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Abstract: Despite advances in microsurgery, full functional recovery of severe peripheral nerve
injuries is not commonly attained. The sheep appears as a good preclinical model since it presents
nerves with similar characteristics to humans. In this study, we induced 5 or 7 cm resection in
the peroneal nerve and repaired with an autograft. Functional evaluation was performed monthly.
Electromyographic and ultrasound tests were performed at 6.5 and 9 months postoperation (mpo).
No significant differences were found between groups with respect to functional tests, although
slow improvements were seen from 5 mpo. Electrophysiological tests showed compound muscle
action potentials (CMAP) of small amplitude at 6.5 mpo that increased at 9 mpo, although they were
significantly lower than the contralateral side. Ultrasound tests showed significantly reduced size of
tibialis anterior (TA) muscle at 6.5 mpo and partially recovered size at 9 mpo. Histological evaluation
of the grafts showed good axonal regeneration in all except one sheep from autograft 7 cm (AG7)
group, while distal to the graft there was a higher number of axons than in control nerves. The results
indicate that sheep nerve repair is a useful model for investigating long-gap peripheral nerve injuries.

Keywords: large animal model; long gap; nerve injury; nerve regeneration; sheep

1. Introduction

Peripheral nerve injuries result in partial or total loss of motor, sensory, and au-
tonomic functions of the affected nerve territory [1]. When the axon is transected, the
segment distal to the lesion disconnects from the neuronal body and undergoes Wallerian
degeneration [1–4] to create a permissive environment for regeneration. In parallel, the ax-
otomized neuron switches to a pro-regenerative state, with phenotypic changes to support
axon re-growth [5]. Despite adult peripheral neurons having this intrinsic regenerative
capability and being able to reinnervate their target organs eventually, functional outcome
is not always complete [1,6,7], leading to chronic functional impairments and decreased
patient quality of life.

The severity of the nerve injury is one of the main factors that determines the degree of
recovery. Therefore, mild injuries, such as compression or crush, in which only the axons are
transected but all the connective layers, including the endoneurial tubules, are preserved,
usually recover normal function. In contrast, when both axons and connective tissue are
transected, functional outcomes are worse. After a complete nerve transection, surgical
repair is mandatory to suture the proximal and distal nerve stumps together and, thus,
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facilitate that axons can cross the gap and grow along the distal stump. When direct suture
of the two stumps is not possible because the separation is too large, a bridge is required
to guarantee continuity between the two nerve stumps. Currently, the gold standard for
this type of lesion is the interposition of a segment of another nerve from the same patient,
called an autologous graft [6,8]. However, long nerve defects cannot always be repaired
with an autograft due to the limited availability of nerve sources for the repair of extensive
or multiple nerve injuries. In addition, autograft harvesting can lead to neuroma formation
and permanent loss of sensation in the territory of the donor nerve [9].

Thus, regeneration of long nerve defects remains a challenge in the clinic, and further
research is needed to find alternatives to autograft repair. Tube repair, the implantation of a
tube or conduit from natural or synthetic biomaterials to bridge a nerve gap, emerged as a
potential alternative to the autograft repair of transected peripheral nerves [10]. However,
depending on the size of the injured nerve and the species, the regeneration across nerve
conduits is limited by the length of the gap. Experimental studies showed that regenerating
axons can bridge empty tubes made of silicone or synthetic materials along a gap of up to 4
mm in the mouse [11], up to 10 mm in the rat [10], and 30 mm in primates [12,13], but fail in
most cases with longer gaps. Therefore, the most relevant clinical need for alternative repair
methods in human patients are lesions resulting in gaps between 3–30 cm in length [14].

The rat sciatic nerve transection and repair model is the most widely used rodent
model in peripheral nerve regeneration [15–19]. Nerve anatomy of rodents has been well
studied, but regeneration is faster than in humans and, obviously, only short nerve gaps
can be studied [17,20,21]. In addition, the recovery of limb function may be better because
of the short regeneration distances between the injured nerve and the target organs in
rodents [22]. It is fundamental to provide good experimental models with the aim to
explore and design new and innovative therapies with translational potential.

Large animal models allow for longer gaps and longer regeneration distances that
mimic the clinical conditions often found in human nerves. The development of new
clinical approaches in peripheral nerve regeneration includes preclinical animal testing
in animal models that reproduce the regeneration process that occurs in human nerve
injuries [17]. There is no standard large animal model for nerve repair studies [9]. The large
animals used for peripheral nerve injury and regeneration studies include primates, dogs,
cats, pigs, and sheep [17,23–25]. The sheep has gained interest as one of the most relevant
animal models for preclinical studies [25–28]. Compared to other large animals, sheep have
advantages because of their availability, simplicity of care and housing, cost, and social
acceptance [20,29,30]. They have generated interest for the study of long nerve gap repair
because their peripheral nerves resemble human nerves in terms of their length, diameter,
and function [9,20,31]. Protocols for nerve surgery and the clinical evaluation of deficits
and histological processing have been recently proposed [25].

The aim of this study is to standardize a model of peripheral nerve injury in sheep
and adequate methods for evaluation during a long follow-up period that will be useful
for the investigation of new therapeutic alternatives to the autograft for the repair of
severe, long-gap nerve injuries. We include the surgical approach, functional monitoring,
electrophysiological and ultrasound tests, and histological analyses, for a comprehensive
and detailed quantification of nerve regeneration and reinnervation.

2. Results
2.1. Clinical Observations

The surgical approach allowed the dissection of the peroneal nerve over a long distance,
its resection, and its repair by interposing the same nerve segment with either a 5 or a 7 cm
autograft, AG5 and AG7, respectively. All the sheep recovered well from the surgery and
survived to the end of the study. In addition, no significant clinical signs were observed
during the experimental study. After the surgery, animals were able to stand and walk and
showed good mobility. As a result of the peroneal nerve injury, two animals from AG7
group had a marked foot drop posture and developed pressure ulcers. A molded plastic
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splint was placed at 1 month postoperation (mpo), and the skin ulcers were treated with
chlorexhydine and Blastoestimulin cream and covered with a Vetrap bandage. After one
month, one of the sheep recovered and the splint was removed. In contrast, the other sheep
continued with the foot drop posture until the end of the study.

