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Abstract  

Thousands of people worldwide suffer from injuries in the peripheral nerve and deal daily 

with the resulting physiological and functional deficits. Recent advances in this field are still 

insufficient to guarantee effective outcomes, and the development of new and effective 

therapeutic options requires the use of valid preclinical models that effectively replicate the 

characteristics and challenges associated with these injuries in humans. In this study, we 

established a sheep model for common peroneal nerve injuries that can be applied in preclinical 

research with the advantages associated with the use of large animal models. In an integrative 

way, this article includes a detailed description of the anatomy and functionality of the 

peripheral nerves of sheep’s hind limb, the surgical protocol for accessing the common peroneal 

nerve, the induction of different types of nerve damage and the application of possible 

therapeutic options. A neurological exam protocol directed to the common peroneal nerve was 

also established, allowing to identify the changes and deficits related with the nerve injury and 

to evaluate the functional progression over time. Finally, a preliminary stereological study was 

carried out to establish control values for the healthy peroneal common nerves of this model 

and to identify preliminary differences between therapeutic methods. The ultimate goal is to 

demonstrate that sheep is a valid model of peripheral nerve injury to be used in pre-clinical and 

translational works and to evaluate the efficacy and safety of nerve injury therapeutic options 

before its clinical application in human and veterinary patients.  

Key Words: Peripheral Nerve Injury; Peripheral Nerve Regeneration; Peroneal Common 

Nerve; Animal Model; Sheep Model; Nerve Anatomy; Neurological Exam; Nerve Stereology. 

 

The Anatomical Terms used in this article follow the indications of the “Nomina Anatomia 

Veterinaria” (1) and “Nomina Histologica Veterinaria” (2). 

 

1. Introduction 

Peripheral nerve Injury (PNI) affects a large number of people every year, values that 

are likely to increase (3, 4). In addition to the functional and psychological consequences directly 

related to the injury, PNI is also associated with high socioeconomic impacts and costs 

worldwide (5). There are several causes of PNI, mostly associated with accidents, penetrating 

trauma, fire gun injuries, crushing and stretching after falls, lacerations after neighboring bone 

fractures, and injuries with iatrogenic origin (6).  

PNI classification is still done according to Seddon (7) and Sunderland (8), despite some 

modifications over time. In Seddon's original classification, the lesions are divided into three 

types: neuropraxia, axonotmesis and neurotmesis. Neuropraxia is the least severe lesion, with 

both motor and sensory alterations occurring, and usually originating from compression forces. 

There is no axonal loss, but only damage in the myelin sheath. Due to this demyelination, there 

is an interruption or impairment of nerve impulse conduction along the nerve segment, but 

recovery and remyelination usually occurs between days to weeks and the prognosis is good (9, 

10). Regarding axonotmesis, an axonal lesion occurs, but most connective tissue layers involving 

the nerve (endoneurium, perineurium, and epineurium) are wholly or partially intact, allowing 

nerve regeneration to occur. It usually arises secondarily to crush or stretch injuries (10, 11). 
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Neurotmesis is the most serious type of lesion, with injury of the axons, layers of connective 

tissue and myelin sheaths. Functional recovery is always suboptimal and surgical intervention is 

essential to ensure recovery and reinnervation. It usually originates from severe trauma, 

penetrating and destructive injuries, avulsion and traction injuries, and local injection of harmful 

substances (10, 12). Sunderland's score derives from the Seddon´s one and creates a five-level 

nerve injury scale. The first degree of injury corresponds to the neuropraxia lesion, with good 

prognosis. Grades 2-4 encompass the axonotmesis, differentiating the occurrence of 

endoneurium, perineurium, and epineurium lesion, respectively. Grade 5 corresponds to the 

neurotmesis lesion (8). A sixth and final degree of injury was introduced later, and refers to a 

mixed lesion, with different patterns and combinations of physical changes in axons and nerve 

conduction patterns. This last type of injury is considered the most common (13). 

The most serious PNI lesions, when complete transection occurs, require surgical 

intervention to reconnect the proximal and distal nerve tops through anastomosis, the use of 

natural or synthetic grafts or biomaterials and nerve guidance conduits (NGCs) (14). In some 

cases, axonotmesis lesions also benefit from wrapping with nerve conduits to accelerate nerve 

regeneration (11). However, the prognosis of surgical nerve repair to solve PNI remains 

suboptimal regardless of the site of injury or the chosen therapeutic technique (15).  

Poor quality of nerve regeneration is generally related to long distances between nerve 

tops and low rates of regeneration, leading to prolonged denervation periods. This factor 

negatively affects the ability of distal nerve structures to support regeneration and reinnervation 

of target organs (16).  

For peripheral nerve regeneration to occur, it is necessary that the axons in the proximal 

segment can cross the gap left between the nerve tops to reach the distal segment, thus allowing 

the distal segment to reinnervate the target organs. After injury, a Wallerian Degeneration 

phenomenon, with simultaneous myelin collapse, begins rapidly. At the same time Schwann 

cells undergo a set of morphological and functional changes that alter their phenotype and 

create a transient pro-regenerative environment. Often this environment is maintained for 

months, with progressive degradation, preventing correct axonal regeneration, making the 

organs and muscle targets unresponsive to reinnervation and resulting in suboptimal functional 

recovery (11, 17, 18). 

The main objective of the surgical approach is to overcome the limitations associated 

with nerve regeneration and create the conditions for its full occurrence (19). In cases where 

tension-free conditions are observed, direct anastomosis between the nerve tops is still the 

gold-standard technique (20). When this is not possible, other surgical techniques are applied: 

neurotisation (21), autologous nerve grafts or allografts (22) and enzymatically processed 

allografts (23). More recently, the use of NGCs to promote and maintain an optimal pro-

regenerative environment, in a technique called entubulation or tubulization, has been applied. 

NGCs can be either synthetic or natural, produced from different biomaterials, and further 

combined with various pro-regenerative therapies, as cell-based therapies, to maximize their 

potential (24, 25). Regardless of the technique used, current surgical approaches are still unable 

to overcome all limitations of nerve regeneration and the results associated with its use are 

often irregular and insufficient. 

The creation and development of new approaches to stimulate peripheral nerve 

regeneration, although necessary, require the use of reliable preclinical models that adequately 

mimic the challenges associated with clinical PNI (26). Traditionally, peripheral nerve 
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regeneration studies have been conducted in small animal models such as rodents, but the 

differences between species are several and limit the clinical translation of the obtained results. 

The injury dimensions considered as long gap nerve defects in small animals are much smaller, 

even proportionally, than the critical nerve gaps considered in humans (27). Moreover, the 

proportion of connective tissue in rodent nerves is different, and the extremely high 

neuroregenerative rate of these species makes it difficult to gauge the true effectiveness of the 

therapies instituted in promoting nerve repair (11, 28). 

Larger animal models are ideal for simulating the long-distance nerve defects and 

regenerative phenomena that are observed in human PNI. Since these models can more reliably 

replicate some characteristics of human nerves, such as their structural composition, 

dimensions, diameter and regenerative process, there are already several published studies 

based on the use of dogs (29, 30), cats (31), rabbits (32), non-human primates (33), pigs (26, 34), 

mini-pigs (35), guinea-pigs (36), and sheep models (37). 

The objective of the present study was to establish an alternative model of surgical 

injury in the sheep's peripheral nerve, namely the common peroneal nerve in the hind limb. We 

opted for a model in the hind limb due to its importance in the dynamics of sheep´s gait and 

environmental exploration, mimicking the functional consequences observed in humans when 

injuries occur in the lower limb. The choice of the common peroneal nerve intended to avoid 

the severe and limiting functional consequences of animal welfare associated with an injury to 

the sciatic nerve, however allowing to observe evident motor and sensory impairments and 

monitor its progression over time. For this purpose, the two most common experimental lesion 

paradigms were induced, and different therapeutic techniques were applied to obtain 

preliminary results that allow nerve regeneration studies to be carried out in the future. A 

neurological examination protocol adapted and directed to the common peroneal nerve was 

stablished and used to assess the animal’s functional recovery over the study period, and the 

injured and treated nerves were collected for stereological evaluation. These last two 

assessments had the sole objective of understanding whether the applied injury models allow 

the subsequent performance of a functional and histomorphometric assessment, obtaining 

preliminary results as control values for future studies and stablishing a neurological exam easily 

replicable. 

1.1.  Sheep as an animal model of Peripheral Nerve Injury 

The sheep is a large animal model with great relevance in studies of nerve regeneration 

prior to translation to humans (38). Not only does the sheep have body and peripheral nerve 

dimensions similar to humans, but the rate of nerve regeneration is identical between the two 

species (39, 40). In addition, sheep nerves are histomorphologically identical to those of humans, 

being polyfasciculated (41). In studies where the age of the animal model is an important factor, 

the sheep model is also advantageous since the age correspondence between this species and 

humans is well determined (42). Recently, the sheep's kinematic patterns have also started to 

be studied, creating new tools to be applied in this specie in PNI models (43). 

Additionally, sheeps are docile-tempered animals, easy to obtain and maintain, and their 

use raises fewer ethical questions than other species (44). Despite all the advantages, the 

number of studies performed with sheeps in the field of peripheral nerve regeneration is still 

limited. Most of the studies were performed at the median and facial nerves, with the hind limb 

nerves having little representation. In addition, most studies have focused on induction of 

neurotmesis lesions, and few studies have been done on axonotmesis (38, 45, 46). Finally, there 
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is not yet a widely accepted and easily reproducible sheep injury model to be used in an 

experimental environment. 

1.2.  Innervation of sheep hind limb   

Different nerves may have similar clinical presentations after injury, namely branching 

nerves. In these cases, the injury to the main nerve will manifest through a combination of the 

clinical signs related to the injury of each individual branch. Regardless of which nerve is injured 

during induction of PNI, it is important to have a thorough understanding of the anatomical and 

topographic distribution of hind limb nerves (Figure 1) to comprehend their functions and 

regions of innervation as well as the direct functional consequences associated with its injuries. 

 

Figure 1 - Anatomical and topographic distribution of sheep´s hind limb nerves. a) Muscles of 

the sheep´s hind limb – lateral view; b) Schematic representation of the topographic distribution 

of the main nerves in the sheep´s hind limb; c) Muscles and nerves of the sheep´s hind limb – 

deep exposure of the proximal region; d) Muscles and nerves of the sheep´s hind limb – deep 

exposure of the distal region; e) Muscles and nerves of the sheep´s hind limb – deep exposure. 

(1. M. vastus lateralis; 2. M. biceps femoris; 3. M. extensor digitalis lateralis; 4. M. peroneus 

longus; 5. Femoral n.; 6. Obturator n.; 7. Sciatic n.; 8. Tibial n.; 9. Common peroneal n.; 10. 

Superficial peroneal n.; 11. Deep peroneal n.). 
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The lumbosacral plexus (plexus lombosacralis) originates the nerves responsible for the 

hind limb innervation, excluding some proximal skin regions. The plexus consists essentially of 

the ventral branches of the last lumbar nerves and first sacral nerves (L4-S2) (47, 48) 

The obturator nerve (N. obturatorius) (L4-L6) crosses the ventral surface of the sacroiliac 

joint (Articulatio sacroiliaca), advances medially to the ilium (Os ilium) axis and passes through 

the obturator foramen (Canalis obturatorius) to reach the adductor muscles of the thigh (M. 

adductor magnus, M. adductor brevis, M. obturatorius externus, Pars intrapelvina m. obturatorii 

externi and M. pectineus) (47, 49). 

