UNIVERSITA’ DEGLI STUDI DI TORINO

DEPARTMENT OF CLINICAL AND BIOLOGICAL SCIENCES

PhD PROGRAMME IN EXPERIMENTAL MEDICINE AND THERAPY

CYCLE XXXV

THESIS TITLE

STRATEGIES TO IMPROVE PERIPHERAL NERVE REPAIR AND REGENERATION:
FROM PRIMARY REPAIR TO COMPLICATIONS' MANAGEMENT

THESIS” AUTHOR: ALESSANDRO CROSIO

SUPERVISOR: PROF. STEFANIA RAIMONDO

PhD PROGRAMME CO-ORDINATOR: PROF. PASQUALE PAGLIARO
ACADEMIC YEARS OF ENROLMENT: 2019-2023

CODE OF SCIENTIFIC DISCIPLINE: BIO/16, MED/33



INDEX

1.INTRODUCTION

1.1 FOCUSING THE PROBLEM - PERIPHERAL NERVE DAMAGE
1.1.1 Type of nerve injuries and changes during nerve injury and regeneration
1.1.2 What happens outside the nerve: perineural scar formation

1.2 NERVE REPAIR TECHNIQUES
1.2.1 Direct suture
1.2.2 Nerve reconstruction
1.2.2.1 Autograft reconstruction
1.2.2.2 Nerve conduits
1.2.2.3 Nerve transfer

1.3 COMPLICATIONS OF NERVE INJURIES AND REPAIRS
1.3.1 Traction neuropathies
1.3.2 Painful neuromas

1.4 TECHNIQUES FOR TREATMENT OF TRACTION NEUROPATHIES AND PAINFUL
NEUROMAS
1.4.1 Neurolysis and associated procedures
1.4.2 In continuity and terminal neuroma resection and associated procedures
1.4.3 Role of intraoperative ultrasound study in nerve reconstruction

1.5 ROLE OF TRANSLATIONAL RESEARCH IN NERVE REPAIR
1.5.1 Experimental models to simulate a peripheral nerve injury
1.5.1.1 Somatic nerve injury: the median nerve injury
1.5.1.2 Autosomic nerve injury: cavernous nerve injury model
1.5.2 Nerve conduits in peripheral nerve repair
1.5.3 Other devices for peripheral nerve repair
1.5.4 How to simulate a traction neuropathy

2 AIMS OF THE STUDIES



3 RESULTS

3.1 Fibroblasts Colonizing Nerve Conduits Express High Levels of Soluble Neuregulinl, a
Factor Promoting Schwann Cell Dedifferentiation Fornasari BE, El Soury M, Nato G,
Fucini A, Carta G, Ronchi G, Crosio A, Perroteau |, Geuna S, Raimondo S, Gambarotta
G.. Cells. 2020 Jun 1;9(6):1366.

3.2 Exploring an Innovative Decellularization Protocol for Porcine Nerve Grafts: A
Translational Approach to Peripheral Nerve Repair. Muratori L, Crosio A, Ronchi G,
Molinaro D, Tos P, Lovati A, Raimondo S. Under Submission

3.3 Somatic to autonomic nerve transfer: review of the literature and future perspectives.
Crosio A, Fregnan F, Muratori L, Falcone F, Tos P, Raimondo S, Ciclamini D. Under
submission

3.4 Prevention of symptomatic neuroma in traumatic digital amputation: A RAND/UCLA
appropriateness method consensus study. Crosio A, Albo E, Marcoccio |, Adani R,
Bertolini M, Colonna MR, Felici N, Guzzini M, Atzei A, Riccio M, Titolo P, Tos P. Injury.
2020 Dec;51 Suppl 4:5103-5107.

3.5 Intraoperative ultrasound study of traumatic nerve injury: current applications and
future perspectives. Crosio A, Verga L, Locatelli F, Magnani M, Clemente A, Odella S,
Tos P. Under submission

3.6 Preclinical Validation of SilkBridge™ for Peripheral Nerve Regeneration Fregnan F,
Muratori L, Bassani GA, Crosio A, Biagiotti M, Vincoli V, Carta G, Pierimarchi P, Geuna
S, Alessandrino A, Freddi G, Ronchi G.. Front Bioeng Biotechnol. 2020 Aug 7;8:835.

3.7 Strategies for cavernous nerve repair in animal model: regeneration through chitosan
membrane vs sciatic nerve to corpora cavernosa transfer. Crosio A, Fregnan, F,
Muratori L, Ciclamini D, Tos P, Raimondo S. Under submission.

3.8 Experimental Methods to Simulate and Evaluate Postsurgical Peripheral Nerve
Scarring. Crosio A, Ronchi G, Fornasari BE, Odella S, Raimondo S, Tos P. J Clin Med. 2021
Apr 10;10(8):1613.

4 DISCUSSION AND CONCLUSION

5 REFERENCES



1.INTRODUCTION

1.1. FOCUSING THE PROBLEM - PERIPHERAL NERVE DAMAGE

1.1.1. Type of nerve injuries and changes during nerve injury and regeneration

Peripheral nerve injuries belong to the most challenging and difficult surgical reconstructive problems, and
often cause partial or total loss of motor, sensory and autonomic functions.

Every year, 20 million Americans suffer from peripheral nerve injuries that result in an average yearly cost of
$150 million (Taylor 2008)

In addition, nerve injuries have also a substantial economic impact on the society in terms of health care and
long periods of sick-leave (de Putter 2012).

Peripheral nerve injuries occur in approximately 2.8% of trauma patients (Heulsenbeck 2012) and more than
73.5% of them occur in the upper extremities.

The injuries of peripheral nerves after a trauma could be classified as crush injuries when the nerve is in
continuity and cut injuries when the integrity of the epineurium is interrupted. The cut injuries could also be
with gap if a loss of substance exists or without gap if the two stumps are easily to approximate.

As well, a nerve injury could be secondary to a surgical procedure in which a nerve can be damaged
involuntarily or the nerve should be resected for oncological reasons, for example when a prostatectomy is
performed the neurovascular bundles are resected together with the organ, leading to erectly disfunction or
a resection of colon or pelvic floor could induce bowel and bladder disfunction either.

Up to 33% of all peripheral nerve injuries (PNI) exhibit incomplete nerve recovery and poor functional
outcomes, including the loss or partial recovery of motor and sensory function, chronic pain, and end target
muscle atrophy and profound weakness (Atkins S 2006). As for somatic nerve reconstruction, also the
reconstruction of autonomic fibers leads to contrasting results.

Nerve injuries (crush or cut injuries) can be divided in three categories according to Seddon’s classification
(1943): neuroprassia, axonotmesis and neurotmesis.

i) Neuroprassia, is an injury characterized by local damage of myelin and axon, without the interruption of
endoneurium sheath. Surgery is unnecessary and the recovery occurs within hours, days, or up to few
months.

ii) Axonotmesis is a lesion in which axons are damaged or destroyed and lose their continuity, but without
any alteration of connective tissue. Axon damage is usually due to nerve crushing, pinching or prolonged
pressure. All the axon portions located distal to the site of injury undergo Wallerian degeneration, while the

proximal stump of nerve can re-grow inside the intact endoneurial tubes. The time of recovery depends on



the severity degree of the lesion as well as the distance of the injury site to the nerve target. Since connective
tissue is intact, surgery could be unnecessary in some cases.

iii) Neurotmesis is a severe nerve injury where the nerve is transected. The proximal stump undergoes
retrograde degeneration, while Wallerian degeneration occurs at the distal nerve stump. Due to the
extended endoneurial tube disruption, spontaneous regeneration is slow and functional recovery does not
easily occur; however, successful regeneration might be achieved by surgical intervention.

In 1951, Sunderland additionally divided axonotmesis in three categories with increasing level of severity
(Figure 1).

The third grade of injury correspond to an axon and endoneurium damaged, with intact epi and perineurium.
In the fourth grade of nerve injury, the internal structure of the nerve is completely destroyed, but its
continuity is maintained by an undamaged epineurium. In the injury site, fibroblasts produce a fibrous scar
that inhibits axonal regeneration, contributing to the formation of a mass of disorganized fibers, known as
neuroma-in-continuity. This type of injury requires surgery in order to remove the fibrotic scar and to
promote regeneration.

The fifth-degree of injury is the most severe type of nerve damage; it results in a complete transection of the
nerve, the neurotmesis.

Since Sunderland’s grades can be described only histologically, this classification has limited clinical utility.
Moreover, since most nerve injuries are mixed, Mackinnon and Dellon included in Sunderland's classification

another type of injury, which is a combination of all the degrees (grade 6) (Mackinnon 1989).
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Fig. 1: Schematic representation of the five degrees of nerve injury in accordance with Sunderland’s

classification (Duemens 2010).

Peripheral nerve injury induces several morphological and molecular changes at multiple levels: at the injury
site (proximal and distal nerve stumps), at the neuron cell body (dorsal root ganglion and ventral horns) and
at the level of the target organs (Figure 2). These changes start immediately after injury and can be prolonged

in time.

Fig. 2: Schematic representation of degenerative and regenerative events related to peripheral nerve injury

(Fornasari 2016).

The first moments after a nerve injury (first few days), degenerative changes, including axon and myelin
breakdown, started both proximally and distally to the injury site (Figure 2). The distal stump undergoes
degeneration known as Wallerian degeneration (Figure 2A). It results in the axon and myelin fragmentation
and, finally, in nerve debris elimination. Schwann Cells (SC) loose axon-contact, change their phenotype and
start to degrade myelin (Figure 2B). Few days after the injury, activated SCs proliferate and later become
aligned with the endoneurial tubes, forming the bands of Bilingner, a supportive and guiding structure for

regenerating axons (Figure 2C). This structure physically supports regrowing axons and guides the



regeneration through adhesion molecules and neurotrophic factors provided also by SCs (Hopker VH, 1999).
Different types of neurotrophic factors have an important role in nerve regeneration. The SCs release nerve
growth factor (NGF), brain-derived nerve growth factor (BDNF), neurotrophin 4 and 5 (NT-4 and 5), glial-cell-
line derived neurotrophic factor (GDNF), ciliary neurotrophic factor (CNTF), insulin-like growth factor (IGF)
and Neuregulinl (NRG1) that attract the growing axons to distal targets (Geuna 2009).

