17/CE) and to 

the legal requirements for the use of biological samples for research in Spain 

(Law 14/2007 and RD 1716/2011). Ethical Committee approval was issued by 

CEIm Hospital Valle Hebron, Barcelona; PR (BST) 314/2019. In all cases, 

informed consent was obtained from the donors’ relatives. 

Regarding animal experiments, all the procedures were approved by the Ethics 

Committee of the Universitat Autònoma de Barcelona and Generalitat de 
Catalunya (reference #10306) and followed the European Community Council 
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Directive 2010/63/EU of the European Parliament on the protection of animals 

used for scientific purposes. In addition, we followed the ARRIVE guidelines and 
committed ourselves to the 3Rs of laboratory animal research. 

2.2. Preparation of acellular nerve grafts 

Human sural nerves from eleven deceased donors were obtained from the 

Barcelona Tissue Bank - Banc de Sang i Teixits (BTB-BST, Barcelona, Spain; 

https://www.bancsang.net/) within 24 hours post-mortem. Donor screening 

included, but may not be limited to, the review of complete social and medical 

history, physical examination of the donor, complete serological and 

microbiological testing during retrieval, histopathological analysis, as well as any 

other information pertaining to risk factors for relevant communicable diseases. 

Sural nerve fragments were retrieved from the donor and were placed into a 

sterile container with Roswell Park Memorial Institute (RPMI) media without 

phenol (Gibco, Carlsbad, CA, USA) plus 1% antibiotics (vancomycin [Pfizer, MA, 

Spain], penicillin [Normon, MA, Spain], and streptomycin [Reig Jofre, BCN, 

Spain]) at 4ºC until its decellularization in a clean room environment. 

Rat sciatic nerves were harvested from Sprague-Dawley donor rats, under deep 

anesthesia and with sterile conditions. Samples were placed in sterile phosphate 

buffered solution (PBS) with antibiotic/antifungal agents (Sigma-Aldrich) and 

processed within 24 hours.  

The decellularization protocol for human nerve samples was as described 

previously (Nieto-Nicolau et al., 2022). To decellularize rat nerves, that protocol 

was adapted, reproducing sequential incubations and using zwitterionic and non-

ionic detergents for 3 days. Zwitterionic sulfobetaines 10 and 16 were purchased 

from Sigma-Aldrich (Munich, Germany). Non-ionic Triton X-200 was changed by 

Triton X-100 (Sigma-Aldrich). This protocol was optimized adding an incubation 

with hypertonic 1 M NaCl (Sigma-Aldrich) during 4 h and 0.1 mg/ml Pulmozyme 

DNASE (Roche, Barcelona, Spain) for 3 h. After DNASE treatment, the nerves 

were washed once in 0.5 M Tris–EDTA buffer and several times in ultrapure 

water. The process was carried out at room temperature for 4 days.  
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Histological evaluation of decellularized nerve grafts 

Decellularized nerve grafts were fixed in paraformaldehyde 4% for 24 hours at 

4ºC, then transferred to phosphate buffered (PB) and incubated with saccharose 

30% for 24-48h. Samples were cryo-embedded with Tissue Tek® OCT 

compound (Sakura, Fleminweg, Netherlands) and cross sections of 15 mm 

thickness were obtained with a cryotome. After blocking with a solution of normal 

goat serum or normal donkey serum (10%) containing 0.3% Triton, sections were 

incubated overnight at 4°C with primary antibodies against S-100 protein (S100; 

Schwann cells; 1:50; 22520-DiaSorin), neurofilament (NF200; myelinated axons; 

1:400; AB5539-Millipore), non-collagenous connective tissue glycoprotein 

(laminin; 1:500; AHP420-Biorad) and collagen (Collagen IV; 1:400; 134001-

Setareh Biotec). Following washes, sections were incubated with secondary 

antibodies bound to Alexa Fluor 488 and Alexa Fluor 594. Sections were also 

stained with DAPI (DAPI; nuclei; 1:100; D9564-10MG-Sigma) and myelin stain 

(Fluoromyelin; myelin; 1:300; F34651-Invitrogen). Immunolabeled sections were 

viewed under epifluorescence microscopy (Olympus BX51). 

2.3.  In vivo long term studies 

Female Sprague-Dawley rats (12 weeks of age and weighing 296-322 g) were 

used. They were housed under a 12-h-light-dark cycle in a temperature-

controlled animal care facility with ad libitum access to water and food.  

Seventeen female Sprague-Dawley rats were randomized into three different 

groups: autograft (AG) (n=6), decellularized rat allograft (DC-RA) (n=5) and 

decellularized human xenograft (DC-HX) (n=6), and followed for 120 days. Rats 

were anesthetized with ketamine (75 mg/kg) and medetomidine (0.01 mg/kg) 

intraperitoneally. The right hindlimb was shaved and sterilized with povidone-

iodine solution. A skin incision was made, and the right sciatic nerve was exposed 

and resected. In the autograft group, a 15 mm long nerve segment of the sciatic 

nerve was excised and then, sutured again in place using three 10-0 nylon 

epineural sutures. In the rat allograft and human xenograft, a 15 mm 

decellularized rat allograft or a 15 mm decellularized human xenograft were 
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sutured to the host nerve stumps. The muscles were sutured with 6-0 and the 

skin with 3-0 silk and staples. Postoperative care included amitriptyline (20ml/l) 

in drinking water to prevent autotomy (Navarro et al., 1994) and buprenorphine 

0.03 mg/Kg subcutaneously to treat postoperative pain. 

Electrophysiological tests  

Reinnervation of target muscles was assessed at 30, 60, 90 and 120 days post-

injury (dpi) by motor nerve conduction tests. Animals were anesthetized as 

indicated above and the sciatic nerve was stimulated with transcutaneous needle 

electrodes placed at the sciatic notch delivering single pulses of increasing 

intensity (Synergy Medelec, Viasys HealthCare), and the compound muscle 

action potential (CMAP) was recorded by placing electrodes on the tibialis 

anterior (TA), gastrocnemius (GA), and plantar interosseus (PL) muscles. The 

reference electrode was placed at the fourth toe and a ground electrode was 

placed at the knee. The amplitude and latency of the CMAP was measured. The 

contralateral intact limbs were used as control. The rat body temperature was 

maintained throughout the test with a thermostatic warming flat coil. 

Histological evaluation 

At the end of the 120 days follow-up, animals were euthanized by an 

intraperitoneal injection of pentobarbital, transcardially perfused with 4% 

paraformaldehyde in PBS for 30 min and the sciatic nerves were collected and 

divided in three parts.  

The middle segment of the nerve graft was processed for immunofluorescence 

labeling as indicated above. Serial sections were incubated for staining axons 

(NF200), Schwann cells (S100), ionized calcium-binding adapter molecule 1 

(Iba1; macrophages; 1:500; 19-19741-Rafer) and laminin. Samples were washed 

and incubated with secondary antibodies Alexa Fluor 488 goat anti-chicken 

(1:200; A11039-Invitrogen), Alexa Fluor 488 donkey anti-goat (1:200; A11055-

Invitrogen) and Alexa Fluor 594 goat anti-rabbit (1:200; A21207-Invitrogen) 

diluted in PBS-Triton 0.3%. 
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The proximal and distal segments of the grafted nerve, including suture levels 

were post-fixed in 3% glutaraldehyde−3% paraformaldehyde in cacodylate-buffer 

solution (0.1 m, pH 7.4) at 4°C. These segments were post-fixed with osmium 

tetroxide (2%, 2 h) and dehydrated through ethanol series prior to embedding in 

epon resin. Semithin 0.5 μm thick sections were stained with toluidine blue and 

examined by light microscopy (Olympus BX40). Sets of images obtained at 1000x 

were chosen by systematic sampling of squares representing at least 30% of the 

nerve cross-sectional area (Gómez et al 1996). Measurements of cross-sectional 

area of the whole nerve and counts of the number of myelinated nerve fibers were 

carried out using ImageJ software. 

2.4.  In vivo short-term studies 

Twelve female Sprague-Dawley rats were randomized in two experimental 

groups of 6 animals each, according to the repair procedure: DC-RA and DC-HX. 

In each group, half of the animals were assessed at 7 days and half at 14 days 

post-injury. Surgeries were performed as described above. However, in this case 

a segment of the sciatic nerve was excised and substituted by a 12 mm DC-RA 

or 12 mm DC-HX, therefore using a shorter graft than for the long-term study. 

The proximal and distal nerve stumps were sutured by 10-0 nylon epineural 

sutures.  

Histological evaluation 

At the end of the follow-up (7 or 14 dpi), animals were euthanized and perfused 

as described. The sciatic nerve was harvested and divided in two equal parts, 

stored in cryoprotective solution of PBS-sucrose 30% at 4°C for 24 hours. The 

proximal nerve segment at 7dpi, and the proximal and distal nerve segment at 

14dpi were embedded in Tissue Tek and 15 μm thick longitudinal sections cut 

serially. For immunostaining, sections were incubated overnight with primary 

antibodies for staining axons (NF200), Schwann cells (S100), macrophages 

(Iba1) and fibroblasts (vimentin; 1:400; ab92547-Abcam). Samples were washed 

and incubated with secondary antibodies as above. Finally, sections were 
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washed and cover-slipped with Fluoromount containing DAPI (1:10,000, Sigma) 

for nuclear counterstain. 

2.5. In vitro study 

Dissociate culture of DRG 

Nine adult C57BL/6J mice were euthanized, and DRGs were dissected. 

Dissociation and culture of DRG cells was performed as previously described 

(Alé et al., 2014). Briefly, the ganglia were cleaned under a dissecting microscope 

and enzymatically digested by incubation for 30 min at 37ºC in 10% trypsin, 10% 

collagenase and 10% DNAse. The enzymatic activity was halted by adding 1 ml 

of DF10S, and tissue suspension was centrifuged at 900 g  for 3 min. Then, the 

pellet was resuspended in 1 mL of culture medium and mechanically dissociated.  

A total of 12,000 cells were plated on coverslips coated with poly-D-lysine plus 

human laminin (1 µg/µl, Sigma-Aldrich) or mice laminin (1 µg/µl, Sigma-Aldrich). 

After 24 h in culture, cells were fixed with 4% paraformaldehyde for 20 min, and 

neurons were immunostained with β3-tubuline antibody (1:500, MMS-

435P/801202, Biolegend), NF200 antibody (1:800) and DAPI (1:1000, D9564-

10MG-Sigma). Length of the longest neurite from β3-tubuline and NF200 positive 

neurons was measured at 100x magnification under epifluorescence microscopy. 

Three different cultures using both conditions in at least three different wells each, 

were analyzed. 

2.6. Data Analysis 

Data are expressed as mean ± standard error of the mean (SEM). The results of 

functional tests and histology were analyzed by two-way ANOVA. The results of 

the longest neurites from DRG cultures were compared using unpaired t-test. 

Statistical analyses were made with GraphPad Prism 8 software. A p<0.05 was 

considered as significant. 
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3. Results 

3.1. Effectiveness of the decellularization procedure 

Cross sections of human and rat decellularized nerve grafts were processed for 

immunohistochemistry. Immunolabelling against laminin and collagen IV 

indicated that the structure of the extracellular matrix and endoneurial tubules 

was well preserved and comparable. Neurofilament remnants were present 

though their concentration was highly reduced and fragmented, compatible with 

degradation of axons, whereas absence of DAPI and S100 staining indicated that 

cell contents were completely removed (Figure 1). 

 

Figure 1. Decellularization efficiency. Representative micrographs showing 

immunolabeling of Schwann cells (s100) (a′′ ), myelinated axons (nf200) (b′′ ), 

nuclei (dapi) (c′′ ), extracellular matrix proteins (laminin and collagen IV) (d′′  and 

e′′ , respectively), and myelin (fluoromyelin) (f′′ ), in a control nerve (native nerve) 

(a, b, c, d, e, f), a decellularized rat nerve allograft (a′ , b′ , c′ , d′ , e′ , f′ ) and a 

decellular- ized human nerve xenograft (a′′ , b′′ , c′′ , d′′ , e′′ , f′′ ). Images taken at 

100 × magnification; scale bar 400 μm. 

3.2. In vivo repair of a critical nerve gap with decellularized grafts 

Electrophysiological test results 

Nerve conduction tests were performed to assess reinnervation of TA, GM and 

PL muscles (Figure 2). At 60 dpi all animals from AG and DC-RA groups showed 
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evidence of reinnervation in the TA and GM muscles, whereas in the PL muscle 

CMAPs were recorded in all animals of AG group but only in 20% of DC-RA 

group. In the DC-HX rats only 50% of the animals showed evidence of 

reinnervation of the TA and GM muscles and none for the PL muscle. At 90 dpi, 

the amplitude of the CMAPs increased. All animals from AG and DC-RA groups 

had reinnervation of TA, GM and PL muscles, whereas half of the animals of the 

DC-HX had positive values in TA and GM muscles and only one in the PL muscle. 

At the end of the follow-up (120 dpi) the mean CMAP amplitude of TA (30.8 ± 1.0 

mV), GM (43.0 ± 2.6 mV) and PL (2.8 ± 0.4 mV) muscles in the AG group were 

higher than in the DC-RA group (23.1 ± 3.7 mV, 31.4 ± 2.9 mV and 1.5 ± 0.2 mV 

respectively). Animals from DC-HX group showed significantly lower values 

compared to AG and DC-RA groups in the TA (9.7 ± 4.9 mV; p<0.0001), GM 

(10.9 ± 5.7 mV; p<0.01 vs DC-RA and p<0.0001 vS AG) and PL muscles (0.05 ± 

0.05 mV; p<0.001 vs DC-RA and p<0.0001 vs AG). Moreover, only half of the 

animals repaired with the human decellularized graft showed reinnervation signs 

in TA and GM muscles, and just 1 of the 6 animals in the PL muscle. 

 

Figure 2. Electrophysiological evaluation of nerve regeneration along the 120-

day follow-up after sciatic nerve section and repair. Results are presented as 

mean ± SEM. Statistical analysis was performed using 2-way ANOVA. Plots show 

the amplitude of CMAPs of plantar (***p<0.001 vs AG), tibialis anterior (**p<0.01 

vs AG; ***p<0.001 vs DC-RA; ****p<0.0001 vs AG; #p<0.0001 vs DC-RA) and 

gastrocnemius (*p<0.5 vs AG; # <0.5 vs AG; **p<0.01 vs DC-RA; ***p<0.001 vs 

AG; ****p<0.0001 vs AG) muscles. 
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Histological nerve assessment 

At the end of follow up, at 120 dpi, nerves were harvested and processed for 

histological analysis. There were numerous regenerated myelinated axons and 

Schwann cells within the AG and DC-RA grafts, but quite limited in DC-HX grafts. 