The femoral nerve (N. femoralis) originates from the cranial portion of the lumbosacral 

plexus (L4-L6) and advances through the psoas muscle (M. psoas major) until it reaches the 

space between the dorsocaudal flank region and the iliopsoas muscle (M. iliopsoas). Upon 

penetrating the thigh, the nerve acquires a protected position between the sartorius (M. 

sartorius) and pectineus muscles. The branching of the femoral nerve occurs at the quadriceps 

level, which originates the saphenous nerve (N. saphenus) that penetrates between the M. 

rectus femoris and M. vastus medialis to innervate the quadriceps mass, being also responsible 

for the innervation of the sartorius muscle and cutaneous innervation of the medial aspect of 

the hind limb , from mid-thigh to midmetatarsus (Metatarsus) (47, 50). 

The remaining branches of the lumbosacral plexus originate from the common 

lumbosacral trunk (Truncus lumbosacralis), which is essentially formed from the last lumbar 

nerves and the first two sacral nerves. This trunk leaves the pelvis through the greater sciatic 

foramen (Foramen ischiadicum majus) and originates three smaller nerves before continuing as 

sciatic nerve (N. ischiadicus). The cranial gluteal nerve [N. gluteus (glutaeus) cranialis], shorter, 

is responsible for the innervation of the M. tensor fasciae latae, middle [M. gluteus (glutaeus) 

medius] and deep gluteal [M. gluteus (glutaeus) profundus] muscles and, in some animals, the 

superficial gluteal muscles [M. gluteus (glutaeus) superficialis], with both hip (Os coxae) 

extension and flexion functions. The caudal gluteal nerve [N. gluteus (glutaeus) caudalis] 

innervates the gluteal muscle as well as the vertebral heads of the hamstring muscles with hip 

extension functions: M. semitendinosus, M. semimembranosus and M. biceps femoris. The 

caudal cutaneous femoral nerve (N. cutaneus femoris caudalis) guarantees cutaneous 

innervation of the caudal region of the thigh (47). 

The sciatic nerve (formed essentially by the ventral branches of L6 and S1, but also by 

smaller components of L5 and S2-S3) is the distal continuation of the lumbosacral trunk. The 

nerve leaves the pelvic cavity, advancing through the dorsal and caudal regions of the hip, 

passing between middle and deep gluteal muscles, innervating the caudal muscles of the thigh 

and being protected by the great trochanter (Trochanter major) of the femur (Os femoris). Next, 

the nerve runs between the biceps and semimembranosus muscles, a few centimeters caudally 

to the femur. In its proximal segment, the nerve may give rise to some small branches to the 

Pars intrapelvina m. obturatorii externi, Mm. gemelli and M. quadratus femoris. Before reaching 

the M. gastrocnemius, the nerve divides into the tibial (N. tibialis) and common peroneal nerves 

[N. fibularis (peron(a)eus) communis], which together ensure the innervation of all structures 

distal to the stifle, except for the medial region innervated by the saphenous nerve (47, 49-51). 

 The tibial nerve (ventral branches of L6 and S1, but also by smaller components of L5 

and S2) branches from the sciatic nerve at the proximal level of the gastrocnemius muscle and 

advances between the gastrocnemius heads, emitting the caudal sural nerve (N. cutaneus surae 

caudalis) for skin innervation of the hind limb caudal region and branches to the caudal muscles 
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of the hind limb, namely the soleus (M. soleus), gastrocnemius, popliteus (M. popliteus), and 

caudal crural muscles. The nerve then continues as a sensory trunk between the common 

calcanean tendon (tendinis calcanei communis) and the caudal crural muscles, dividing into the 

medial (N. plantaris medialis) and lateral plantar (N. plantaris lateralis) nerves. The plantar 

nerves innervate and guarantee the sensation of the plantar region of the foot (47, 49, 51). 

 The common peroneal (fibular) nerve (ventral branches of L6 and S1, but also by smaller 

components of L5 and S2) branches from the sciatic nerve after its emergence from the pelvic 

cavity, crossing the gastrocnemius medially to the biceps muscle and becoming superficial 

behind the lateral collateral ligament (Lig. collaterale laterale) of the stifle joint. Then the nerve 

becomes deep again, advancing between the peroneus longus [M. fibularis (peron(a)eus) 

longus] and lateral digital extensor (M. extensor digitorum [digitalis] lateralis) muscles before 

detaching the lateral sural nerve (N. cutaneus surae lateralis) (skin innervation of the hind limb 

lateral aspect) and dividing into the superficial and deep branches near the head of the fibula. 

The larger superficial peroneal nerve [N. fibularis (peron(a)eus) superficialis] crosses the long 

peroneal muscle in a deep position before advancing to the foot, innervating the skin of the 

dorsal region of the leg and foot. The deep peroneal nerve [N. fibularis (peron(a)eus) profundus], 

on the other hand, innervates the dorsolateral muscles of the leg, namely the extensor muscles 

of the digits and ensures sensory innervation of dorsal region of the foot (47, 49, 51). 

1.3.  Functional Consequences of Peripheral Nerve Injuries in the Sheep hind limb  

The obturator nerve is particularly vulnerable in areas in contact with the pelvic bones, 

and the most common cause of injury is compression during parturition or lacerations in 

fractures. Additionally, obturator injury may occur due to slipping and aggressive abduction of 

the hind limb. Interruption of nerve conduction rarely occurs, and animals can maintain their 

normal gait on rough surfaces even with nerves bilaterally affected. In more severe cases, once 

the animal loses the ability to adduct the limbs, it becomes ataxic, acquires a splay-legged 

position at rest with difficulty in correcting the posture and with a hopping, rabbit-like gait when 

running, making heavier animals easy to slide laterally on smooth surfaces (50, 52). If the animal 

falls, it will be unable to rise on its own, but animals that become recumbent after dystocia or 

prolonged calving usually have a combined lesion of the obturator and sciatic nerves (47, 49). 

Femoral nerve injury is occasionally observed in newborn animals that have been 

subjected to exaggerated traction of the hind limbs during delivery, leading to femur 

hyperextension and quadriceps and nerve stretching, with pressure-induced ischemia of the 

nerve (53). Lesions in adult animals are rare but may originate from stretching or tearing of the 

nerve in some downward positions. The affected limb will be unable to support the weight, since 

the injury causes lack of extensor tone and quadriceps paralysis, preventing fixation of the stifle 

joint. The limb will be flexed at the hip and held down (54), and during movement the animal 

will have difficulty advancing the limb, which collapses upon receiving the weight. The lateral or 

medial luxation of the patella occurs easily. Diagnosis is made by identifying loss of sensation in 

the corresponding innervation zones (55), marked muscle atrophy of the quadriceps, and by the 

crouched posture of the animal if the lesion is bilateral (47, 49, 50).  

Sciatic nerve injuries are often caused during delivery of animals that are too large or 

mispositioned, since the L6 component of the nerve is closely associated with the sharp ridge 

which constitutes the ventral edge of the sacrum's wing, and intrapelvic pressure causes its 

compression (56). In sheep it is also common due to intramuscular administrations or injection 

site abscesses and may also originate from compression by the large femoral trochanter in 
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lateral decubitus. Severe injury results in a suspended and loose limb, extension of the stifle and 

hock joints, flexion of the digital joints and the foot is knuckled. The patellar reflex will be normal 

or increased since the quadriceps contraction reflex coordinated by the femoral nerve will not 

be opposed by the muscles innervated by the sciatic nerve. The cutaneous sensation of the 

extremity is lost. Symptomatology is basically the combination of manifestations of lesions of 

the tibial and common peroneal nerves, but the fixation of the stifle joint through the 

quadriceps, if the femoral nerve is intact, can allow the support of some weight (47, 49, 50).  

Tibial nerve damage manifests through a hock overflexion and a fetlock overextension, 

the pastern displaying a vertical position. Since the digital extensor muscles are unaffected, 

hooves are positioned normally and the animal can walk, and can support its weight while at 

rest. Despite this, anomalous joint dynamics are observed during gait (47, 50). 

Paralysis of the common peroneal nerve usually originates from direct trauma to the 

lateral stifle region where the nerve is superficial and is exhibited through overextension of the 

hock and overflexion of the distal joints, in addition to severe sensory deficits and loss of skin 

sensation in the cranial-dorsal region of the metatarsus and digits. The limb will rest on the 

dorsal surface of the flexed digits unless properly positioned passively. Eventually the animal 

learns to compensate for this change by flicking the foot forward before placing the plantar 

surface in the ground (Figure 2) (47, 50, 55).  

 

 

 

 

 

 

 

 

Figure 2 - Schematic representation of a sheep with common peroneal nerve injury: 

overextension of the hock and overflexion of the distal joints, with the limb resting on the dorsal 

surface of the flexed digits.  

 

1.4.  Neurological exam directed to the hind limb   

Identifying the clinical manifestations associated with a hind limb PNI is essential to 

confirm the injury of the intended nerve and the recovery over time. Although it is advisable to 

perform a complete and integrated neurological examination to rule out lesions or changes 

outside the hind limb that may hind the interpretation of the observations, in the following 

description we focus only on the approach to the hind limb. The primary goal of neurological 

examination is to determine which nerve is affected, with an accurate description of clinical signs 

and using a methodological approach that ensures that all reflexes are evaluated. Repeating the 

neurological exam over time will allow to determine improvements. Hind limb neurological 
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examination should include an assessment of the animal's mental status and free movement 

capacity, posture, postural reactions, and nociceptive response (57). 

Determining the animal's mental status before initiating a hind limb approach is 

important to ensure that the sheep is alert, interacts with the environment, is aware of the 

examiner's presence, maintains its gregarious behavior (when housed with other animals) and 

is capable of free movement (regardless of deficits associated with nerve damage). Changes in 

this state of normality may hamper the animal's response in the following stages. The posture 

of the animal, when in stationary position, must be evaluated, namely, to determine the normal 

positioning of the limb in relation to the body axis and to the ground. Once the animal is 

determined to be able to walk safely, it must do it in a closed but wide area with forward and 

backward movements. Hind limb movements should be analyzed, and attention should be paid 

to foot positioning when the animal changes direction or gain speed, determining whether the 

gait is normal, symmetrical and consistent, whether the posture is normal or ataxia is observed, 

if the injured limb is affected, abducting and waning in changes of direction, and also whether 

the limb interferes or knuckle during gait (50, 57). 

Assessment of postural reactions is particularly useful for identifying asymmetries 

between the injured and healthy limbs. Proprioceptive positioning allows to teste the 

proprioceptive integrity, to be assessed by placing the animal's limb in an abnormal position, 

which should be corrected immediately. The test can be difficult to perform on nervous, 

aggressive and uncooperative animals, and since sheep do not easily tolerate their limbs being 

manipulated, results are not always easy to interpret. A good alternative is a dynamic positioning 

test, in which the animal's limb is placed on a mobile platform (plastic, piece of wood), the 

platform being moved slowly away from the animal, determining the time it takes to reset the 

member in its original position (58). Other postural reactions such as hopping tests, hemiwalking 

tests and visual and tactile placement tests are only easy to perform on young or small adult 

animals (57, 58).  