A special consideration was directed to better characterize the role of NRG1. In this thesis a novel aspect
regarding NRG1 release during nerve regeneration was investigated; our results demonstrated that
fibroblasts are the major characters involved NRG1 release. The so called soluble NRG1 (sNRG1) induce SCs
de-differenziation and consequently axons regrowth. Full results are presented in chapter 3.

Moreover, SCs of the distal nerve stump are the main source of cytokines that attract macrophages. Indeed,
few days after nerve injury, the resident endoneurium macrophages become activated and move to the
injury site (Chen P, 2015). Myelin clearance is one of the most important events for axon regrowth. In
addition to the receptor-dependent phagocytosis of axon and myelin debris, macrophages release also some
mitogenic factors active on SCs and fibroblasts (Klein D, 2016).

The Wallerian degeneration is therefore associated with a strong inflammatory response (Gaudet 2011).
During this key stage a lot of chemokines, cytokines and interleukin (IL-1 and tumor necrosis factor (TNF))
are released. This fact leads to increase blood vessel permeability, facilitates macrophage migration to the
injury site and, in addition, neutrophils are recruited from blood vessels, within the first week, and, together
with lymphocytes, can lead to the development of neuropathic pain.

The nucleus modifies its morphology in a way resumed as "chromatolytic changes” (Figure 2B). Neurons
modify their mRNA transcription profile with the up-regulation of proteins related to cell growth, like
cytoskeletal components, transcription factors (c-Jun; c-Jun N-terminal kinase, JNK; activating transcription
factor 3, ATF3) and growth factor receptors (Fornaro 2008).

The proximal nerve stump is involved in an initial retrograde degradation, consequently the axon retracts
back to the first node of Ranvier, reduces its diameter, and then the neuronal regeneration process begins.
Axon sprouting begins in different directions on basal lamina provided by SCs, guided by neurotrophic factors
and adhesion molecules. Growth cones of attracted regrowing axons use these SC-made tubes as a growing
substrate, extending at an average rate of 1-3 mm/day. At the end of the regeneration process, the
interaction between maturing SCs and regrowing axons in the distal nerve stump, induces myelin formation
with significantly shorter internodes (Luis 2007)(Figure 2D).

The recovery from such changes can last from few weeks to months, depending on the re-establishment of
the appropriate connections with the target organs. Failure of axotomized neurons to re-establish the
appropriate connections may result in chronic chromatolytic state or even in their degeneration. Such
conditions lead to prolonged or permanent denervation of the target organs, with consequent atrophy (i.e.

skeletal muscle fiber atrophy). Since severe peripheral nerve injuries involve connective tissue scarring, axon



regenerative attempts are often destined to fail and aberrant sprouting frequently occurs leading to neuroma

development at the proximal nerve stump (Deumens 2010).

1.1.2. What happens outside the nerve: perineural scar formation

As other conventional wound-healing processes, peripheral nerve regeneration involves an early
inflammatory phase, a granulation phase, and, finally, a remodeling phase and scar formation. Thus, it
inevitably results in intraneural scarring that impedes axonal regeneration and is a mechanical barrier to
sprouting axons (Mathur 1983).

During the first 24-96 hr, SCs recruit resident and hematogenous macrophages that also participate in the
process. These cells are responsible for myelin removal by way of phagocytosis and may also contribute to
collagen deposition during fibrosis (Burnett 2004).

Alpha smooth muscle actin (aSMA) and Hit Shock Protein 47 (HSP47) are involved in deposition and
disposition of collagen fibers in all tissues, peripheral nerve included. The aSMA is expressed by pericytes
surrounding blood vessels, whereas HSP47 is a chaperone protein upregulated during collagen production
(Rivlin 2017).

The enrolment of aSMA and HSP47 is showed in Figure 3 as presented by Rivlin. The authors demonstrated

the key role of HSP47 in perineural scar formation, more than aSMA that appears to be rarely presentin scar

tissue surrounding the nerve.

Fig 3: in right panels (A-F) with asterisks are
represented aSMA positive cells in fibrotic tissue (FT). In left panels (A-D) HSP47 positive cells are highlighted.
Note the high number of HSP47 cells Rivlin 2017.

In the patophysiological process of wallerian degeneration and intra and perineural scar formation, also a
specific form of autophagy, named myellinophagy, acts.
The autophagy on a healthy neuron is a physiological event that clears damaged and non-functional elements

from the periphery of an axon to the cell body. In case of nerve damage, the retrograde flow of autophagic



vacuoles is impaired and the results is an increasing discomfort of cell body, called autophagous stress, that
leads to autophagic cell death as reassumed in Figure 4. This process involves also SCs which remove myelin

debris after a trauma.
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Fig. 4: autophagy process and autophagic stress from (Chu 2006). Autophagic vacuoles (AV) transport in

impaired following a nerve injury; AV degradation is reduced and this increase autophagic stress and cell

death.

This process, named myelinophagy, it has been understood for a long time that the first phase of myelin
digestion in injured nerves is performed by Schwann cells.

Moreover, has been demonstrated that myelin debris are involved in scar tissue formation around the nerve
(Ko 2018). These authors, in fact, demonstrated the reduction of scar tissue around a direct suture if
autophagy process is increased giving rapamycin. Rapamycin inhibits the mammalian target of rapamycin
complex 1 (mTORC1) (Chong 2012), which senses nutrients and negatively regulates autophagy. In figure 5

the different expressions of perineural scar after rapamycin somministration are shown.
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Fig. 5: effect of Rapamycin on reduction perineural scar enhancing the myelin autophagy process. From (Ko

2018)

As mentioned above the formation of scar tissue around peripheral nerve leads to the condition called by
Hunter in 1991 traction neuropathy. The term indicates a condition related to impaired nerve gliding (Hunter

1991) with neurological symptoms due to the impaired movement of the affected nerve.

1.2. NERVE REPAIR TECHNIQUES

When a nerve is severed, different types of procedure are feasible nowadays to repair or reconstruct it
according to the site of injury, the amount of the nerve to be reconstruct, the time between the insult and

the procedure.

1.2.1. Direct suture

Over the years, different types of nerve suture have been described: epineural, perineural, epiperineural.
The epineural suture represents the oldest of the neurorrhaphy techniques. The stitches pass through the
epineurium. This method has the advantage of minimal manipulation of the nerve, leaving the possibility of
neurotropic factors to guide the regeneration of axons to their respective target organs. When the suture is
performed on large caliber nerves such as trunks, cords and nerves at the arm and forearm, the fascicles can
be oriented approaching epineural vessels.

The perineurial or fascicular suture requires a meticulous dissection of the nerve stumps by performing the
epineurectomy as described by Millesi in order to highlight each individual fascicles (Millesi 1982). The needle
is passed through the perineurum. This type of technique guarantees considerable precision with fascicles
orientation; however, the advantages may be undermined by the need for greater surgical manipulation and

the risk of coaptating mismatched fascicles, with certain functional loss.



The epiperineural suture is a mixture of the previous ones and aims to summarize the advantages of both.
Dissection is limited to the peripheral fascicles, which are isolated (limited manipulation). The needle is
passed through the epineurium first and then the perineurium, thus merging groups of fascicles. This is a
very durable type of suture, used for large nerve trunks and in incomplete lesions.

There is no clinical evidence that one technique is more effective than the other, and it is generally
considered that simple epineural stump suturing is sufficient in proximal lesions where fibers admixture is
greater. We believe that the epi-perineurial suture can, if one does not exceed in nerve manipulation,
prepare for the best final result in term of functional recovery.

Usually a direct suture is performed under optical magnification and an 8-0/9-0 nylon suture is used. When
the suture done with a 8-0 nylon breaks down spontaneously, a nerve gap appears and requires appropriate

reconstruction. (Millesi 1982)

1.2.2. Nerve reconstruction
When tension between the transected nerve stumps is excessive or the gap between them is too wide to be
repaired with direct neurorrhaphy, then the use of alternative technique is mandatory (Millesi 1976).
Millesi demonstrated, in the early seventies, that bridging a nerve defect with a segment of an autogenous
nerve leads to better clinical results than suturing the two stumps under tension (Millesi 1976). Since that
moment, the use of an autogenous nerve to treat a nerve gap, technique called nerve autograft, has seen a
large clinical employment, especially in the field of hand surgery. However, this surgical procedure has
several main disadvantages: it requires an extra surgical incision for the withdrawal of a healthy sensory
nerve; the removal of the healthy nerve will result in sensory residual deficits; graft material is limited (in
terms of length) especially in cases requiring the repair of extensive lesions, such as brachial plexus lesions.
For these reasons, increasing efforts have been made over the last two decades to seek for effective
alternatives to autogenous nerve grafts. Among the various strategies that have been attempted, the
possibility of repairing nerve defects by bridging the gap by means of tubes made by non-nervous materials
have been widely experienced, both experimentally and in clinical practice: this surgical approach is usually
referred to as either tubulization or (en)tabulation (Schmidt 2003).
This technique is limited to gap no larger than 10 cm, for greater gaps no recovery can be expected through
nerve grafting, so that others procedures have been developed as nerve transfer (Doi 2018). Since for skeletal
muscle reinnervation well defined terminal nerves, trunks or cord can be reconstructed, for autonomic driven
organs such bladder, rectus, penis, the innervation is provided through plexual terminal branches. When
these branches are severed, classical reconstruction through nerve autograft failed (Davis 2009), thus
alternative reconstructive techniques have to be investigated such as conduits and membranes promoting

nerve recovery or novel nerve transfer.



1.2.2.1. Autograft reconstruction

The interfascicular autologous nerve grafting technique is still considered the “gold standard” for the repair
of traumatic nerve defects (Geuna 2014).

The nerve graft acts providing a source of viable Schwann cells and empty endoneurial tubes through which
the regenerating axons can cross the site of injury. The Schwann cells produce an immediate source of nerve
growth factor, which helps to support the growth cone in the proximal stump. The graft, to be effective, must
acquire a blood supply from the surrounding tissues. It has been shown that Schwann cells can survive 7
days, depending purely on diffusion. By 3 days after implantation, endothelial buds from the surrounding
tissue bed get into the nerve graft, with evidence of high nerve blood flow in one week. Small-diameter grafts
spontaneously revascularize, but large-diameter grafts do so incompletely; thick grafts undergo central
necrosis with subsequent endoneurial fibrosis that is negative for the advancement of ingrowing axons. This
is the reason for cable nerve grafts sutured or glued together to match the caliber of the recipient nerve are
not for all surgeons the best option for bridging a nerve defect (Lundborg 2005).