The endoneurial basal lamina tubules were preserved in all the grafts, and the 

amount of macrophage immunolabeling was also similar (Figure 3). 

 

Figure 3. Immunohistochemical characterization of the grafts 120 days after 

implantation. Representative micrographs of nerve grafts har- vested at 120 dpi 

showing immunofluorescence of Schwann cells labeled against S100 (a, b, c, d), 

myelinated axons labeled against neurofilament 200 (NF200) (a′ , b′ , c′ , d′ ), 

extracellular matrix proteins labeled against laminin (a′′ , b′′ , c′′ , d′′ ), and 

macrophages labeled against Iba1 (a′′′ , b′′′ , c′′′ , d′′′ ) in cross sections of the 

graft in a control nerve (no decellularized native nerve) (a′′′ ), autograft (b′′′ ), rat 

allograft (c′′′ ), and human xenograft (d′′′ ) groups. Images taken at 200 × 

magnification; scale bar 150 μm. 
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Quantitative analysis demonstrated that the density of myelinated axons was 

statistically higher in AG (40267.78 ± 2775.7 axons/mm2) than in the DC-RA 

(28132.47 ± 3084.11 axons/mm2, *p<0.5 vs AG) and DC-HX group (18244.98 ± 

3070.41 axons/mm2, $p<0.5 vs DC-RA and ***p<0.001 vs AG) groups in the 

middle of the graft. Distal to the graft, the myelinated fiber density was also 

significantly higher in AG group (27293.08 ± 195.8 axons/mm2) compared to DC-

RA (14337.13 ± 1324.54 axons/mm2, **p< 0.01) and DC-HX (2289.29 ± 513.73 

axons/mm2, #p<0.01 vs DC-RA and ****p<0.0001). All animals showed 

regeneration in the middle of the grafts. Distal to the nerve graft, all animals from 

AG and DC-RA had myelinated axons, whereas only 3/6 animals of the DC-HX 

showed positive results (Figure 4). 

 

Figure 4. Histological evaluation of the regenerative potential of the grafts at 120 

days. Representative transverse semithin sections of the mid graft (a, b, c) and 

distal to the graft (d, e, f) in autograft (a, d), decellularized rat allograft (b, e), and 

decellularized human xenograft (c, f) groups, stained with toluidine blue. Images 

were taken at × 1000 magnification; scale bar 10 μm. (g) Plots showing density 

of myeli- nated axons in the sciatic nerve at the mid graft and distal to the graft in 

the three groups. *p<0.5 vs AG; $p<0.5 vs DC-RA; **p<0.01 vs AG; #p<0.01 vs 

DC-RA; ***p<0.001 vs AG; ****p<0.0001 vs AG  
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3.3. Evaluation of short-term regeneration  

Considering the above results, a short-term study was performed to assess the 

early events of the regenerating nerves in the two types of decellularized grafts. 

At 7 dpi, the axonal regenerative front, labeled with NF200, reached the middle 

of the graft in rats of both groups, although there was higher number of axons in 

DC-RA than in DC-HX grafts (Figure 5a). There were relatively few Schwann cells 

accompanying the regenerating axons. In the DC-RA group, marked proliferation 

of fibroblasts was observed within the nerve, whereas in the DC-HX group, the 

fibroblast invasion was mainly around the nerve. The Iba1 reactivity, 

corresponding to macrophages, was higher in the DC-HX group (Figure 5b). 

In samples taken at 14 dpi, a greater number of Schwann cells compared to 7dpi 

was present around regenerating axons (Figure 5c), whereas fibroblasts showed 

a more organized longitudinal organization. In the DC-HX group, fibroblasts were 

present both inside and outside the graft, indicating an important fibrotic reaction, 

whereas macrophages were only present around the nerve (Figure 5d). Besides, 

only one of the three animals presented regenerated axons along the nerve graft. 

In the DC-RA group, the regenerative front reached the distal segment of the 

graft. In the DC-HX group, regenerating axons reached the distal segment in the 

only animal that had already NF positive axons at the proximal segment. As 

expected, in the other two animals, the graft was disorganized, with infiltrating 

cells and marked presence of macrophages. This is in contrast to what we 

observed at 7 days, when all animals of the group had some regenerative axons 

in the proximal half of the graft. It is possible that the important fibrotic reaction 

developed at 14dpi overcame the regenerative response observed at early time 

points. 
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Figure 5. Immunohistochemical characterization of the grafts 1 and 2 weeks after 

implantation. Representative micrographs showing immunofluorescence of 

proximal segment of DC-RA at 7 days post injury (a′′′′′ ) labeling myelinated 

axons and Schwann cells (a), and macrophages, fibroblasts and DAPI (a′ ). 

Proximal segment of DC-HX at 7 days post injury (b′′′′′ ) labeling myelinated 

axons and Schwann cells (b), and macrophages, fibroblasts, and DAPI (b′ ). 

Proximal segment of DC-RA at 14 days post injury (c′′′′′ ) labeling myelinated 

axons and Schwann cells (c), and macrophages, fibroblasts, and DAPI (c′ ). 

Proximal segment of DC-HX at 14 days post injury (d′′′′′ ) labeling myelinated 

axons and Schwann cells (d), and macrophages, fibroblasts and DAPI (d′ ). 

Images (a, a′ , b, b′ , c, c′ , d, d′ ) taken at 40×magnification; scale bar 500 μm. 

Below images showed myelinated axons labeled against NF200 (a′′ , b′′ , c′′ , d′′ ), 

Schwann cells labeled against S100 (a′′′ , b′′′ , c′′′ , d′′′ ), macrophages labeled 

against Iba1 (a′′′′ , b′′′′ , c′′′′ , d′′′′ ), fibroblasts labeled against vimentin (a′′′′′ , 

b′′′′′ , c′′′′′ , d′′′′′ ), images taken at 200 × magnification; scale bar 200 μm  

3.4. Influence of ECM origin on neurite growth of DRG neurons in culture 

To evaluate if inter-species differences in ECM components, specifically in 

laminin, could play a role in the poorer ability of decellularized xenografts to 

sustain axonal regeneration, we compared neurite growth of mice DRG neurons 
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on slides coated with laminin either from human or from mouse origin. When mice 

neurons were platted on mice laminin, a higher number of neurons with neurites 

were observed compared to human laminin. Mean of neurite length from neurons 

with neurites was significantly higher in mouse laminin (175.7 ± 114.4 mm) 

compared to human laminin (118.9 ± 66.9 mm, p<0.0001). When analyzing 

neurite growth of myelinated (NF positive) and non-myelinated (NF negative) 

neurons, similar results were found. Therefore, mean neurite length of NF positive 

neurons with neurites (185.7 ± 125.9 mm and 126.7 ± 66.5 mm, p<0.0001) and 

NF negative neurons with neurites (157.9 ± 88.7 mm and 106.28 ± 66.2 mm, 

p<0.001) (Figure 6) was significantly higher on mouse laminin compared to 

human laminin. 
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Figure 6. In vitro neural growth on laminins from different species. Plots showing 

the the neurite length of all neurons (a), the percentage of neurons with neurites 

(b), the neurite length of myelinated neurons (nf200+) (c) and non-myelinated 

(nf200−) neurons with neurites (d). *p<0.5 vs mice laminin; **p<0.01 vs mice 

laminin. Mouse DRG neuronal culture immunolabeled against β3-tubulin (green), 

nf200 (red) and dapi (blue), on surface coated with mouse laminin (e) or with 

human laminin (e′ ). Higher number of neurites and longer neurites can be 

observed on mouse laminin than on human laminin. Images taken at 100 × 

magnification; scale bar 200 μm. 
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4. Discussion 

In this study we have performed the first in vivo assay of a novel, optimized 

protocol for nerve decellularization that fulfills the standardized recommendations 

for peripheral nerve decellularization (Nieto-Nicolau et al 2021), and 

demonstrated that such decellularized allograft allows for effective axonal 

regeneration along a very long gap in the rat, paving the way to its translation to 

the clinic. We have also shown that a decellularized xenograft is not adequate to 

ensure nerve regeneration due to interspecies differences of the ECM 

components to guide adequate migration of regenerating cells and axons.  

Successful nerve regeneration requires an orchestrated series of events that 

implies a switch of neurons to a pro-regenerative state and important changes at 

the distal stump, that lead to Wallerian degeneration and the creation of a 

permissive milieu for axonal regeneration, where Schwann cells, immune cells, 

endothelial cells and fibroblasts play an important role supporting axonal 

regrowth (Mcdonald et al., 2006; Allodi et al., 2012; Kim et al., 2013; Dun and 

Parkinson, 2015; Cattin and Lloyd, 2016; Roballo and Bushman, 2019). Despite 

the potential of peripheral nerves to regenerate, successful functional recovery is 

usually limited after severe nerve lesions (Navarro et al., 2007). Thus, nerve 

resections that lead to long gaps between nerve stumps present poor success of 

regeneration and commonly limited recovery if surgically repaired (Pfister et al., 

2011). This limitation is partially due to the lack of good repair alternatives to the 

gold standard autograft. Since it is mandatory to bridge the gap to guarantee 

some degree of regeneration, research has focused on a variety of graft 

substitutes, including decellularized graft (Nagao et al., 2011). A decellularized 

graft has to provide an off-the-shelf alternative to synthetic conduits while partially 

maintaining some of the proregenerative properties of autologous nerve grafts 

(Kasper et al., 2020). Currently, there is only one commercial cadaveric 

decellularized nerve allograft, Axogen Avance® (AxoGen Inc., Alachua, FL, USA) 

approved for clinical application by the FDA (Kornfeld et al., 2019; Kornfeld et al., 

2021) but the limited evidence of its pro-regenerative potential has prevented its 

expansion to the European market. Therefore, further studies aimed to optimize 
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protocols to decellularize human cadaveric nerves and to evaluate its 

regenerative potential compared to the gold standard autografts are needed. In 

this sense, decellularization is a key element when using allografts since 

presence of cells on these grafts trigger a strong immune reaction in the recipient 

that limits their clinical use. The targets of rejection in peripheral nerves are 

mainly the Schwann cells and the myelin sheaths, because their membranes 

carry the antigens of the major histocompatibility complex (Evans et al., 1994). 

Systemic immunosuppression is effective for avoiding rejection (Udina et al., 

2003), but it is not a convenient alternative for this type of non-vital graft, since it 

would place the patient at risk of infection, toxicity and other complications 

(Szynkaruk et al., 2013; Vasudevan et al., 2014). Therefore, the decellularization 

protocol has to guarantee elimination of donor antigens while preserving the ECM 

and the physical architecture of the nerve, two elements that are fundamental to 

sustain successful regeneration. In this sense, our protocol of decellularization 

(Nieto-Nicolau et al., 2021) successfully preserves the ECM and endoneurial 

tubules, visualized by immunolabeling against laminin and collagen IV, while 

removing all types of cells, as demonstrated by the lack of DAPI and the Schwann 

cell marker S100 in both rat and human decellularized grafts. 

More importantly, this optimized decellularized allograft allows successful axonal 

regeneration when used to repair a critical 15mm nerve defect in the rat sciatic 

nerve. However, regeneration and reinnervation, evaluated both by 

electrophysiological tests and histological techniques, is slower in decellularized 

allografts compared to the native autografts. This finding is not surprising, since 

the decellularization eliminates all cellular components, among them Schwann 

cells, that are key elements orchestrating the regenerative response in the distal 

stump. Migration of host Schwann cells into the allograft is needed to create a 

permissive milieu for regeneration, a fact that explains the slower regeneration 

observed into a decellularized graft (Hall, 1986). 

On the other hand, regeneration and reinnervation were more limited when the 

same gap was repaired using a decellularized xenograft, obtained from a human 

nerve. As previously described (Wood et al., 2014), there were appreciable 
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qualitative differences in the arrangement of axons (more disorganized) and in 

the density of myelinated axons (reduced) into the graft and distally in the 

decellularized xenografts compared to decellularized allografts and more with 

respect to the cellular autografts. A previous study also reported the higher pro-

regenerative capability of allografts compared to xenografts, when repairing a 

smaller, 10 mm rat sciatic nerve defect (Kvist et al., 2011), whereas another found 

minimal differences by using the same gap to repair the rat facial nerve (Huang 

et al., 2015). The origin of the donor could hardly explain these differences, since 

Kvist et al compared xenografts from different donors and could not found a 

simple relation between the origin of the graft and the extent to which it supports 

axonal outgrowth (Kvist et al., 2011). 

It remains unclear why and how interspecies differences between the host and 

the donor graft affect nerve regeneration (Kvist et al., 2011; Wood et al., 2014). 

By using a decellularized graft, no immune rejection is expected. Therefore, we 

decided to evaluate and compare short-term regeneration within decellularized 

allografts and xenografts. Consistent with the long-term study, we found that 

regeneration was faster in DC-RA group, whereas in the DC-HX group was 

limited or even failed; furthermore, this failure was accompanied with a marked 

cellular infiltration, evident at two weeks after grafting, not earlier, suggesting that 

a period of time is necessary to trigger an inflammatory/rejection response in 

these grafts, negatively impacting the regenerative process.   

Interestingly, in the DC-RA grafts, we observed an early fibroblast proliferation, 

that was organized in aligned tubes inside the nerve at 14 days post grafting. It 

is well established that fibroblasts are key players in the formation of the initial 

bridge between the two nerve stumps after nerve transection (Parrinello et al., 

2010). This bridge will be later invaded by migrating Schwann cells to create the 

adequate milieu for axons to regenerate through the graft. In fact, migration of 

Schwann cells is directed by fibroblasts and endothelial cells (Cattin et al., 2015), 

whereas Schwann cell invasion precede growth of the axons through the bridge 

(Chen et al., 2005; Mcdonald et al., 2006; Parrinello et al., 2010). In the case of 

a decellularized graft, both fibroblasts and Schwann cells have to migrate from 
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the proximal and distal nerve stumps and re-cellularize the graft. Recellularization 

by Schwann cells seems mandatory to guarantee regeneration, but fibroblasts 

are also important to facilitate attraction of Schwann cells. However, when we 

analyzed the decellularized grafts at 7dpi, we observed that axons preceded 

Schwann cells, indicating that the decellularized graft already offers a permissive 

milieu for axonal regeneration, thanks to the preserved architecture and the 

presence of ECM components. In addition, fibroblasts aligned along the 

endoneurial tubules, would present a pro-regenerative profile that favor axonal 

regeneration and contrast with the fibrotic reaction observed in other situations, 

that is detrimental for regeneration. In fact, in DC-HX grafts large number of 

fibroblasts were also observed, but mainly located around the nerve, in a reaction 

compatible with a foreign body response. Therefore, the different response of 

fibroblasts can contribute to the different regenerative potential of these two types 

of grafts.  