Spinal flexion and extension reflexes should be performed with the animal in a lateral 

recumbency, with the limb to be evaluated facing upwards. The patellar reflex evaluates the 

motor components and some sensory components of the femoral nerve and is performed by 

hitting the patellar tendon to observe a contraction of the quadriceps and the extension of the 

stifle. Should be evaluated with the semi-flexed limb, and the tendon tapping is performed with 

a pendular motion, with the limb stretching being proportional to the force applied to the 

tendon. The withdrawal reflex of the hind limb evaluates the sensory and motor component of 

the sciatic nerve and its ramifications, eliciting flexion at all joints of that limb. The reflex is 

stimulated by pinching the lateral digit, observing the flexion of the limb when there is integrity 

of the common peroneal nerve. The skin over the medial digit should also be pinched to ensure 

femoral nerve integrity and flexion of the hip. Pinching the plantar region of the foot will trigger 

the same reflex by stimulating the terminal branches of the tibial nerve. In a normal withdrawal 

reflex, the animal should move the limb away from the painful stimulus by showing awareness 

through vocalization or by looking at the tested limb. If the animal does not respond initially, an 

increase in stimulus intensity should be tested before considering the reflex to be absent (50, 

57, 58) 

Pain may be difficult to assess in sheep as they are tendentially stoic animals. Once there 

is no specific method for determining the presence of pain, signs should be observed during the 

remaining neurological examination, indicating the presence of pain perception. 
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2. Materials and Methods 

 

2.1.  Animals  

All procedures performed on animals were approved by the Organism Responsible for 

Animal Welfare (ORBEA) of the Abel Salazar Institute for Biomedical Sciences (ICBAS) from the 

University of Porto (UP) (project 209/2017) and by the Veterinary Authorities of Portugal (DGAV) 

(project DGAV: 2018-07-11014510). All animal testing procedures were performed in conformity 

with the Directive 2010/63/EU of the European Parliament and the Portuguese DL 113/2013, 

and followed the OECD Guidance Document on the Recognition, Assessment and Use of Clinical 

Signs as Humane Endpoints for Experimental Animals Used in Safety Evaluation (2000). 

Adequate measures were taken to minimize pain and discomfort, considering humane 

endpoints for animal suffering and distress. 

Ten sheeps (Ovis aries), merino breed, female gender, 5 to 6 years and 50-60 kg BW 

were used in this work. All animals were purchased from authorized national producers 

previously approved by the host institution. Upon arrival, the animals were evaluated, and a 

prophylactic protocol was instituted (corrective hoof trimming, internal deworming and 

vaccination against enterotoxaemia). Before being surgically intervened, and regularly 

throughout the work, the animals were subjected to a general physical examination as well as 

neurological evaluations. The animals were kept in groups to guarantee the maintenance of 

their gregarious behavior, were fed with hay and concentrate according to their nutritional 

needs and had permanent access to fresh water. When subjected to surgery, the animals were 

pre-anesthetized with xylazine (Rampun®, Bayer, 0.1 mg/Kg, IM) and Butorphanol (Dolorex®, 

Merck Animal Health USA, 0,05 mg/Kg, IM) and induced with Tiletamine and Zolazepam 

(Zoletil®, Virbac, 3 mg/Kg, IM). Surgical maintenance was guaranteed with Tiletamine and 

Zolazepam (1,5 mg/Kg, IV) and anesthetic recovery was achieved with atipamezole 

hydrochloride (Antisedan®, Zoetis, 0,025 mg/kg IM). After surgery, the animals were treated 

with anti-inflammatory drugs (Meloxicam – Meloxivet®, Duprat, 0,5 mg/Kg, IM, q72h), 

analgesics (Butorphanol, 0,05 mg/Kg, IM) and prophylactic antibiotherapy (Ampiciline – Albipen 

LA®, MSD Animal Health, 15 mg/Kg, q48h) during one week. After the corresponding study 

period, the animals were sedated with the same protocol applied pre-surgically, and then 

euthanized using an overdose of sodium pentobarbital (Eutasil®, Ceva Animal Health Solutions 

100 mg /Kg IV). 

2.2.  Surgery 

 

2.2.1.  Surgical preparation 

After pre-anesthetic induction, the animals were placed in a right lateral recumbency 

over the surgery table, followed by the preparation of the surgical field (trichotomy of the 

proximal region of the hind limb, cleaning and asepsis and placement of a surgical drapes). Then, 

the local block of the common peroneal nerve was performed, with administration of 

approximately 2-5 mL of Lidocaine (Anestesin®, Medinfar, 1,7 mg/Kg), in the lateral surface of 

the hind limb, in the region where the nerve runs obliquely, about 2,5 cm below the tibial 

condyle.  

2.2.2.  Surgical access 

Once the local nerve block was achieved, the nerve could be surgically accessed. Three 

different surgical approaches were initially considered: (1) exposure of the common peroneal 
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nerve through a lateral incision along the thigh (Figure 3); (2) exposure of the common peroneal 

nerve more distally, at the location where the nerve branches into the superficial and deep 

common peroneal nerves, between the peroneus longus and lateral digital extensor muscles; 

(3) caudal access, through the separation between the semitendinosus and semimembranosus 

muscles. 

Figure 3 - Sequence of steps for access and exposure of the common peroneal nerve: a) 

Trichotomy of the hind limb´s proximal region; b) Delimitation of the region to intervene with 

surgical drapes; c) Skin incision beginning at the level of the patella, advancing along the tibia, 

in plantar position, ending 2 cm distally to the crest of the tibia; d) Debridement of subcutaneous 

tissue with exposure of the cranial portion of the M. biceps femoris; e) Disinsertion of the M. 

biceps femoris for better exposure of the common peroneal nerve; f) Individualization of the 

common peroneal nerve.  

 

Due to the ease of implementation and the few associated risks, as well as due to the 

disadvantages associated with the technique 2 and 3, it was decided to only apply technique 1 

in the subsequent phases. In this technique, the incision should start at the level of the patella 

and advance along the tibia, in plantar position, ending 2 cm distally to the crest of the tibia. 

After the skin incision, it is possible to immediately observe the insertion of the biceps femoris 

muscle and the common peroneal nerve appearing under it. Subcutaneous debridement should 

be carried out in such a way as to individualize the common peroneal nerve from neighboring 
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tissues. The ventral-cranial disinsertion of the biceps femoris muscle allows greater exposure of 

the nerve, and the extension of the disinsertion must be adapted to the anatomical 

characteristics of each animal.  

 

2.2.3.  Nerve Injury and Therapeutic Options  

Once the common peroneal nerve was individualized, the animals were subjected to 

different types of nerve damage. Table 1 indicates the groups stablished, types of injuries 

induced, therapeutic approaches and study times considered. The analogue contralateral nerve 

was considered as healthy control.  

 

Table 1 - Established therapeutic groups. 

Injury  Treatment  Time Point (Weeks) Animals 

Neurotmesis End-to-end suture  12 2 

Neurotmesis Nerve guidance conduit 12 2 

Neurotmesis End-to-end suture  24 2 

Neurotmesis Nerve guidance conduit  24 2 

Axonotmesis Without treatment 12 2 

 

In the neurotmesis lesion, after immobilizing the nerve with tweezers, in a non-

traumatic way, a complete transection of the nerve was performed using a scalpel (Figure 4a). 

The transection must be performed with a sharp scalpel blade, and with a single movement, to 

allow a clean cut and to avoid irregular nervous tops. After inducing the neurotmesis lesion, two 

therapeutic approaches were considered: (1) End-to-end (EtE) tension-free suture, in which, 

after removing irregularities and portions of excessively damaged nervous tissue, the nerves 

were coaptized to maintain the original anatomical orientation and leaving a minimum gap 

between the nerve tops, being kept in this position through the application of individual 

epineural sutures that guarantee physiological alignment and avoid rotations. Microsutures 

were performed with 7/0 monofilament polyglycolic acid material (Safil®) (Figure 4b); (2) 

application of a NGC, 3 cm long and 3.0 mm in diameter (Reaxon® Nerve Guide, Medovent), in 

which the nerve tops were introduced 3 mm, leaving a gap of approximately 24 mm between 

them. To guarantee the fixation of the nerves aligned and in an anatomical position, the 

epineurium was sutured to the NGC with 7/0 monofilament polyglycolic acid material (Figure 

4c). For the axonotmesis lesion, a non-serrated clamp was used (Figure 5a). Initially, a technique 

similar to that used in a rat model by Varejão et al, 2004 (59) was applied. However, the absence 

of symptoms in the post-surgical period demonstrated the ineffectiveness of this clamp to 

induce a crush injury in the sheep. The clamp was then adapted, receiving a spring capable of 

inducing a force of 80N and an adapter to increase the crushing surface to 5mm in length. The 

sheep's common peroneal nerve has an initial diameter of approximately 3 mm, ending, after 

crushing, with a final diameter of approximately 4 mm. Thus, the final pressure, exerted for 1 

minute, was p = 4 MPa. After removing the clamp, the flattened region corresponding to the 

crushing area was observed (Figure 5b).  
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Figure 4 - Neurotmesis Injury: a) Induction of neurotmesis injury with a scalpel blade; b) Nerve 

with neurotmesis lesion and with EtE sutures; c) Nerve with neurotmesis lesion and with a NGC.  

 

Figure 5 – Axonotmesis Injury: a) Induction of an axonotmesis injury with a non-serrated clamp; 

b) Flattened region observable in the nerve after the crushing injury. 

 

After lesion induction and therapeutic applications, the subcutaneous and cutaneous 

layers of the surgical access were closed with simple interrupted sutures with non-absorbable 

4/0 material. To avoid abrasion lesions of the limb ends during gait, due to expected functional 

impairments, a padded bandaged was applied. For the neurotmesis lesion, recovery times of 12 

and 24 weeks were considered for each type of therapeutic approach. For axonotmesis injuries, 

12 weeks were considered.  
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2.3.  Neurological Evaluation 

After induction of PNI, the animals were subjected to a neurological examination 

adapted to the common Peroneal Nerve and involving an assessment of mental status, 

movements and posture, postural reactions, and spinal reflexes. The components considered 

during the neurological exam are described in Table 2. The animals were evaluated 

preoperatively to establish baseline values, one week after the surgical injury, and thereafter 

every two weeks until the end of the study period for each type of injury. The combination and 

sequence of tests and assessments considered in this adapted neurological exam was created 

by the authors. 

The assessment of the mental status involved determining the animal's ability to 

perceive its surrounding environment, the presence of the operator and also its alertness. The 

animal's posture was evaluated in a stationary position, both at the level of the digits and the 

hook, observed in lateral and posterior views. The free movements were assessed in a wide 

space, without obstacles, inducing the animal to perform movements in a straight line, with 

circular movements and with changes in speed and direction. During the movements, the agility 

of the animal and possible manifestations of pain were evaluated. Postural reactions were 

assessed on both the injured and healthy limbs for comparison. The proprioceptive assessment 

was performed using the static and dynamic proprioceptive positioning tests, in both cases 

quantifying the time, in seconds, that the animal took to reposition the limb to its physiological 

position. Finally, the evaluation of spinal reflexes was performed through the withdrawal reflex, 

with the animal in lateral recumbence, with the limb to be evaluated facing upwards, using a 

hoof forceps to stimulate the skin dorsal to the lateral digits and the digits themselves (Figure 

6). 

 

Figure 6 – Components of the neurological exam applied to sheep: a) Static repositioning; b) 

Dynamic repositioning; c) Withdrawal reflex. 

 

2.4.  Nerve Morphological and Stereological Analysis 

In each group, after the time periods considered, euthanasia was performed as 

described, and the injured nerves were collected. Contralateral healthy nerves were also 

collected as healthy controls. In both cases, the nerves were fixed and adequately prepared to 

be analyzed histomorphometrically by light microscopic examination. 