Generally, itis used in case of secondary procedures. In an open injury when the nerve repair was not carried
out immediately because of the type of injury (blunt or crush injuries), or the lack of microsurgical expertise,
or because of iatrogenic lesions, the nerve stumps retracts requiring secondary grafting. In closed injury a
stretching or blunt trauma often produce a neuroma in continuity that require secondary resection and nerve

grafting. In Figure 6 a cable nerve graft is shown.
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Fig. 6: nerve graft technique. On the left before the suture of all grafts to the nerve trunk. On the right at the

end of the microsuture. Courtesy of Dr P. Tos.



Usually, nerve grafts could be harvested from sural nerve and medial brachial and anti-brachial cutaneous
nerve, but other sensory nerves could be employed as source of autograft. The donor site morbidity is low
and usually a few patients complain neuropathic pain or present problem due to the loss of sensibility in the
dorso-lateral aspect of the foot or medial side of arm and forearm.

The diameter of the injured nerve is normally higher than that of the sural nerve, so that several graft
segments are used until an equivalent diameter is obtained.

Each graft segment is addressed to each group of fascicles and a suture is performed between perineurium
of the isolated abutment and the epineurium of the graft segment or, in small nerve with not clearly
identifiable fascicles, epineural suture could be perform between nerve stump and graft.

In this case, a few anchorage points (2 or 3) are sufficient among the single fascicles and the graft segment.
At the end, fibrin glue is used to assemble the whole graft. Some authors proposed to do not use stitches,
but only fibrin glue to fix the graft to the nerve stump, in order to do not create trauma on nerves, but there

is no evidence of improvement of nerve regeneration using this technique.

1.2.2.2. Nerve conduits

Nerve conduits are substitutes to nerve grafts used in nerve repair surgeries. They are either composed of
biologic or synthetic materials, and are placed between the two nerve stumps as a regeneration scaffold.
Conduits guide nerve regeneration across the defect toward the target organ and have the main advantage
of not requiring the sacrifice of an autologous nerve.

Nerve conduits act connecting nerve stumps, creating a microenvironment in which neurotrophic and
neurotropic factors can act, guiding the regenerating axons and protecting the nerve from the surrounding
tissue (Sabongi 2015).

The concept of tubulization gives a way in which new extracellular matrix can grow providing functional
scaffold for vessels, fibroblasts and SCs to form a new nerve structure (Siemionow 2009).

Nerve conduits can be differentiated according to their origin: biological conduits exist and can be
autogenous and non-autogenous. Moreover, synthetic conduits are available for clinical use. Following the
spreading of synthetic conduits, basic science is trying to ameliorate their regenerative capacity through

engineering techniques. This last topic will be discussed later on.
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In Figure 7 is depicted how the nerve grows into an empty tube (Rinker 2014).

Fig. 7: The different phases of regeneration across the nerve tube. (A) Within hours of implantation, the lumen
fills with fluid containing neurotrophic factors and various inflammatory cells. (B) Within days, a fibrin matrix
is formed between the nerve stumps. (C) In weeks, Schwann cells, fibroblasts, and microvessels migrate along
the fibrin matrix from both proximal and distal nerve ends. (D) In months, axons regenerate from the proximal

nerve stump into the matrix (picture from (Rinker 2014, Vijayavenkataraman 2020, Huang 2023).

Autogenous conduits

Arteries, muscles and tendons have been studied as autologous alternatives for bridging nerve defects, but
vein tubes have appeared to present the most advantages. Vein walls’ are resilient enough to act as a barrier
against scar ingrowth and have the permeability to allow diffusion of the proper nutrients. There is an ample
supply for vein graft harvesting from many areas of the body, at a low cost, and with a relatively minor degree
of additional injury compared with nerve grafts. Moreover, veins are nonimmunogenic, cause less
inflammatory reaction compared to synthetic conduits and are available in a wide variety of sizes (Sabongi
2015). The use of intraluminal additives, filling the vein tube, reduce the risk of collapse. Such is the case for
the Muscle-in-Vein (MIV) technique, which consists in harvesting a superficial vein with a diameter similar to
that of the nerve requiring reconstruction, and a small strip of striated muscle fibers. The use of skeletal
muscle in peripheral nerve reconstruction has been proposed because of its extracellular matrix components

and highly oriented basal lamina tubes. These structures provide a suitable substrate for regenerating axons
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(Battiston 2007). The muscle has the double function of sustaining the vein from the inside to avoid its walls
from collapsing, and to help guiding the axonal regeneration process (Battiston 2009). The vein is sutured to
the epineurium of the nerve stumps after their preparation. These procedures can be employed in patients
with satisfactory clinical results for gaps up to 30 mm, with very impressive results especially for sensitive

nerves (Tos 2012, Manoli 2014, Ederer 2023).

An example of MIV used to reconstruct a proper digital nerve is reported in figure 8.
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Fig. 8: a) Muscle-vein-combined graft technique; the muscle is withdrawn longitudinally in the sense of muscle

fibers and well washed from blood. The muscle is inserted into the vein with the help of forceps. Finally, the
graft is sutured into the gap as previously showed. B) clinical application of muscle in vein to recontruct a 1.5

cm nerve gap of a digital collateral nerve.

Non-autogenous biological conduits

Nerve allograft consists on bridging a nerve gap with a decellularized nerve segment (Safa 2016). The
decellularization process it is fundamental to remove all the immunogenic proteins inside the nerve,
maintaining the structural components of the extracellular matrix to permit the axons to regenerate.
Allograft nerves provide a functional extracellular matrix (Carriel 2014). Researchers developed strategies of
cryopreservation of allografts before the implantation. This strategy reduces the immunogenicity of the graft
and its effectiveness is confirmed in experimental and clinical studies (Squintani 2013). Decellularization has
been described as an efficient method for the generation of non-autogenous scaffolds. This technique
removes cellular components from the tissue, but maintains intact the endoneurial collagen fibrils and the
3D architecture of the extracellular matrix (Deumens 2010).

Indeed, different nerve allografts derived from decellularization protocols show promising experimental
results (Whitlock 2009), and some of them were approved for clinical use in humans by the FDA (Kehoe

2012). Despite the evidences reported by American manufactures of nerve allograft (Brooks 2012), different
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decellularization techniques are being investigated and developed in order to reduce the cost of production
of these promising nerve graft devices.

Clinical results are nowadays contradictory: it has been demonstrated their efficacy in reconstruct small
nerve gaps in sensory nerves up to 3-4 cm with efficacy comparable to conduits and autograft. Whereas in
longer gaps of motor or mixed nerves some authors reported impressive good results (Safa 2019). Others
instead experienced no recovery in 4.5cm gap of mixed nerves (Huddleston 2021).

The human amniotic membrane and the rat small intestinal submucosa were used also. Tubular rolls of both
cited tissues can promote and support peripheral axon regeneration, leading to a functional recovery similar
to groups repaired with the autograft technique (Hadlock 2001, Riccio 2014).

The PhD program covered also this aspect. Chapter 3 contains a paper in which a new decellularization
method has been investigated and applied to nerve segments from other animals. These xenografts were

then employed to reconstruct a nerve gap in animal model.

Synthetic entubulation

It consists in the use of either absorbable or non-absorbable materials, completely overcoming the need for
donor tissues. The downside to synthetic entubulation include the high costs. The ideal conduit should be
made of a low-cost, biologically inert material that is, biocompatible, thin, flexible, transparent, inhibitor of
inflammatory processes such fibrosis, gliomas, neuromas, swelling, ischemia, and adhesions, and facilitator
of the processes that contribute to regeneration, accumulating of factors that promote nerve growth. No
such synthetic conduit exists thus far. There are currently 7 US Food and Drug Administration
(FDA)/Conformit Europe-approved synthetic nerve conduits: NeuraGen®, NeuroMatrix™, Neurolac®,
Neuroflex™, Reaxon®, Nerbridge® (Kehoe 2012). The used materials include woven polyglycolic acid (PGA),
type | collagen, poly-DL-lactide-caprolactone (PCL). Most of these materials are biodegradable polymers, but
carry the risk of foreign body reaction and extrusion, other than being costly. The non-absorbable materials
include silicone scaffolds.

The major advantage of synthetic material is the possibility to modify the chemical and physical properties,
improving resistance and flexibility. Indeed, synthetic materials are often devoid of the bioactive molecules
necessary to promote cell-substrate interaction. Although synthetic biomaterials are suitable, they add
expense to the surgical practice and increase the risk of foreign body reaction (Sabongi 2015).

Nerve conduits in general have emerged as alternatives to autologous nerve grafts, but their use in large-
diameter nerve deficits (e.g., median, radial, and ulnar nerves) remains untested both experimentally and
clinically. Currently, conduits are typically used for nerve gaps of less than 3 cm involving small-diameter,
noncritical nerves as sensory digital nerves and branches of the radial sensory nerve (Moore 2009).

The nerve conduits are secured as follow in fig 9. A U-shaped stich is used to pull the nerve stumps into the

tube, covering the nerve stumps under the tube edges.
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Fig. 9: different surgical techniques to insert the nerve 1-2 mm inside a nerve conduit to avoid dispersion of
regenerating fibers; A: the needle pass through the nerve longitudinally; B the needle pass transversally on

the epineurial tissue.

Chitosan conduits

Chitosan is a polymer of D-glucosamine and N-acetyl-D-glucosamine, obtained from full or partial N-
deacetylation of chitin. Itis a linear homopolymer composed of N-acetyl-D-glucosamine units that form beta-
(1-4)-linkages (Freier 2005). Chitin is, after cellulose, the second most abundant polysaccharide in nature
(Crompton 2007). This material is highly biocompatible, biodegradable and shows low toxicity. Moreover,
chitosan is an attractive material to produce nerve guides because it can be easily blended with other
materials or modified on its surface to better support axonal regrowth (Haastert-Talini 2013).

In vitro studies revealed the suitability to use chitosan membranes as substrate for survival and orienting the
SCs and survival and differentiation of neuronal cells (Simoes 2011).

The study of chitosan-made tubes alone or in combination with other biomaterials in recent years,
demonstrated the efficiency of such nervous guides for bridging peripheral nerve defects (Gnavi 2013 Shapira

2016). In figure 10 is depicted the use of hollow chitosan conduit in repair of sciatic nerve gap in rat.
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Fig. 10: Chitosan conduit employed in rat sciatic nerve. From (Shapira Y 2016).