2.2. Functional Evaluation

After the surgery, all sheep showed deficit in locomotion score based on the occurrence
of foot drop during fast walking. In the resting orthostatic position, all the sheep, except the
two animals of AG7 group indicated above, were able to maintain the plantar support of the
right hindlimb. In all the sheep, we observed evidence of foot drop during fast walking, as
they failed to maintain the plantar support in some steps (scored as −1 or −2) (Figure 1A).
The proprioceptive response was not significantly reduced after the surgery and did not
change during the follow-up (Figure 1B). The muscle mass of the right reinnervated tibialis
anterior (TA) muscle showed a clear reduction one month after the surgery in comparison to
the contralateral muscle. A significant improvement (p < 0.01) was detected in AG5 group
at the end of the follow-up with respect to values at 30 days (Figure 1C). The withdrawal
reflex response to pinching the skin of the dorsum of the foot was abolished at the first
test after the surgery and recovered slowly during the follow-up to close to normal levels,
early in proximal (p < 0.0001) (Figure 1D) and middle (p < 0.05) (Figure 1E) sites, likely
due to collateral reinnervation. In contrast, the reflex in the distal site showed a return of
response compatible with peroneal reinnervation, reaching full recovery in all the sheep of
AG5 group at the end of the study (p < 0.001 vs. values at 30 days), and in all except one in
the AG7 group (p < 0.05 vs. values at 30 days) (Figure 1F).
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Figure 1. Plots of the monthly functional tests during the follow-up (9 months) in the AG5 and AG7 
groups. Results are expressed as mean ± SEM. (A): Locomotion, scored based on the occurrence of 
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Figure 1. Plots of the monthly functional tests during the follow-up (9 months) in the AG5 and AG7
groups. Results are expressed as mean ± SEM. (A): Locomotion, scored based on the occurrence
of foot drop during fast walking, was reduced and did not have significant recovery. (B): The
proprioceptive response was slightly impaired and did not show noticeable changes. (C): The mass
of the TA muscle was reduced postinjury and significantly recovered ($ p < 0.01) vs. baseline at
30 days postoperation, at the end of the follow-up in AG5 group. (D–F): The withdrawal response to
pinching the skin of the dorsum of the foot recovered to close to normal levels in AG5 group. (D): The
responses recovered significantly in AG5 and AG7 groups at 90 days postoperation ($ p < 0.0001
and # p < 0.0001 vs. baseline at 30 days postoperation, respectively) in the proximal site. (E): In
the middle site, recovery was observed at 120 days postoperation in the AG7 group (# p < 0.05)
and at 180 days postoperation in the AG5 group ($ p < 0.01), compared to baseline at 30 days
postoperation. In both cases, the responses were earlier than in the distal site, likely due to collateral
reinnervation. (F): Pinching the distal site showed a response compatible with peroneal reinnervation,
with significant improvement at 210 days postoperation in AG7 group (# p < 0.05) and at 240 days
postoperation in AG5 group ($ p < 0.001) vs. baseline at 30 days postoperation.
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2.3. Electrophysiological Results

Motor nerve conduction tests were performed at 6.5 and 9 months after the surgery
under general anesthesia (diazepam 0.25 mg/kg and ketamine 5 mg/kg i.v.), to assess
reinnervation of TA muscle with an electromyography (EMG) apparatus (Sapphire 4ME,
Vickers Healthcare Co., Surrey, UK). In the left control hindlimb, the TA compound muscle
action potential (CMAP), evoked by stimulation of the sciatic nerve at the sciatic notch, ap-
peared at an average of 4.3 ± 0.1 ms of latency and had a mean amplitude of 21.2 ± 0.7 mV
considering the nine sheep of the study (Figure 2). In the right, operated hindlimb, at
6.5 mpo, 75% of the animals from AG5 group and 60% of the animals from AG7 showed
consistent evidence of reinnervation with CMAPs at long latency, with disperse shape and
small amplitude (1.53 ± 0.67 mV in group AG5 and 0.97 ± 0.48 mV in group AG7). At
9 mpo, all the sheep of group AG5 but only 80% of group AG7 group had a positive CMAP.
The mean CMAP amplitude of group AG7 (1.87 ± 0.72 mV) was significantly lower than in
group AG5 (5.00 ± 2.13 mV) (Figure 2A), and the onset latency was significantly longer in
AG7 group (11.58 ± 1.06 ms) compared to AG5 group (9.46 ± 0.6 ms) (Figure 2B).
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Figure 2. Plots of the latency (A) and the amplitude (B) of the TA CMAP evoked by stimulation of
the sciatic nerve at the sciatic notch and recorded at 6.5 and 9 months (mpo) after surgical insertion of
autografts of 5 and 7 cm length, AG5 and AG7, respectively, and compared with the measurements
made in the control contralateral hindlimb. (A). Small and long latency CMAPs were recorded in 3 of
the sheep of each experimental group at 6.5 mpo. (B). The CMAP amplitudes increased at 9 mpo,
although they were much lower than in control muscles. Values are represented as mean ± SEM.
* p < 0.05 AG7 vs. group AG5; ** p < 0.0001 AG5 and AG7 groups vs. Control.

2.4. Echographic Evaluation of TA Muscle

Echography of TA muscle was performed following the electrophysiological tests,
at 6.5 and 9 mpo, under general anesthesia. In the operated hindlimb, the size of the
TA muscle was significantly decreased, and the echo density changed due to muscle
atrophy secondary to denervation. At 9 mpo, the muscle size, the perimeter (Figure 3A),
and the area (Figure 3B) were still below control values, although the muscle area was
significantly lower (p < 0.5) in the group AG7 (2.44 ± 0.21 cm2) compared to the group AG5
(3.43 ± 0.23 cm2) (Figure 3B). The TA muscle size of the sheep without EMG recovery was
the smallest, linking muscle size to degree of reinnervation. The TA muscle was weighed
fresh after extraction. The mean values in the experimental sheep of AG5 and AG7 were
38.5 ± 1.4 g and 33.0 ± 4.5 g, and were significantly lower (p < 0.05) than 78.8 ± 4.8 g for
the left control muscles.
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2.5. Histological Results of the Grafted Nerve

After harvesting, the nerve autografts of all the sheep showed neuromata that were
visible at both proximal and distal suture lines, but the autograft had a well-preserved
appearance. The sheep peroneal nerve is composed of multiple fascicles, usually more
than 30, each containing numerous nerve fibers densely packed in the endoneurium. The
fascicular structure was maintained in the autografted segment in both experimental groups.
Regenerative axons were seen both inside and outside the nerve fascicles (Figure 4).
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Figure 4. Representative micrographs of cross-sections of the middle part of the nerve graft stained
with hematoxylin and eosin. (A,D) control nerve, (B,E) nerve of a sheep of group AG5, and (C,F) of
group AG7, viewed at 40× magnification (A–C), scale bar 500 µm, and at ×200 magnification (D–F),
scale bar 150 µm.

Immunohistochemical labeling for NF200 and S100 in sections taken at the middle
of the nerve grafts showed the presence of myelinated axons and Schwann cells in the
intrafascicular and extrafascicular space of the autografts. In contrast, distal to the nerve
autograft, myelinated axons and Schwann cells were only observed within the fascicles
(Figure 5). In semithin transverse sections of the mid segment of the nerve autograft of both
experimental groups, we found that myelinated axons were grouped in small regenerative
units and were distributed throughout the autograft structure, as well as unmyelinated
axons and Schwann cells (Figure 5M–O).
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Regarding the quantitative analysis of NF200 positive myelinated axons, one animal of
group AG7 did not show regenerated axons, likely attributable to suture dehiscence in early
phases after the surgery. The estimated mean number of myelinated axons in the control
peroneal nerve was 18,022 ± 2040 axons. At the mid-level of the autograft, there was a
significantly higher number of myelinated axons in the AG5 group compared to group
AG7 (57,294 ± 1368 axons and 26,213 ± 2798 axons, respectively, *** p < 0.001). Distal to the



Int. J. Mol. Sci. 2023, 24, 1333 7 of 17

nerve graft, there were also significantly more axons in group AG5 (36,185 ± 3533 axons)
compared to group AG7 (20,600 ± 6082 axons) (*** p < 0.001).

2.6. Histological Evaluation of Reinnervated Targets

The intact TA muscle showed an organized structure of elongated muscle fibers with
the nuclei at the periphery. In cross-sections, histological images showed compact muscle
fibers, polygonal in shape and surrounded by basal lamina (Figure 6A). In the operated
hindlimb, the TA muscle showed an irregular structure in both experimental groups. Some
areas appeared with a normal structure, although the muscle fibers had smaller diameter
than normal, likely corresponding to reinnervated areas of the muscle, whereas other
areas showed signs of atrophy and inflammatory cell infiltration (Figure 6). The skin
samples of control hindlimb, in sagittal sections, showed distinct organization in three
layers: epidermis, dermis, and subcutaneous tissue. The skin samples of the operated
hindlimb showed a similar aspect to the skin from the contralateral side, without signs of
inflammatory cell infiltration or tissue atrophy.
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hematoxylin and eosin from (A,D) a control muscle, (B,E) a sheep of group AG5, (C,F) a sheep of
group AG7, taken at ×40 magnification (A–C), scale bar 200 µm, and at ×200 magnification (E–F),
scale bar 100 µm. Note the areas of hypotrophic muscle fibers with inflammatory cell infiltration in
the denervated muscle areas of AG sheep.