On the other hand, the potential inter-species differences in ECM components 

can also contribute to the poorer regenerative potential of a xenograft compared 

to an allograft. Laminin is an important component of the ECM that interacts with 

axons and Schwann cells through binding with integrins (Gonzalez-Perez et al., 

2013; Mckerracher et al., 1996) and that also promotes neurite growth in culture 

(Baron-Van Evercooren et al., 1982). We found that laminin was present in the 

basal lamina, inside the preserved endoneurial tubules, similarly in both types of 

decellularized grafts. However, when we compared the capability of mouse 

neurons to extend neurites in vitro, in wells coated with laminin either from mouse 

or from human sources, we observed that laminin from the same specie 

sustained stronger and longer neurite growth. This intra-specie preference can 

contribute to the higher potential of allografts to sustain axonal growth compared 

to xenografts (Kvist et al., 2011). 

In conclusion, a nerve decellularization protocol that guarantees elimination of 

cellular contents preserving the structure and the ECM of the graft can become 

an alternative to autografts to repair long nerve defects, although regeneration is 

going to be slower in the decellularized grafts. In contrast, xenografts showed 
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some limitations, mainly related to inter-species immune response, fibrotic 

reaction and the lower capacity of ECM components to sustain axon growth of 

neurons from another specie. Our results demonstrate the translationality of the 

optimized protocol for nerve decellularization that fulfills the standardized 

recommendations (Nieto-Nicolau et al 2021a), and also its success as a 

decellularized allograft to sustain regeneration over long nerve gaps in rats. 
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Abstract 

Background and Objectives: Peripheral nerve injuries resulting in a nerve 

defect require surgical repair. The gold standard, the autograft, has several 

limitations and, therefore, new alternatives must be developed. The main 

objective of this study is to assess nerve regeneration through a long gap nerve 

injury (5 cm) in the peroneal nerve of sheep with a decellularized nerve allograft. 

Methods: A nerve gap 5 cm long was made in the peroneal nerve of sheep and 

repaired by an autograft (AG) or by a decellularized allograft (DCA). Functional 

tests were performed once a month, and electrophysiology and echography 

evaluations at 6.5 and 9 months post-surgery. Nerve grafts were harvested at 9 

months for immunohistochemical and morphological analyses. 

Results: The decellularization protocol completely eliminated the cells while 

preserving the extracellular matrix of the nerve. No significant differences were 

observed in functional tests of locomotion and pain response. Reinnervation of 

the tibialis anterior (TA) muscles occurred in all animals, with some delay in DCA 

compared to AG groups. Histology showed a preserved fascicular structure in 

both AG and DCA, however, the number of axons distal to the nerve graft was 

higher in AG than in DCA. 

Conclusion: The decellularized graft assayed supported effective axonal 

regeneration when used to repair a 5 cm long gap in the sheep. As expected, a 

delay in functional recovery was observed compared to the autograft due to the 

lack of Schwann cells. 

 

 

 

 

 

 

 



CHAPTER II 

138 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Estefanía Contreras 

Estefanía Contreras 



CHAPTER II 

139  

1. Introduction 
Severe peripheral nerve injuries result in loss of sensory, autonomic, and motor 

functions of the body segment innervated by the injured nerve.1 Despite the 

regenerative potential of peripheral neurons, functional recovery after severe 

nerve injury is generally limited.  Surgical repair by direct suturing the two nerve 

stumps is mandatory in nerve transections. Injuries that produce long defects (>2 

cm) require graft implantation to bridge proximal and distal nerve stumps 

providing a path for regeneration. The gold standard for the repair of nerve 

defects is the autologous graft, since it provides the extracellular matrix (ECM) 

and cellular components of normal nerves and is not subject to immune 

rejection.2,3 Unfortunately, the autograft requires sacrificing a healthy donor nerve 

from the patient and its sources are limited, results in longer intraoperative time, 

and may produce site morbidity.4  

A promising replacement of the nerve autograft is the decellularized nerve 

allograft.5,6,7 Decellularization provides immunogenic free scaffolds, preserving 

the ECM components and the biomechanical properties of the native nerve.8,9 

Allografts offer several advantages over autografts, such as off-the-shelf 

availability, easy handling, and shorter surgical time.10 Since these grafts have 

been decellularized to avoid immune rejection, the lack of glial and other 

supporting cells limits the regenerative capability of allografts compared to 

autografts, especially when used to repair long gaps. From a translational 

perspective, the efficacy of new reparative grafts should be evaluated in models 

that closely resemble size and length of human nerves.2,11 Rodents, extensively 

used for preclinical studies, present faster axonal regeneration than humans, 

besides the small length of nerve gaps that can be produced, limiting their 

adequacy to evaluate long grafts.12 Large animal models allow to investigate 

larger gaps and longer regeneration distances, simulating nerve injuries and 

regeneration seen in humans. Sheep are an adequate model to study nerve 

regeneration because their nerves are more similar to humans than rat nerves,13 

and long gap injuries can be induced and repaired similar to humans.14,15  

In this study we assessed a novel decellularized nerve graft for repairing a 5 cm 

long gap in the peroneal nerve of sheep, compared to the gold standard autograft. 
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2. METHODS 

2.1. Nerve decellularization 

Peroneal nerves were harvested from four donor Lacaune sheep under aseptic 

conditions. Samples were stored in phosphate buffered saline (PBS) with 

antibiotic-antifungal agents (Sigma-Aldrich) and processed within 24 hours. 

Decellularization was made as described previously.9,16 Nerve samples longer 

than 5 cm were sequentially incubated in zwitterionic sulfobetaines 10 and 16, 

and non-ionic Triton X-100 detergent for 10 days, and then incubated in 

hypertonic 1M NaCl during 4 h and 0.1 mg/ml Pulmozyme DNASE (Roche, 

Barcelona, Spain) for 3 h.  

For assessing the effectiveness of the decellularization procedure, small 

segments of each nerve were fixed in paraformaldehyde 4% and cryoprotected 

in PBS with saccharose 30%. Then, 15 µm thick transverse sections were 

obtained with a cryotome (Leica), and processed for immunohistochemistry with 

primary antibodies anti-rabbit S100 protein (Schwann cells; 1:50; 22520-

DiaSorin), anti-goat neurofilament (NF200; myelinated axons; 1:400; AB5539-

Millipore), and anti-rabbit laminin (1:500; AHP420-Biorad), and with myelin stain 

(Fluoromyelin; 1:300; F34651-Invitrogen). Following washes, sections were 

incubated with appropriate secondary antibodies conjugated to AlexaFluor 488 

and AlexaFluor 594 (Invitrogen). The samples were viewed under fluorescence 

microscopy for detection of cell remnants and ECM scaffold. 

Assessment of DNA content was made as described previously.9 Briefly, nerve 

tissue was digested with 0.5 mg/mL papain (Sigma-Aldrich) at 60°C for 3 h. DNA 

was isolated from the lysate with the DNeasy Blood and Tissue Kit (Qiagen), and 

quantified with the Picogreen DNA Quantification Kit (Invitrogen). 

2.2. Animals and surgical procedure 

All the procedures were approved by the Ethics Committee of our institution, and 

followed the European Community Council Directive 2010/63/EU on protection of 

animals used for scientific purposes. The study did not involve human subjects.  
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Ten adult female ripollesa sheep (Ovis aries), aged 3-5 years and weighing 54-

78 kg, were used. They were from a different strain than the donor sheep. Sheep 

were randomized in two experimental groups: autograft (AG) (n=4) and 

decellularized allograft (DCA) (n=6). The surgical procedure was performed 

under sterile conditions by an expert nerve surgeon. Briefly, a skin incision along 

the thigh followed by splitting of semitendinous and biceps femoris muscles 

allowed to expose the peroneal nerve. A 5 cm gap was made and repaired with 

the same fragment of the peroneal nerve resected, maintaining the original 

orientation, as an ideal autograft, or with a decellularized allograft (Figure 1). In 

both cases, the two nerve stumps were sutured to each end of the graft with 8/0 

epineural sutures.  

 

Figure 1. The decellularized peroneal nerve of sheep (A) was trimmed into 5-

cm long segments. The same nerve segment resected was used as autograft 

(B) or the decellularized nerve allograft (C) was used to bridge the gap. 
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2.3. Functional evaluation 

At monthly intervals until 9 months post-surgery (mps), sheep were tested for 

motor and sensory functional deficits of the operated hindlimb as previously 

described in detail.15 Parameters assessed focused on locomotion and footdrop 

during walking, and withdrawal reflex to pinching the skin of the dorsum of the 

hoof. Each test was scored in a scale from 0 (normal), –1 (partial loss), to –2 

(complete loss).  

Reinnervation of the tibialis anterior (TA) muscle was electrophysiologically 

assessed at 6.5 and 9 mps under general anesthesia with an electromyography 

(EMG) apparatus (Sapphyre 4ME, Vickers Healthcare, UK). The sciatic nerve 

was stimulated with transcutaneous needle electrodes placed at the sciatic notch, 

and the compound muscle action potential (CMAP) was recorded with monopolar 

needle electrodes.  

Ultrasound examination of the TA muscle was performed at the same session, 

with a MyLab Gamma (Esaote, Genova, Italy) apparatus and a linear ultrasound 

probe. The size of the TA muscle was measured by determining cross-sectional 

area and perimeter using B-mode ultrasound, employing a 15 MHz linear 

transducer, and optimizing the image at a depth of 3 cm and focal point at 1.5 

cm. The contralateral hindlimb was used as control in all the tests.  

2.4. Histological evaluation 

At the end of the follow-up, set up at 9 mps, animals were euthanized with an 

overdose of pentobarbital (400 mg/kg intravenously). Samples of the nerve graft, 

including at least 2 cm from proximal and distal sutures, were harvested, and 

fixed in paraformaldehyde 4% for 5 days at 4ºC. Control samples were from the 

contralateral nerve. A 0.5 cm segment from the middle of the graft and from the 

distal end were embedded in paraffin and 5 µm thick cross-sections obtained with 

a microtome. Samples were deparaffinated and stained with hematoxylin/eosin 

to visualize the general structure of the nerve, or were processed for 

immunohistochemistry against Schwann cells (S100) and myelinated axons 

(NF200) as described above. Histological samples were viewed under light 

microscopy and immunolabeled sections under epifluorescence microscopy 
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(Olympus BX51). Quantitative analysis was performed by measuring the cross-

sectional area of nerve grafts and distal nerve, and counting the number of 

NF200-labeled axons in systematically selected fields; the total number of 

regenerated myelinated axons was then calculated.  

Segments of 0.5 cm from the middle of the graft and from the distal nerve were 

postfixed in 3% paraformaldehyde and 3% glutaraldehyde in PBS. Then, the 

segments were postfixed in osmium tetroxide, dehydrated in series of ethanol, 

and embedded in Epon resin. Semithin 0.5 µm sections were stained with 

toluidine blue, and representative images taken by light microscopy. 

2.5. Data analysis 

Data are expressed as mean ± standard error of the mean (SEM). Results of 

electrophysiological and echography tests and histology were analyzed by 

Student’s t test and two-way ANOVA after checking for normal distribution, using 

GraphPad Prism 9 (GraphPad Software). The analysis for longitudinal functional 

evaluation tests was performed using a rank-transformation to obtain a non-

parametrical approach prior to applying a Generalized Estimating Equations 

(GEE) model with an estimation of within-subject correlation from AR(1) 

approach, using SPSS version 26. These models included group of treatment, 

time and their interaction as factors. The significance level was set at 0.05 two-

tailed. 

3. Results 

3.1. Effectiveness of the decellularization procedure 

Immunolabeling against NF200 (myelinated axons), S100 (Schwann cells) and 

DAPI (marker of nucleus) indicated that cell contents were completely removed 

in the decellularized nerves, while the structure of the ECM and endoneurial 

tubules was preserved as shown by laminin and collagen IV labeling (Figure 2). 

The DNA content was below the 50 ng/mg threshold in the decellularized nerves 

(5.56 ± 2.78 ng/mg), significantly lower than in native nerves (476.13 ± 43.50 

ng/mg). 
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Figure 2. Representative micrographs showing immunofluorescence of Schwann 

cells (A, F, K, P), myelinated axons (B, G, L, Q), nuclei (C, H, M, R), extracellular 

matrix proteins (D, I, N, S) and myelin (E, J, O, T), in a control sheep peroneal 

nerve (A-J) and in a decellularized sheep peroneal nerve (K-T). A-E and K-O 

scale bar 150 µm, F-J and P-T scale bar 25 µm. Images F-J correspond to higher 

magnification of a field in images A-E, respectively, and images P-T correspond 

to higher magnification of a field in images K-O, respectively. 

3.2. Functional results  

After the surgery, all the sheep, except two animals of group DCA, were able to 

correctly maintain plantar support in orthostatic position. One DCA sheep 

required a splint during all the follow-up and was excluded from functional 

analyses. During fast walking, foot drop gait was evident in all sheep after 

surgery, as they failed to make plantar stepping in some steps. Significant 

improvement (p>0.05) was observed from 150 days in the AG group and from 6 

mps in the DCA group with respect to values at 1 mps (Figure 3A), but there were 

no significant differences between the two groups. The paw withdrawal response 

to pinching the skin of the dorsum of the hoof was completely abolished after the 

surgery. It reappeared at 5 mps, and improved in score, reaching significant 
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improvement (p<0.05) from 6 mps compared to values at 1 mps in both groups 

(Figure 3B). 

 

Figure 3. Plots of functional tests scoring during the 9 months follow-up. Both AG 

and DCA groups showed a similar evolution in locomotion (A) and in withdrawal 

reflex tests (B). Values are shown as the median. There were no significant 

differences between the two groups at any of the time points tested. 

 

In the left control hindlimb, TA CMAP evoked by sciatic nerve stimulation had an 

onset latency of 3.7-4.8 msec and a peak amplitude of 17-25 mV. In the right 

operated hindlimb, at 6.5 mps, CMAPs of late latency and small amplitude were 

recorded in 3 of 4 animals from AG group (1.53 ± 0.67 mV) and in 2 of 5 from 

DCA group (0.09 ± 0.06 mV) (Figure 4). At 9 mps, CMAPs were recorded in all 

animals, with increased amplitude and without significant differences between 

groups (AG 5.0 ± 1.3 mV; DCA 3.3 ± 0.6 mV) (Figure 4B). 