The chitosan presents the possibility to change the degree of acetylation and it makes possible the
modification of its mechanical properties and the degradation rate of the tube. Moreover, the possibility to
change the microstructure leads to create 3D microstructures that could improve the physiology of nerve
regeneration into conduits (Wang 2008).

In 2014 chitosan tubes have been accepted for clinical use in Europe (Reaxon® Nerve Guide, Medovent
GmbH, Mainz, Germany). The clinical efficacy of this device was investigated in a randomized, double-blind,
controlled, multicenter trial in different trauma centers in Germany and comprises cases of acute digital

nerve injuries (up to 72 h from the injury) (Neubrech 2016).

PGA conduits

These scaffolds can degrade within a reasonable time-window, and the degradation products are totally
absorbed with mild foreign body reaction. One of the most promising and effective material is Polyglycolic
acid (PGA). It is a biodegradable polymer, and PGA-based conduits are currently the most applied nerve
guides in the clinical and experimental practice. Moreover, PGA-based guides, NeurotubeTM, was the first
approved nerve conduit for medical use in the human body (Belanger 2016).

In this chapter the most employed tubes in clinical practice were summarized. Considering the cited limits,
lots of research programs are oriented towards improve efficacy of conduits, engineering them. Due to the

complexity of this argument, a dedicated chapter is reserved later on.

1.2.2.3. Nerve transfer
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When the characteristics of the nerve injury are such, due to the type and extent of the damage (root avulsion
or tear), that it is not possible to use grafts for connecting the proximal and the distal stump, nerve transfers
are indicated to reinnervate a denervated district. They are indicated when a nerve gap is longer than 10 cm
and when the target organ is far from the reconstruction site, converting a high nerve injury to a lower-level
lesion that is closer to the target muscles with a greater likelihood of timely and successful muscle
reinnervation (Brown 2008).

Usually the neurotization is motor, but can also be sensory (radial pro median nerve). As stated above, nerve
transfers are prevalently used in brachial plexus reconstruction. In such pathology accessory cranial nerve,
intercostal nerves, triceps branch of the radial nerve, fascicles for the flexor carpi ulnaris of the proximal
ulnar nerve are used as motor. Recently branches of the radial and median nerve have been described as
motor for nerve transfer in the forearm to reanimate lower radial, median and ulnar nerve palsy (Brown
2008, Doi 2018).

From a 'technical' point of view, if the diameter of the recipient funiculus is similar to the contingent being
transferred, a traditional end-to-end suture is the technique of choice.

In some situations, an end-to-side suture has been proposed. It consists on connecting by a terminolateral
fashion method the distal stump of an injured nerve on a functional nerve with or without an epineurotomy.
This technique presented very good results in preclinical setting, but not confirmed in clinical reconstruction.
In clinical settings it is used as supercharging or babysitting procedure to boost the distal recovery of a
proximal reconstructed or neurolysed nerve as for high ulnar nerve injury reconstruction or severe ulnar
nerve compression at the elbow (Chuang 2018). In those cases, the anterior interosseous nerve can be

sutured in end to side to the motor fascicles of the ulnar nerve at the elbow (Tos 2014).

Direct muscle neurotization

When a nerve trunk is torn from the muscle, excellent results have been achieved with the direct muscle
neurotization described by Brunelli (Brunelli 1982). It consists in surgically implanting a nerve directly into a
muscle: regenerating nerve fibers are able to re-establish functional connections with the muscle fibers
forming new motor plates. Muscle fibers, following denervation, express receptors for acetylcholine over its

entire surface, along which they can therefore be reinnervated.

Nerve transfer have been proposed also for autonomic reinnervation. Since the early 90’s roots transfer for
bladder reinnervation have been proposed in clinical practice following promising results obtained in animal
models. The most investigated transfer involved has been L4 ventral root to L6 ventral root intradural

transfer, in order to create a spinal reflex able to induce detrusor contracture (Xiao 1999). Following this
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experience, extradural nerve transfers to pelvic nerve were tested in living models to improve bladder
function (Ruggieri 2008).

The root transfer was tested not only for bladder recovery, but also for bowel control and erectile
dysfunction.

More recently, to treat the latter issue, a direct organ neurotization has been proposed. In such procedure
the femoral nerve was connected, through a sural nerve graft, to corpora cavernosa. This was used in patients
affected by erectile dysfunction as a consequence of radical prostatectomy and the authors registered
impressive positive results (Souza Trindade 2017).

Since part of this research project involves corpora cavernosa reinnervation and, moreover, few knowledges
are now available on autonomic reinnervation and somatic to autonomic nerve transfer, a literature review

on this topic has been finalized and presented in chapter 3.

1.3. COMPLICATIONS OF NERVE INJURIES AND REPAIRS

As written above, during the process of nerve repair and regeneration, pro fibrotic processes act in synergism
with axons regrowth. The amount of scar and the site (perineural or intraneural) is dependent by the type of
injury and how deeply the injury involves the nerve. Once the fibrotic process is ended, it can result in
different pathological situation that can complicate nerve recovery. They can be divided in traction
neuropathies when the scar connects the nerve to surrounding tissues, limiting its excursion during limbs
movement; the other one is the so-called neuroma, an extended intraneural scar clew.

Both these pathological situations lead to pain and impaired nerve function.

1.3.1. Traction neuropathies

As a consequence of traumatic injuries and surgical procedures on peripheral nerve, a scar formation around
the nerve can arise. This condition easily worsens the capacity of peripheral nerve to regenerate and give
rise to traction neuropathy. Nerve tethering in the surgical scar is still the main cause of symptoms related
to perineural scarring (Tos 2015) and the most frequent symptom complained by the patient is neuropathic
pain. For instance, 7-20% of patients subjected to primary median nerve release report pain and symptom
recurrence due to scar formation (Jones 2012).

When the scar connects a nerve to the surrounding tissue, the so called paraneurium, a conjunctiva-like
structure (Lang 1962), is impaired and this reduce the possibility of nerve elongation. The consequence is the
increasing of tension on the inner vessels and reduction of blood flow into the nerve. The evolution is a
formation of edema and then intraneural scar. For this reason, traction neuropathy may be too narrow as

definition. In fact, the condition is likely to a fibrotic response that is initially perineural and eventually
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becomes intraneural due to chronic scarring compression. The repair process may subsequently lead to
formation of an in-continuity neuroma with residual nerve function whose symptoms also involve pain at
rest (Elliot 2014). The histo-pathological consequence is the formation of a stage Ill or IV nerve injury
according to Seddon and Sunderland classification.

Moreover, it is fundamental to report that preclinical studies have demonstrated that 8% increase in nerve
tension induces a 50% reduction in intraneural blood flow, whereas tension exceeding 15% of the baseline
value induces an 80% reduction in intraneural blood flow (Clark 1992).

The condition is difficult to manage, so much so that according to different reports compression symptoms
persist after 40-90% of revision procedures, and 20% of patients actually require a third operation (Amadio

2009). In Figure 11 an example of post surgical scar around median nerve at the elbow is presented

Fig. 11: Median nerve at the elbow entrapped in post-surgical scar. Courtesy of Dr. P. Tos and B. Battiston

Dignosis

History is crucial to establish the cause of symptoms, can be related to previous simple nerve decompression,
reconstruction, direct trauma, or post-traumatic scarring. Physical examination and pain type - at rest or
elicited by movement or mechanical stimuli - may provide information on lesion type.

Pain at rest commonly configures the presence of intraneural scar. Tinel's sign - the referred feeling of tingling
during tapping over the course of a peripheral nerve - is invariably positive and the patient often has
hyperalgesia and/or allodynia in the territory of the involved nerve.

As regards diagnostic imaging, ultrasound (US) provides reliable information on the actual extent of the nerve
injury (due for instance to a previous procedure), the amount of scarring, and the state of the outer and inner
connective tissue layers of the nerve trunk. It thus provides an indication for surgery by demonstrating the
extension of scar tissue. In some cases, Magnetic Resonance Imaging (MRI) could add details, but actually a
well conducted US study could be the main source of diagnostic imaging regarding this problem (Pitarokoili

2023).
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Electromyography (EMG) examination is also important, because it documents the degree of peripheral
nerve distress, and findings can be compared over time (preoperative, postoperative, follow-up

examination).

1.3.2. Painful neuromas
A neuroma is part of the normal biological process in a transected and unreconstructed nerve. The axons
sprout and grow, but without direction and form the neuroma, if there is no connection to a distal part of
the nerve. Neuromas are provoked by axons sprout into the surrounding scar tissue.
A neuroma can be terminal, with or without the possibility of a distal reconnection (such in case of loss of
substance) or can be in continuity (as in case of blunt trauma); another distinction has to be made between
neuroma which determine or not a residual function.
It is absolutely unclear why a neuroma becomes a painful neuroma.
Two processes are responsible for pain: 1) persistent mechanical or chemical irritation of the axons within
the neuroma and 2) the development of spontaneous and disturbing sensory symptoms caused by persistent
stimulation of the axons within the neuroma and accompanied by the development of spontaneous activity
of neurons within the dorsal root ganglion, dorsal horn of the spinal cord, or even more proximal level. It
seems that an up-regulation of sodium channels, adrenergic and nicotinic cholinergic receptors lead to
abnormal sensitivity and spontaneous activity of injured axons. During time a central sensitization in the
spinal cord and sensory cortex take place. leading to a chronicity of the disorder. When this condition appears
no more benefit from surgical procedure on peripheral nerve can be obtained (Smith 2023).
The true incidence of symptomatic neuroma is unknown is estimated at approximately between 2—60% of
patients involved in peripheral nerve injury (Ducic 2008).
The neuroma can be:
e terminal without possibility to a distal reconnection (i.e. a digital neuroma or the distal nerve trunk
is not available for multiple surgery, loss of substance);
e terminal with the possibility to a connection with a distal nerve stump (i.e. sensory radial nerve
branch as a complication of surgery or traumatic transection of a nerve);
e in continuity (after a nerve suture or a trauma)
o without residual function

o with a residual function.

Diagnosis

The diagnosis of painful neuropathy is based on history and physical examination. Spontaneous pain,

allodynia, hyperalgesia and cold intolerance are the main symptoms reported by the patient.

19



The history of a nerve injury is accompanied by pain and typical symptoms with a defined neural anatomic
distribution often with cold intolerance. Another important information is the presence of a painful Tinel
sign. Alocal anestheticinjection can be helpful to understand if the symptoms are related just to the neuroma
of they are corticalized. Blocks provide patients with an idea of the potential area of altered sensation with
nerve resection but does not guarantee operative success. On the other hand, if block doesn’t reach the
scope, it means that no surgical procedure can solve the problem and should be avoided.