3. Discussion

In this study, we have shown that nerve regeneration is successful after autograft repair
of a large defect in the peripheral nerve of sheep and can be objectively evaluated. Thus,
we propose that the sheep is a suitable model to evaluate regeneration through long nerve
gaps. Sheep represent an adequate large animal model because they have similar body
weight and peripheral nerve dimensions to humans. Unlike rodent species, sheep have
plurifasciculated nerves [32] and a regeneration rate identical to humans [33,34]. Compared
to other large animals used, including pigs, sheep are calm, easy to obtain, and cost-effective,
and they allow the evaluation of sensory and motor functions with the same methods used
in the clinic. In addition, their life expectancy is sufficiently long to allow long-term studies
to compare with studies of recovery after human peripheral nerve injuries, requiring at
least 2 years for recovery to plateau values [35–37]. Other useful models in preclinical
studies, like conventional pigs, would be unusable for long-term studies due to their high
growth rate, in addition to their stressful and nervous behavior. Other large species, which
include nonhuman primates and dogs, present more ethical concerns.
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For nerve injury in an animal model to be a useful model with translational potential,
the injured nerve must be also relevant. In humans, the most frequently injured nerve in
the lower limb is the common peroneal nerve [25,38]. In sheep, this nerve is similar in size
to the human nerve [34,37] and it is also plurifascicular, giving rise to the deep peroneal
nerve branch that innervates muscles in the anterior compartment of the hindleg, and to
the superficial peroneal nerve providing sensory innervation to the dorsum of the paw.
Surgical access to the peroneal nerve is an easy procedure with blunt dissection of the
semitendinosus and biceps femoris muscles. Since the common peroneal nerve is a mixed
nerve, both motor and sensory functional losses in the denervated targets are expected [39].
The injury of this nerve in sheep mimics the symptoms of the inversion of the foot and
inability to dorsiflex the ankle [25,40]. However, the motor deficits are limited, and do not
markedly disturb standing and walking of the animals [32,37]. We observed that the sheep
did not show disabling consequences of the nerve surgeries in their locomotor motion or
a reduced quality of life. This was so despite two animals showing a sustained foot drop
position that, together with the lack of sensitivity in the dorsum of the foot, led to focal
pressure ulcerations.

Other studies producing a transection and relatively long gaps in the sheep used the
median nerve in the forelimb, with gaps ranging from 5 mm to 5 cm [22,24,30,34,41,42], or
the facial nerve inducing just transection or gaps up to 5 cm [27,43]. However, injuries of
the forelimb nerves lead to more functional deficits, since compensation for animal weight
support and movement is more effective in the hindlimbs [37]. The sciatic and the tibial
nerves have also been subjected to gap lesions and repair with different conduits bridging
a 1 cm gap [44–46], and with recellularized allografts in a 2 cm gap [47] in comparison
with autologous nerve grafts. The sheep peroneal nerve has been used in a few studies
prior to the present study. Strasberg and colleagues [32] compared the outcomes of the
surgical repair of the peroneal nerve via insertions of 8 cm long nerve autografts and
allografts. Histological and electrophysiologic analyses were carried out at 6 and 10 months.
Roballo et al. [37] compared electrophysiological and histological outcomes after peroneal
nerve transection and a 5 cm autograft in adult sheep. Alvites et al [25] compared only
functional outcomes 3 and 6 months after peroneal transection and repair by direct suture
or via a chitosan conduit leaving a ~24 mm gap. In the study by Tamez-Mata et al. [48], a
peroneal nerve segment of 30 mm in length was excised, and repair was performed by an
autograft or an allograft recellularized with Schwann-like cells. Altogether, the peroneal
nerve in sheep is a good model for preclinical trials in which several-centimeter-long gaps
can be repaired with newly developed grafts or synthetic conduits in comparison with the
standard autologous graft.

Importantly, the long distance that axons must grow in the sheep hindlimb requires a
considerably long follow-up for assessment of reinnervation of distal targets and mean-
ingful functional recovery. We measured the distance between the proximal section of
the peroneal nerve and the entrance of the distal nerve into the TA muscle, and it was
between 34–36 cm. Considering a rate of regeneration of 1–2 mm/day, similar to humans,
6 to 12 months would be needed for regaining muscle innervation, and even longer for
reinnervation of the dorsum of the hindfoot. Our evidence of TA muscle reinnervation by
nerve conduction tests at 6.5 months suggests a regeneration rate ~2 mm/day, in line with
previous results reported by Strasberg et al. [32], Radtke et al. [45], and Roballo et al. [37],
who performed similar electrophysiological tests. Indeed, an average axonal regeneration
velocity of 1.57 mm/day was estimated in sheep that received an autologous nerve graft
in the tibial nerve [46]. It is worth noting that the time courses of functional recovery for
surgical repair of both 5 and 7 cm lengths of the autografts used to repair the transected
peroneal nerve were parallel, even though the functional recoveries were less when 7 cm
long autografts rather than 5 cm long grafts were inserted. These observations indicate that
the length of the autograft plays a role.

We used clinical evaluations for assessing functional recovery of sensory-motor func-
tions after autograft repair in sheep that are used regularly in human patients. These
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quantifiable functional behavioral measures provided important indicators of recovery
that were complemented by electrophysiological measures. We established monthly in-
tervals for a functional evaluation to assess the deficits produced by the peroneal nerve
injury and the recovery course. Peroneal nerve injury, as in humans, results in inability
to dorsiflex the ankle [25,40]. In the standing position, most sheep were able to correctly
place the hoof and make plantar contact with the ground; however, two of the sheep were
unable to do so and showed persistent contact with the dorsum of the foot that led to
skin lesions. Whilst we do not know why some sheep presented more marked motor
deficits, mechanical factors may be involved. Alvites et al. [25] reported overextension of
the hock and overflexion of the distal joints in their sheep, with only slight improvement
from 10–12 weeks after neurotmesis and direct suture repair. Testing foot placement during
open locomotion in the barn allowed us to detect foot drop in the operated paw in all the
sheep. The incidence of foot drop partially improved in two sheep of each group from
5 mpo onwards, but the mean score of the groups did not change significantly during
follow-up. That the proprioceptive response in the animal’s hoof was only diminished
slightly after the injury may be accounted for by the proprioception conveyed by the tibial
and sural nerves that remained intact. Evaluating the time to response using a similar
maneuver, Alvites et al. [25] found a small reduction in time but already at 6–8 weeks after
direct suture. Therefore, measurement of the proprioceptive response has limited use in
this model. A fast recovery of the withdrawal reflex induced by painful stimulation in
the peroneal cutaneous territory, was observed at early times in proximal and mid sites
of the dorsum of the foot, as reported also by Alvites et al. [25]. This may be explained
by reinnervation of the foot by collateral sprouting of neighbor intact nerves that branch
from tibial and sural nerves. For this test, the distal third appears to be the one sensitive to
peroneal nerve regeneration (see Figure 1F).