 

Figure 4. Plots of the latency (A) and the amplitude (B) of the TA CMAP recorded 

at 6.5 and 9 mps in AG (n=4) and DCA (n=6) groups, compared to the control 
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contralateral hindlimb (n=10). The CMAP amplitudes increased at 9 mps, without 

statistical differences between the AG and the DCA groups. In both groups, the 

amplitude was significantly lower than in control hindlimbs. *p<0.05 vs DCA; 

#p<0.05 vs control; $ p<0.05 vs control. 

 

At 6.5 mps, the area and the perimeter of the TA muscle, assessed by 

echography, were lower in AG (area 2.61 ± 0.35 cm2; perimeter 7.92 ± 5.26 mm) 

and DCA groups (area 1.88 ± 0.09 cm2; perimeter 7.55 ± 1.61 mm) compared to 

the control muscle (area 6.13 ± 0.16 cm2; perimeter 11.16 ± 0.09 mm; p<0.0001). 

At 9 mps, the size of the TA muscle increased in AG (area 3.43 ± 0.23 cm2; 

perimeter 8.79 ± 2.18 mm) and DCA groups (area 2.56 ± 0.26 cm2; perimeter 

8.49 ± 2.67 mm) but was still significantly smaller than the control values 

(p<0.001) (Figure 5). 

 

Figure 5. Histograms of the perimeter (A) and area (B) of the TA muscle obtained 

by ultrasound imaging. The size of the TA muscle was decreased in AG and DCA 

groups compared to the contralateral hindlimb (****p<0.0001 vs control). The TA 

muscle area was significantly higher in the AG group compared to DCA group 

(*p<0.05) at the end of the follow-up. 

 

The TA muscle was weighed fresh after extraction. The mean values were 40.0 

± 2.1 g and 33.8 ± 3.7 g in AG and DCA groups, respectively, both lower (p<0.05) 

than the weight of control muscles (74.8 ± 4.5 g). 
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3.3. Histological results 

The grafted nerves showed a well-preserved fascicular structure. Regenerating 

axons were observed both inside and outside the fascicles in the AG, but only 

inside the fascicles in DCA (Figure 6). Semithin sections stained with toluidine 

blue showed numerous myelinated and unmyelinated axons regenerating within 

the preserved fascicles, but also small clusters of axons regenerated outside the 

fascicles in the AG group (see Figure 6E and K). In the DCA group, the structure 

of the fascicles was preserved and contained regenerating axons, although 

axons were smaller than in the AG group. 

 

Figure 6. Representative micrographs of cross sections at the middle of the nerve 

graft of the sheep stained with hematoxylin and eosin. (A, D) control nerve, (B, 
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E) autograft and (C, F) decellularized nerve allograft; A, B, C scale bar 500 mm, 

and D, E, F scale bar 150 mm. Representative semithin transverse sections of 

the nerve graft stained with toluidine blue. (G, J) control nerve, (H, K) autograft, 

and (I, L) decellularized nerve allograft; G, H, I scale bar 500 µm, and J, K, L 

scale bar 25 µm. Red arrows in E and K point to the small regenerative clusters 

outside the defined fascicles in the AG group. 

Distal to the nerve grafts, regenerating axons and Schwann cells grew inside the 

fascicles in both experimental groups (Figure 7). The mean number of NF200-

labeled myelinated axons was 21,676 ± 3,716 axons in the control peroneal 

nerve, while in the middle segment of the grafts there were 26,213 ± 2,798 axons 

in the AG group, and 18,724 ± 3,410 axons in the DC group. The mean values in 

the distal nerve were 20,600 ± 6,082 axons in AG group and 7,780 ± 1,871 axons 

(p<0.05 vs AG) in DCA group. 
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Figure 7. Representative micrographs of cross sections at the middle of the nerve 

graft showing immunofluorescence of myelinated axons labeled against 

Neurofilament 200 of a control nerve (A, D, G), an autograft (B, E, H) and a 

decellularized allograft (C, F, I). Note that image H is focused on some small 

regenerating clusters outside the main graft fascicles. A, B, C scale bar 500 µm; 

D, E, F scale bar 100 µm; G, H, I scale bar 25 µm. Representative micrographs 

of cross sections of the nerve graft labeled against S100 protein of control (J, M), 

AG (K, N) and DCA (L, O) sheep. J, K, L scale bar 200 mm and M, N, O scale 

bar 100 µm. 
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4. Discussion 

In a previous study, we demonstrated that a rat allograft, decellularized following 

a new protocol, effectively promoted axonal regeneration in the rat sciatic model 

along a critical gap of 15 mm length.16 In this study, we have evaluated the 

regenerative potential of this decellularized nerve allograft in a large animal such 

as the sheep. The sheep hindlimb nerves are adequate for investigating new 

repair procedures with potential clinical translation, since they have similar size 

and length to human limb nerves.17,18 Moreover, they are mixed nerves, causing 

both motor and sensory deficits after injury that can be assessed over time with 

techniques commonly used in humans.14,15  

Our results indicate that the decellularization protocol used is highly efficient to 

eliminate cells, including Schwann cells, and DNA content from the nerve of 

sheep, while preserving the ECM and endoneurial tubules, similar to what was 

proved with rat and human nerves.9,16 Therefore, no immune rejection was 

observed using such decellularized nerve grafts in our studies.  

Repair was carried out with 5 cm long decellularized allografts or autografts. This 

is a nerve defect of clinical relevance, since available nerve conduits approved 

for clinical use have a maximal gap length limited to 2-3 cm.17 Besides, when 

repairing digital nerve injuries with a short gap, autograft and allograft performed 

comparably and were superior to conduit repair.19 The only marketed acellular 

nerve allograft, Avance® Nerve Graft (Axogen, Alachua, FL) is indicated for 

repairing human nerve defects up to 5 cm, but it provides meaningful recovery 

only in a third of repairs of gaps 5 to 7 cm in lower limb nerves.20 Previous studies 

in sheep peroneal nerve assaying decellularized allografts in gaps of 3 cm21 and 

7 cm22 showed effective regeneration, whereas cold-preserved nerve allografts 

failed to support regeneration along an 8 cm gap.23 Other assays in sheep used 

sciatic and tibial nerves repaired with nerve conduits leaving 6 cm gap,24,25 and 

with recellularized allografts in a 2 cm gap,26 with results that were lower but 

approached those obtained with autologous nerve grafts.  

Reinnervation and regeneration were evaluated by functional, 

electrophysiological, and echographic evaluations and with final histological 
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analyses. Animals of both experimental groups showed functional recovery in 

locomotion and in sensory responses to a similar level. Electrophysiological tests 

showed reinnervation of the TA muscle in all the animals at the end of the follow-

up, although with slightly lower CMAP amplitude in group DCA. Besides, the size 

and weight of the TA muscle were lower in group DCA than in group AG. These 

results suggest that axonal regeneration was slower in the decellularized nerve 

graft compared to autograft, as expected due to the lack of Schwann cells that 

give support to regenerating axons.4,27 However, the levels of recovery may 

become similar with more time, considering that the slope of the CMAP amplitude 

along time was parallel in AG and DCA groups. Moreover, it is worth noting that 

the autograft we used was an “ideal” graft, i.e., the same segment of nerve 

resected and resutured, that allows higher regeneration than smaller caliber 

nerve grafts,28 commonly used in the clinic. 

The number of regenerated axons at the mid portion of the graft was similar in 

AG and DCA groups, and in the range of the control peroneal nerve. However, 

distal to the graft regenerated axons were significantly less in the DCA group 

compared to the AG group, a fact indicative of a slower regeneration rate in 

decellularized grafts. Interestingly, growth of myelinated axons in the 

decellularized graft was circumscribed to the endoneurium of the preserved 

fascicles, whereas in the autograft some axons regenerated extra-fascicularly. 

Other studies, using different types of allografts,2,23,29,30 found considerable 

regenerated axons following an extrafascicular route, indicating that the ECM 

was not so consistent. Therefore, the histological findings of our study suggest 

that the decellularization protocol used maintains the structural properties of the 

nerve and favors regeneration within the preserved fascicular paths.  

5. Conclusion 

Our results prove the translational potential of this new decellularization protocol 

that guarantees elimination of the cellular contents while preserving the ECM of 

the nerve graft. This decellularized graft may become an alternative to the 

autograft for repairing defects of at least 5 cm in large nerves. Moreover, it may 
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constitute the basis for an enhanced graft if re-cellularized with mesenchymal 

stem cells or Schwann cells from the same or compatible individuals.  
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Abstract: Decellularized nerve allografts (DC) are an alternative to autografts 

(AG) for repairing severe peripheral nerve injuries. We have assessed a new DC 

provided by VERIGRAFT. The decellularization procedure completely removed 

cellularity while preserving the extracellular matrix. We first assessed the DC in 

a 15 mm gap in the sciatic nerve of rats, showing slightly delayed but effective 

regeneration. Then, we assayed the DC in a 70 mm gap in the peroneal nerve of 

sheep compared with AG. Evaluation of nerve regeneration and functional 

recovery was performed by clinical, electrophysiology and ultrasound tests. No 

significant differences were found in functional recovery between groups of 

sheep. Histology showed a preserved fascicular structure in the AG while in the 

DC grafts regenerated axons were grouped in small units. In conclusion, the DC 

was permissive for axonal regeneration and allowed to repair a 70 mm long gap 

in the sheep nerve.  
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1. Introduction 

Peripheral nerve injuries results in partial or total loss of the sensory, autonomic 

and motor functions dependent on the injured nerve, with important 

consequences for the quality of life of affected patients [1]. It is estimated that 

more than 300,000 persons are affected by traumatic nerve injury every year in 

North America and Europe [2,3]. Although peripheral neurons are able to 

regenerate after axotomy, and eventually reinnervate target organs, functional 

recovery is often unsatisfactory, especially following severe injuries [4,5]. Poor 

functional outcomes generally stem from long regenerative distances coupled 

with a relatively slow rate of axonal regeneration (~1–2 mm/day), creating 

prolonged periods of denervation that ultimately limit the regenerative capacity of 

the distal nerve structure [6,7]. Therefore, a special challenge regarding recovery 

after peripheral nerve injury are long distance nerve defects and proximal injuries 

in long limbs. 

When the length of the gap created by a nerve injury is too long to allow 

apposition and direct suture without tension, nerve grafts are usually employed 

for repairing. The graft between the stumps of a transected nerve offers 

mechanical guidance, and the Schwann cells of the graft and their basal lamina 

play an essential role in promoting axonal growth [8]. The autologous nerve graft 

represents the ‘‘gold standard’’ surgical treatment for complex peripheral nerve 

injuries in the clinic; however, autografts present a number of limitations. Apart 

from the paucity of expendable nerve tissue, harvesting autologous nerves 

results in significant donor site morbidity, increased risk of infection, and longer 

intraoperative times [9]. The alternative use of allografts has been discouraging, 

since the immune rejection directed against Schwann cells and myelin sheaths 

of the graft impedes axonal regeneration [10]. Processed acellular nerve allograft 

has been promoted as a potential replacement [9,11]. If adequately 

decellularized, such grafts do not induce immune response, whereas the internal 

nerve structure, including endoneurial tubules, basal lamina and extracellular 

matrix (ECM) components, remains supporting axonal regeneration, despite the 

absence of the activated Schwann cells [8]. 
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Allograft and autograft repair of nerve defect injury in small animals have 

indicated that regeneration is possible on critical length nerve gaps [12,13]. Even 

though the anatomy of rodent nerves has been well studied and is similar to that 

of humans [14], the important difference in size between these species compared 

to humans limits the translation of the results obtained, since axonal regeneration 

is faster in smaller animals and relatively short gaps can be produced in them 

[15,16]. Indeed, it is not clear if the mechanisms involved in peripheral nerve 

trauma, repair and regeneration are closely conserved across species [6,16,17]. 

In order to achieve results that may be applicable to humans, a translational large 

animal model for peripheral nerve surgery is important [6,17,18]. A valid animal 

model for nerve regeneration studies should have similar anatomy and length of 

the nerves to humans and follow a similar regeneration rate after nerve injury. 

Sheep have emerged as one of the most adequate large animals for pre-clinical 

studies on a variety of peripheral nerves [18–23]. Thus, experimental studies in 

small and large animal models are fundamental to optimize the decellularization 

process and to evaluate the regenerative capacity of novel allografts. In this 

study, we assessed a newly prepared decellularized nerve graft used for repairing 

a critical gap of 15 mm of the sciatic nerve in rats, and given the obtained success, 

we extended to a comparative assessment of nerve regeneration along a nerve 

gap of 70 mm length in the peroneal nerve of adult sheep repaired with the new 

decellularized nerve graft, provided by VERIGRAFT AB, or with an autograft as 

the gold standard method of repair. 

2. Materials and Methods 

2.1. Nerve Decellularization  

Rat sciatic nerves were harvested from five euthanized Sprague Dawley rats 

under aseptic conditions. Specimens of sheep nerves for the decellularized 

allografts were obtained from four donor sheep from the colony of Servei de 

Granges i Camps Experimentals (SGiCE) of the Universitat Autònoma de 

Barcelona (UAB). Peroneal nerves were harvested from euthanized sheep under 

aseptic conditions. The harvested nerves were stored in phosphate buffered 
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saline (PBS) plus antibiotic-antimycotic agents, maintained at 4 °C and shipped 

to VERIGRAFT AB.  

For decellularization, the nerves were thawed and agitated in NaCl (Fisher 

Scientific, Göteborg, Sweden) for 24 h, PBS (Medicago, Uppsala, Sweden) for 6 

h and Deoxyribonuclease (DNase; VWR, Stockholm, Sweden) overnight. The 

nerves were washed 3 × 5 min in H2O after NaCl and DNase. This process was 

repeated three times. Then the nerves were washed in PBS for 24 h. After 

decellularization, samples were taken for DNA quantification and histology before 

peracetic acid sterilization and final washes in PBS under sterile conditions. The 

sterilized decellularized nerves were shipped in PBS at 2–4 °C. One nerve 

segment was decellularized for each animal to be transplanted. DNA was 

extracted from 10–25 mg wet tissue with the DNeasy Blood & Tissue kit (Qiagen, 

Mettmann, Germany) and quantified with the Qubit dsDNA HS assay kit 

(Invitrogen, Waltham, MA, USA), according to the manufacturer’s instructions. 

DNA concentration was calculated using the DNA standard supplied with the 

Qubit dsDNA HS assay kit.  