Furthermore, instrumental examination - US or MRI - can confirm the diagnosis. It Is suggested pairing a
simple assessment of pain, like the visual analogue scale (VAS) with a more detailed pain and function
qguestionnaire the DASH or PROMIS. Serial assessment with these forms facilitates tracking progress that is

sometimes not apparent to the patients themselves (Smith 2023).

1.4. TECHNIQUES FOR TREATMENT OF TRACTION NEUROPATHIES
AND PAINFUL NEUROMAS

1.4.1. Neurolysis and associated procedures
This is the treatment of choice when a symptomatic nerve tethering is diagnosed.
There is no consensus when the surgical therapy has the best role (Lipinski 2014). Nowadays, surgery is
indicated when medical and physical therapy have failed to bring benefit.
The surgical intervention consists on surgical exploration, neurolysis under magnification, and adjunctive
procedures aimed to prevent new scar formation such as flap coverage and application of anti-adhesion
devices.
The first step consists on nerve identification in non-injured zone, after that the nerve is freed by the scar
tissue by external neurolysis or, in few selected cases, by internal neurolysis. In Figure 12 the neurolysis of a

scarred nerve is presented.

Fig. 12: external neurolysis of a median nerve at the elbow.
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The second step involves relocation of the nerve tract involved in a “soft” vascularized bed enabling gliding
(Lipinski 2014). To aim this goal the use vascularized or non-vascularized autologous tissue or anti-adhesion
gel is described. However, there is no a clear indication about when anti-adhesion devices, flaps, or other

autologous tissues have to be used or which have the best anti adhesion activity.

Commercial gels and anti-adhesion devices

The most easy and quick way to protect the nerve against scar recurrence is to apply these products around
the nerve itself after neurolysis.

These devices are used to restore the lost gliding surface. The most employed products are composed by
hyaluronic acid, carboxy-methylcellulose with polyethylene-oxyde or phosphatidylethanolamine and
collagen.

However, it is not clear which of these products present the best anti adhesion activity either in pre-clinical

and clinical settings.

Vein conduits

Elliot reported poor outcomes in neuromas-in-continuity of the palm and the fingers, describing pain
recurrence at the site of treatment due especially to repeated trauma, because the thin vein wall does not
adequately protect the nerve against external insults (Elliot D 2014). Actually, the usage of vein wrapping is
increasing its popularity and good results, considering the low cost compared to artificial devices (Thakker

2021).

Flaps

Avariety of flaps, pedicled (local) or free, are used for coverage after neurolysis: synovial, fascial, adipofascial,
muscle and skin with subcutaneous tissue flaps.

Compared to vein wraps, gels, and other anti-adhesion devices, flaps have a dual function: to envelop the
injured nerve in a highly vascular tissue to maximize nutrient supply, and to provide a bulk effect, i.e.
protection against external mechanical insults. This approach is often used in patients where revision surgery
has had poor outcomes or when the quality of local tissue does not allow performing simpler procedures.
Typical local flaps raised in patients with recurrences or sequelae of carpal tunnel syndrome (CTS) include
the hypothenar fat pad flap first described by Crammer (Cramer 1985) and the palmaris brevis flap described
by Rose (Rose 1991).

Thicker flaps can be raised from the volar forearm: the dorsal ulnar artery adipofascial flap described by
Becker and Gilbert (Becker 1988) can be used as an adipofascial flap to wrap the nerve or as a fasciocutaneous

flap to provide greater protection; the adipofascial radial artery perforator flap (Adani 2002) and the
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adipofascial variant of the posterior interosseous flap raised from the dorsal portion of the forearm (Vogelin
2008) can be employed in the same way; the pronator quadratus muscle flap (Adani 2002) may be a useful
solution when the injury is proximal to the wrist.

Numerous free vascularized flaps, described for coverage of freed nerves, are however rarely used. The free
omental flap, lateral arm flap, scapular flap, and groin flap seem to be more effective than local flaps, yet the
approach is recommended only for use in patients with severe conditions who have already been treated
and in those with hand and forearm lesions where a local flap would impair hand use (Goitz 2005). Yamamoto
and Koshima have gone further: they raised an anterolateral vascularized thigh flap that included the lateral
cutaneous nerve of the thigh to reconstruct the median nerve, and described early pain resolution and full
recovery of wrist and hand mobility five months from the procedure (Yamamoto 2014). We recommend such
complex procedures only in patients with severe nerve injury and failure of multiple surgical procedures,
where another local flap could result in local tissue damage. In figure 13 a Becker flap and a pronator

guadratus flap are presented.

Fig. 13: a Becker flap is used to cover a neuroma with residual function of median nerve at the wrist.

Fat graft and allogenic tissues
Fat grafting properties are well known and have become more popular in last few years.
Several reasons could explain the efficacy of fat grafting as an anti-adherence barrier. The first and more
immediate is the mechanical property of the fat. Lipoaspirate fat is similar to a gel and can easily surround
an exposed nerve to protect it from adherence. Adipose-derived stem cells (ASCs) and other cells included in
the stromal vascular fraction (SVF) survive with the lipografting (or fat grafting) technique. They donate a
pro-regenerative pattern of characteristics that can be important for preventing neural damage or facilitating
neural regeneration after a trauma (Faroni 2013).
In particular, ASCs have been used to re-populate decellularized nerve grafts used to repair rat nerve gap
models (Liu 2011, Shen 2012). Moreover, after systemic injection of ASCs, few cells have been shown to
migrate to the nerve injury site contributing inflammation reduction and nerve regeneration improvement
(Saffari 2022).
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The first attempt to protect a nerve in pre-clinical setting was made by Dumanian (Dumanian 1999). They
showed the reduction of scar tissue formation after epineurectomy and mouse fat grafting. We compared
lipografting to anti adhesion gel in reducing peripheral nerve scar, finding no differences, in animal model,
between the two treatment (Cherubino 2017). Clinically, the use of lipografting have been more tested to
treat painful neuromas either terminal or in continuity. Small case series and case reports reported
interesting but variable results (Vaienti 2012, de Jongh 2020, Calcagni 2018), thus lipografting around a nerve

to prevent scar neuropathies or painful neuromas it is not a defined treatment yet.

1.4.2. In continuity and terminal neuroma resection and associated procedures

In continuity neuroma with function

When an injured nerve maintains its function, but symptoms of nerve impairment are present, external
neurolysis and eventual nerve relocation in deeper well vascularized and healthy tissues could be planned.
This should be the first attempt (protection from mechanical and thermal injury and with the possibility to
avoid adherences around the nerve). Sometimes symptoms persist and further surgical and non-surgical
procedures should be considered. Usually this condition in hand and wrist appears as a complication of a
previous surgery (carpal tunnel release, open reduction and internal fixation of distal radius fracture or
phalanx). When the nerve maintains its function and the main symptoms is pain the indication to surgical
decompression is indicated when no more benefit appears from physical therapy, usually it takes at least 6

months after primary surgery (Tos 2015).

In continuity neuroma without function

When no function is conserved and the patient presents insensibility distal to the site of injury or allodynia
and motor impairment of the target muscles a resection and reconstruction of the injured nerve is
recommended. Nerve reconstruction provides the nerve a biologic pathway through which to grow.

If the in-continuity neuroma affects a mixed nerve (median and ulnar nerve at the wrist) the reconstructive
procedure should be indicated if, after 3-6 months from the trauma or initial surgery, there are no signs of
recovery and such clinical evidence is supported by instrumental investigations.

If the gap is up to 3 cm of a sensory nerve, a nerve conduit can be used. Facing a mixed nerve gap the best
reconstructive strategy is represented by autograft reconstruction, even in a short gap (3-4cm) (Rbia 2017).
When more than 10 to 12 months passed from the injury the possibility of motor recovery is unpredictable.
According to the type of patient and functional requirements, nerve transfers or muscle transfer should be
associated. They are indicated when reconstruction by nerve grafts is not possible, either due to an excessive

gap or an excessively long period since the lesion (Chuang 2018).
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Terminal painful neuromas

Terminal painful neuromas are still a challenging problem for hand surgeons. There is no a gold standard
technique to solve pain and avoid recurrence risk. Actually, no evidences indicate that a technique is superior
to another either in acute and elective condition (de Lange 2022). The first described technique consists in
shortening the nerve and move the end in adjacent, helthy and non- “touching” area. To this, Gosset (Gosset
1962) associated electrical coagulation of the stump of the nerve (by slowly increasing the intensity of the
current). This procedure was theorized observing that electrically burnt patients do not produce painful
neuromas. In order to reduce the risk of neuroma formation, providing a target to transected axons seems
to be a winning solution. So that, centro-central union (CCU) has been described. After neuroma resection,
the nerve stumps can be sutured together. A vein segment can be added to cover the site of suture to avoid
collateral sprouting. The axonal growth and neuroma formation are stopped when a continuous flow of
axoplasm is present: suturing two ends of the same nerve together increases the axoplasm pressure that
reduces the protein production and axoplasm flow in the neuron, acting to inhibit neuroma development
(Belcher 2000). Another procedure, following the same principle, for terminal neuromas of the digits, is
reverse end-to-side neurotization. The nerve stump may be coapted to the side of an adjacent intact nerve
by means of an epineural window in the recipient nerve. Usually the sensory collateral digital nerve can be
sutured to a dorsal sensory branch. Doing this, a pathway for regenerating axons is provided. In the last
decade, following the principle expressed previously, the targeted muscle reinnervation (TMR) has emerged
as one of the most promising treatments for neuroma pain and prevention in major limb amputations
(Dumanian 2019). It is based on the connection of a transected sensory nerve to the motor nerve entry point
for an expendable muscle. The authors reported satisfying results in terms of drugs reduction and recurrence
with follow up extended to 20 months (Wimalawansa 2021). Parallel to this, another procedure was
described to prevent neuroma recurrence. The principle is the same, a cuff of muscle is sutured around the
nerve end as a graft. The so called regenerative peripheral nerve interface (RPNI) was firstly introduced in
myoelectric prosthesis, but then was popularized in neuroma treatment due to its ability to treat associated
pain and symptoms (Senger 2023). Other procedures as direct implantation of the nerve into the muscle belly
or bone or nerve covering through epineural flap of cup either biological and artificial were proposed,

without clear effectiveness in problem solution.