Electrophysiological tests are commonly used to objectively evaluate nerve regener-
ation and muscle reinnervation after nerve injuries in humans and in animals [49,50]. In
contrast to small animal models, large animal models allow for easier access to stimulation
and recording sites, limiting electrical artifacts [51]. Some animals from both experimental
groups showed recordable CMAPs at 6.5 mpo, indicating that regenerating axons had
crossed the nerve autograft and into the denervated distal nerve stump to reinnervate
the TA muscle. At 9 months, all sheep but one showed positive CMAPs with increasing
amplitude and decreasing latency, indicating regeneration and myelination of motor ax-
ons. Based on our electrophysiological findings, 9 months appeared to be the minimum
timepoint to reliably evaluate different therapies after long nerve gap neurotmesis in the
sheep, in agreement with other studies [32,37,45], and the amplitude of the CMAP is the
most valuable parameter [50]. Complementing electrophysiology, we used high-resolution
echography to evaluate the degree of atrophy of the TA muscle as an indirect measure of
reinnervation. This is the first time that ultrasound has been used to quantitatively assess
muscle mass after nerve injury in experimental studies.

When the nerve samples were harvested, a small amount of fibrosis was observed
around the suture lines in both experimental groups, whereas the diameter of the autografts
and the host nerve stumps were similar, contrary to observations when the autograft was
from a smaller nerve [51]. In both experimental groups, the peroneal nerve fascicles were
preserved but they were slightly smaller than in the control nerve. Myelinated axons
and Schwann cells were seen within but also some outside of the fascicles, as commonly
reported after neurotmesis [24]. This can be explained by the difficulty of surgically aligning
the two ends of the autograft and the proximal and distal stumps of the host nerve. As a
result, regenerating axons are likely to be misdirected into pathways that they were not in
previously, that in turn, likely result in poor recovery [52,53]. In both experimental groups,
myelinated axons of smaller size than normal were seen both within the nerve graft and
distal to the graft. The higher number of axons counted compared to the control nerve can
be explained by the well-known phenomenon of multiple regenerative sprouts emitted
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by each axon [54] that, despite a tendency to reduce with time, persist even months after
injury in the distal stump [55].

In conclusion, sheep provide an excellent opportunity to study peripheral nerve
regeneration in long-nerve gap injuries allowing assays of new repair strategies for the
translation towards clinical treatments of nerve injuries. This large animal model addresses
key factors for assessing regeneration and can be adequately evaluated by functional tests
in addition to electrophysiological and ultrasound tests, as shown in this study.

4. Materials and Methods
4.1. Animals and Study Design

Nine adult, female ripollesa sheep (Ovis aries) were used. Their age was 2–5 years
and their body weight was 55–69 kg. They were obtained from Servei de Granges i Camps
Experimentals (SGiCE-UAB, Bellaterra, Spain) of the Universitat Autònoma de Barcelona
(UAB, Bellaterra, Spain). The animals were housed in groups in a conventional manner, in
stable on straw at the SGiCE-UAB from one week post-surgery until the end of the study.
The light cycle was natural as well as the temperature and the humidity.

Animals were divided in two experimental groups: autograft 5 cm (AG5; n = 4) and
autograft 7 cm (AG7; n = 5) depending on the length of the graft used. Blood samples were
taken and general health assessment was performed before inclusion in the study. Clinical
signs, including general state, behavior, claudication, water and food intake, and wound
healing during the observation period were assessed twice a day for 3 days after the surgery,
once a day for one week, and then once a week until the end of the follow-up at 9 months
post-surgery. In the operated and the contralateral (as control) hindlimbs, clinical evaluation
of motor and sensory functions was performed prior to and at monthly intervals after
surgery to evaluate nerve regeneration and reinnervation (Figure 7). Electrophysiological
and echography testing was carried out at 6.5 and 9 mpo.
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Figure 7. Schema of the design of the study. Following the surgery, functional tests (Fx test) were
performed each month, electrophysiological tests and echography were made at 6.5 and 9 months,
and samples were taken for histology at the end of the follow-up. Both operated and contralateral
hindlimbs were tested at each interval.

4.2. Surgical Procedure

Animals were fasted 16 h prior to the surgery to reduce the ruminal content and
to prevent deviant swallowing and consequent risk of provoking aspiration. For the
surgery, the sheep were sedated with an intramuscular injection of a mixture of midazolam
(0.2 mg/kg) and morphine (0.4 mg/kg). A venous catheter was inserted in the cephalic
vein and anesthesia was induced with propofol (4 mg/kg i.v.). Animals were intubated
to maintain a proper anesthesia level by means of isoflurane (2 L/min) mixed with 100%
oxygen. Fluid therapy was given with 10 mL/kg of Ringer solution, and a preoperative
antibiotic dose of cefazoline (22 mg/kg) was administered intravenously. A gastric catheter
was also placed in the stomach to avoid reflux during anesthesia.
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The sheep was placed in a lateral decubitus position and the incision zone was shaved
and cleaned with chlorhexidine solution. The peroneal nerve was exposed using a longitu-
dinal lateral skin incision along the right thigh followed by splitting the semitendinosus
and biceps femoris muscles. Under the operating microscope, a length of 50 or 70 mm of
the common peroneal nerve was resected 1 cm above the iliac vein to create a nerve gap
(Figure 8). The distance between the proximal cut of the peroneal nerve and the entrance
of the distal nerve into the TA muscle was 34–36 cm. The two nerve stumps were then
bridged with the resected nerve segment in the same orientation by means of 8/0 epineural
sutures. The resistance of the coaptation was tested by slightly stretching the nerve. The
incision was closed by layers and disinfected with povidone iodine solution.
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Figure 8. Photographs of the surgical procedure for the peroneal nerve injury and repair. (A) The
surgical approach was performed with the animal in lateral recumbency through a lateral longitudinal
skin incision. (B) Wide dissection showing the peroneal nerve location (arrow) after the sciatic nerve
bifurcation into the tibial and peroneal nerve in a cadaveric sheep. (C) Resection of the common
peroneal nerve under the operating microscope to create the nerve gap. (D) A 5 cm autograft was
sutured again to the nerve stumps with epineural sutures (proximal suture marked with yellow arrow
and distal suture marked with a yellow asterisk). (E) Detail of the 8 stitches made to join the nerve
graft with the healthy nerve stump without tension. (F) After the surgery, some animals showed foot
drop in the standing position.
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After the surgery, the animals were transferred to the SGiCE-UAB, where they were
housed in couples for one week in a controlled enclosure, and thereafter housed in groups
at the regular sheep barn. Postoperative care included buprenorphine (0.01 mg/kg s.c.)
twice a day for 2 days and meloxicam (0.2 mg/kg s.c.) once daily for 3 days. Long-term
antibiotic ceftiofur (5 mg/kg s.c.) was administered after the surgery.