After decellularization, a small segment of each decellularized nerve was fixed in 

paraformaldehyde 4% for 4 h at room temperature (RT) and then transferred to 

PBS with sucrose 30% for 24 h. Samples were cryo-embedded with OCT and 

serially cut in 15 µm thick transverse sections with a cryotome. The sections were 

blocked and permeabilized with 0.3% Triton-X100 and 10% normal donkey 

serum and/or goat donkey serum for 1 h. Then, slides were incubated overnight 

at 4 °C with primary antibodies against anti-rabbit S-100 protein (S100; to label 

Schwann cells; 1:50; 22520-DiaSorin), anti-chicken neurofilament (NF200; 

myelinated axons; 1:400; AB5539-Millipore), anti-rabbit non-collagenous 

connective tissue glycoprotein (laminin; 1:500; AHP420-Biorad), and with myelin 

stain (Fluoromyelin; 1:300; F34651-Invitrogen), all diluted in 0.1% Triton-PBS. 

Following three washes in PBS, the sections were incubated with secondary 

antibodies conjugated to Alexa Fluor 488 goat anti-chicken (1:200; A11039-

Invitrogen) and Alexa Fluor 594 goat anti-rabbit (1:200; A21207-Invitrogen) for 1 

h. After two washes with PBS, samples were incubated with DAPI stain for nuclei 

(1:100; D9564-10MG-Sigma) diluted in PBS for 2 min. After three more washes 
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in PBS, immunolabeled sections were cover-slipped with Fluoromount (Sigma-

Aldrich, St. Louis, MI, USA) and viewed under epifluorescence microscopy 

(Olympus BX51).  

All the procedures were approved by the Ethics Committees of the UAB and 

Generalitat de Catalunya, and followed the European Community Council 

Directive 2010/63/EU of the European Parliament on the protection of animals 

used for scientific purposes.  

2.2. Rat Study 

For the implantation, ten female Sprague Dawley rats (12 weeks of age) were 

randomly assigned into two different experimental groups: autograft (AG) (n=5) 

or decellularized rat allograft (DRA) (n=5). Animals were anesthetized with 

ketamine (75 mg/kg) and medetomidine (0.01 mg/kg) intraperitoneally. A skin 

incision was made on the right hindlimb and the biceps femoris muscle was 

incised to expose the sciatic nerve. A 15 mm in length was removed and then, in 

the AG group, the same nerve was sutured again maintaining the same 

orientation. In the DRA group, the nerve removed was substituted by a 15 mm 

length decellularized rat allograft. In both cases, the proximal and distal nerve 

stumps were sutured by 10-0 nylon epineural sutures. Postoperative care 

included amitriptyline (20 mL/L) in drinking water to prevent autotomy [24] and 

buprenorphine (0.03 mg/kg subcutaneously) to treat postoperative pain.  

Reinnervation of target muscles were assessed by monthly noninvasive nerve 

conduction tests until the end time, set at 120 days post injury (dpi). Under 

general anesthesia, the rat was placed on a warm plate, and the sciatic nerve 

was stimulated with transcutaneous needle electrodes placed at the sciatic notch 

using a Sapphire 4M electromyograph (EMG) (Medelec, Vickers, Surrey, U.K.), 

by delivering single pulses of 0.1 ms of increasing intensity. The compound 

muscle action potential (CMAP) was recorded from the tibialis anterior (TA), 

gastrocnemius (GM) and plantar interosseus (PL) muscles with small needle 

electrodes transcutaneously placed on the active muscle belly and the reference 

in the fourth toe [25,26]. The ground electrode was placed at the knee. The 

contralateral hindlimb was used as a control since there are not significant 
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changes in electrophysiological properties of the contralateral limb after a 

unilateral nerve lesion [25]. 

At the end of the study, animals were euthanized by an overdose of pentobarbital 

(200 mg/kg i.p.) and samples from the sciatic nerve were harvested. Samples 

were fixed in paraformaldehyde 4% and then, divided in three different parts. The 

proximal and distal segments, including suture levels were post-fixed in 3% 

glutaraldehyde-3% paraformaldehyde in cacodylate-buffer solution (0.1 M, pH 

7.4) at 4 °C for 48 h. To evaluate the microstructure of the nerve, samples were 

embedded in epon resin. Semithin 0.5 μm sections were stained with 1% toluidine 

blue and visualized with a light microscope (Olympus BX40). The cross-sectional 

area of the whole nerve was measured at 40X. Images were obtained at 1000X 

from fields chosen by systematic sampling of squares, representing at least 30% 

of the transverse area of the nerve [27,28]. Counts of the number of myelinated 

nerve fibers were conducted using ImageJ software (version 1.52d). Only 

myelinated fibers whose contour was completely within each field photograph or 

cut at two borders of the square were counted. The total number of myelinated 

fibers per nerve was obtained from the fiber density of the sampled fields and the 

total transverse endoneurial area. The middle segment of the sciatic nerve was 

processed for immunolabeling as explained above for axons (NF200), Schwann 

cells (S100), laminin and macrophages (anti-goat iba 1; ionized calcium-binding 

adapter molecule 1; 1:500; 19-19741-Rafer). Samples were washed and 

incubated with secondary antibodies Alexa Fluor 488 goat anti-chicken (1:200; 

A11039-Invitrogen), Alexa Fluor 488 donkey anti-goat (1:200; A11055-Invitrogen) 

and Alexa Fluor 594 goat anti-rabbit (1:200; A21207-Invitrogen) diluted in PBS-

Triton 0.3%. Finally, sections were cover-slipped with Fluoromount containing 

DAPI (1:10,000; Sigma-Aldrich). Sections were visualized with an 

epifluorescence microscope (Olympus BX51) for qualitative assessment of the 

regeneration process. Observations were focused on the relationship between 

axons and Schwann cells and the number of infiltrating macrophages. 
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2.3. Sheep Study 

Ten female ripollesa sheep (Ovis aries), weighing 55–75 Kg, from the animal 

facility of SGiCE of the UAB were used. The sheep were divided in two 

experimental groups of 5 animals each, according to the repair procedure 

performed: autograft and decellularized allograft. A blood sample was taken 

before the surgery and at the end of the study to perform hematological and 

biochemical standard analyses, to ensure that the sheep were in good health 

state. A general clinical assessment was performed once a week until the end of 

the study.  

2.4. Surgical Procedure 

The animals were fasted 16 h prior to the surgery to reduce the ruminal content 

and prevent deviant swallowing. Animals were sedated by midazolam (0.2 

mg/Kg) and morphine (0.4 mg/Kg i.m.). Anesthesia was induced by propofol (4 

mg/Kg i.v.) and maintained by isofluorane 2% in 2 L/min oxygen administered 

with a pressure-controlled ventilator. Analgesia was provided by diazepam (0.5 

mg/Kg i.v.), and an antibiotic dose of cefazoline (20 mg/Kg i.v.). Fluid therapy was 

applied with Ringer solution infusion (10 mL/Kg/h).  

The operative procedure was conducted using a sterile technique with the sheep 

in a left lateral decubitus position on an operating table. On the right hindlimb, the 

peroneal nerve was exposed using a longitudinal lateral skin incision along the 

thigh followed by splitting of the semitendinous and biceps femoris muscles. 

Under the operating microscope, the common peroneal nerve was resected 1 cm 

above the iliac vein to create a 7 cm gap. The repair was conducted by bridging 

the two nerve stumps with a decellularized nerve allograft or with an autograft 

(Figure 1). The resected nerve segment was used as autograft maintaining the 

original orientation. The decellularized nerve graft was easy to handle and suture, 

without notable difference compared with the nerve autograft. The nerve stumps 

were sutured to each end of the graft by means of 8/0 epineural sutures. The 

suture resistance was tested against light stretching. The incision was closed in 

layers and disinfected with chlorhexidine and Aluspray®. After the surgery, the 

animals were allowed to recover in couples in the animal’s facility. During the 
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post-operative period, analgesia was provided twice a day with buprenorphine 

(0.01 mg/Kg s.c.) for 2 days and once a day with meloxicam (0.2 mg/Kg s.c.) for 

3 days. 

 
Figure 1. Decellularized nerve allograft (A) was trimmed into 7-cm nerve long 

and then it was placed into the gap created in the common peroneal nerve (B). 

The decellularized nerve allograft (C) or the same nerve segment resected used 

as autograft (D) were sutured bridging the gap. 

2.5. Functional Tests 

At monthly intervals, animals were tested for evidence of hindlimb functional 

recovery. Each parameter was assessed in a semiquantitative arbitrary scale 

from 0 (no deficit), −1 (partial deficit or functional loss) to −2 (complete loss of 

response in the maneuver tested). Locomotion was assessed qualitatively while 

freely walking in the stable, paying particular attention to the foot-drop position of 

the operated hindlimb (0 = normal walking; −1 = a few failures; −2 = foot drop in 

mots steps). The TA muscle mass was assessed by manual palpation comparing 
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both the denervated and control side (0 = similar mass; −1 = slight reduction; −2 

= marked reduction). The proprioceptive response was tested by the capability of 

replacing the hoof from a plantarflexion position forced by the experimenter to a 

plantar support position (0 = consistent response; −1 = one failure; −2 = two or 3 

failures). The withdrawal reflex of the limb was evaluated by pinching with a 

hemostat the skin of the dorsum of the paw at three sites between the ankle and 

the hoof (Figure S1), proximal, middle and distal. Each site was tested twice in 

the same session and separately scored as: 0 = fast and strong withdrawal 

response of the limb; −1 = weak response or not consistent in the 2 trials; −2 = 

no response in 2 trials. 

2.6. Electrophysiological Tests 

Motor nerve conduction tests were performed at 5, 6.5 and 9 months post surgery 

surgery (mps) under general anesthesia (diazepam 0.25 mg/Kg and ketamine 5 

mg/Kg i.v.). An EMG apparatus (Sapphire 4ME, Vickers, Surrey, U.K.) was used 

for these tests. The sciatic nerve was stimulated, at supramaximal intensity, at 

the sciatic notch with a pair of percutaneous needle electrodes, and the 

compound muscle action potential (CMAP) was recorded from the TA muscle 

with monopolar needle electrodes, the active electrode on the muscle belly, and 

the reference at the distal tendon. Moreover, free-running EMG recordings were 

made to detect fibrillation potentials, as a sign of muscle denervation. The 

contralateral hindlimb was tested at the same session and its values used as 

control. 

2.7. Ecographic Evaluation of Hindlimb Muscles 

Ultrasound examinations were performed at 6.5 and 9 mps, after the 

electrophysiological tests, while animals were anesthetized, using a MyLab® 

Gamma (Esaote, Genova, Italy) device and a linear ultrasound probe. The cross-

sectional area and perimeter of the TA muscle was determined using a B-mode 

ultrasound, employing a 15 MHz linear transducer, and optimizing the image at a 

depth of 3 cm and focal point at 1.5 cm. To optimize image acquisition and good 

skin contact, the hair over the area of interest was clipped and the skin cleaned 

with water and mild soap, and acoustic gel was used. In preliminary studies, we 
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established that the point of interest to standardize image acquisition was the 

cranial aspect of the crus at a midpoint between the tibial crest and the tuber 

calcanei (Figure S2). 

2.8. Histological Evaluation 

After performing the functional test 9 months after injury and when still 

anesthetized, animals were euthanized using an intravenous injection of Euthasol 

(400 mg/Kg i.v.). Nerve segments extending at least 1 cm from the proximal 

suture and 2 cm from the distal suture of the graft were harvested and fixed in 

paraformaldehyde 4% for 7 days at 4 °C. TA muscles were taken and weighed, 

and samples of TA muscles and of the skin of the dorsum of the paw were 

obtained and fixed in paraformaldehyde 4% for 7 days at room temperature. 

After fixation, the peroneal nerves were divided into 5 different sections (see 

Results 3.3.4), and each section was further divided in two halves. The first half 

of Section 2 from the middle of the graft and Section 4 from the distal end were 

embedded in paraffin and 5 µm thick cross sections were obtained with a 

microtome. Samples from the midpoint of the graft were deparaffinized and 

stained with hematoxylin at 10% in absolute ethanol (Hematoxylin cryst. 

1.04302.0100, Sigma Aldrich) and eosin at 0.5% in distilled water (Eosin Y, 

1.15935.0100, Sigma Aldrich) to visualize the general structure of the nerve. 

Briefly, the samples were hydrated in H2O for 10 min, then, stained for 5 min in 

hematoxylin. After two washes in H2O, samples were introduced in 70% ethanol 

with 1% of hydrochloric acid for 30 s. Samples were washed again and stained 

with eosin for 5 min. Finally, samples were dehydrated, and mounted in 

gelatinized glass slides. Other sections were dewaxed and processed for 

immunohistochemistry against S-100 protein to label Schwann cells, and 

neurofilament NF200 to label myelinated axons, as explained above. Following 

washes, the sections were incubated with secondary antibodies bound to Alexa 

Fluor 488 and Alexa Fluor 594, mounted on gelatinized slides and viewed under 

epifluorescence microscopy. Quantitative analysis was performed with sets of 

images obtained at 1000X by measuring the cross-section area of the nerves and 

grafts, and then counting the number of NF200 labeled axons in systematically 
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selected fields, with at least 8 representative fields comprising more than 30% of 

the transverse area, under epifluorescence microscopy (Olympus BX51) using 

ImageJ software. 

The second half of Section 2 from the middle of the graft and Section 4 from the 

distal nerve were postfixed in 3% paraformaldehyde and 3% glutaraldehyde in 

phosphate-buffered saline. The nerve segments were postfixed in osmium 

tetroxide, dehydrated in a series of ethanol, and embedded in epon resin. 

Semithin 0.5 µm thick sections were stained with toluidine blue, and 

representative images were taken by light microscopy. 

TA muscle and skin samples were also processed for paraffin embedding. 

Samples were stained with hematoxylin and eosin, as explained above for the 

nerve samples, to visualize the general structure and to evaluate qualitatively the 

areas showing denervation atrophy. 

2.9. Data Analysis 

Data are expressed as mean ± standard error of the mean (SEM). The results of 

functional tests and histology were analyzed by the Student’s t test and a two-

way ANOVA after checking for normal distribution, using GraphPad Prism 8 

software. A p<0.05 was considered as significant. 

3. Results 

3.1. Effectiveness of the Decellularization Procedure 

The decellularization procedure developed removed all donor cells and DNA from 

the nerve segments, while the ECM as well as structural layers of the graft 

remained intact. In this way, the nerve grafts can provide guidance to the 

regenerating axons upon implantation. DNA content averaged 159.7 ± 18.7 

ng/mg tissue in the native nerves of sheep, and 0.35 ± 0.02 ng/mg tissue in the 

decellularized nerves. Cross sections of decellularized nerve grafts were 

processed for immunohistochemistry before implantation. Immunolabeling 

against laminin showed that the structure of the ECM was well preserved. Faint 

staining against NF200, S100 and Fluoromyelin in the decellularized nerve grafts, 

of both rats and sheep, was compatible with lack of axons (NF200) and Schwann 
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cells (S100), and good decellularization (absence of DAPI, general marker of 

nucleus), thus indicating that cell contents were completely removed (Figure 2). 