When an acute nerve injury happens, the surgeon as stated above, has principles to respect and ancillary
procedures to perform in order to prevent the arise of a painful neuroma. Although lots of different
procedures were tested and theorized to prevent and treat a painful neuroma, no one of them presented

sure results in terms of pain reduction. For this reason, a groups of Italian hand surgeons were asked to
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complete a survey to figure out which procedure should be the most appropriate and feasible to prevent

them. The results are presented in the next section.

Non-surgical treatment of painful neuropathies of hand and wrist

When a painful neuroma arises after a terminalization of a finger or a painful neuropathy with residual
function appears, appropriate medical treatment and physical therapy with dedicated operators should be
continued for at least 6 months. Surgical procedures are indicated when no more benefit from those therapy

can be obtained and there is no more evidences of symptoms improvement (Bates 2019).

In those patients in whom multiple surgeries failed to reduce pain, different approaches could be chosen by
pain therapists. To treat chronic pain induced by a terminal neuroma or by an in-continuity neuroma with or
without function, pulsed radiofrequency (PRF) may work. Radio waves are delivered to the targeted nerve
through a needle. The frequency can be pulsed or continues (radio frequency ablation RFA) depending on
the treated nerve (sensory or mixed). Especially following RFA complete loss of nerve function can be
expected and the patient should be carefully informed. Pain neuromodulation could also be used when pain
persists. With this technique the myelinated fibers are activated through nerve or spinal cord stimulators,
reducing the synaptic efficacy. Pain due to peripheral nerve conditions is severe and should be always
managed not only by the peripheral nerve surgeon, but in team with pain therapist and hand therapist (Bates

2019).

1.4.3. Role of intraoperative ultrasound study in nerve reconstruction
One of the mainstays of nerve reconstruction when a graft is planned is to reach a normal or near-normal
histological architecture of proximal stumps. As stated in the first chapter the formation of a neuroma is
the physiological respond to nerve trauma, either in case of nerve transection or crush injury (Neumeister
2020), thus an amount of intraneural fibrosis is predictable every time. The intra neural scar limits and
blocks axon’s regrowth, so it is imperative to remove as much as possible of scar tissue to put the nerve in
the best condition for recovery. Actually, the identification of intraneural scar extension is still a challenge
for every surgeon, in fact nerve section of proximal nerve stump is performed just with grossly evaluation
(until bleeding is seen) and previous studies demonstrated that this kind of resection underestimates the
extension of fibrous tissue into the proximal stump and the following nerve reconstruction could be limited
and unsuccessful due to scar invasion (Malessy 1999).
In nerve diagnosis, the role of ultrasound (US) increased exponentially in the last few years. This technique
Is able to represent the anatomical components of a nerve in such an extremely detailed way.*>®
Koenig et al” explored the use of intraoperative high-resolution US to examine nerve lesions continuously

and found that it proved reliable, easy to use, and correlated well with electrophysiological investigations,
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microsurgical dissection, and outcomes. Recently, further authors applied US in the operating field with aim
to improve quality of nerve reconstruction (Cartwright 2008, Willsey 2017).
Inspired by these papers, we tried to introduce this technique in surgical practice on a cohort of patients. The

results obtained are discussed in a research paper reported in chapter 3.

1.5. ROLE OF TRANSLATIONAL RESEARCH IN NERVE REPAIR

1.5.1. Experimental models of a peripheral nerve injury

1.5.1.1. Somatic nerve injury: the median nerve model

In pre-clinical research studies different kind of animal models have been used to simulate a somatic nerve
injury. The nerve model was used to simulate crush injuries and nerve gaps. As in other fields of experimental
surgery, employed animals vary from primate, sheep, pigs to rats and mice. The rat definitely represents the
easiest and more translatable model, especially for studies evaluating regeneration across short nerve gaps,
while for large nerve gaps the use of other larger animals would be recommended, even thought, for large
animals, facilities are not easily available and more ethical concerns are presents (Ronchi 2019). Classically
the sciatic nerve has been, for decades, the most widespread model. Different downsides resulting from
severing the sciatic nerve: at first, injury to the sciatic nerve may induce a paralysis of the hind limb and,
often, in automutilation behaviour, such as biting and self-amputation of denervated toes and paw areas.
Longer lasting paralysis (>4 weeks in the rat) often leads to joint contractures and stiffness. These side-effects
reduce the reliability of functional tests, such as estimation of the sciatic function index or, in severe cases,
will lead to exclusion of the respective animal from a study for ethical and animal welfare reasons.
Furthermore, possibilities for evaluation functional recovery of motor skills after sciatic nerve lesion in the
awaken animal are rather limited or need considerable efforts to be realised (Navarro 2016). As an
alternative, the median nerve was progressively introduced as peripheral nerve injury model (Bertelli 2004,
Ronchi 2009) because of several advantages. Transection injury of the rodent median nerve, results in only
partial impairment of the upper limb function (Bertelli 1995). Incidence of automutilation is significantly
lower in comparison to the sciatic nerve model, ulcerations are fewer and no joint contractures can be seen.
This could happen thanks to the integrity of the ulnar and radial nerves that still preserve sensitivity and
motor function in the forearm (Sinis 2006). An additional advantage of the rodent median nerve injury and
repair model is that the hand functions require a fine finger movement that is quite similar between rodents
and humans (Whishaw 1992). So that, specific and precise functional tests for motor recovery evaluation can

be applied, enhancing the results of the under-investigation treatment. Non the less, a so called cross-chest
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median nerve transfer has been proposed in rat to simulate gap longer than 4cm, reducing the requirement
of larger animals (Sinis 2006). Recently a review about the median nerve as model of somatic nerve injury
has been published considering the pros and cons of this model in different settings. As final remark, using
the median nerve as pre-clinical experimental model to study nerve regeneration in vivo is consistently
encouraged because of a better animal well-being, availability of different functional tests which make the
results obtained more translatable into the clinic (Ronchi 2019). Still remains open the issue about nerve gap
extension. In fact, the cross chest, whereas published, is not easily applicable in all experiments. One of the
main problems still remain how to create a valuable autograft: a conjunction of two ulnar nerve was the
technique proposed, but it differs from what it is used in clinical practice due to the presence of a further
coaptation site usually not present. To solve this, further expedient are under investigation as the

employment of allograft.

1.5.1.2.  Autonomic nerve injury: the cavernous nerve model
Nerve injuries regards not only somatic nervous system, but also the autonomic one. This kind of injuries
have been definitely less investigate compared to somatic nerve, but recently, thanks to the most
sophisticated reconstructive techniques now available, increasing interest on this topic was noticed. As for
somatic nerves, a pre-clinical model is required for deeply studying the regenerative processes of the
autonomic nervous system and possible surgical strategies in case of injury. Since one of the targets of this
project is erectile dysfunction recovery after NVB injury, a cavernous nerve injury model was adopted as
described previously (Martinez- Pineiro 1994). Differently to the human anatomy, where an intricate nerve
plexus is present, rats have got two cavernous nerves, one on each side of the prostate, that can be injured
and repaired. Moreover, functional effect of the reinnervation can be tested through intracavernosal
pressure measurement, whereas morphological and biomolecular analysis can be performed on
reconstructed nerve segments and on the target organ. Moreover, further investigation on organ

reinnervation could be planned to discover which processes sustain autonomic reinnervation.

1.5.2. Nerve conduits in peripheral nerve repair
As stated above, nerve conduits are now available for nerve reconstruction, with well identified application
limits. They are useful for gap up to 3 cm in sensory nerve reconstruction. Since the biomaterials engineering
is deeply involved in this field lot of researches are towards to ameliorate and push the power of these tools
beyond the well-known intrinsic limit. Recently new materials from non-human biological sources are being
developed; furthermore, biotechnologies are moving towards the use of growth factors and nanostructures

to improve the regenerative capacity of these devices.
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NOVEL MATERIALS

Silk fibroin and natural proteins

Derived from natural silk, the application of silk fibroin in biomedical fields is increased in recent years,
because of the unique material properties of high tensile strength, elasticity, low immunogenicity,
biodegradability in a reasonable time and an easy functionalization. In the field of peripheral nerve
regeneration, silk fibroin has been used experimentally as biomaterial for nerve guides to clarify the
biocompatibility with neural tissues in vitro, and for bridging nerve defects in vivo (Radtke 2016).

Other natural proteins like keratins have also been tested as natural biomaterial for nerve scaffold or as filler
to support peripheral nerve regeneration (Pace 2013). During my research program a pre-clinical study about
a silk-based conduit was completed and is reported in chapter 3. Now the FDA approval process for clinical

use is ongoing.

ENGINEERED CONDUITS

One of the most important phase of peripheral nerve regeneration in gap injuries is the generation of the
supportive structure needed to SCs migration. This is the principal limit of nerve conduit, especially in
treatment of long nerve gaps. In fact, the production of extracellular matrix components during the early
regeneration stages is inadequate, limiting SC migration into the lesion site, and consequently reducing the
production of the trophic and topographical guidance structure (bands of Blingner) for regenerating axons.
For this reason several tissue engineering approaches have been developed (Battiston 2009, Konofaos 2013,
Carriel 2014).

Hollow nerve guides could be engineered and functionalized with structural components such as collagen
and laminin-containing gels, internal frameworks, supportive cells, growth factors and conductive polymers

(de Ruiter 2009, Deumens 2010, Thomson 2022) (Figure 14).
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Fig 14: Modifications of hollow tube for peripheral nerve injury repair (de Ruiter GC 2009).

Presently, three different strategies are used to functionalized biomimetic conduits: (i) inclusion of bioactive
molecules, later released; (ii) modification of material surface with ECM macromolecules or specific binding
motifs; and (iii) nanoscale structural motif of the materials.

The introduction of appropriate internal filler or framework inside the conduit is an efficient strategy to
improve the outcome of nerve regeneration (Deumens 2010, Carriel 2014). A simple way to potentiate
synthetic conduits is to fill the tube with fibrin, laminin, collagen and other extracellular matrix components
provided as hydrogel. These hydrogels favorite cell invasion and axon elongation inside the conduit, and
allow neurotrophic factor diffusion. Moreover, hollow tubes can be enriched with internal fillers obtained
from biological tissues such as denaturized (Dornseifer 2011) or fresh skeletal muscle fibers (Ronchi 2018,
Crosio 2019).