4.3. Functional Testing

Prior to the surgery and afterwards at monthly intervals, animals were tested for
functional evidence of regeneration and reinnervation of the operated hindlimb compared
with the contralateral hindlimb (Figure 7). Each parameter assessed was scored on a
semiquantitative scale of 0 (no deficit), −1 (partial deficit or functional loss), or −2 (complete
loss of response to the maneuver). In all the sessions, each functional test was validated
by first performing the test on the non-operated control hindlimb of the same animal.
Ankle and foot placement were assessed in the orthostatic position. Locomotion was
evaluated during free walking in the pen and during fast walking to assess the ability to
maintain plantar support and paying particular attention to the foot drop position of the
operated hindlimb (0 = normal walk and maintenance of the plantar support; −1 = few
failures on the plantar support maintenance; −2 = foot drop in most of the steps). The
mass of the TA muscle was assessed by manual palpation comparing the contralateral
hindlimb with the operated one (0 = similar mass; −1 = slight reduction; −2 = large
reduction). The proprioceptive response was tested by the ability to replace the hoof from
a forced plantar flexion position to a plantar support three times (0 = consistent response;
−1 = one failure; −2 = two or three failures). The hindfoot withdrawal reflex was tested
by assessing whether the animal withdrew the hindlimb when pinching with a forceps in
three areas of the dorsal area of the hindfoot, proximal, middle, and distal (Figure 9). Each
site was tested two different times and the score was independent between the three zones
(0 = fast and brisk withdrawal response of the limb; −1 = weak or non-consistent response
in 2 trials; −2 = no response in 2 trials. Two researchers, who were blind regarding the
group allocated throughout the study period, scored on a 0–1–2 scale each of the above
maneuvers for all the animals and test days; the score given was by agreement between the
observers (Table 1).
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Figure 9. Photograph of the maneuver used for the proprioception test, assessing the capability of
dorsiflexion of the hindfoot from a forced plantar flexion position (A). The flexor withdrawal reflex
assesses the response to pinching the dorsum of the foot with a hemostat in a proximal point, a
middle point (B) and a distal point.
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Table 1. Items used in the functional evaluation of sheep after injury and repair of the peroneal nerve.
The score points negative values in the case of deficit or loss of response.

Parameter 0 −1 −2

Locomotion Normal gait Limp Drag the limb
Muscle loss (TA) No loss Reduced Atrophy
Proprioception Present Decreased Absent

Flexor withdrawal reflex (proximal point) Present Decreased Absent
Flexor withdrawal reflex (middle point) Present Decreased Absent
Flexor withdrawal reflex (distal point) Present Decreased Absent

4.4. Electrophysiological Tests

Electrophysiological tests to evaluate reinnervation of the TA muscle were performed
at 6.5 and 9 mpo under general anesthesia. Animals were sedated with intravenous
diazepam (0.25 mg/kg), and then anesthesia was induced with an intravenous injection of
diazepam and ketamine (0.25 mg/kg and 5 mg/kg, respectively). The sciatic nerve was
stimulated with transcutaneous needle electrodes placed at the sciatic notch using an EMG
apparatus (Sapphire 4ME Medelec, Vickers Healthcare Co., Surrey, UK). The compound
muscle action potential (CMAP) of the TA muscle was recorded with monopolar needle
electrodes (Figure 10) from the control hindlimb and the operated hindlimb; the amplitude
and onset latency were measured from the maximal response obtained. The stimulus
intensity was progressively increased until a maximal amplitude CMAP was obtained,
and the recorded CMAP corresponded with contraction of the TA muscle and hindlimb
movement. In addition, free-running EMG recordings were made to detect fibrillation
potentials as a sign of muscle denervation.
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Figure 10. (A) Setup used for the nerve conduction studies. Stimulating needle electrodes were
placed at the sciatic notch to stimulate the nerve (+–−), whereas recording needle electrodes were
placed at the TA muscle (active electrode, G1) and at the distal tendon (reference, G2). The red band
corresponds to the ground electrode. (B,C) Sample EMG recordings at 9 mpo. Top trace (B) shows
the CMAP in the control hindlimb, and the bottom trace (C) in the operated hindlimb of a sheep of
AG7 group. The onset of the CMAP is labeled with mark 1, the negative peak of the CMAP with
mark 2, and the end with mark 3. Note the differences in time and voltage scales, noted at the right of
each trace.

4.5. Ultrasound Test

Echographic evaluation of the leg anterior compartment was performed with a
MyLab® Gamma apparatus (Esaote, Genova, Italy) at the same time of the electrophysio-
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logical tests, 6.5 and 9 mpo, under general anesthesia. Hair of the dorsal area of the leg was
shaved, and the skin was cleaned with water and mild soap. To optimize image acquisition,
acoustic gel was used. The size of the TA muscle, calculated as area and perimeter, was
determined using the B-mode ultrasound (15 MHz), with a linear ultrasound probe in the
cranial aspect of the crus at the midpoint between the tibial crest and the tuber calcanei
(Figure 11). The control hindlimb of all animals was used as a control.
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Figure 11. Procedure for the echographic imaging. The ultrasound probe was placed with conductive
gel on the mid of the TA muscle mass (A). Sample images of the echography of TA muscle, delineated
by discontinuous line in a control hindlimb (B), and in an operated hindlimb (C).

4.6. Histological Evaluation

At the end of the follow-up at 9 mpo, following electrophysiological and ultrasound
tests and under general anesthesia, the sheep were euthanized with an intravenous ad-
ministration of Euthasol (400 mg/kg). The sciatic nerve and branches were exposed under
surgical dissection. The nerve graft, including the proximal and distal suture lines, was
harvested, and fixed in 4% paraformaldehyde for 5 days at 4 ◦C. The TA muscle was
dissected and weighted. Samples from the TA muscle and a piece of skin of the dorsum of
the hindfoot were taken and fixed in paraformaldehyde 4% for 7 days at room temperature
(RT). Samples from the contralateral hindlimb were taken as control samples.

The nerve graft was divided into different segments to analyze the middle segment
of the graft and the nerve distal to the graft. Each segment was also divided in two
halves. The first half of the nerve graft of section 2 and section 4, corresponding to the
middle and distal to the nerve graft, respectively, were transferred to 70◦ ethanol for
48 h. Samples were embedded in paraffin and 5 mm thick cross-sections were cut on a
microtome. Some slides were deparaffinated and stained with hematoxylin and eosin to
visualize the general structure of the nerve graft under light microscopy. Other slides were
processed for immunohistochemistry. The latter slides were deparaffinated and blocked
with a solution of normal goat serum and normal donkey serum (10%) in phosphate-
buffered solution (PBS) containing 0.3% Triton. The sections were incubated overnight at RT
with primary antibodies against neurofilament (NF200; myelinated axons; 1:400; AB5539-
Millipore) and against S100 protein (S100; Schwann Cells; 1:50; 22520-DiaSorin). Following
washes, sections were incubated against secondary antibodies bound to Alexa Fluor 488 and
Alexa Fluor 594. Immunolabeled sections were viewed under epifluorescence microscopy
(Olympus BX51). The total number of regenerated myelinated axons was estimated by
measuring the cross-sectional area of the nerve grafts and counting myelinated axons
labeled with NF200 in selected fields distal to the nerve grafts.
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The second half of the sections were post-fixed in 3% paraformaldehyde and 3%
glutaraldehyde in cacodylate-budder solution (0.1 m, pH 7.4) at 4 ◦C. The samples were
post-fixed in osmium tetroxide (2% for 2 h), dehydrated with ethanol, and embedded
in Epon resin. Semithin sections 0.5 µm thick were cut on an ultramicrotome (Leica,
Wetzlar, Germany) and stained with toluidine blue. Representative light microscopic
images were selected.

Samples from TA muscle and skin of the dorsum of the hindfoot were embed-
ded in paraffin, sectioned, and stained with hematoxylin and eosin to visualize the
general structure.

4.7. Data Analysis

All the data are expressed as mean ± standard error of the mean (SEM). Statistical
comparisons of functional and histology results were analyzed by using Student’s t test and
two-way ANOVA after testing for normal distribution. The GraphPad Prism 9 software
was used for analysis and graphic representations. Statistical significance was considered
if p < 0.05.