 
Figure 2. Representative micrographs showing immunofluorescence of 

myelinated axons (A,F,K,G), Schwann cells (B,G,L,Q), nuclei (C,H,M,R), 

extracellular matrix proteins (D,I,N,S) and myelin (E,J,O,T), in a control rat sciatic 

nerve (A,B,C,D,E), in a decellularized rat nerve (F,G,H,I,J), in a control sheep 

peroneal nerve (K,L,M,N,O) and in a decellularized sheep nerve (P,Q,R,S,T). 

Scale bar 150 μm. 

3.2. Rat Study 

Denervation of the GM, TA and PL muscles was observed in both experimental 

groups at 30 dpi. At 60 dpi, all animals from the AG and DRA groups showed 

electrophysiological evidence of starting reinnervation in the GM and TA muscles. 

Three of the animals of the AG group had recorded CMAPs of small amplitude 

evoked by electrical stimulation, whereas none of the animals of the DRA group 

showed evidence of reinnervation in the PL muscle. At 90 dpi, the amplitude of 

the CMAPs increased for TA and GM muscles in both groups. All the rats of the 

AG group but only two thirds of the rats of the DRA group showed positive values 

for PL muscle. At the end of the follow-up, set up at 120 dpi, group AG had 

significantly higher mean CMAP amplitude values than the DRA group in TA (28.8 
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± 1.8 mV vs. 19.3 ± 2.8 mV; p<0.05), GM (41.3 ± 3.9 mV vs. 23.7 ± 1.5 mV; 

p<0.05) and PL (2.3 ± 0.4 mV vs. 0.5 ± 0.1 mV; p<0.05) muscles (Figure 3A). 

 
Figure 3. Results of the electrophysiological tests and histological evaluation 

after repair of a 15 mm long gap in the rat sciatic nerve. (A) Electrophysiological 

evaluation of nerve regeneration along 120 days follow-up after sciatic nerve 

section and repair with an autograft (AG, n = 5) or with a decellularized allograft 

(DRA, n = 5). Results are presented as mean ± SEM. Statistical analysis was 

performed using 2way ANOVA. Plots show the amplitude of CAMP of plantar 

(*p<0.05 vs. AG), tibialis anterior (*p<0.05 vs. AG) and gastrocnemius (*p<0.05 

vs. AG) muscles. (B) Representative micrographs showing immunofluorescence 

of myelinated axons labeled against Neurofilament 200, Schwann cells labeled 
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against S100, nuclei labeled with DAPI, macrophages labeled with IBA1 and 

extracellular matrix labeled with laminin in cross sections of nerve graft in control, 

AG and DRA groups; scale bar 200 μm. (C) Representative transverse semithin 

sections of the mid graft and distal to the graft in AG and DRA groups, stained 

with toluidine blue. Scale bar 10 μm. Plots show the density and the number of 

myelinated axons in the sciatic nerve at mid graft and distal to the graft. Normal 

values in our laboratory for the sciatic nerve in rats average 8,076 ± 215 

myelinated axons, with a density of 11,336 ± 698 per mm2. 

The histological observations of transverse nerve sections showed the typical 

appearance of regenerated nerves, with numerous small size myelinated and 

unmyelinated axons inside the endoneurial compartments of the nerve graft and 

in the distal nerve. Immunohistochemical labeling showed numerous axons 

accompanied by Schwann cells along the grafts, but at lower density than in 

control nerves (Figure 3B). Quantitative analysis of the myelinated axons under 

light microscopy showed similar density in the middle of the graft in the AG group 

(26,320 ± 5013 axons/mm2) compared to the DRA group (27,858 ± 2257 

axons/mm2), and similar total number of axons (17,395 ± 1525 axons/nerve) in 

the AG group and DRA group (18,773 ± 3464 axons/nerve). Distally to the graft, 

all animals from the AG and DRA groups had regenerated myelinated axons, but 

the density was higher in the AG group (26,105 ± 2991 axons/mm2) than in the 

DRA group (18,992± 3358 axons/mm2); similarly, the total number of axons distal 

to the graft was also higher in the AG group (17,224 ± 1329 axons/nerve) 

compared to the DRA group (11,983 ± 2664 axons/nerve) (Figure 3C), but without 

significant differences between the two groups. 

3.3. Sheep Study 

All sheep from both groups recovered well from the surgical procedure without 

any side effect and survived until the end of the study. No significant clinical signs, 

except for the right hindlimb dysfunction, were observed in the animals during the 

experimental follow-up. The sheep were able to stand and walk and have good 

mobility. Due to the peroneal nerve injury, two animals, one of each group, had a 

marked foot-drop posture that produced pressure ulcers on the dorsal skin of the 
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paw. A splint was placed 30 days post-operation to prevent further foot lesions, 

and ulcers were treated with chlorhexidine and antibiotic cream and covered. 

Only one of the sheep, in group DC, did not recover and continued with the foot-

drop posture until the end of the study. 

3.3.1. Functional Test Results 

All the sheep showed close to normal locomotion activity after the surgery. In the 

resting orthostatic position, all the sheep, except one from the AG group, were 

able to correctly position the right hind hoof, maintaining the plantar support. 

When tested during fast walking, a foot-drop gait was evidenced in all sheep, as 

they failed to make plantar stepping in some steps (scored −1 or −2). A significant 

improvement (p < 0.05) in dorsiflexion was observed at the end of the follow-up 

in the AG group with respect to values at 30 days (Figure 4). The right TA muscle 

showed a reduction in size from one month after the surgery. There was a 

significative improvement appreciated in the last two months of the follow-up in 

the AG group. The reposition of the injured hindlimb when displaced to the 

dorsum, indicating proprioceptive inputs, was partially reduced after the surgery 

and the score significantly recovered to normal value at the end of the follow-up. 

The withdrawal reflex response was induced in 3 different sites: proximal, mid 

and distal in the dorsum of the paw. The response was suppressed after the 

surgery and slowly recovered with time. At the distal site, the test was more 

sensitive, without full recovery in all the sheep at 9 months post-operation (Figure 

4). The AG group showed significant recovery from 4 months post-operation while 

the DC group had significant improvement from 5 months post-operation with 

respect to values at 30 days. 

Overall, the functional tests showed the expected failure due to a peroneal nerve 

injury, and partial recovery of sensory-mediated functions, whereas motor 

recovery and muscle mass remained relatively steady until the last month of 

follow-up. 
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Figure 4. Plots of the functional evaluation along the 9 months follow-up in the 

two groups of sheep. Similar evolution was observed for all the tests applied, 

without significant differences between the groups AG and DC. Regarding the 

time evolution, AG group (n = 5) showed a significant recovery in all the tests 

applied (# p < 0.05) vs. baseline at 30 days post-operation, while animals of DC 

group (n = 5) only showed a significant recovery in the withdrawal response-distal 

($ p < 0.05) vs. baseline at 30 days post-operation. 

3.3.2. Electrophysiological Test Results 

In the left, control hindlimb, the TA CMAP evoked by stimulation at the sciatic 

notch appeared at an onset latency of 4.2–4.4 msec and had a maximal 

amplitude of 20–22 mV, with small variations between sheep (Figure 5A). In the 

right, operated side, at 5 months none of the animals showed evidence of TA 

muscle reinnervation. Fibrillation potentials, signs of existing muscle denervation, 

were detected. At 6.5 months, CMAPs of late latency, small amplitude and 

disperse shape were recorded in 3 sheep of group AG and in 3 sheep of group 

DC. Fibrillation potentials were also recorded in TA muscles without CMAP 

response (Figure S3). At 9 months, CMAPs, recorded in 4 sheep of each group, 
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were of slightly higher amplitude and still of long latency, compatible with early 

reinnervation of the TA muscle. No significant differences were found between 

groups AG and DC in any parameter of the nerve conduction tests, although 

CMAP amplitude was comparatively higher in group AG than in group DC (Table 

1). 

 
Figure 5. Representative EMG recordings of the CMAP recorded in the TA 

muscle evoked by stimulation of the sciatic nerve in the intact left hindlimb (A), 

and in the operated right hindlimb of a sheep at 6.5 (B) and 9 (C) months after 

operation. Labels: “1” at the onset, “2” at the peak, “4” at the end of the CMAP. 

Scale in A: amplitude 10 mV/square and time 3 ms per square; in B and C: 

amplitude 500 μV/square and time 5 ms per square. Representative echographic 

images of the TA muscle recorded in the intact left hindlimb (D) and in the 

operated right hindlimb of a sheep repaired with an autograft (E) or with a 

decellularized nerve allograft (F). 
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Table 1. Values of the nerve conduction tests in the peroneal nerve and of the 

echography tests in the peroneal innervated muscles, in the control left limb and 

in the operated right limb (n=5 each) at 6.5 and 9 months postoperation. *p<0.05 

vs. AG; **p<0.01 vs. AG. Results were analyzed by unpaired t test using 

GraphPad Prism 8 software. 

 

 

 

 

 

 

 

Nerve 

Conduction. 
Group 

Latency 

(msec) 

CMAP 

Amplitude 

(mV) 

n + Response 

Control (L) AG 4.38 ± 0.16 21.26 ± 1.54 5/5 

Control (L) DC 4.24 ± 0.09 22.84 ± 1.02 5/5 

6.5 mo AG 11.05 ± 1.52 0.97 ± 0.48 3/5 

6.5 mo DC 16.87 ± 4.54 0.21 ± 0.11 3/5 

9 mo AG 11.58 ± 1.06 1.87 ± 0.72 4/5 

9 mo DC 13.16 ± 1.50 0.46 ± 0.16 4/5 

Echography  
TA area 

(cm2) TA perimeter (cm)  

Control (L) AG 5.30 ± 0.29 10.30 ± 0.24  

Control (L) DC 5.31 ± 0.48 10.30 ± 0.44  

6.5 mo AG 1.90 ± 0.07 7.34 ± 0.23  

6.5 mo DC 1.48 ± 0.03 ** 6.87 ± 0.08  

9 mo AG 2.44 ± 0.21 7.95 ± 0.17  

9 mo DC 1.85 ± 0.09 * 7.45 ± 0.11  
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3.3.3. Echographic Evaluation of TA Muscles 

In denervated muscles, the density of the muscle imaging changed, and the size 

(measured both as area and perimeter) was decreased, evidencing muscle 

atrophy and increased connective tissue secondary to denervation (see Figure 

5D–F). At 6.5 months post-surgery, the TA muscle area in the DC group was 

significantly lower than in the AG group (**p<0.01). At the end of the follow-up, 

there was a tendency to recover muscle size, although it was still significantly 

lower in the DC group than in the AG group (*p<0.05) (Table 1). The size of the 

TA muscles in the two sheep without electrophysiological responses, one from 

each experimental group, was the smallest (1.85 cm2 in area and 7.41 cm in 

perimeter in the AG group and 1.56 cm2 and 7.36 cm in the DC group), pointing 

to a relationship between muscle size and degree of reinnervation.  

3.3.4. Histological Assessment 

Most of the animals from AG and DC groups presented grafted nerves with a 

well-preserved structure and neuroma visible at proximal and distal ends 

corresponding with the suture lines (Figure 6A–C). The control peroneal nerve 

was composed of multiple small fascicles, usually more than 30, each containing 

numerous nerve fibers densely packed in the endoneurium. In the AG group, the 

structure of the fascicles was preserved in the graft, but regenerating axons were 

detected both inside and outside of the perineurium delimiting the fascicles. In 

contrast, no clear fascicles were observed in the decellularized grafts, where 

regenerating axons were seen grouped in small regenerative units, disperse 

within the graft structure (Figure 6E–M).  

Semithin sections stained with toluidine blue showed, in the AG group, a 

preserved structure of the fascicles with many myelinated axons of different sizes. 

In addition, there were small new regenerative units that contained a small 

number of myelinated axons. In the DC group, the structure of the fascicles was 

not conserved, although new regenerative units were observed throughout the 

nerve with a large number of myelinated axons (Figure 6M; marked with red 

arrows). 
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Figure 6. Macroscopic representative pictures of a control sheep peroneal nerve 

(A), a peroneal nerve autograft (B), and a decellularized nerve allograft (C), both 

with a neuroma visible (marked with red arrows) at proximal and distal sutures, 

harvested at the end of the study. (D) Schema of the division in sections of nerves 

harvested. Section 1 includes the proximal suture and Section 3 includes the 
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distal suture of the graft. Sections 2 and 4 were divided into two different 

segments (dotted line). Micrographs of cross sections of the proximal segment of 

the graft of sheep stained with hematoxylin and eosin. (E,H) control nerve, (F,I) 

autograft and (G, J) decellularized nerve graft; E, F, G scale bar 200 μm, and H, 

I, J scale bar 100 μm. Representative semithin transverse sections of the graft of 

sheep in AG and DC groups, stained with toluidine blue. (K) control nerve, (L) 

autograft and (M) decellularized nerve graft, scale bar 10 μm. Red arrows in M 

point to the newly formed regenerative small fascicles. 

Distal to the graft, the multifascicular structure of the peroneal nerve was 

maintained and most regenerating axons grew within the distal nerve fascicles. 

Immunohistochemical labeling at the middle part of the grafts (noted with dotted 

line in Figure 6D) from AG animals showed axons and Schwann cells (Figure 7) 

present within both fascicular and extrafascicular areas, whereas in the 

decellularized grafts of the DC group, axons and glial cells were dispersed in 

small regenerative clusters. Regarding the analysis of NF200 labeled axons, 

group AG had 1 animal with a very low number of regenerating axons while 2 

animals had higher than control values. One animal did not show regenerated 

axons, likely attributable to suture dehiscence early after the operation. Group 

DC also had 1 animal without regenerating axons.  
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Figure 7. Representative micrographs showing immunofluorescence of 

myelinated axons labeled against Neurofilament 200 in cross sections of the 

proximal graft in AG and DC groups. (A,D) control nerve, (B,E) autograft and 

(C,F) decellularized nerve graft. A, B, C scale bar 200 μm, and D, E, F scale bar 

100 μm. Representative micrographs showing immunofluorescence labeling of 

Schwann cells with an antibody against the S100 protein in cross sections of the 

proximal graft in AG and DC groups. (G,J) control nerve, (H,K) autograft and (I,L) 

decellularized nerve graft. G, H, I scale bar 100 μm, and J, K, L scale bar 100 

μm. 