Many studies demonstrated that autologous SCs seeded in a conduit can improve nerve regeneration (Dahlin
2007). Unfortunately, autologous or allogenic SCs are only viable after a long and difficult expansion time in
vitro, making their clinical application arduous. An interesting alternative to SCs are mesenchymal stem cells
(MSCs) derived from bone marrow (Mantovani 2010). These stem cells can differentiate to Schwann-like Cells
(SLCs) and could improve the nerve regeneration significantly. It has been demonstrated the role of nerve
fibroblasts that are greatly responsible of SNRG1 releasing. In future, fibroblasts could be grafted into critical
gaps to induce Schwann cells dedifferentiation, process required during nerve repair and regeneration.
Adding growth factors to nerve tubes could be useful for axonal regeneration, especially in case of large
nerve defects. A way to deliver growth factors could be by means of hydrogels, sponges, fibers, microspheres
and immobilization on nanoparticles is usually preferred to ensure a prolonged and controlled factor release
(Yasui 2016). Adding to conduits growth factors as NGF, GDNF, BDNF and NT-3, the stimulation of cells and

re-growing axons could be obtained (Midha 2003, Regas 2020).

1.5.3. Other devices for peripheral nerve regeneration
Autonomic driven organs are innervated not only by a single nerve, but they are stimulated through a
widespread plexus. Once the reconstruction is attempted it is not possible plan autografting or conduit in
absence of a proximal and distal stump. For this reason, pro regenerative membranes have been produced,
using some of the materials that demonstrate, in nerve conduits, to be efficient in promoting nerve
regeneration. Previously the membrane was used in pre-clinical experiment to bridge a nerve gap with
promising results (Fregnan 2016). In vitro researches confirmed the efficacy of the membrane in neurons

regeneration (Muratori 2019). To further increase their efficacy, micro-structured chitosan membranes with
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two different topographies were produced and tested at first in vitro to asses axonal outgrowth on
immortalized and primary cultures of neurons. Part of this research program is directed to study autonomic
system regeneration, so that chitosan membranes have been applied on cavernous nerve injury, comparing
the efficacy of different micro-structured devices. Furthermore, considering the role of nerve transfer in
organ recovery, a novel nerve transfer to reanimate corpora cavernosa after cavernous nerve injury were

developed and results proposed in in chapter 3.

1.5.4. Experimental model to simulate a traction neuropathy

Our research group over the years performed different type of pre-clinical studies in which CMC based gel
and fat grafts were used to prevent perineural scar formation (Tos 2016, Cherubino 2017). Our researches
were based on a perineural scar model on mice (Crosio 2014). Obtained results revealed comparable efficacy
of both synthetic and biologic material in perineural scar prevention (Cherubino 2017). Unfortunately, in this
field, so many different types of model were used to test the efficacy of anti-adhesion device, without the
possibility to really compare their efficacy. So that a review of the literature about how to simulate a traction

neuropathy was carried out and the results are reported later on.
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2. AIMS OF THE STUDIES

Peripheral nerve repair and following regeneration is, up to now, a complex and even undisclosed
argument. The possibility in clinical practice are limited and the rate of partial or no regeneration is still
high. Considering this, the goal of these researches was to improve basic knowledges on peripheral nerve
regeneration processes and to study surgical techniques and treatments able to ameliorate the outcome
after nerve reconstruction. Both clinical and pre-clinical studies, keeping the focus on translation
research, are presented in this thesis. Moreover, part of the research has been focused on the
development of adequate experimental models to simulate different types of nerve injuries and
neuropathies in order to study surgical techniques and regenerative processes.

In particular, in the paper presented in chapter 3.1, the role of sNRG1, released by fibroblasts, in
promoting Schwann cell dedifferentiation to a "repair" phenotype, was investigated during regeneration
in a chitosan hollow conduit used to repair a rat median nerve.

Nerve conduits amelioration is a topic of high interestin nerve repairs. Through this thesis two researches
on novel nerve conduits are presented. Chapter 3.2 reports the results obtained in median nerve
reconstruction by a processed nerve xenograft on animal model: this research was based on a novel
decellularization method and investigate the possibility of nerve reconstruction by means of xenografts
instead of allograft. Whereas in chapter 3.6 the preclinical experience with a new nerve conduit on rat
median nerve is described.

Another technique to restore nerve function is nerve transfer. This technique in extensively used in
muscle reinnervation, but autonomic driven organs reinnervation has been, over years, less investigated.
To understand which is the state of the art about nerve transfer in autonomic reinnervation a literature
review is presented in chapter 3.3. Furthermore, part of PhD program was directed to investigate
cavernous nerve regeneration. To accomplish this goal an extensive research in which the efficacy of
different types of chitosan membranes were tested on a rat model and, moreover, a new nerve transfer
for corpora cavernosa reinnervation was described and compared to membranes. The results are
reported in chapter 3.7.

Thus scar neuropathies are consequences of nerve injuries, a comprehensive review about method to
simulate this condition in preclinical models was performed and presented in chapter 3.8.

Finally, two clinical researches are included in this thesis. Both are directed to improve treatment of
secondary nerve reconstruction. Chapter 3.4 regards a consensus study about painful neuromas
treatment and prevention. In chapter 3.5, instead, a case series in which a novel tool to improve nerve
debridement was tested; intraoperative ultrasound was used to increase the ability to resect in-

continuity neuromas, to have less scarred proximal and distal nerve stumps.
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The order in which the papers are presented follows introductive chapters moving from
pathophysiological aspect of nerve regeneration, to aspects regarding primary nerve repair, ending with

topics regarding treatment of complications following peripheral nerve injuries.
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Abstract: Conduits for the repair of peripheral nerve gaps are a good alternative to autografts as
they provide a protected environment and a physical guide for axonal re-growth. Conduits require
colonization by cells involved in nerve regeneration (Schwann cells, fibroblasts, endothelial cells,
macrophages) while in the autograft many cells are resident and just need to be activated. Since it
is known that soluble Neuregulinl (sNRG1) is released after injury and plays an important role
activating Schwann cell dedifferentiation, its expression level was investigated in early regeneration
steps (7, 14, 28 days) inside a 10 mm chitosan conduit used to repair median nerve gaps in Wistar rats.
In vivo data show that SNRG1, mainly the isoform «, is highly expressed in the conduit, together with
a fibroblast marker, while Schwann cell markers, including NRG1 receptors, were not. Primary culture
analysis shows that nerve fibroblasts, unlike Schwann cells, express high NRG1« levels, while both
express NRG1f. These data suggest that sSNRG1 might be mainly expressed by fibroblasts colonizing
nerve conduit before Schwann cells. Inmunohistochemistry analysis confirmed NRG1 and fibroblast
marker co-localization. These results suggest that fibroblasts, releasing sNRG1, might promote
Schwann cell dedifferentiation to a “repair” phenotype, contributing to peripheral nerve regeneration.

Keywords: Neuregulin 1; nerve fibroblasts; nerve regeneration; Schwann cells; nerve guide; chitosan;
peripheral nerve; nerve repair; nerve injury

1. Introduction

Traumatic injury to peripheral nerve represents a relevant clinical problem that can lead to
permanent disability and functional impairment; indeed, it has been estimated that ~3% of all trauma
involve peripheral nerves [1]. Unlike the central nervous system, peripheral nerves regenerate
spontaneously after a crush (axonotmesis) or a clear cut (neurotmesis), when proximal and distal
stumps remain in close contact, facilitating the formation of a bridge and axonal re-growth [2,3].
Nevertheless, after a clear cut, a microsurgical intervention is always recommended to guide the
re-growing axons from the proximal to the distal stump and then to their target. If it is possible
to connect the two stumps without tension, a direct suture is suggested; if, following nerve tissue
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loss, a direct suture would cause a too high tension, it is necessary to insert a scaffold to bridge the
two stumps without tension [4]. The length of the gap which needs bridging with a scaffold varies
according to the characteristics of different nerves and their anatomical district [5].

Despite the progresses reached in nerve repair techniques during recent decades, peripheral nerve
gap repair remains a significant clinical challenge. For severe injuries, the gold standard technique is
the autograft, i.e., transplantation of an autologous nerve, but it presents some side effects, such as
a secondary surgery and sensitivity loss [6]. A good alternative is the tubulization, where a tubular
conduit is used to connect the gap between the nerve stumps. Different tubular conduits have been
developed and several are commercially available, as recently reviewed [7,8]. Conduit repair efficiency
is similar to the autograft for short distance repair, while for long distances the autograft remains the
most effective technique [9,10]. Indeed, autograft, being a transplanted nerve, yet contains most of the
players involved in Wallerian degeneration and nerve regeneration, while conduits require colonization
by Schwann cells, fibroblasts, endothelial cells, and so on. A promising biomaterial widely used for
peripheral nerve regeneration and recently approved for clinical use is chitosan, a polysaccharide of
natural origins [10-12]. It is a highly versatile biomaterial, indeed it has been tested in several forms,
such as hydrogels, films, or conduits used to repair nerve gap [13].

After a nerve cut, a bridge spontaneously forms between the proximal and the distal stumps;
the analysis of the bridge showed that, during nerve regeneration, important roles are played by
macrophages, endothelial cells, Schwann cells, and fibroblasts [14]. Initially, the bridge, composed
by inflammatory cells and extracellular matrix released by fibroblasts, is poorly vascularized and
becomes hypoxic: Macrophages, sensing hypoxia, release vascular-endothelial growth factor (VEGF)
which attracts endothelial cells promoting angiogenesis; blood vessels provide a track for Schwann cell
migration [14]. In the degenerating distal stump, Schwann cells, releasing soluble NRG1, might promote
their de-differentiation from a myelinating to a “repair” phenotype, playing a key role in myelin debris
clearing, macrophage attraction, neuron survival, and axonal re-growth [15]. Indeed, soluble NRG1
has been shown to play an important role for nerve regeneration [16], being highly, and transiently,
over-expressed immediately after injury [17,18] and negatively affecting nerve regeneration when it is
missing [18]. Different NRGI isoforms obtained by alternative splicing were described [19]: They are
mainly classified as transmembrane (expressed by axons and strongly involved in the regulation of
myelination) or soluble (released by Schwann cells immediately after nerve injury), and as type «
or type 3, according to the C-terminus of EGF-like domain, the domain which is involved in the
interaction with NRG1 receptors, namely ErbB3 and ErbB4 [20,21]. In Schwann cells, NRG1 signal
transduction is mediated by the heterodimeric receptor ErbB2-ErbB3 [22].