Author Contributions: Conceptualization, X.N. and E.U.; methodology, E.C., S.T., S.B., J.F., E.J.-C.,
I.D.-M., F.G., X.N.; formal analysis, E.C., E.J.-C., E.U., X.N.; resources, X.N.; data curation, E.C.;
writing—original draft preparation, E.C.; writing—review and editing, E.U., X.N.; supervision, X.N.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by EUREKA, grant number E10668 eBionerve, European
Union Horizon 2020 research and innovation programme under grant agreement No 899822 SOMA
project, Ministerio de Ciencia, Innovación y Universidades of Spain grant number SAF2017-84464R,
CIBERNED (grant CB06/05/1105), and TERAV RICORS (grant RD21/0017/008) funds from the
Instituto de Salud Carlos III of Spain, co-funded by European Union (NextGenerationEU, Recovery,
Transformation, and Resilience Plan).

Institutional Review Board Statement: The animal study protocol was approved by the Ethics
Committee of Universitat Autònoma de Barcelona and Generalitat de Catalunya (protocol code 10314
and date of approval 20 November 2018).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on reasonable request
from the corresponding author.

Acknowledgments: The authors are thankful for the valuable technical assistance of Jessica Jaramillo,
Neus Hernández, and Monica Espejo, and the help of the personnel of the Farm Service of SGICE-UAB.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Navarro, X.; Vivó, M.; Valero-Cabré, A. Neural Plasticity after Peripheral Nerve Injury and Regeneration. Prog. Neurobiol. 2007,

82, 163–201. [CrossRef]
2. Allodi, I.; Udina, E.; Navarro, X. Specificity of Peripheral Nerve Regeneration: Interactions at the Axon Level. Prog. Neurobiol.

2012, 98, 16–37. [CrossRef]
3. Fu, S.Y.; Gordon, T. The cellular and molecular basis of peripheral nerve regeneration. Mol Neurobiol. 1997, 14, 67–116. [CrossRef]

[PubMed]
4. Fawcett, J.W.; Keynes, R.J. Peripheral nerve regeneration. Annu Rev Neurosci. 1990, 13, 43–60. [CrossRef] [PubMed]
5. Arthur-Farraj, P.; Coleman, M.P. Lessons from Injury: How Nerve Injury Studies Reveal Basic Biological Mechanisms and

Therapeutic Opportunities for Peripheral Nerve Diseases. Neurotherapeutics 2021, 18, 2200–2221. [CrossRef]
6. Kline, D.G.; Hudson, A.R. Nerve Injuries. In Operative Results for Major Nerve Injuries, Entrapments, and Tumors, 2nd ed.; Saunders:

Philadelphia, PA, USA, 1995.
7. Lundborg, G. A 25-Year Perspective of Peripheral Nerve Surgery: Evolving Neuroscientific Concepts and Clinical Significance. J.

Hand Surg. Am. 2000, 25, 391–414. [CrossRef]
8. Ray, W.Z.; Mackinnon, S.E. Management of Nerve Gaps: Autografts, Allografts, Nerve Transfers, and End-to-Side Neurorrhaphy.

Exp. Neurol. 2010, 223, 77–85. [CrossRef] [PubMed]

http://doi.org/10.1016/j.pneurobio.2007.06.005
http://doi.org/10.1016/j.pneurobio.2012.05.005
http://doi.org/10.1007/BF02740621
http://www.ncbi.nlm.nih.gov/pubmed/9170101
http://doi.org/10.1146/annurev.ne.13.030190.000355
http://www.ncbi.nlm.nih.gov/pubmed/2183684
http://doi.org/10.1007/s13311-021-01125-3
http://doi.org/10.1053/jhsu.2000.4165
http://doi.org/10.1016/j.expneurol.2009.03.031
http://www.ncbi.nlm.nih.gov/pubmed/19348799


Int. J. Mol. Sci. 2023, 24, 1333 16 of 17

9. Kornfeld, T.; Vogt, P.M.; Radtke, C. Nerve Grafting for Peripheral Nerve Injuries with Extended Defect Sizes. Wien Med.
Wochenschr. 2019, 169, 240–251. [CrossRef] [PubMed]

10. Lundborg, G.; Dahlin, L.B.; Danielsen, N.; Gelberman, R.H.; Longo, F.M.; Powell, H.C.; Varon, S. Nerve Regeneration in Silicone
Chambers: Influence of Gap Length and of Distal Stump Components. Exp. Neurol. 1982, 76, 361–375. [CrossRef]

11. Butí, M.; Verdú, E.; Labrador, R.O.; Vilches, J.J.; Forés, J.; Navarro, X. Influence of Physical Parameters of Nerve Chambers on
Peripheral Nerve Regeneration and Reinnervation. Exp. Neurol. 1996, 137, 26–33. [CrossRef]

12. Mackinnon, S.E.; Dellon, A.L. A study of nerve regeneration across synthetic (Maxon) and biologic (collagen) nerve conduits for
nerve gaps up to 5 cm in the primate. J. Reconstr. Microsurg. 1990, 6, 117–121. [CrossRef]

13. Archibald, S.J.; Shefner, J.; Krarup, C.; Madison, R.D. Monkey Median Nerve Repaired by Nerve Graft or Collagen Nerve Guide
Tube. J. Neurosci. 1995, 15, 4109–4123. [CrossRef]

14. Kaplan, H.M.; Mishra, P.; Kohn, J. The Overwhelming Use of Rat Models in Nerve Regeneration Research May Compromise
Designs of Nerve Guidance Conduits for Humans. J. Mater. Sci. Mater. Med. 2015, 26, 226. [CrossRef] [PubMed]

15. Tos, P.; Ronchi, G.; Papalia, I.; Sallen, V.; Legagneux, J.; Geuna, S.; Giacobini-Robecchi, M.G. Chapter 4 Methods and Protocols
in Peripheral Nerve Regeneration Experimental Research: Part I-Experimental Models. Int. Rev. Neurobiol. 2009, 87, 47–79.
[PubMed]

16. Siemionow, M.; Brzezicki, G. Chapter 8 Current Techniques and Concepts in Peripheral Nerve Repair. Int. Rev. Neurobiol. 2009,
87, 141–172.

17. Angius, D.; Wang, H.; Spinner, R.J.; Gutierrez-Cotto, Y.; Yaszemski, M.J.; Windebank, A.J. A systematic review of animal models
used to study nerve regeneration in tissue-engineered scaffolds. Biomaterials 2012, 33, 8034–8039. [CrossRef]

18. Geuna, S. The Sciatic Nerve Injury Model in Pre-Clinical Research. J. Neurosci. Methods 2015, 243, 39–46. [CrossRef] [PubMed]
19. Gordon, T.; Borschel, G.H. The Use of the Rat as a Model for Studying Peripheral Nerve Regeneration and Sprouting after

Complete and Partial Nerve Injuries. Exp. Neurol. 2017, 287, 331–347. [CrossRef] [PubMed]
20. Diogo, C.C.; Camassa, J.A.; Pereira, J.E.; da Costa, L.M.; Filipe, V.; Couto, P.A.; Geuna, S.; Maurício, A.C.; Varejão, A.S. The Use of

Sheep as a Model for Studying Peripheral Nerve Regeneration Following Nerve Injury: Review of the Literature. Neurol. Res.
2017, 39, 926–939. [CrossRef]

21. Glasby, M.A.; Gilmour, J.A.; Gschmeissner, S.E.; Hems, T.E.; Myles, L.M. The Repair of Large Peripheral Nerves Using Skeletal
Muscle Autografts: A Comparison with Cable Grafts in the Sheep Femoral Nerve. Br. J. Plast. Surg. 1990, 43, 169–178. [CrossRef]