The estimated mean number of myelinated axons was 21,676 ± 3716 in the 

control peroneal nerve, whereas in the mid segment of the grafts (Figure 6 
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Section 2 dotted line) there were 26,213 ± 2798 axons in the four regenerated 

sheep of the AG group, and 18,724 ± 3410 in the four sheep of the DC group at 

9 months post-surgery. The corresponding values at the nerve distal to the graft 

were 20,600 ± 6082 for the AG group and 7780 ± 1871 (p < 0.05) for the DC 

group (Figure 6 Section 4 dotted line). The higher number of regrowing axons in 

the graft is indicative of some excessive regenerative sprouting that was 

remodeled at the distal nerve. 

3.3.5. Histological Evaluation of Reinnervated Targets  

In the operated hindlimb, the TA muscle showed a heterogeneous structure in 

both groups, AG and DC (Figure 8A–F). Some areas appeared normal, although 

muscle fibers had a smaller diameter than normal, likely corresponding to 

reinnervated areas of the muscle. Other areas showed signs of atrophy and 

inflammatory infiltration. The skin samples, processed in sagittal sections, 

showed distinct organization in three layers: epidermis, dermis and subcutaneous 

tissue. The skin of the dorsum of the paw had a similar aspect to the skin from 

the contralateral side, without signs of cell infiltration or atrophy (Figure 8G–L).  
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Figure 8. Representative micrographs of cross sections of the Tibialis Anterior 

muscle stained with hematoxylin and eosin from (A,D) the contralateral side 

(control), (B,E) an animal from AG group, (C,F) an animal from DC group. A, B, 

C scale bar 200 μm, and D, E, F scale bar 100 μm. Representative micrographs 

of perpendicular sections of the skin of the dorsum of the foot stained with 

hematoxylin and eosin from (G, J) the contralateral side (control), (H, K) an animal 

from AG group, (I, L) an animal from DC group. G, H, I scale bar 200 μm, and J, 

K, L scale bar 100 μm. 

4. Discussion 

The gold standard repair technique for long gap peripheral nerve injuries is 

grafting an autologous nerve. However, sources for autologous nerve grafts are 

limited, so it is not possible to use this method to treat extended or multiple nerve 
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lesions [29]. Acellular nerve allografts appear as a good alternative for autografts, 

considering that they come from a natural and abundant source, are not overtly 

immunogenic, and may keep a normal-like ECM structure which helps guiding 

regenerating axons [8,30]. Moreover, an allograft may offer several technical 

advantages over the autograft, such as off-the-shelf availability, easy handling, 

shorter surgical time, and no donor graft site morbidity [31]. Nevertheless, 

acellular allografts also have some limitations, mainly related to the lack of cell 

support for axonal regeneration, since it is important to eliminate cellularity in 

order to avoid immune rejection.  

The results of our studies indicate that the used, novel procedure for tissue 

decellularization is highly efficient, eliminating all cells and DNA from the nerve 

segment, while preserving a normal-like structure of the perineurium and 

endoneurial tubules. Consequently, the decellularized graft did not induce an 

immune rejection response after in vivo implantation and proved to be a good 

substrate for axon growth and migration of host cells into the graft, allowing 

effective regeneration and functional recovery. The results of the two studies 

made in rats and in sheep showed promising results in terms of functional 

reinnervation and axonal regeneration, although the outcomes of the DC allograft 

were comparatively lower than those achieved with an ideal AG (i.e., the same 

nerve segment resected and re-sutured in place). The DC allograft allowed 

effective regeneration across a critical 15 mm long nerve gap in the rat sciatic 

nerve, and a 7 cm long gap in the sheep peroneal nerve, in both cases a length 

that cannot be effectively bridged with synthetic nerve conduits and represents a 

challenge for surgical nerve repair. The limiting gap size depends on the nerve 

and the animal species. Seminal experimental reports showed that regenerating 

axons are able to bridge synthetic conduits such as silicone, up to 4 mm in the 

mouse and 10 mm in the rat [15,32], and less than 30 mm in primates [33,34], 

but failed through longer gaps.  

4.1. Nerve Regeneration in the Sheep Peroneal Nerve Model 

Small animal models are commonly used to replicate challenging clinical 

scenarios [6,26,35,36]. In contrast to small-animal models, large-animal models 
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allow investigation of longer and more clinically relevant nerve defects and 

harvesting long segments of donor nerves. This reflects the actual situation in 

most human nerve injuries in which damage to the nerve often extends over 

several centimeters [22]. Hence, standardized models of long nerve gap injury in 

large animals are necessary to evaluate tolerability and efficacy of new treatment 

strategies for severe nerve injuries [6]. In this sense, sheep are proposed as an 

optimal large animal model, since they have similarities in general body and 

neural structures to humans [37,38], and particularly peripheral nerve dimensions 

and structure similar to humans [20,39–41]. Moreover, their calm nature, 

compared to other large animals used as experimental models, such as pigs, 

enables easier postoperative management and clinical testing [18,42]. 

In the present study, the regenerative potential of a novel decellularized nerve 

allograft was evaluated and compared to autograft repair of a 70 mm long 

resection of the peroneal nerve in sheep. This nerve is the most commonly 

affected in injuries involving the lower limb in humans [41,43]. Moreover, it is 

adequate because it is similar in size and plurifasciular, as is the human peroneal 

nerve, and induces a limited motor deficit that still allows the animals to stand and 

walk [20,44]. Since the common peroneal nerve is a mixed nerve, both motor and 

sensory functional loss in the denervated targets is expected [45]. Therefore, 

paralysis of dorsiflexion muscles and lack of sensitivity of the dorsum of the foot 

was observed, although all the sheep showed close to normal locomotion after 

recovery from the surgery, and most of them were able to position the hind hoof 

in a normal resting position. Similar to motor function, proprioceptive sensibility 

of the denervated muscles was also affected, and complete recovery was 

achieved with time in all the animals. We hypothesize that this recovery could be 

accounted by the normal processing of information by the intact tibial and sural 

nerves, also innervating the hind limb, so that the contribution of the peroneal 

nerve is limited. The response observed as a withdrawal flexion of the hind limb 

at early times, when no axons of the injured peroneal nerve could have 

regenerated to the ankle level, can be attributed to collateral reinnervation by 

sprouts from nearby cutaneous nerve tributaries of tibial and sural nerves, a 

phenomenon that has been well studied in other smaller mammals [46,47] as well 
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as in human subjects [48]. Therefore, results obtained in the functional sensory 

tests can be confounded by collateral reinnervation and are not completely useful 

to report nerve regeneration and cutaneous reinnervation. In contrast, 

electrophysiological assessment of the recovery of the CMAP of the TA muscle 

was the most sensitive test. Although the electrophysiological parameters rarely 

return to normal levels after nerve injury, they are frequently used to evaluate 

nerve regeneration and muscle reinnervation in humans and animal models 

[6,49–51]. Electrophysiological tests evidenced reinnervation of the TA muscle in 

a 3/5 sheep of both AG and DC groups at 6.5 months, and in 4/5 at 9 months. 

The time needed for axonal regeneration to distal targets in the sheep hindlimb 

is considerably long, taking into consideration that the distance between the 

proximal section of the peroneal nerve and the entrance of the nerve into the TA 

muscle is about 34 to 36 cm. Since we found early electrophysiological evidence 

of reinnervation of the TA muscle at 6.5 months, a regeneration rate between 1.7 

and 2 mm/day can be estimated. The lower amplitude of the recorded CMAPs in 

the DG group than in the AG group, may suggest a slightly slower regeneration 

along the decellularized graft. 

At the end of follow up, histological assessment of the graft and the distal 

regenerated nerve was performed. The extent of axonal regeneration in the grafts 

was evaluated by using neurofilament immunolabeling [22,52]. Schwann cells 

were observed within the decellularized nerve graft 9 months after the repair, 

indicating that the host cells migrated from proximal and distal stumps into the 

graft. Neurofilament labeling was present in most of the grafts, corroborating 

successful axonal regeneration in these animals and confirming the functional 

results. However, the incomplete functional recovery observed, as evidenced by 

the low amplitude of TA CMAPs recorded at 9 months (about 8% and 2% of 

control values in AG and DC groups, respectively), compared with the extensive 

amount of regeneration into the grafts suggests that many regenerating axons 

need more time to reach target organs and therefore, longer follow up periods 

are needed in this model to assess maximal functional outcomes, as reported 

also in humans [53]. 
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4.2. Regenerative Potential of the Acellular Nerve Graft 

The only available and FDA approved processed nerve allograft to repair human 

nerve defects of a length up to 5 cm is the marketed allograft Axogen Avance®. 

This product provides an off-the-shelf alternative to synthetic conduits while 

maintaining some proregenerative properties of autologous nerve grafts [54], 

providing overall 82% meaningful recovery in repairs of nerve gaps up to 70 mm 

[55]. No adverse events have been observed, despite some failures reported 

pointed to a careful consideration of acellular nerve allografts in long, large 

diameter injured nerves [56]. In this study, we have evaluated a novel 

decellularized nerve graft that allowed axonal regeneration across not only a 15 

mm long gap in rats, but also a 70 mm gap in sheep, offering good perspectives 

for marketing applications. Electrophysiological and functional test results 

indicated a similar course, although with some delay, of muscle reinnervation 

than with the ideal autograft used.  

However, the organization of the regenerating axons was different in the 

decellularized graft compared to the autograft. In the decellularized grafts, 

regenerated axons were found in an extrafascicular location, and only in the distal 

nerve sections the fascicles were consistently well defined, with very few 

extrafascicular axons visible, as described in previous studies [22,57]. This 

indicates that the matrix of the decellularized nerve is not so consistent as in a 

fresh nerve autograft, that has not been previously manipulated, even when the 

macroscopic observation indicates a well-preserved structure of the connective 

tissue, ECM molecules and fascicles in the decellularized grafts before 

implantation. Although further optimization of the decellularization protocol can 

be performed, there is a delicate equilibrium between preserving nerve 

architecture and completely decellularizing the graft to avoid immune rejection. 

Finally, the number of regenerated axons distal to the graft was lower in the DC 

group compared to the AG group, indicative of a slower regeneration along the 

decellularized graft. Therefore, although the decellularized graft is permissive for 

regeneration, the lack of a cellular component causes slower regeneration into 

the graft compared to the ideal cellular autografts. This is expected, mainly due 
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to the important role of Schwann cells in axonal regeneration [8]. Interestingly, 

this slower regeneration into the graft implies a delayed onset but does not have 

to translate in a significantly poorer functional recovery, according to previous 

observations [9]. In fact, electrophysiological recovery was quite limited in the two 

groups of rats followed for 4 months (see Figure 3A), and in the two groups of 

sheep evaluated up to 9 months after injury (Table 1), comparing to control values 

obtained in the contralateral hind limb. These results point out the long gap 

bridged by the graft and the long distance that axons had to grow to reinnervate 

target organs as determinants for the functional outcome. In this sense, the 

optimization of acellular grafts and recellularization methods to improve their 

regenerative capability offers a window of opportunity to improve recovery in this 

type of injuries, when the gold standard technique has already limited potential. 
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Supplementary Figure 1: Flexor withdrawal reflex test. Photograph of the 

maneuver used to pinching the dorsum of the foot with a hemostat for assessng 

the withdrawal reflex response in a proximal, middle and distal point (A). 

 

Supplementary Figure 2:  Performance of the echography of the TA muscle. 

Photograph of the hindlimb with the handheld ultrasound probe placed at a 

midpoint between the tibial crest (marked with a red *) and the tuber calcanei to 

obtain a cross-sectional image of the TA muscle. Before image acquisition, the 

skin was shaved, and cleaned with mild soap and water. Ultrasound gel was 

placed on the probe contact surface. 
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Supplementary Figure 3: Fibrillation potentials. Recordings of fibrillation 

potentials in the denervated TA muscle of the operated right hindlimb of sheep at 

6.5 months after operation, repaired with an autograft (left trace) or with a 

decellularized nerve allograft (right trace). 
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Sheep as a large animal model of PNI 

Despite the advances in surgical techniques for the repair of PNI resulting in long 

gap resections, the autologous nerve graft remains the gold standard. Due to 

some limitations of this type of graft, it is necessary to find alternatives to this 

repair technique. Experimental models are a good tool to investigate new 

therapeutical strategies for the repair of nerve injuries. In this thesis, we have 

used both a small animal model, in the rat, and a large animal model of PNI, in 

the sheep, to test decelullarized allografts  with two optimized protocols from two 

different biomedical companies, VERI and the BST, that aimed to set up a 

decellularized protocol for human cadaveric nerves to repair long nerve defects 

in the clinic. 

Small animal models, such as rodents, can be used in proof-of-concept studies, 

with the advantages that there is a well stablished model to evaluate nerve 

regeneration using the sciatic nerve. However, these species do not replicate the 

complex neurobiological processes found in humans and therefore, there is a 

limitation for the clinical translation. On the other hand, the length of the gaps that 

can be assessed is quite short. This is an important limitation, since the graft 

length and the total regenerative distance required to reinnervate the target 

organs and ensure functional recovery are two of the main factors determining 

successful regeneration. Use of large animal models allow to study long nerve 

defects. Moreover, these models replicate the biological processes and physical 

features in humans, allowing to test new therapies with potential translation to the 

clinic.  

Currently, there is only one commercial decellularized allograft, approved by the 

FDA, to repair nerve defects, the Axogen's Avance® nerve graft. Clinical studies 

have demonstrated that this graft can successfully sustain regeneration in 87% 

of the patients when repairing gaps of up to 5 cm (Brooks et al. 2012; Kornfeld et 

al., 2019), but the effectivity decreases as the length of the gap increases.  

Therefore, in this thesis we aimed to evaluate allograft alternatives to repair long 

gap lesions, from 5 to 7 cm, using the sheep  peroneal nerve as an experimental 

model. We chose the sheep among other large animal models, like rabbits, pigs 
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or dogs because this animal species has similar peripheral nerves length and 

similar body weight to humans. They also have plurifascicular nerves with 

multiple fascicles and the regeneration rate is similar as in the humans. 

Comparing to other large animals, sheep are calm, easy to obtain and house, 

and are cost-effective. Moreover, they allow long-term studies that mimic the 

timing of human PNI and the use of similar methods to evaluate motor and 

sensory functions than those used in humans. Conventional pigs are also easy to 

obtain but cannot be used for long-term studies as they have a fast growing to a 

large weight. Alternatively, the use of minipigs is very expensive relative to sheep, 

and their size is quite smaller. Finally, the use of dogs or primates for research 

purposes implies more ethical concerns and higher costs. 