After transcutaneous access and careful nerve exposure, fixation was performed with a 

few drops of fixation solution consisting of 2.5% purified glutaraldehyde and 0.5% saccharose in 

0.1M Sorensen phosphate buffer at pH 7.4, kept at 4 ° C, stiffening the nerve and facilitating its 
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collection. Then the desired nerve segment was collected and dipped, properly oriented and 

stowed, in the same fixation solution for 5 minutes. Finally, the collected segments were kept 

immersed in the fixing solution for 6-8 hours, after which they were washed abundantly in a 

washing solution consisting of 1.5% saccharose in 0.1M Sorensen phosphate buffer at pH 7.4, 

being kept immersed in this solution until analysis. Histomorphometric analysis was performed 

according to a protocol previously used (60), and the parameters total number of fibers (N), fiber 

density (N/mm2), axon diameter (d, µ), fiber diameter (D, µ), myelin thickness (M, µ) and cross-

sectional area (mm2) were considered, in addition to the ratios d/D (g-ratio), M/d, D/d.  

Table 2 - Parameters considered during the neurological exam applied to sheep.  

Classification key:  

Animal - Animal identification; Mental Status – 1: Alert and responsive; 2: obtunded, 3: stuporous; 4 – semicomatose; 
5: Comatose and unresponsive; Posture Evaluation – 1: Digits and hock in physiological position, no postural changes; 
2: mild flexion of digits and/or extension of the hock; 3: Moderated flexion of digits and/or extension of the hock; 4: 
Pronounced flexion of digits and extension of the hock; 5: Severe flexion of digits and extension of the hock; 
Movements Evaluation – 1: Free and voluntary movements, absence of discomfort and/or pain; 2: Voluntary 
movements, manifestation of discomfort; 3: Voluntary movements, manifestation of discomfort and/or pain; 4: 
Conditioned voluntary movements, manifestation of discomfort and/or pain; 5: Absence of voluntary movements, 
manifestation of discomfort and/or pain; Postural Reactions (time for limb repositioning) – 1: <3s; 2: 3-5s; 3: 5-10s; 
4: 10-15s; 5: 15-20s; 6: >20s. Spinal Reflexes – 1: Reflex present; 2: Reflex present but delayed; 3: Absent reflex. 
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3.  Results 

 

3.1.  Animals  

The choice of the sheep as an animal model proved to be advantageous, with the animals 

showing a personality and behavior that facilitated its manipulation and interaction throughout 

the work, namely during the neurological examinations. The applied anesthetic protocols 

allowed a smooth surgical induction, maintenance and recovery without unexpected hurdles, 

with analgesia and antibiotics guaranteeing the animals' well-being in the post-surgical period 

and the absence of unexpected complications. 

3.2.  Surgery  

The local block performed on the common peroneal nerve allowed the surgical intervention 

to be carried out without any manifestation of pain perception by the animal. The technique of 

surgical access with exposure of the common peroneal nerve through a lateral incision along the 

thigh proved to be largely advantageous, with a quick, simple and wide access to the nerve that 

allowed an easy induction of surgical injuries and subsequent application of the therapeutical 

approaches.  

3.3.  Nerve Injury and Therapeutic Options  

As with lesion induction, the application of different therapeutic approaches was easily 

achieved. Both neurotmesis and axonotmesis injuries were easily induced, with enough space 

to manipulate the nerve and surgical material without causing excessive nerve stretching or 

injury to neighboring tissues. The dimensions of the nerve facilitated the performance of the 

crush injury and the application of sutures in the EtE treatments and in the use of NGCs, with 

the diameter of the nerve adapting perfectly to the internal dimensions of the applied NGC.   

3.4. Neurological evaluation 

Immediately after the animal's surgical recovery, all animals, regardless of the type of injury 

induced, showed clinical signs indicative of common peroneal nerve damage. The collection of 

data from the neurological examination over the study period allowed the confirmation of post-

injury neurological deficits, as well as progressive clinical improvements over time.  

3.4.1. Mental Status 

All animals showed no changes in mental status over the study period, and no behavioral 

deviations were identified that could compromise the results obtained during neurological 

examinations, neither in the perisurgical period nor in the subsequent phases. 

3.4.2. Posture 

After the induced injuries, all animals showed severe postural changes, that is, 

overextension of the hock and overflexion of the distal joints, with the limb resting on the dorsal 

surface of the flexed digits with both the animal standing and moving (Figure 7). Some animals 

showed compensatory behavior, flicking the foot forward to place the plantar surface in the 

ground. No clinical improvements were observed until week 4 for all the therapeutic groups. In 

the fourth week the axonotmesis group began to show postural improvements. In the following 

weeks, the remaining groups began to show postural improvements with continuous 

progression until the end of the respective study periods. After 12 weeks, the axonotmesis group 
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showed complete postural recovery. At 24 weeks the group that received NGCs showed better 

results than the animals where EtE sutures were applied (Table 3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7 – Posture of a sheep with a 1 week common peroneal nerve injury: overextension of 

the hock and overflexion of the distal joints, with the limb resting on the dorsal surface of the 

flexed digits. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 22 December 2020                   doi:10.20944/preprints202012.0567.v1

https://doi.org/10.20944/preprints202012.0567.v1


 

 

 

Table 3 - Results of posture evaluation performed on all animals over the study periods established for each type of 
injury. Results are presented as mean or as mean and standard deviation (SD). n corresponds to the number of nerves 
considered within each experimental group. UC: Uninjured Control. 1: Digits and hock in physiological position, no 
postural changes; 2: mild flexion of digits and/or extension of the hock; 3: Moderated flexion of digits and/or 
extension of the hock; 4: Pronounced flexion of digits and extension of the hock; 5: Severe flexion of digits and 
extension of the hock; 

 

 

 

3.4.3. Free Movements  

All animals maintained their normal ability to perform free and voluntary movements over 

the study time, and without manifestation of discomfort and/or pain even with postural changes 

associated with surgical intervention. 

 

3.4.4. Proprioceptive assessment: Static repositioning 

In the first week after the injury, all animals subjected to neurotmesis showed absence of 

proprioception, with an inability to restore the limb to its physiological position after the forced 

placement of the dorsal surface of the digits against the ground (or taking more than 20s to 

reposition). Animals with axonotmesis lesions showed better times of proprioceptive 

repositioning in the first week, performing repositioning in less than 5-10 seconds. In animals 

Posture 
Evaluation 

  Time 

T0 T1 T2 T4 T6 T8 T10 T12 T14 T16 T18 T20 T22 T24 

Group 1: UC  
(n= 10) 

Mean 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 

SD 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

Group 2: 
Neurotmesis + 
End to End, 12W  
(n = 2) 

Mean 1,00 5,00 5,00 5,00 5,00 5,00 5,00 5,00       

Group 3: 
Neurotmesis + 
Nerve Guidance 
Conduit, 12W  
(n = 2) 

Mean 1,00 5,00 5,00 5,00 4,00 4,00 4,00 3,00       

Group 4: 
Neurotmesis +  
End to End, 24W 
(n = 2) 

Mean 1,00 5,00 5,00 5,00 5,00 5,00 5,00 4,00 4,00 4,00 4,00 4,00 4,00 3,00 

Group 5: 
Neurotmesis + 
Nerve Guidance 
Conduit, 24W  
(n = 2) 

Mean 1,00 5,00 5,00 5,00 5,00 4,00 4,00 4,00 3,00 3,00 3,00 2,00 2,00 2,00 

Group 6: 
Axonotmesis, 
12W  
(n = 2) 

Mean 1,00 5,00 5,00 4,00 3,00 3,00 1,50 1,00       
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with neurotmesis, the groups treated with EtE sutures began to show improvements in 

proprioception in the second week after surgery and the groups that received NGCs only after 

the eighth week. At the end of the study period, the animals in the axonotmesis group presented 

proprioceptive repositioning times of 3-5 seconds. At 24 weeks, both animals in the EtE group 

and those that received NGCs showed proprioceptive repositioning times of 5-10 seconds. 

Despite this, none of the groups reached proprioceptive repositioning values below the 3 

seconds observed in the non-injured limbs (Table 4).  

 

Table 4 - Results of proprioceptive assessment using the static repositioning test, performed on all animals over the 
study periods established for each type of injury. Results are presented as mean or as mean and standard deviation 
(SD). n corresponds to the number of nerves considered within each experimental group. UC: Uninjured Control. 1: 
<3s; 2: 3-5s; 3: 5-10s; 4: 10-15s; 5: 15-20s; 6: >20s 

 

 

 

 

 

 

 

 

 

Static  
Repositioning  

  Time 

T0 T1 T2 T4 T6 T8 T10 T12 T14 T16 T18 T20 T22 T24 

Group 1: UC  
(n= 10) 

Mean 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 

SD 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

Group 2: 
Neurotmesis + 
End to End, 12W  
(n = 2) 

Mean 1,00 6,00 5,50 5,00 4,00 4,00 4,00 4,00       

Group 3: 
Neurotmesis + 
Nerve Guidance 
Conduit, 12W  
(n = 2) 

Mean 1,00 6,00 6,00 6,00 6,00 5,00 4,00 4,00       

Group 4: 
Neurotmesis +  
End to End, 24W 
(n = 2) 

Mean 1,00 6,00 5,00 5,00 5,00 5,00 5,00 4,00 4,00 4,00 3,50 3,00 3,00 3,00 

Group 5: 
Neurotmesis + 
Nerve Guidance 
Conduit, 24W  
(n = 2) 

Mean 1,00 6,00 6,00 6,00 6,00 5,00 5,00 5,00 5,00 4,50 4,00 3,00 3,00 3,00 

Group 6: 
Axonotmesis, 
12W  
(n = 2) 

Mean 1,00 2,50 2,50 3,50 2,50 2,50 2,00 2,00       
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3.4.5. Proprioceptive assessment: Dynamic repositioning  

Like in the static repositioning, in the first week after the injury, all animals subjected to 

neurotmesis showed absence of proprioception, with an inability to restore the limb to its 

physiological position after it was placed on a moving platform and laterally moved away from 

the body axis, with a slow and continuous movement (or taking more than 20s to reposition). 

Animals with axonotmesis lesions showed better times of proprioceptive repositioning in the 

first week, with animals performing repositioning in less than 5-10 seconds. In animals with 

neurotmesis, the groups treated with EtE sutures showed improvements in proprioception in 

the sixth week and the groups that received NGCs only after the eighth week. At 12 weeks, the 

animals subject to axonotmesis showed times of proprioceptive repositioning of 3-5 seconds, as 

the group treated with NGCs at the end of 24 weeks. At the same timepoint, animals treated 

with EtE suture took 5-10 seconds to perform the proprioceptive repositioning.  Despite this, 

none of the groups reached proprioceptive repositioning values below the 3 seconds observed 

in the non-injured limbs (Table 5).  

 

Table 5 - Results of proprioceptive assessment using the dynamic repositioning test, performed on all animals over 
the study periods established for each type of injury. Results are presented as mean or as mean and standard 
deviation (SD). n corresponds to the number of nerves considered within each experimental group. UC: Uninjured 
Control. 1: <3 s; 2: 3-5s; 3: 5-10s; 4: 10-15s; 5: 15-20s; 6: >20s. 