22. Kettle, S.J.A.; Starritt, N.E.; Glasby, M.A.; Hems, T.E.J. End-to-Side Nerve Repair in a Large Animal Model: How Does It Compare
with Conventional Methods of Nerve Repair? J. Hand Surg. Eur. Vol. 2013, 38, 192–202. [CrossRef]

23. Atchabahian, A.; Genden, E.M.; Mackinnon, S.E.; Doolabh, V.B.; Hunter, D.A. Regeneration through long nerve grafts in the
swine model. Microsurgery 1998, 18, 379–382. [CrossRef]

24. Forden, J.; Xu, Q.G.; Khu, K.J.; Midha, R. A Long Peripheral Nerve Autograft Model in the Sheep Forelimb. Neurosurgery 2011, 68,
1354–1362. [CrossRef] [PubMed]

25. Alvites, R.D.; Branquinho, M.V.; Sousa, A.C.; Zen, F.; Maurina, M.; Raimondo, S.; Mendonça, C.; Atayde, L.; Geuna, S.; Varejão,
A.S.P.; et al. Establishment of a Sheep Model for Hind Limb Peripheral Nerve Injury: Common Peroneal Nerve. Int. J. Mol. Sci.
2021, 22, 1401. [CrossRef] [PubMed]

26. Al Abri, R.; Kolethekkat, A.A.; Kelleher, M.O.; Myles, L.M.; Glasby, M.A. Effect of Locally Administered Ciliary Neurotrophic
Factor on the Survival of Transected and Repaired Adult Sheep Facial Nerve. Oman Med. J. 2014, 29, 208–213. [CrossRef]

27. Glasby, M.A.; Mountain, R.E.; Murray, J.A.M. Repair of the Facial Nerve Using Freeze-Thawed Muscle Autografts A Surgical
Model in the Sheep. Arch. Otolaryngol. Head Neck Surg. 1993, 119, 461–465. [CrossRef]

28. Hems, T.E.J.; Glasby, M.A. Repair of cervical nerve roots proximal to the root ganglia an experimental study in sheep. J. Bone Jt.
Surg. Br. 1992, 74, 918–922. [CrossRef]

29. Turner, A.S. Experiences with Sheep as an Animal Model for Shoulder Surgery: Strengths and Shortcomings. J. Shoulder Elb. Surg.
2007, 16, S158–S163. [CrossRef]

30. Ozturk, C.; Uygur, S.; Lukaszuk, M. Sheep as a Large Animal Model for Nerve Regeneration Studies. In Plastic and Reconstructive
Surgery: Experimental Models and Research Designs; Springer: London, UK, 2015; pp. 507–511. ISBN 9781447163350.

31. Costa, D.; Diogo, C.C.; da Costa, L.M.; Pereira, J.E.; Filipe, V.; Couto, P.A.; Geuna, S.; Armada-Da-Silva, P.A.; Maurício, A.C.;
Varejão, A.S.P. Kinematic Patterns for Hindlimb Obstacle Avoidance during Sheep Locomotion. Neurol. Res. 2018, 40, 963–971.
[CrossRef]

32. Strasberg, S.R.; Mackinnon, S.E.; Genden, E.M.; Bain, J.R.; Purcell, C.M.; Hunter, D.A.; Hay, J.B. Long-segment nerve allograft
regeneration in the sheep model experimental study and review of the literature. J. Reconstr. Microsurg. 1996, 12, 529–537.
[CrossRef]

33. Lawson, G.M.; Glasby, M.A. A comparison of immediate and delayed nerve repair using autologous freeze-thawed muscle grafts
in a large animal model. The simple injury. J. Hand Surg. Br. 1995, 20, 663–700. [CrossRef] [PubMed]

34. Jeans, L.A.; Gilchrist, T.; Healy, D. Peripheral Nerve Repair by Means of a Flexible Biodegradable Glass Fibre Wrap: A Comparison
with Microsurgical Epineurial Repair. J. Plast. Reconstr. Aesthet. Surg. 2007, 60, 1302–1308. [CrossRef] [PubMed]

35. Kim, D.H.; Kline, D.G. Management and results of peroneal nerve lesions. Neurosurgery 1996, 39, 319–320. [CrossRef]
36. Nath, R.K.; Lyons, A.B.; Paizi, M. Successful Management of Foot Drop by Nerve Transfers to the Deep Peroneal Nerve. J. Reconstr.

Microsurg. 2008, 24, 419–427. [CrossRef] [PubMed]

http://doi.org/10.1007/s10354-018-0675-6
http://www.ncbi.nlm.nih.gov/pubmed/30547373
http://doi.org/10.1016/0014-4886(82)90215-1
http://doi.org/10.1006/exnr.1996.0003
http://doi.org/10.1055/s-2007-1006810
http://doi.org/10.1523/JNEUROSCI.15-05-04109.1995
http://doi.org/10.1007/s10856-015-5558-4
http://www.ncbi.nlm.nih.gov/pubmed/26296419
http://www.ncbi.nlm.nih.gov/pubmed/19682633
http://doi.org/10.1016/j.biomaterials.2012.07.056
http://doi.org/10.1016/j.jneumeth.2015.01.021
http://www.ncbi.nlm.nih.gov/pubmed/25629799
http://doi.org/10.1016/j.expneurol.2016.01.014
http://www.ncbi.nlm.nih.gov/pubmed/26795087
http://doi.org/10.1080/01616412.2017.1331873
http://doi.org/10.1016/0007-1226(90)90157-U
http://doi.org/10.1177/1753193412445119
http://doi.org/10.1002/(SICI)1098-2752(1998)18:6&lt;379::AID-MICR7&gt;3.0.CO;2-5
http://doi.org/10.1227/NEU.0b013e31820c08de
http://www.ncbi.nlm.nih.gov/pubmed/21307797
http://doi.org/10.3390/ijms22031401
http://www.ncbi.nlm.nih.gov/pubmed/33573310
http://doi.org/10.5001/omj.2014.51
http://doi.org/10.1001/archotol.1993.01880160109018
http://doi.org/10.1302/0301-620X.74B6.1447258
http://doi.org/10.1016/j.jse.2007.03.002
http://doi.org/10.1080/01616412.2018.1505068
http://doi.org/10.1055/s-2007-1006625
http://doi.org/10.1016/S0266-7681(05)80131-7
http://www.ncbi.nlm.nih.gov/pubmed/8543876
http://doi.org/10.1016/j.bjps.2006.06.014
http://www.ncbi.nlm.nih.gov/pubmed/18005921
http://doi.org/10.1097/00006123-199608000-00014
http://doi.org/10.1055/s-0028-1082894
http://www.ncbi.nlm.nih.gov/pubmed/18680090


Int. J. Mol. Sci. 2023, 24, 1333 17 of 17

37. Roballo, K.C.S.; Burns, D.T.; Ghnenis, A.B.; Osimanjiang, W.; Bushman, J.S. Long-Term Neural Regeneration Following Injury to
the Peroneal Branch of the Sciatic Nerve in Sheep. Eur. J. Neurosci. 2020, 52, 4385–4394. [CrossRef]

38. Lezak, B.; Massel, D.H.; Varacallo, M. Peroneal Nerve Injury. In StatPearls [Internet]; StatPearls Publishing: Treasure Island, FL,
USA, 2022. Available online: https://www.ncbi.nlm.nih.gov/books/NBK549859/ (accessed on 4 September 2022).