The injured nerve used in the model must be also relevant. In humans, the most 

commonly injured nerve in lower limbs is the common peroneal nerve (Al Abri et 

al., 2014; Lezak et al., 2022). It is a plurifascicular nerve that innervates the 

muscles in the anterior compartment of the hindleg and the dorsum of the foot 

and is similar in size to the peroneal nerve in the sheep (Lawson and Glasby, 

1995; Roballo et al., 2020). We compared two gap injuries induced by resection, 

5 or 7 cm long, since they are relevant for clinical situations and are considered 

as the limit for effective regeneration along decellularized grafts, and duplicate 

the length that can be regenerated with synthetic conduits in large nerves. 

Although the progression of functional recovery in both experimental groups was 

parallel, we found a slight delay in animals repaired with a 7 cm autograft, pointing 

out a relationship between the graft length and the timing of functional recovery. 

In accordance with several previous studies, the length of the injury is one of the 

factors that affects the expected recovery rate after PNI (Horch and Lisney, 1981; 

Buti et al., 1996; Brooks et al., 2012).  

Apart of the animal model, it is essential to standardize the evaluation methods 

of the preclinical studies according to the clinical signs produced by the peroneal 

nerve transection. In humans, as in sheep, this lesion causes dorsiflexion 

weakness and foot drop (Marciniak, 2013), as well as sensory loss in the dorsal 

metatarsal area (Alvites et al., 2021). We tested different functional tests that 

allowed us to assess nerve regeneration and reinnervation throughout the study; 
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some of them, such as the muscle loss by palpation, proprioceptive replacement 

of the foot, or the flexor withdrawal test at proximal and middle points, were 

discarded for further use because they did not provide useful information, 

probably due to compensations produced by the tibial and sural nerves that 

remained intact. For this reason, some of the tests proposed by Alvites et al. 

(2021) such as the dynamic repositioning, should not be considered because the 

intact limb nerves influence the results of the tests. Likewise, it is important to 

adapt the tests to the species, in this case, the sheep. In our case the withdrawal 

reflex was performed on the skin of the dorsal area of the metatarsus area in 

comparison with Alvites et al. (2021) who performed the same test on the hoof. 

Nonetheless, the most useful method to evaluate nerve regeneration was the 

electrophysiological tests, nerve conduction and EMG of the target muscles. As 

innovative technique, we introduced the muscle ultrasound that allows the 

measurement of denervated muscle atrophy and changes in muscle 

echogenicity, as there is an increase in hyperechoic tissue due to an increase in 

connective tissue (Simon et al., 2016; Strakowski and Chiou-Tan, 2020). 

 

Decellularization protocols 

The nerve microstructure and the composition of the ECM are highly complex 

and, therefore, the generation of nerve substitutes with the appropriate 

microstructural characteristics remains a challenge. During the last years, 

different bioengineered conduits showed promising results experimentally, 

although they were less efficient than the autograft repair (Deumens et al., 2010; 

Houshyar et al., 2019; García-García et al., 2023). 

The generation of acellular nerves emerged as a promising alternative to the 

autograft repair since they may be stored on the shelf, and do not cause the 

immunologic rejection observed in cellular allografts. However, for a generalized 

use, it is essential to optimize the decellularization protocols for preserving the 

3D structure and the molecular composition of the ECM apart from removing 

efficiently the cellular contents to respond to the limitations and drawbacks of the 

current gold standard treatment for long-gap PNI. 
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The process of decellularization implies different phases, from the preservation 

of the native tissue, the decellularization process itself and the preservation for 

long-term storage.  

Decellularization protocols must allow the elimination of the antigens responsible 

for immunological rejection and the preservation of the natural nerve architecture 

and the ECM components after the decellularization, providing an ideal substrate 

for newly formed axons (Philips et al., 2018a). In addition, the protocol should be 

simple, efficient and cost-effective. There are different methods for decellularizing 

peripheral nerves, such as freeze-thawing, detergent-based or cold preservation. 

The most efficient is the detergent-based method which was develop first  by 

Sondel et al. (1998). This protocol was based on Triton X-100 solutions, but it did 

not allow for structural preservation. Later, Hudson et al. (2004) proposed a less 

toxic protocol based on combining Triton X-200 solutions with amphoteric 

detergents such as sulfobetaines, which made it possible to better preserve the 

ECM. The Avance® nerve graft decellularization protocol is also based on 

detergents such as Triton and sulfobetaines, being considered the most effective 

until now since it also incorporates the degradation of CSPG, which inhibit axonal 

growth. 

In this thesis we have tested nerve decellularization protocols from two different 

companies, VERI and BST. In both cases, the enzymatic-based decellularization 

protocols have been optimized for peripheral nerves of rats, sheep and humans. 

VERI based its protocol in DNase, PBS and NaCl, whereas the BST protocol 

used non-ionic detergent and zwitteronic agents, optimized with the addition of 

hypertonic NaCl 1M and DNase. The process used by BST is slower, taking 10 

days to decellularize the nerves, while the process used by VERI lasts only 6 

days. Both protocols were assessed for DNA content after decellularization with 

the DNeasy Blood and Tissue Kit from Qiagen, and demonstrated that the DNA 

content of the decellularized nerves was much lower than in native nerves. The 

immunofluorescence results (Figure 6), showed that the BST protocol removed 

more efficiently remnants of myelinated axons and SCs after the 

decellularization.  
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Figure 6. Representative micrographs showing immunofluorescence of 

myelinated axons (NF200), SC (S100), nuclei (DAPI), ECM proteins (Laminin) 

and myelin (Myelin) in a control nerve, in a decellularized sheep nerve from BST 

and in a decellularized sheep nerve from VERI. Scale bar 150 µm. 

 

Although immunofluorescence showed ECM preservation in both cases, 

histological analysis after the implantation and in vivo follow up indicated better 

preservation of the fascicular structure with the BST decellularization protocol. In 

the case of the VERI protocol, some regenerated axons were seen following an 

extrafascicular route, as shown by other authors with nerve grafts (Gómez et al., 

1996; Evans et al., 1999; Forden et al., 2011), suggesting that the ECM was not 

consistent enough after the decellularization process (see figure 9 Chapter I). 

 

Nerve regeneration in long-gap injuries in the rat 

In this thesis, we have performed two different in vivo assays of optimized 

decellularized allografts in a very long gap in rat, i.e. 15 mm gap, as the first step 

for testing the decellularized grafts in vivo. The limiting gap is defined as the 

distance from which the peripheral nerve cannot regenerate within synthetic 

conduits; it is dependent on the size of the nerve and the species, being 

considered 10 mm in the case of the rat sciatic nerve (Yannas and Hill, 2004). In 

our studies, the repair was carried out with a decellularized nerve allograft of 15 

mm as an alternative to the use of the autograft. In both cases, the decellularized 
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nerves allowed successful regeneration, although the recovery was slower than 

in the autograft due to the lack of the cellular component.   

Despite using the same lesion model, in the study with VERI decellularized 

allografts, regeneration and reinnervation were slower than in the study with BST 

grafts. The animals repaired with the decellularized allograft provided by BST 

showed evidence of reinnervation of the tibialis anterior (TA) muscle at 30 days 

post-injury (dpi), while only 16.6% of the animals repaired with the decellularized 

allograft from VERI showed positive TA EMG values at 30 dpi. At the distal level, 

animals repaired with BST allograft showed first evidence of reinnervation of the 

PL muscle at 60 dpi, while animals repaired with VERI allograft did not do so until 

90 dpi. At the end of the study, set up at 120 dpi, all the animals from both 

experimental groups had positive PL CMAP values although the amplitude of the 

CMAP in the PL muscle was statistically lower in the VERI group compared to 

the BST treated group (p<0.001). Quantitative results of myelinated axons were 

similar in both studies. 

On the other hand, the results achieved with both decellularized allografts were 

superior to the ones obtained by repairing the same gap with nerve conduits of 

different materials, previously tested in our laboratory by using similar 

assessment methods. Thus, none of the animals repaired with a silicone tube 

regenerated after 120 dpi, whereas 57% and 50% of the animals repaired with 

chitosan tubes or polyactive tubes, respectively, showed signs of reinnervation 

and regeneration (Gonzalez-Perez et al., 2015; Santos et al., 2017). Novel hybrid 

conduits that mix synthetic materials, such as PLC poly(L-lactide-co-ε-

caprolactone), and natural materials such as chitosan have been tested recently 

to repair 15 mm lesions in the sciatic nerve of rats (unpublished results). 

However, these last conduits only guarantee target reinnervation and distal 

regeneration In 25% of the rats, in front of the 100% observed with the 

decellularized allografts, This highlights the potential of decellularized allograft as 

a better alternative than nerve conduits to the autograft for repairing long gaps. 

We have also compared the capability to support nerve regeneration of 

decellularized grafts, using the BST protocol, coming from the same species, the 
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rat, although from non-related animals of an outbred strain (allograft), and from 

another species, the human (xenograft). Of interest, the outcomes were 

significantly better for the decellularized allograft than for the decellularized 

xenograft, indicating that beyond the cellular contribution, the ECM composition 

exerts influences on the regenerating axons. This is of relevance for considering 

the origin of the nerve for decellularization. Our results suggest that it is more 

suitable to use nerves from the same species, and maybe from immune-

compatible subjects. 

 

Nerve regeneration in long-gap injuries in the sheep 

In the sheep, we have evaluated the regenerative capacity of the two 

decellularized nerve allografts provided by BST and VERI as an alternative to the 

autograft when repairing 5 and 7 cm gap in the common peroneal nerve 

respectively. Again, both nerve defects have clinical relevance, since the maximal 

gap length for conduits is limited to 2-3 cm in human subjects (Kornfeld et al., 

2019). The Avance® Nerve Graft is indicated for the repair of nerve defects up to 

5 cm, whereas for the repair of defects from 5 to 7 cm, only  a  third of the patients 

show some functional recovery. Previous studies in the sheep peroneal nerve 

showed effective regeneration with recellularized allografts to repair nerve gaps 

of 3 cm (Tamez-Mata et al., 2021). Other studies in sheep used nerve conduits 

to repair a 6 mm gap in the tibial nerve (Radtke et al., 2011),  and the sciatic 

nerve (Kornfeld et al., 2021) or  recellularized allografts to repair 2 cm gap  in the 

sciatic nerve (Pedroza-Montoya et al., 2022).  

In the BST study the repair was carried out in a 5 cm gap while in the VERI study 

in a 7 cm gap. At the end of the studies, set up at 9 mps, all of the animals repaired 

with the BST decellularized allograft showed evidence of reinnervation of the TA 

muscle while 20% of the animals repaired with the VERI decellularized allograft 

did not show positive TA EMG results. The mean weight of the TA muscle was 

similar in both experimental groups, although this parameter is less sensitive. 

The growth of myelinated axons in the decellularized graft provided by the BST 

was circumscribed to the endoneurium of the preserved fascicles, while in the 
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VERI decellularized graft some axons regenerated extrafascicularly, forming 

small regenerative units. Previous studies with different allografts (Gomez et al., 

1996; Strasberg et al., 1996; Evans et al., 1999; Forden et al., 2011), found that, 

unlike the BST group, there were some axons that regenerated following an 

extrafascicular route. Although the results of the two studies suggest that the BST 

decellularization protocol is less aggressive, since there is better preservation of 

the ECM, the number of myelinated axons both at the middle of the graft and 

distal to the nerve graft were similar in both studies. 

Decellularized allografts have limitations related to slower regeneration 

compared to autografts, basically due to the lack of cellularity to prevent an 

immune response. It is important to take into account the important role of the 

SCs in nerve regeneration (Allodi et al., 2012; Jessen and Mirsky, 2016) 

Therefore, the lack of cellular support in decellularized allografts limit their 

regenerative capacity, particularly when used to repair long gaps, as shown in 

our studies. Nevertheless, the decellularized allograft still provides better support 

for regeneration and better outcomes than any of the nerve conduits reported in 

the literature, thus representing the best alternative option to the gold standard, 

the autograft. To overcome the limitation of the lack of cellularity and to improve 

their regenerative capacity, decellularized allografts can be enriched with trophic 

factors or with pro-regenerative cells, such as Schwann cells or Mesenchymal 

Stem Cells (Peters et al., 2021; Contreras et al., 2022), with the aim to better 

mimic the autograft environment and therefore, to reach similar regenerative 

capabilities than the gold standard technique to repair nerve resections in clinics. 

Certainly, the origin of the cells used should be carefully considered, so to avoid 

possible immune-rejection. Further preclinical research on recellularized nerve 

allografts is needed to investigate which type of cells, which pretreatment in vitro, 

and the optimal density are the best options for improving nerve regeneration in 

well standardized long gap nerve injury models before clinical translation can be 

proposed. 
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1. The decellularization protocols optimized by the companies BST and Verigraft 

that were evaluated in this thesis were efficient and showed similar performance. 

They consist in enzymatical digestion, that in the case of the BST was combined 

with detergents. Both methods are efficient in removing cell debris, preserving 

both the structure and the biochemical and biomechanical properties of the 

extracellular matrix in nerves from rat, sheep and human donors.  

2. In vivo studies performed on 15 mm limiting gaps in the sciatic nerve of rats 

showed that the decellularized nerve allografts can succesfully support nerve 

regeneration,  although lack of cellularity implies a slight delay in the regenerative 

process compared to the ideal autografts.  

3. The use of a decellularized xenograft from human origin used to repair a 15 

mm limiting gap in the sciatic nerve of rats did not sustain nerve regeneration, 

due to a notorious inflammatory response and a fibrotic reaction during the early 

phases of regeneration. These responses could be due to inter-species 

differences and also to the lower capacity of extracellular matrix components to 

sustain axon growth from another species, as suggested in the in vitro studies. 

4. The sheep model has been optimized for two different severe gap lesions of 5 

and 7 cm in the peroneal nerve. The clinical protocol developed is useful, but has 

some limitations to assess nerve regeneration. Quantitative tests by 

electrophysiology and echography of the tibialis anterior muscle along with 

histological analysis at the end of the study are the most sensitive tools for 

evaluating nerve regeneration and reinnervation of long-gap nerve injuries. 

5. The in vivo evaluation of the decellularized allografts in a limiting gap lesion of 

5 cm in the peroneal nerve of the sheep demonstrated their ability to support 

axonal regeneration and functional recovery, indicating their potential for clinical 

translation in the treatment of severe long-gap nerve injuries.  

6. When the repair was carried out in a larger nerve gap, specifically of 7 cm, 

using a decellularized nerve allograft in the peroneal nerve of the sheep, lower 

regenerative capability was observed in comparison to the 5 cm nerve defects, 
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although these grafts had the capacity to sustain regeneration and to reinnervate 

target organs. However, the outcomes were inferior to the ones reached by 

autograft repair. 
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