 

 

 

 

Dynamic 
Repositioning  

  Time 

T0 T1 T2 T4 T6 T8 T10 T12 T14 T16 T18 T20 T22 T24 

Group 1: UC  
(n= 10) 

Mean 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 

SD 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

Group 2: 
Neurotmesis + 
End to End, 12W  
(n = 2) 

Mean 1,00 6,00 6,00 6,00 5,00 5,00 4,00 3,50       

Group 3: 
Neurotmesis + 
Nerve Guidance 
Conduit, 12W  
(n = 2) 

Mean 1,00 6,00 6,00 6,00 6,00 5,00 5,00 5,00       

Group 4: 
Neurotmesis +  
End to End, 24W 
(n = 2) 

Mean 1,00 6,00 6,00 6,00 5,00 5,00 4,00 4,00 3,50 3,00 3,00 2,50 2,00 3,00 

Group 5: 
Neurotmesis + 
Nerve Guidance 
Conduit, 24W  
(n = 2) 

Mean 1,00 6,00 6,00 6,00 6,00 5,00 5,00 5,00 5,00 5,00 5,00 4,00 4,00 2,00 

Group 6: 
Axonotmesis, 
12W  
(n = 2) 

Mean 1,00 3,00 3,50 3,00 3,00 2,00 2,00 2,00       
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3.4.6. Withdrawal reflex 

In the first week after surgical injuries, all therapeutic groups showed absence of withdrawal 

reflex when pinched in the lateral digits (skin and hooves). In the groups that received a crush 

injury, the return of the reflex was observed after the fourth week. On the other hand, in groups 

with neurotmesis, the reflex reappeared from the sixth week on animals that received EtE 

sutures and from the eighth week on animals that received NGCs. At the end of the study period, 

animals from axonotmesis group and neurotmesis group treated with NGCs showed a standard 

reflex with the tested limb being moved away from the painful stimulus and the animal 

manifesting awareness of the received stimulus (Table 6).  

 

Table 6 - Results of the withdrawal reflex assessment, performed on all animals over the study periods established 
for each type of injury. Results are presented as mean or as mean and standard deviation (SD). n corresponds to the 
number of nerves considered within each experimental group. UC: Uninjured Control. 1: Absent reflex; 2: Reflex 
present but delayed; 3: Reflex present. 

 

 

 

3.5.  Nerve Morphological and Stereological Analysis 

At the time of collection, differences in the presentation of the nerves were observed. In 

neurotmesis, the animals in the groups that received NGCs showed nerves involved by a 

significant amount of fibrous tissue and adhered to the neighboring tissues, making it difficult 

to individualize and to harvest (Figure 8a). The nerves of animals submitted to EtE showed lower 

levels of fibrous adhesions and the harvesting was easier (Figure 8b), as well as in the nerves of 

Withdrawal Reflex   Time 

T0 T1 T2 T4 T6 T8 T10 T12 T14 T16 T18 T20 T22 T24 

Group 1: UC  
(n= 10) 

Mean 
1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 

SD 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

Group 2: 
Neurotmesis + 
End to End, 12W  
(n = 2) 
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3,00 

 
 

2,00 

 
 

2,00 

 
 

2,00 

 
 

2,00 

 
  

     

Group 3: 
Neurotmesis + 
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(n = 2) 
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3,00 

 
 

3,00 

 
 

3,00 
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2,50 
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Group 4: 
Neurotmesis +  
End to End, 24W 
(n = 2) 
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2,00 
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Group 5: 
Neurotmesis + 
Nerve Guidance 
Conduit, 24W  
(n = 2) 

Mean 

 
 

3,00 

 
 

3,00 

 
 

3,00 

 
 

3,00 

 
 

3,00 

 
 

2,00 

 
 

2,00 

 
 

2,00 

 
 

2,00 

 
 

1,50 

 
 

1,00 

 
 

1,00 

 
 

1,00 

 
 

1,00 

Group 6: 
Axonotmesis, 
12W  
(n = 2) 

Mean 

 
1,00 

 
3,00 

 
3,00 

 
2,50 

 
2,00 

 
2,00 

 
2,00 

 
1,00 
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animals subjected to axonotmesis. All efforts were made to atraumatically isolate the nerves 

and the injury site, maintaining their integrity. 

 

 

 

 

 

 

 

 

 

Figure 8 - Macroscopic aspect of the nerves during collection. The black arrows show the 

presence of fibrous tissue around the nerve. a) Nerve that received NGC; b) Nerve that received 

EtE. 

 

The stereological results obtained after analysis of healthy nerves can be consulted in Table 

7.  

 

Table 7 - Stereological quantitative assessment. The different parameters considered were evaluated on sheep´s 
healthy common peroneal nerves. Results are presented as mean and SD (n = number of animals per group). 

 

 

Since healthy nerves presented fibers with big differences in size, it is important to present 

also the frequency distribution of fiber diameter (Figure 9), which can help to appreciate 

changes during regeneration in the amount of small and big fibers in future works. Regarding 

the distribution of the fiber diameter in the healthy nerve, it was possible to perceive that there 

was a wide distribution, and although more than 70% of the fibers have a diameter of less than 

11 µm, larger myelinated fibers were also observed. 
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Healthy 
nerves 
(n= 5)  

Mean 11969 21154 4,51 7,73 1,61 0,36 1,72 0,60 1,87  

SD 3193 3937 0,83 1,60 0,41 0,07 0,14 0,04 0,53  
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Figure 9 - Histogram showing the distribution of the diameters of the healthy peroneal common 

nerve fibers.  

 

The images of toluidine blue stained sections representative of all the groups considered 

can be seen in Figure 10 and 11. Images representing healthy nerves (figure 10a and 11a) 

confirm data about the wide distribution of fibers size, presented in Figure 8.   
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Figure 10 – Light micrographs of Toluidine blue-stained common peroneal semi-thin sections for 

the different groups at 12 weeks. a) Healthy nerve; b) Axonotmesis; c) Neurotmesis + EtE; d) 

Neurotmesis + NGC. Scale bars: first column = 100 μm; second and third columns = 40 μm; fourth 

column = 20 μm. 
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Figure 11 – Light micrographs of Toluidine blue-stained common peroneal semi-thin sections for 

the different groups at 24 weeks. a) Healthy nerve; b) Neurotmesis + EtE; c) Neurotmesis + NGC. 

Scale bars: first column = 100 μm; second and third columns = 40 μm; fourth column = 20 μm.   

 

Both healthy (Figure 10a and Figure 11a) and regenerating (Figure 10b-d and Figure 11b and 

Figure 11c) nerves showed, at low magnification (first column of Figure 10 and Figure 11) many 

fascicles. All nerves subject to injury and/or therapeutic intervention showed regenerating fibers 

already at 12 weeks after surgery, surprisingly also in the neurotmesis group repaired with the 

conduit (Figure 10d) where the regeneration seems to be better than in the neurotmesis + EtE 

group (figure 10c). At 24 weeks, EtE (Figure 11b) and NGC (Figure 11c) groups present a more 

complete regeneration than after 12 weeks. EtE group showed a higher density of fibers with a 

thicker myelin than the NGC group. In comparison to the healthy nerves, the regenerating 

nerves of all groups (12 and 24 weeks) showed microfasciculation inside each fascicle, 

characteristic that corroborates the occurrence of a regenerative process. Moreover, 

regenerating myelinated fibers are visibly, smaller and with a thinner myelin sheath than in 

healthy nerves. The evaluation of nerves subjected to axonotmesis revealed the presence of 

healthy fascicles with no evidence of injury, even if in the presence of a small amount of 

degenerated and regenerated ones, indicating that the attempted crush injury was not complete 

(Data not shown).      

4. Discussion 

In this study, we described a model for injury of sheep common peroneal nerve that allows 

to mimic different scenarios of relevant nerve injuries in humans. Furthermore, a neurological 

exam protocol to monitor the animals' functional recovery throughout the study periods was 

also adopted. For this, the animals were subjected to the most common experimental lesion 

paradigms, axonotmesis and neurotmesis, with the transected nerves receiving different types 
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of therapeutic options, namely EtE sutures and NGCs, considering different study times. To test 

the feasibility of the established neurological exam, the animals were regularly monitored 

throughout the study periods to determine variations and functional improvements in the 

different parameters considered. At the end of the study period, the animals were euthanized 

and the intervened and healthy contralateral nerves were collected for morphological and 

stereological studies that allowed not only to establish the standard values for healthy sheep 

nerves (useful as controls in future studies) but also to identify preliminary histomorphological 

differences between study groups. The established model allows to open doors for future works 

comparing the therapeutic efficacy of different medical and surgical options associated with the 

most common injury paradigms, but it can also be adapted for other neurosurgical procedures 

such as the use of nerve transfers for reinnervation of injured nerves in other body segments, 

electrical stimulation to promote nerve regeneration and even the use of different biomaterials 

and cell-based therapies. 

Most studies on nerve regeneration are based on the use of small animal models to replicate 

complex nerve injury scenarios (61). However, these models do not perfectly mimic the 

biological complexity and regenerative processes observed in humans and other mammals, and 

the translationality of the results is limited. Only the large models are able to replicate the effects 

of injuries and the regeneration of larger nerve defects, which are those that continue to create 

real challenges in nerve regeneration and functional restoration in humans (62). Although the 

choice of larger models is essential, the selection of the species requires some considerations. 

The selected species must be cost-effective, easy to manipulate, have a behavior easy to 

evaluate and with tissues that can be easily analyzed. Unlike other explored models, sheep have 

all the characteristics mentioned and their nerves are remarkably identical to those of humans, 

both in dimensions and in constitution (63). Moreover, the well-known physiology of sheep has 

increased the popularity of the use of this species as a pre-clinical model for several medical 

fields such as spinal cord injury (64), traumatic brain injury (65, 66), wound healing (67), bone 

regeneration (68, 69), chondral diseases (70) and vascular disorders (71). In fact, the objective 

of establishing the model presented in this work was to allow the replication of critical defects 

that are highly challenging from the point of view of repair and regeneration, simulating 

situations of severe PNI in humans. The choice of sheep as a large model proved to be 

advantageous. The selected breed allowed to acquire cheap animals, easy to maintain and feed, 

relatively calm, easy to train and with predictable behaviors. Additionally, their dimensions also 

facilitated the performance of the neurological exam, namely in the observation of posture and 

free movements and its restraint during the proprioceptive and spinal reflexes assessments. 

Finally, the tendentiously developed musculature of the sheep hind limbs and the dimensions 

of the nerves, identical to those in humans, allowed the surgical access, nerve isolation, lesion 

induction and therapeutic interventions to be carried out effectively and with minimal trauma, 

allowing to stablish the surgical access as the ideal to be used in future works. In the second 

technique initially considered, with the exposure of the common peroneal nerve more distally 

at the location where the nerve branches, the peroneus longus and lateral digital extensor 

muscles should be identified, and the incision made between them. Subcutaneous debridement 

should be carried out in such a way as to separate the two muscles and to individualize the 

common peroneal nerve from neighboring tissues. In this case, while also allowing quick access, 

muscle development and the location close to the nerve branching site would create some 

difficulty in separating the peroneus longus and lateral digital extensor muscles for exposure 

and isolation of the nerve, as well as for the application of NGCs, leading to greater trauma, 

hemorrhage, and tissue reaction, which would result in difficulties to collect the nerve and to 
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perform further stereological and histomorphological analysis. Additionally, considering the 

decrease in the diameter of the nerve in more distal positions, the internal diameter of the NGC 

used would be too large to allow a correct accommodation and suture of the nerve inside it and 

would make it difficult to accommodate the NGC between the muscles. The third initially 

considered surgical technique was also promptly disregarded due to the technical difficulties 

associated with its performance, even considering that this technique has already been used in 

other works (72): not only would the caudal access require great mobilization and trauma for 

the separation of the semitendinosus and semimembranosus muscles, but the exposure of the 

nerve would be minimal, hampering the performance of the nerve damage through the surgical 

window between the musculature. 