39. Marciniak, C. Fibular (Peroneal) Neuropathy. Electrodiagnostic Features and Clinical Correlates. Phys. Med. Rehabil. Clin. N. Am.
2013, 24, 121–137. [CrossRef]

40. Baima, J.; Krivickas, L. Evaluation and Treatment of Peroneal Neuropathy. Curr. Rev. Musculoskelet. Med. 2008, 1, 147–153.
[CrossRef]

41. Matsuyama, T.; Midha, R.; Mackinnon, S.E.; Munro, C.A.; Wong, P.-Y.; Ang, L.C. Long nerve allografts in sheep with cyclosporin
a immunosuppression. J. Reconstr. Miscrosurg. 2000, 16, 219–225. [CrossRef]

42. Siemionow, M.; Cwykiel, J.; Uygur, S.; Kwiecien, G.; Oztürk, C.; Szopinski, J.; Madajka, M. Application of Epineural Sheath
Conduit for Restoration of 6-Cm Long Nerve Defects in a Sheep Median Nerve Model. Microsurgery 2019, 39, 332–339. [CrossRef]

43. Gilchrist, T.; Glasby, M.A.; Healy, D.M.; Kelly, G.; van Lenihan, D.; Mcdowall, K.L.; Millert, I.A.; Myles, L.M. In Vitro Nerve
Repair-in Vivo. The Reconstruction of Peripheral Nerves by Entuhulation with Biodegradeable Glass Tubes-a Preliminary Report.
Br. J. Plast. Surg. 1998, 51, 231–237. [CrossRef]

44. Casañas, J.; de la Torre, J.; Soler, F.; García, F.; Rodellar, C.; Pumarola, M.; Climent, J.; Soler, R.; Orozco, L. Peripheral nerve
regeneration after experimental section in ovine radial and tibial nerves using synthetic nerve grafts, including expanded bone
marrow mesenchymal cells: Morphological and neurophysiological results. Injury 2014, 45 (Suppl. 4), S2–S6. [CrossRef]

45. Radtke, C.; Allmeling, C.; Waldmann, K.H.; Reimers, K.; Thies, K.; Schenk, H.C.; Hillmer, A.; Guggenheim, M.; Brandes, G.; Vogt,
P.M. Spider Silk Constructs Enhance Axonal Regeneration and Remyelination in Long Nerve Defects in Sheep. PLoS ONE 2011,
25, e16990. [CrossRef]

46. Kornfeld, T.; Borger, A.; Radtke, C. Reconstruction of Critical Nerve Defects Using Allogenic Nerve Tissue: A Review of Current
Approaches. Int. J. Mol. Sci. 2021, 22, 3515. [CrossRef] [PubMed]

47. Pedroza-Montoya, F.E.; Tamez-Mata, Y.A.; Simental-Mendía, M.; Soto-Domínguez, A.; García-Pérez, M.M.; Said-Fernández, S.;
Montes-de-Oca-Luna, R.; González-Flores, J.R.; Martínez-Rodríguez, H.G.; Vilchez-Cavazos, F. Repair of Ovine Peripheral Nerve
Injuries with Xenogeneic Human Acellular Sciatic Nerves Prerecellularized with Allogeneic Schwann-like Cells—An Innovative
and Promising Approach. Regen. Ther. 2022, 19, 131–143. [CrossRef] [PubMed]

48. Tamez-Mata, Y.; Pedroza-Montoya, F.E.; Martínez-Rodríguez, H.G.; García-Pérez, M.M.; Ríos-Cantú, A.A.; González-Flores, J.R.;
Soto-Domínguez, A.; Montes-de-Oca-Luna, R.; Simental-Mendía, M.; Peña-Martínez, V.M.; et al. Nerve Gaps Repaired with
Acellular Nerve Allografts Recellularized with Schwann-like Cells: Preclinical Trial. J. Plast. Reconstr. Aesthet. Surg. 2022, 75,
296–306. [CrossRef]

49. Parry, G.J. Electrodiagnostic Studies in the Evaluation of Peripheral Nerve and Brachial Plexus Injuries. Neurol. Clin. 1992, 10,
921–934. [CrossRef] [PubMed]

50. Navarro, X. Functional Evaluation of Peripheral Nerve Regeneration and Target Reinnervation in Animal Models: A Critical
Overview. Eur. J. Neurosci. 2016, 43, 271–286. [CrossRef] [PubMed]

51. Burrell, J.C.; Browne, K.D.; Dutton, J.L.; Laimo, F.A.; Das, S.; Brown, D.P.; Roberts, S.; Petrov, D.; Ali, Z.; Ledebur, H.C.; et al. A
Porcine Model of Peripheral Nerve Injury Enabling Ultra-Long Regenerative Distances: Surgical Approach, Recovery Kinetics,
and Clinical Relevance. Neurosurgery 2020, 87, 833–846. [CrossRef]

52. Valero-Cabré, A.; Navarro, X. Functional Impact of Axonal Misdirection after Peripheral Nerve Injuries Followed by Graft or
Tube Repair. J. Neurotrauma 2002, 19, 1475–1485. [CrossRef]

53. De Ruiter, G.C.W.; Malessy, M.J.A.; Alaid, A.O.; Spinner, R.J.; Engelstad, J.N.K.; Sorenson, E.J.; Kaufman, K.R.; Dyck, P.J.;
Windebank, A.J. Misdirection of Regenerating Motor Axons after Nerve Injury and Repair in the Rat Sciatic Nerve Model. Exp.
Neurol. 2008, 211, 339–350. [CrossRef]

54. Witzel, C.; Rohde, C.; Brushart, T.M. Pathway Sampling by Regenerating Peripheral Axons. J. Comp. Neurol. 2005, 485, 183–190.
[CrossRef] [PubMed]

55. Mackinnon, S.E.; Dellon, A.L.; O’Brien, J.P. Changes in nerve fiber numbers distal to a nerve repair in the rat sciatic nerve model.
Muscle Nerve 1991, 14, 1116–1122. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1111/ejn.14835
https://www.ncbi.nlm.nih.gov/books/NBK549859/
http://doi.org/10.1016/j.pmr.2012.08.016
http://doi.org/10.1007/s12178-008-9023-6
http://doi.org/10.1055/s-2000-7556
http://doi.org/10.1002/micr.30393
http://doi.org/10.1054/bjps.1997.0243
http://doi.org/10.1016/S0020-1383(14)70003-8
http://doi.org/10.1371/journal.pone.0016990
http://doi.org/10.3390/ijms22073515
http://www.ncbi.nlm.nih.gov/pubmed/33805321
http://doi.org/10.1016/j.reth.2022.01.009
http://www.ncbi.nlm.nih.gov/pubmed/35229011
http://doi.org/10.1016/j.bjps.2021.05.066
http://doi.org/10.1016/S0733-8619(18)30188-9
http://www.ncbi.nlm.nih.gov/pubmed/1331738
http://doi.org/10.1111/ejn.13033
http://www.ncbi.nlm.nih.gov/pubmed/26228942
http://doi.org/10.1093/neuros/nyaa106
http://doi.org/10.1089/089771502320914705
http://doi.org/10.1016/j.expneurol.2007.12.023
http://doi.org/10.1002/cne.20436
http://www.ncbi.nlm.nih.gov/pubmed/15791642
http://doi.org/10.1002/mus.880141113
http://www.ncbi.nlm.nih.gov/pubmed/1745287

	Introduction 
	Results 
	Clinical Observations 
	Functional Evaluation 
	Electrophysiological Results 
	Echographic Evaluation of TA Muscle 
	Histological Results of the Grafted Nerve 
	Histological Evaluation of Reinnervated Targets 

	Discussion 
	Materials and Methods 
	Animals and Study Design 
	Surgical Procedure 
	Functional Testing 
	Electrophysiological Tests 
	Ultrasound Test 
	Histological Evaluation 
	Data Analysis 

	References