The common peroneal nerve is the most commonly injured in humans lower limb when the 

peroneal division of the sciatic nerve is involved (73). These injuries can have several origins, 

from penetrating and blunt trauma, chronic and acute compressions, diabetes, anesthesia, 

peripheral neuropathy and even idiopathic causes (74). All of this justifies the choice of the 

corresponding nerve in the sheep model as the one to be studied and intervened. Although the 

anatomy and topographic distribution of this nerve in the sheep is not as complex as in humans, 

the lesions of the common peroneal nerve translate into identical symptoms in both species, 

humans showing plantarflexion and inversion of the foot with inability to dorsiflex the ankle (75) 

and the sheep expressing overextension of the hock and overflexion of the distal joints (57). This 

symptomatic presentation is specific, easily identifiable and allows to confirm the correct 

induction of the lesion in the animal after surgery. Common peroneal nerve injuries have the 

advantage of not leading to such serious and disabling consequences as a sciatic nerve injury, 

allowing residual innervation of the hind limb and muscle groups that tolerates weight support 

even in the presence of functional and postural deficits. Additionally, an injury that affects the 

hind limb in quadriceps animals has no impact on the animal's chest and head weight support, 

mitigating the traumatic effects for the animal, allowing it to express its normal feeding and 

exploration behavior and reducing the need for special requirements such as weight-bearing 

material. Deficits due to nerve damage are those that can be used to determine recovery over 

time, even if these measurements are time and resources consuming in the ovine model. 

Functional changes vary with time and compensatory mechanisms: while deficits are obvious 

during the acute phase of recovery, over time they become less evident even if they are still 

present. This fact, which can originate in a redundancy in the innervation or in mechanisms 

adopted by the animal to compensate for the injury (as for example flicking the foot forward 

before placing the plantar surface in the ground), can hinder the correct evaluation of the 

temporal recovery.  

The model presented in this study creates a platform to evaluate the therapeutic effects in 

the repair of nerve injuries with different degrees of severity (crushing and transection) over 12 

and 24 weeks in a large model. The establishment of this model is important not only to mimic 

severe clinical situations in humans, but also in veterinary species such as the dog (76) or horse 

(77), where peripheral nerve injuries with different etiologies are relatively common. 

Observation of the characteristic symptoms of the common peroneal nerve injury after surgery 

shows that the nerve damage causes changes in both the motor and sensory branches of the 

nerve, which is expected due to it mixed nature (78). This creates the need for indirect 

measurements tools to assess the severity of nerve damage and the progression of functional 

recovery during regeneration, namely through a neurological examination oriented to the hind 

limb and which includes evaluating the different components affected by the induced injury. 

The neurological exam protocol presented here results from the adaptation of general 
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neurological examination protocols used in ruminants (50, 57, 58), which are generally an 

exercise of observation and are not as developed and established as those applied in companion 

animals and horses.  Although it is time-consuming, the performance of this examination in the 

sheep allows to assess changes in posture, movement capacity, postural reactions and spinal 

reflexes resulting from nerve damage, as well as their progression over time. Due to the easy 

handling of these animals, two operators are sufficient to allow the performance of the tests 

that require restraint. Considering the small number of animals used in this work and the 

impossibility of determining statistical differences, neurological exams were not intended to 

determine the comparative effectiveness of therapeutic options in different types of lesions, but 

only to define whether the tests applied allowed to identify differences in functional recovery 

over time and to trace general results associated with regeneration to serve as a basis for future 

works.  

The preliminary results allowed to observe that the different surgical interventions did not 

translate into changes in the animals' mental status nor did interfere with the animal's ability to 

move even with functional deficits. In animals subjected to neurotmesis, those that received 

NGCs showed earlier improvements in posture evaluation with the group that received EtE 

sutures expressing proprioceptive improvements and spinal reflexes earlier. However, at 24 

weeks, the NGC group tends to have better final performances. The signs of functional recovery 

at earlier timepoints in the animals that received EtE may be related to the surgical technique 

itself, since the juxtaposition between the two nerve tops facilitates axonal reconnection and 

allows the nerve regeneration process to begin more quickly. However, perfect axon-to-axon or 

endoneurium-to-endoneurium alignment is always difficult to achieve, and the subsequent 

occurrence of aberrant motor/sensory connections in the regenerating nerve and even 

misdirection is common. Thus, in later timepoints, this group is functionally surpassed by the 

animals that received NGCs, what is in line with the various recent studies that indicate all the 

advantages of using nerve conduits compared to traditional surgical techniques (79), with the 

conduct to guarantee a pro-regenerative environment over time and a better general 

therapeutic performance (80). Similarly, the results showed that a period of 12 weeks is 

insufficient to determine the real effectiveness of therapies instituted to promote nerve 

regeneration after neurotmesis in this model, and a period of 24 weeks should be used in further 

studies. This result is in accordance with the rate of peripheral nerve regeneration in larger 

animals, which is slower than that observed in rodents in which shorter study periods are 

considered (81). 

In animals subjected to axonotmesis, there were also no changes in mental status and ability 

to move and walk, and the symptoms observed in the first week after injury seemed to 

demonstrate that the force applied by the clamp could have been sufficient to generate 

symptomatology compatible with crush injury, although the histomorphometric evaluation 

revealed absence of injury afterwards. According to Dahlin et al (82), the degree of nerve 

damage in an axonotmesis injury is determined by two factors: applied pressure and crushing 

duration (83). Initially, an axonotmesis protocol identical to that used in the rat model (59) was 

tested, in which the injury was induced by applying 54N for 30 seconds creating a 3-mm-long 

crush injury. Although after crushing the corresponding flattening of the nerve was 

observed and right after the surgery the animals showed compatible functional deficits, in the 

first neurological evaluation, a week later, the intervened animals did not present any 

identifiable deficit, which indicates that the induced injury was only a neuropraxia. The non-

serrated clamp was then adapted to allow a force of 80N, and a 5-mm-long, with the force being 

applied for 1 minute. In this case, and even if the derived pressure applied was not particularly 
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high, longer crush times were used to compensate and trigger an effective injury, what initially 

appeared to have happened through the observation of the functional deficits. As expected, the 

functional recovery of all evaluated parameters started earlier in axonotmesis injuries 

comparing to neurotmesis injuries, and after 12 weeks of study, functional recovery was 

observed in almost all parameters. 

Differences were detected that compromised the material collection. Compared to smaller 

models such as rodents, in the sheep model surgical intervention is always bloodier, and the 

degree of injury to neighboring tissues not only caused higher levels of bleeding during the 

surgical intervention, but also triggered higher levels of tissue adhesion and fibrosis, making it 

difficult to collect and correctly individualize the nerve after euthanasia. The fact that the 

common peroneal nerve has a superficial and more exposed location also increases the 

movements of the skin and surrounding tissues during gait, creating a more aggressive 

environment and conducive to the formation of tissue adhesions. Although fibrosis levels were 

present in all cases, they were particularly obvious in neurotmesis, more evident after the 

application of NGCs than after EtE sutures. The creation of a physical barrier between the pro-

regenerative environment within the NGC and the aggressive neighboring environment is one 

of the advantages of using NGCs (84), and in this case it may justify the better performance of 

this therapeutic method compared to EtE, since in spite of the large amount of tissue 

surrounding the conduit, the regeneration within it took place effectively. In the case of 

axonotmesis induction, although some degree of fibrosis was also observed, it was evidently 

lower. 

Stereology is a method of direct measurement which allows to quantify the characteristics 

of regenerated nerve fibers (namely their number and dimensions) and also the thickness of the 

myelin sheath surrounding the nerve by applying methods of quantitative and morphometric 

analysis in the histological sections under study. This quantitative analysis makes it possible to 

identify phenomena of inflammatory reactions, fibrosis, perineural adhesions, development of 

neuromas, quantify cells in certain regions of the nerve, determine the proportion between 

regenerated and injured tissue and, when using biomaterials, they also allow to determine the 

presence of foreign body reactions, granulomas and the level of material degradation (11, 85). 

However, for the stereological evaluation to be carried out, it is necessary that the nerves are 

collected following specific protocols and maintaining their structural integrity. In this work, the 

common peroneal nerves were collected after the established study periods, both for the 

intervened nerves and for healthy contralateral nerves. Once again, the objective of this 

evaluation was to determine the stereological characteristics of the healthy nerves to establish 

control values to be used in future works, in addition to identifying general histomorphological 

characteristics of the nerves intervened and that received therapeutic options to be evaluated 

as preliminary and guiding results.  

The observation of some degenerated/regenerated fascicles in conjunction with healthy 

fascicles on the nerves subjected to axonotmesis indicates that the induced crush injury was not 

effective from the structural point of view, even if it has been translated into compatible 

symptoms in vivo. Of course, this incomplete injury also justifies the good functional 

performance observed in this group in the neurological evaluations performed, with complete 

functional recovery observed in almost all parameters considered after 12 weeks. In future 

works it will be necessary to establish a clamp with a standardized pressure higher than that 

used in this work, to determine the ideal conditions for inducing an effective axonotmesis lesion 

in the sheep model. Additionally, these results reinforce the idea that evaluation of the 
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regenerative process should always be done in different dimensions, considering not only the 

signs of histomorphometric regeneration but also the biomechanical and functional recovery, 

whose results are not always completely corroborative. In the nerves subjected to neurotmesis, 

there are clear morphological differences between the group that received EtE sutures and 

NGCs. Comparing the results observed at 12 weeks, it is possible to perceive in both cases axons 

of smaller diameter compared to the healthy nerve, a situation expected in a short timepoint 

after injury induction and still under degenerative phenomena (86). This is more surprisingly in 

the neurotmesis+NGC group where regenerating fibers crossed the empty conduit and reached 

the distal nerve in just 12 weeks, since normally the regeneration takes more time than after EtE 

suture due to the absence of the extracellular matrix support inside the conduit. These results 

indicate that good nerve regeneration occurred over the long gap within the NGC, and 

apparently more effective than that observed by applying the EtE suture, which appears at 12 

weeks at an early stage of the regenerative process.  24 weeks after surgery both groups present 

a more complete regeneration than after 12 weeks, also if they continue to present 

morphological differences between them. EtE group seems to show a higher density of fibers 

with a thicker myelin than the NGC group. Additionally, these findings also corroborate the 

preliminary results observed in both groups in the neurological evaluations performed, and it 

allows to establish definitively the 24 weeks as the minimum time necessary to evaluate the 

therapeutic performance after neurotmesis in the sheep model. 

Despite the validation of the established surgical method and the findings identified in the 

functional and stereological evaluation, some doubts remain. Since there was a wide 

distribution of diameters in the fibers of the healthy nerve, with the presence of small and very 

large myelinated fibers, it would be important to carry out an immunohistochemical evaluation 

to distinguish the motor and sensory fibers that constitute this mixed nerve, to fully understand 

the consequences associated with its injury and also the relationship between the regenerative 

pattern stereologically observed and the functional recovery. In addition, it is also important in 

future works to add other methods of assessing functional recovery, such as methods of 

kinematic and electrophysiological conductivity assessment in the injured nerve, allowing to 

trace a complete profile of the regenerative behavior of the common peroneal nerve after injury 

and treatment. 

5. Conclusion and Further Directions  

This article describes an easily applicable and straightforward pre-clinical injury protocol for 

the common peroneal nerve in the sheep model, including the surgical approach for the 

induction of crush injuries and neurotmesis, as well as the methodology for applying therapeutic 

tactics. A detailed description of the anatomy and functionality of the sheep’s hind limb nerves 

was included, allowing a complete understand on the variations associated to the lesions of the 

selected nerve in apposition to other neighboring peripheral nerves. In addition, a neurological 

exam protocol to monitor the functional evolution over the regeneration period was stablished, 

followed by a neurological evaluation in the different animals intervened to confirm the 

effectiveness of the selected exam in identifying functional variations over time. Finally, a 

stereological and histomorphological evaluation of the intervened and healthy nerves to register 

control values for the sheep model and identify preliminary morphological differences between 

the therapeutic options was performed. It was also possible to define a lateral incision along the 

thigh as the ideal way to access and induce lesions in the common peroneal nerve, besides 

stablishes the study times of 12 weeks for axonotmesis injuries and 24 weeks for neurotmesis 

injuries as those necessary for this specie and type of studies extended in time. Although the 
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data is insufficient to draw deeper conclusions, the preliminary results observed demonstrate 

better regenerative capacities in the therapeutic option of applying NGC in comparison to the 

application of EtE sutures. In the case of axonotmesis injuries, despite post-injury observation 

of symptomatology compatible with peroneal nerve lesion, an incomplete injury observed 

morphologically demonstrated the need to use higher pressure/crushing times to guarantee an 

effective crush injury in future essays. This model may be useful in upcoming works to evaluate 

therapeutic options and repair strategies and its real effectiveness in promoting nerve 

regeneration after PNI. Finally, the article aims to encourage other researchers to use sheep as 

a relevant pre-clinical model of PNI and the protocol created can now be used in the 

development of new strategies relevant to clinical treatment in human and veterinary medicine. 

 

Abbreviations: 

PNI - Peripheral Nerve Injury; 

NGC - Nerve Guidance Conduits; 

EtE - End-to-end. 

 

Data Availability 

The data that support the findings of this study are available 

from the corresponding author on request. 

 

Acknowledgements 

This research was supported by Projects PEst-OE/AGR/UI0211/2011  from FCT, and 

COMPETE 2020, from ANI – Projetos ID&T Empresas em Copromoção, by the project 

“insitu.Biomas – Reinvent biomanufacturing systems by using an usability approach for in situ 

clinic temporary implants fabrication” with the reference POCI-01-0247-FEDER-017771, by the 

project “Print-on-Organs – Engineering bioinks and processes for direct printing on organs” with 

the reference POCI-01-0247-FEDER-033877, and by the project “Bone2Move - Development of 

“in vivo” experimental techniques and modelling methodologies for the evaluation of 4D 

scaffolds for bone defect in sheep model: an integrative research approach” with the reference 

POCI-01-0145-FEDER-031146. Mariana Vieira Branquinho (SFRH/BD/146172/2019), Ana 

Catarina Sousa (SFRH/BD/146689/2019), and Rui Damásio Alvites (SFRH/BD/116118/2016), 

acknowledge FCT, for financial support. The Reaxon® NGCs used in this work were kindly 

provided by Medovent GmbH (Mainz, Germany). The authors would like to thank the company 

"milon industria metalomecânica e de moldes lda" for modifying the crushing clamp used in this 

study. 

Author Contributions:  

All authors had made substantial contributions to the work, with well-established 

division of tasks. All authors reviewed the final work and approved its submission. All authors 

agreed to be personally accountable for the author's own contributions and for ensuring that 

questions related to the accuracy or integrity of any part of the work, even ones in which the 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 22 December 2020                   doi:10.20944/preprints202012.0567.v1

https://doi.org/10.20944/preprints202012.0567.v1


author was not personally involved, are appropriately investigated, resolved, and documented 

in the literature.  

Conflicts of Interest 

The authors declare that there are no conflicts of interest 

regarding the publication of this article. Medovent had no participation in the design, 

preparation and conduct of the work or in the data analysis, writing of results and publication 

of this study. None of the authors has any professional or financial relationship with Medovent. 

None of the authors accepted any compensation, funding, fees or salary from Medovent. 

 

References: 

1. NAV NAV. The International Committee on Veterinary Gross Anatomical Nomenclature. 
Published by the Editorial Committee Hannover (Germany), Columbia, MO (USA), Ghent 
(Belgium), Sapporo (Japan), 6th edition (Revised version). 2017. 
2. Veterinaria NH. Interna-tional committee on veterinary Histological Nomenclature 
(ICVHN). General assemble of the world association of veterinary anatomists. 2018. 
3. Zhang P-x, Yin X-f, Kou Y-h, Xue F, Han N, Jiang B-g. Neural regeneration after peripheral 
nerve injury repair is a system remodelling process of interaction between nerves and terminal 
effector. Neural Regen Res. 2015;10:52. 
4. Rebowe R, Rogers A, Yang X, Kundu S, Smith TL, Li Z. Nerve repair with nerve conduits: 
problems, solutions, and future directions. Journal of hand and microsurgery. 2018;10(02):61-5. 
5. Lopez-Cebral R, Silva-Correia J, Reis R, Silva T, Oliveira J. Peripheral nerve injury: current 
challenges, conventional treatment approaches, and new trends in biomaterials-based 
regenerative strategies. ACS Biomaterials Science & Engineering. 2017;3(12):3098-122. 
6. Kouyoumdjian JA, Graça CR, Ferreira VF. Peripheral nerve injuries: A retrospective 
survey of 1124 cases. Neurology India. 2017;65(3):551. 
7. Seddon H. A classification of nerve injuries. British medical journal. 1942;2(4260):237. 
8. Sunderland SS. The anatomy and physiology of nerve injury. Muscle & Nerve: Official 
Journal of the American Association of Electrodiagnostic Medicine. 1990;13(9):771-84. 
9. Bernsen H, Koetsveld A, Frenken C. Neuropraxia of the cervical spinal cord following 
cervical spinal cord trauma: a report of five patients. Acta neurologica belgica. 2000;100(2):91-
5. 
10. Kamble N, Shukla D, Bhat D. Peripheral Nerve Injuries: Electrophysiology for the 
Neurosurgeon. Neurology India. 2019;67(6):1419. 
11. Alvites R, Rita Caseiro A, Santos Pedrosa S, Vieira Branquinho M, Ronchi G, Geuna S, et 
al. Peripheral nerve injury and axonotmesis: State of the art and recent advances. Cogent 
Medicine. 2018;5(1):1466404. 
12. Menorca R, Fussell TS, Elfar JC. Nerve physiology: mechanisms of injury and recovery. 
Hand clinics. 2013;29(3):317-30. 
13. Mackinnon SE. Surgery of the peripheral nerve. Carpal tunnel syndrome. 1988:146-69. 
14. Pfister BJ, Gordon T, Loverde JR, Kochar AS, Mackinnon SE, Cullen DK. Biomedical 
engineering strategies for peripheral nerve repair: surgical applications, state of the art, and 
future challenges. Critical Reviews™ in Biomedical Engineering. 2011;39(2). 
15. Miclescu A, Straatmann A, Gkatziani P, Butler S, Karlsten R, Gordh T. Chronic neuropathic 
pain after traumatic peripheral nerve injuries in the upper extremity: prevalence, demographic 
and surgical determinants, impact on health and on pain medication. Scandinavian Journal of 
Pain. 2019;20(1):95-108. 
16. Gordon T, Tyreman N, Raji MA. The basis for diminished functional recovery after 
delayed peripheral nerve repair. Journal of Neuroscience. 2011;31(14):5325-34. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 22 December 2020                   doi:10.20944/preprints202012.0567.v1

https://doi.org/10.20944/preprints202012.0567.v1


17. Ding C, Hammarlund M. Mechanisms of injury-induced axon degeneration. Current 
opinion in neurobiology. 2019;57:171-8. 
18. Conforti L, Gilley J, Coleman MP. Wallerian degeneration: an emerging axon death 
pathway linking injury and disease. Nature Reviews Neuroscience. 2014;15(6):394. 
19. Midha R, Grochmal J. Surgery for nerve injury: current and future perspectives: JNSPG 
75th Anniversary Invited Review Article. Journal of neurosurgery. 2019;130(3):675-85. 
20. Lykissas MG. Current concepts in end-to-side neurorrhaphy. World journal of 
orthopedics. 2011;2(11):102. 
21. Askar I, Sabuncuoglu BT, Yormuk E, Saray A. The fate of neurotization techniques on 
reinnervation after denervation of the gastrocnemius muscle: an experimental study. Journal of 
reconstructive microsurgery. 2001;17(05):347-56. 
22. Kornfeld T, Vogt PM, Radtke C. Nerve grafting for peripheral nerve injuries with 
extended defect sizes. Wiener Medizinische Wochenschrift. 2019;169(9-10):240-51. 
23. Safa B, Buncke G. Autograft substitutes: conduits and processed nerve allografts. Hand 
clinics. 2016;32(2):127-40. 
24. Du J, Jia X. Engineering nerve guidance conduits with three-dimenisonal bioprinting 
technology for long gap peripheral nerve regeneration. Neural Regeneration Research. 
2019;14(12):2073. 
25. De Carvalho CR, Oliveira JM, Reis RL. Modern trends for peripheral nerve repair and 
regeneration: Beyond the hollow nerve guidance conduit. Frontiers in Bioengineering and 
Biotechnology. 2019;7:337. 
26. Burrell JC, Browne KD, Dutton JL, Das S, Brown DP, Laimo FA, et al. A Porcine Model of 
Peripheral Nerve Injury Enabling Ultra-Long Regenerative Distances: Surgical Approach, 
Recovery Kinetics, and Clinical Relevance. bioRxiv. 2019:610147. 
27. Kaplan HM, Mishra P, Kohn J. The overwhelming use of rat models in nerve regeneration 
research may compromise designs of nerve guidance conduits for humans. Journal of Materials 
Science: Materials in Medicine. 2015;26(8):226. 
28. Gutmann E, Guttmann L, Medawar P, Young J. The rate of regeneration of nerve. Journal 
of Experimental Biology. 1942;19(1):14-44. 
29. Matsumoto K, Ohnishi K, Kiyotani T, Sekine T, Ueda H, Nakamura T, et al. Peripheral 
nerve regeneration across an 80-mm gap bridged by a polyglycolic acid (PGA)–collagen tube 
filled with laminin-coated collagen fibers: a histological and electrophysiological evaluation of 
regenerated nerves. Brain research. 2000;868(2):315-28. 
30. Xue C, Hu N, Gu Y, Yang Y, Liu Y, Liu J, et al. Joint use of a chitosan/PLGA scaffold and 
MSCs to bridge an extra large gap in dog sciatic nerve. Neurorehabilitation and neural repair. 
2012;26(1):96-106. 
31. Sufan W, Suzuki Y, Tanihara M, Ohnishi K, Suzuki K, Endo K, et al. Sciatic nerve 
regeneration through alginate with tubulation or nontubulation repair in cat. Journal of 
neurotrauma. 2001;18(3):329-38. 
32. Gao H, You Y, Zhang G, Zhao F, Sha Z, Shen Y. The use of fiber-reinforced scaffolds 
cocultured with Schwann cells and vascular endothelial cells to repair rabbit sciatic nerve defect 
with vascularization. BioMed research international. 2013;2013. 
33. Brenner MJ, Jensen JN, Lowe III JB, Myckatyn TM, Fox IK, Hunter DA, et al. Anti-CD40 
ligand antibody permits regeneration through peripheral nerve allografts in a nonhuman 
primate model. Plastic and reconstructive surgery. 2004;114(7):1802-14. 
34. Jensen JN, Brenner MJ, Tung TH, Hunter DA, Mackinnon SE. Effect of FK506 on peripheral 
nerve regeneration through long grafts in inbred swine. Annals of plastic surgery. 
2005;54(4):420-7. 
35. Uranüs S, Bretthauer G, Nagele-Moser D, Saliba S, Tomasch G, Rafolt D, et al. New 
synthetic prosthesis for peripheral nerve injuries: An experimental pilot study. Surgical 
innovation. 2013;20(2):171-5. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 22 December 2020                   doi:10.20944/preprints202012.0567.v1

https://doi.org/10.20944/preprints202012.0567.v1


36. Rao P, Kotwal PP, Farooque M, Dinda A. Muscle autografts in nerve gaps. Pattern of 
regeneration and myelination in various lengths of graft: an experimental study in guinea pigs. 
Journal of orthopaedic science. 2001;6(6):527-34. 
37. Forden J, Xu Q-G, Khu KJ, Midha R. A long peripheral nerve autograft model in the sheep 
forelimb. Neurosurgery. 2011;68(5):1354-62. 
38. Diogo CC, Camassa JA, Pereira JE, Costa LMd, Filipe V, Couto PA, et al. The use of sheep 
as a model for studying peripheral nerve regeneration following nerve injury: review of the 
literature. Neurological research. 2017;39(10):926-39. 
39. Jeans L, Gilchrist T, Healy D. Peripheral nerve repair by means of a flexible biodegradable 
glass fibre wrap: a comparison with microsurgical epineurial repair. Journal of Plastic, 
Reconstructive & Aesthetic Surgery. 2007;60(12):1302-8. 
40. Lawson G, Glasby M. A comparison of immediate and delayed nerve repair using 
autologous freeze-thawed muscle grafts in a large animal model: the simple injury. Journal of 
Hand Surgery. 1995;20(5):663-700. 
41. Strasberg SR, Mackinnon SE, Genden EM, Bain JR, Purcell CM, Hunter DA, et al. Long-
segment nerve allograft regeneration in the sheep model: experimental study and review of the 
literature. Journal of reconstructive microsurgery. 1996;12(08):529-37. 
42. Fullarton A, Lenihan D, Myles L, Glasby M. Obstetric brachial plexus palsy: A large animal 
model for traction injury and its repair: Part 1: Age of the recipient. The Journal of Hand Surgery: 
British & European Volume. 2000;25(1):52-7. 
43. Costa D, Diogo CC, Costa LMd, Pereira JE, Filipe V, Couto PA, et al. Kinematic patterns 
for hindlimb obstacle avoidance during sheep locomotion. Neurological research. 
2018;40(11):963-71. 
44. Fullarton A, Myles L, Lenihan D, Hems T, Glasb M. Obstetric brachial plexus palsy: a 
comparison of the degree of recovery after repair of a C6 ventral root avulsion in newborn and 
adult sheep. British journal of plastic surgery. 2001;54(8):697-704. 
45. Meuli-Simmen C, Meuli M, Yingling CD, Eiman T, Timmel GB, Buncke HJ, et al. 
Midgestational sciatic nerve transection in fetal sheep results in absent nerve regeneration and 
neurogenic muscle atrophy. Plastic and reconstructive surgery. 1997;99(2):486-92. 
46. Fullarton A, Lenihan D, Myles L, Glasby M. Assessment of the method and timing of 
repair of a brachial plexus traction injury in an animal model for obstetric brachial plexus palsy. 
Journal of Hand Surgery. 2002;27(1):13-9. 
47. Baljit S. Dyce, Sack, and Wensing's textbook of veterinary anatomy. Dyce, Sack, and 
Wensing's textbook of veterinary anatomy. 2017(Ed. 5). 
48. Ghoshal N, Getty R. The lumbosacral plexus (plexus lumbosacralis) of the sheep (Ovis 
aries). New Zealand veterinary journal. 1971;19(5):85-90. 
49. Hartnack AK. Spinal cord and peripheral nerve abnormalities of the ruminant. Veterinary 
Clinics: Food Animal Practice. 2017;33(1):101-10. 
50. Constable PD. Clinical examination of the ruminant nervous system. The Veterinary 
clinics of North America Food animal practice. 2004;20(2):185-214, v. 
51. Vasconcelos BG, Santos MCD, dos SANTOS AC, Viana DC, de Oliveira Honorato AdG, 
Pereira CCH, et al. Origin and distribution of the ischiatic nerve in mixed-breed sheep. Brazilian 
Journal of Veterinary Research and Animal Science. 2014;51(2):102-10. 
52. Cox V, Breazile J. Experimental bovine obturator paralysis. Veterinary record. 1973. 
53. Tryphonas L, Hamilton G, Rhodes C. Perinatal femoral nerve degeneration and 
neurogenic atrophy of quadriceps femoris muscle in calves. Journal of the American Veterinary 
Medical Association. 1974;164(8):801. 
54. Paulsen DB. Femoral nerve paralysis in cattle. 1978. 
55. Kirk E, Kitchell R, Johnson R. Neurophysiologic maps of cutaneous innervation of the hind 
limb of sheep. American journal of veterinary research. 1987;48(10):1485-91. 
56. Cox V, Breazile J, Hoover T. Surgical and anatomic study of calving paralysis. American 
journal of veterinary research. 1975;36(4 Pt. 1):427-30. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 22 December 2020                   doi:10.20944/preprints202012.0567.v1

https://doi.org/10.20944/preprints202012.0567.v1


57. Fecteau G, Parent J, George LW. Neurologic Examination of the Ruminant. The 
Veterinary clinics of North America Food animal practice. 2017;33(1):1-8. 
58. Crilly JP, Rzechorzek N, Scott P. Diagnosing limb paresis and paralysis in sheep. In 
practice. 2015;37(10):490-507. 
59. Varejão AS, Cabrita AM, Meek MF, Bulas-Cruz J, Melo-Pinto P, Raimondo S, et al. 
Functional and morphological assessment of a standardized rat sciatic nerve crush injury with a 
non-serrated clamp. Journal of neurotrauma. 2004;21(11):1652-70. 
60. Pinho A, Branquinho MEV, Alvites R, Fonseca AC, Caseiro A, Pedrosa SS, et al. Dextran-
based tube-guides for the regeneration of the rat sciatic nerve after neurotmesis injury. 
Biomaterials Science. 2020. 
61. Vela FJ, Martínez-Chacón G, Ballestín A, Campos JL, Sánchez-Margallo FM, Abellán 
EJNRR. Animal models used to study direct peripheral nerve repair: a systematic review. 
2020;15(3):491. 
62. Meyer C, Stenberg L, Gonzalez-Perez F, Wrobel S, Ronchi G, Udina E, et al. Chitosan-film 
enhanced chitosan nerve guides for long-distance regeneration of peripheral nerves. 
2016;76:33-51. 
63. Ozturk C, Uygur S, Lukaszuk M. Sheep as a large animal model for nerve regeneration 
studies.  Plastic and Reconstructive Surgery: Springer; 2015. p. 507-11. 
64. Wilson S, Abode-Iyamah KO, Miller JW, Reddy CG, Safayi S, Fredericks DC, et al. An ovine 
model of spinal cord injury. 2017;40(3):346-60. 
65. Sorby-Adams AJ, Vink R, Turner RJJAJoP-R, Integrative, Physiology C. Large animal 
models of stroke and traumatic brain injury as translational tools. 2018;315(2):R165-R90. 
66. Vink RJJonr. Large animal models of traumatic brain injury. 2018;96(4):527-35. 
67. Martinello T, Gomiero C, Perazzi A, Iacopetti I, Gemignani F, DeBenedictis G, et al. 
Allogeneic mesenchymal stem cells improve the wound healing process of sheep skin. 
2018;14(1):202. 
68. Atayde L, Cortez P, Pereira T, Armada-da-Silva P, Afonso A, Lopes M, et al. A new sheep 
model with automatized analysis of biomaterial-induced bone tissue regeneration. 
2014;25(8):1885-901. 
69. Ferguson JC, Tangl S, Barnewitz D, Genzel A, Heimel P, Hruschka V, et al. A large animal 
model for standardized testing of bone regeneration strategies. 2018;14(1):1-10. 
70. Music E, Futrega K, Doran MRJO, cartilage. Sheep as a model for evaluating 
mesenchymal stem/stromal cell (MSC)-based chondral defect repair. 2018;26(6):730-40. 
71. Alexandre N, Amorim I, Caseiro AR, Pereira T, Alvites R, Rêma A, et al. Long term 
performance evaluation of small-diameter vascular grafts based on polyvinyl alcohol hydrogel 
and dextran and MSCs-based therapies using the ovine pre-clinical animal model. 
2017;523(2):515-30. 
72. Roballo KC, Burns D, Ghnenis AB, Osimanjiang W, Bushman JS. Long term neural 
regeneration following injury to the peroneal branch of the sciatic nerve in sheep. European 
Journal of Neuroscience. 2020. 
73. Lezak B, Massel DH, Varacallo M. Peroneal (Fibular) Nerve Injury.  StatPearls [Internet]: 
StatPearls Publishing; 2019. 
74. Derr JJ, Micklesen PJ, Robinson LRJAjopm, rehabilitation. Predicting recovery after 
fibular nerve injury: which electrodiagnostic features are most useful? 2009;88(7):547-53. 
75. Baima J, Krivickas LJCrimm. Evaluation and treatment of peroneal neuropathy. 
2008;1(2):147-53. 
76. Morgan MJ, Vite CH, Radhakrishnan A, Hess RSJTCVJ. Clinical peripheral neuropathy 
associated with diabetes mellitus in 3 dogs. 2008;49(6):583. 
77. Draper AC, Piercy RJJJovim. Pathological classification of equine recurrent laryngeal 
neuropathy. 2018;32(4):1397-409. 
78. Marciniak CJPM, Clinics R. Fibular (peroneal) neuropathy: electrodiagnostic features and 
clinical correlates. 2013;24(1):121-37. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 22 December 2020                   doi:10.20944/preprints202012.0567.v1

https://doi.org/10.20944/preprints202012.0567.v1


79. Pabari A, Lloyd-Hughes H, Seifalian AM, Mosahebi A. Nerve conduits for peripheral nerve 
surgery. Plastic and reconstructive surgery. 2014;133(6):1420-30. 
80. Liu D, Mi D, Zhang T, Zhang Y, Yan J, Wang Y, et al. Tubulation repair mitigates 
misdirection of regenerating motor axons across a sciatic nerve gap in rats. Scientific reports. 
2018;8(1):1-9. 
81. Ronchi G, Morano M, Fregnan F, Pugliese P, Crosio A, Tos P, et al. The median nerve 
injury model in pre-clinical research–a critical review on benefits and limitations. 2019;13. 
82. Dahlin L, Danielsen N, Ehira T, Lundborg G, Rydevik B. Mechanical effects of compression 
of peripheral nerves. 1986. 
83. Wong Y-R, Pang X, Lim ZY, Du H, Tay S-C, McGrouther DAJH. Biomechanical evaluation 
of peripheral nerves after crush injuries. 2019;5(4):e01557. 
84. Alvites RD, Branquinho MV, Caseiro AR, Pedrosa SS, Luís AL, Geuna S, et al. Biomaterials 
and Cellular Systems at the Forefront of Peripheral Nerve Regeneration.  Peripheral Nerves-
Injuries, Disorders and Treatment: IntechOpen; 2020. 
85. Raimondo S, Fornaro M, Di Scipio F, Ronchi G, Giacobini‐Robecchi MG, Geuna SJIron. 
Methods and protocols in peripheral nerve regeneration experimental research: part II—
morphological techniques. 2009;87:81-103. 

 

 

 

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 22 December 2020                   doi:10.20944/preprints202012.0567.v1

https://doi.org/10.20944/preprints202012.0567.v1