While many studies have contributed to our knowledge about how peripheral nerves regenerate
in case of mild injuries, such as crush (axonotmesis) or clear-cut transections (neurotmesis) followed
by end-to-end repair, much less is understood about nerve regeneration after a severe injury with
loss of nerve tissue. In particular, although tubulization is often and successfully used as a good
alternative to autograft for short nerve gap repair [7,10,12,23-27], little is known about what happens
during regeneration inside a conduit used to repair this kind of injury. A description of the different
stages occurring inside a hollow conduit during nerve regeneration was carried out several years
ago by means of electron microscopy analysis [28]: (1) The conduit is initially filled with plasma
exudate which contains extracellular matrix molecules and neurotrophic factors; (2) fibrin filaments are
formed; (3) fibroblasts and dedifferentiated Schwann cells colonize the gap, proliferate and align along
the conduit forming the Bands of Bingner; (4) axons grow and reach their distal targets exploiting
the biological cues supplied by Schwann cells; and (5) Schwann cells differentiate to a myelinating
phenotype and myelinate axons [29].

Our aim was to further characterize the stages occurring inside a conduit using different techniques
to identify the cells and the factors involved in the nerve regeneration, focusing our attention on the
NRG1/ErbB system, with the idea that understanding what happens inside a nerve conduit might
contribute to develop new strategies to further promote nerve repair.
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2. Materials and Methods

2.1. Surgical Procedure

Eighteen adult female Wistar rats (ENVIGO, Milan, Italy), weighing about 200250 g, were used.
The total number includes animals used for uninjured control nerve withdrawal. Animals were kept
under standardized and controlled conditions (12 h of light and 12 h of dark and free access to water
and food). Surgeries were performed under general anesthesia through intraperitoneal injection of
tiletamine HCl and zolazepam HCI (Zoletil Virbac, Milan, Italy) + xilazine (Rompun, Bayer, Leverkusen,
Germany) (40 mg kg_1 +5mg kg_l).

The median nerve was exposed and transected to establish a defect (8 mm of nerve was removed).
Then, two experimental groups were obtained: the chitosan conduit group and the autograft group as
previously described [30] (Figure S1).

1-for the chitosan conduit group a hollow 10 mm long chitosan tube was used to bridge the
8 mm nerve defect by inserting 1 mm of each nerve end inside the conduit (8 mm gap was chosen
considering it). The nerve conduit was sutured with one 9/0 epineurial stitch (silk; Péters Surgicals,
Bobigny, France) at each end. Chitosan-based conduits (Reaxon® Nerve Guides) were supplied by
Medovent GmbH (Mainz, Germany).

2-for the autograft group, the transected median nerve segment was reversed (distal-proximal) and
sutured to the nerve ends of the same animal with three 9/0 epineurial stitch at each end. Regenerated
nerves were withdrawn 7, 14, and 28 days after the repair for biomolecular analysis (n = 34 for
each group) and 7 days after the repair for morphological analysis; then, animals were sacrificed by
anesthetic overdose (>100 mg kg~! Zoletil and 30 mg kg~! Rompun).

Control nerves were healthy median nerves obtained from 4 uninjured animals.

2.2. Ethics Approval and Consent to Participate

Animal study followed the recommendations of the Council Directive of the European
Communities (2010/63/EU), the Italian Law for Care and Use of Experimental Animals (DL26/14),
and are in agreement with the National Institutes of Health guidelines (NIH Publication No. 85-23,
revised 1996). All animal experiments were carried out at the animal facility of Neuroscience
Institute Cavalieri Ottolenghi (NICO) (Ministerial authorization DM 182 2010-A 3-11-2010). The current
experimental study was reviewed and approved by the Ethic Experimental Committee of the University
of Torino (Italian Ministry of Health approved project number: 864/2016/PR, 14-09-2016).

2.3. Schwann Cell Primary Culture

To obtain adult primary Schwann cell culture, 4 rat sciatic nerves were isolated for each biological
replicate (n = 3). The epineurium was removed, nerves were cut into small pieces about 1 mm long,
then were evenly distributed in a 3 cm diameter Petri dish and were incubated for 24 h in dissociation
medium Dulbecco Modified Eagle Medium (DMEM, Gibco, Thermo Fisher Scientific, Waltham, MA,
USA) containing 1 g/L glucose, 10% heat-inactivated fetal bovine serum (FBS; Invitrogen, Thermo Fisher
Scientific), 100 units/mL penicillin, 0.1 mg/mL streptomycin, 10 uM Forskolin, 63 ng/mL recombinant
NRG131 (#396-HB, R&D Systems, Minneapolis, MN, USA), 0.625 mg/mL collagenase IV, 0.5 mg/mL
dispase Il at 37 °C in a 5% CO, atmosphere saturated with HO.

After 24 h, mechanical dissociation was performed and the medium containing the dissociated
nerves was collected in a tube, then the suspension was filtered through a cell strainer with 70 pm pores
(Sartorius Stedim Biotech GmbH, Goéttingen, Germany) and transferred into a new tube. Cells were
centrifuged at 100 rcf for 5 min. The pellet obtained was resuspended in DMEM D-valine medium (Cell
Culture Technologies, Gravesano, Switzerland) containing D-valine, 4.5 g/L glucose, 2 mM glutamine,
10% FBS, 100 units/mL penicillin, 0.1 mg/mL streptomycin, 10 uM Forskolin, and 63 ng/mL NRG131.
Cells were grown in a cell culture dish pre-treated with poly-L-lysine (PLL) to allow Schwann cell
adhesion, at 37 °C in a 5% CO, atmosphere saturated with H,O. Medium was replaced every two days.
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Cells (passage 1) were allowed to proliferate until confluence, then split and allowed to proliferate
until confluence in a 6 cm diameter Petri dish (passage 2) for the subsequent extraction with TRIzol
Reagent (Invitrogen, Thermo Fisher Scientific) to obtain RNA and protein, as described below.

DMEM D-valine medium was used to obtain Schwann cells, as the essential amino acid D-valine
in this media can be exclusively metabolized by Schwann cells and not by fibroblasts, owing to
the expression of the D-amino acid oxidase (DAAQO) enzyme in Schwann cells. Since fibroblasts
are not able to metabolize this isoform, they die after a few days in culture, due to the lack of an
essential amino acid [31]. Unless specified, all reagents were purchased from Sigma-Aldrich, Merck,
Darmstadt, Germany.

2.4. Nerve Fibroblast Primary Culture

To obtain adult primary nerve fibroblasts 2 rat sciatic nerves were isolated for each biological
replicate (n = 3). The protocol is similar to that used for Schwann cell isolation, except for: (i) The
epineurium was not removed from sciatic nerves, (ii) the culture medium DMEM (Sigma-Aldrich,
Merck) contained L-valine, 4.5 g/L glucose, 10% FBS, 2 mM L-glutamine and 100 units/mL penicillin,
0.1 mg/mL streptomycin, and (iii) fibroblasts were cultured without any coating. Medium was replaced
every two to three days. At least three passages were carried out to reduce the number of contaminating
Schwann cells and to increase the purity of the primary culture. The purity of the culture was assessed
by immunohistochemistry (data not shown). After reaching confluence, RNA and proteins were
extracted for subsequent expression analysis, as described below.

Sciatic nerves to obtain Schwann cell and fibroblast primary cultures were withdrawn from nine
uninjured animals, four of which were the animals used for control group median nerve withdrawal.

2.5. RNA Isolation, cDNA Preparation, and Quantitative Real-Time PCR

Total RNA extraction and retrotranscription, and quantitative real-time PCR (qRT-PCR),
were performed as previously described [17], using 0.75 pg /sample for retrotranscription. Technical
and biological triplicates were performed for in vitro sample analysis, while for in vivo sample analysis,
biological replicates were 4. qRT-PCR data were analyzed using the “Livak 2722t method” for the
relative quantification [32]. Briefly, the threshold cycle (C;) values of both the calibrator and the samples
of interest were normalized to housekeeping genes to obtain ACy, then AC; were normalized to the
calibrator to obtain AAC; and, following, the relative quantification (2-*2¢t) representing the expression
level of each sample relatively to the calibrator sample. As calibrator for the relative quantification the
average of uninjured nerve was used. The geometric average of the two endogenous housekeeping
genes ANKRD27 (Ankyrin repeat domain 27) and RICTOR (RPTOR Independent Companion Of
MTOR, Complex 2) was used for data normalization [33].

Primer sequences for ErbB1, ErbB2, ErbB3, soluble NRG1, ANKRD27, RICTOR [17], ErbB4,
NRG1a, NRGI1B [30], S100, and p75 [34] were previously published. A new primer pair for
Thyl (accession number #NM012673, amplicon length 127 bp) was prepared: Thyl forward: 5'-
CTCCTGCTTTCAGTCTTGCAGATGTC-3’; Thy1 reverse: 5'-CATGCTGGATGGGCAAGTTGGTG-3".

2.6. Protein Extraction and Western Blot

After RNA extraction, total proteins were extracted by the TRIzol Reagent (Invitrogen, Thermo
Fisher Scientific) according to manufacturer’s instructions, then, protein pellet was dissolved in boiling
LaemlLi buffer (2.5% sodium dodecyl sulphate, 0.125 M Tris-HCI, pH 6.8). The Bicinchoninic Acid
assay kit (Sigma-Aldrich, Merck) was used to determine protein concentration and equal amounts of
proteins (50 nug) were loaded into each lane. Proteins were resolved by 8% SDS-PAGE. Western blot
analysis was carried out as previously described [35]. The list of primary and secondary antibodies is
reported in Table S1. Secondary antibodies are horseradish peroxidase-linked.
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2.7. Immunohistochemistry

Seven days after the surgery, median nerves from each experimental group were withdrawn for
the following immunohistochemistry (IHC) analysis. Before fixation chitosan conduits were removed
with high precision in order to avoid loss of the tissue grown inside. Regenerated nerve specimens were
fixed in 4% paraformaldehyde in PBS (phosphate buffered saline) (Sigma-Aldrich, Merck) for 2-3 h and
stored in PBS at 4 °C. For the Cryo-embedding procedure, samples were cryo-protected with passages
in solutions with increasing concentration of sucrose (Sigma-Aldrich, Merck, 7.5% for 1 h, 15% for 1 h,
30% overnight) in 0.1 M PBS. Next, samples were maintained in a solution of 30% sucrose and optimal
cutting temperature medium (OCT, Electron Microscopy Sciences, Hatfield, PA, USA) in a ratio 1:1,
for 30 min and then embedded in 100% OCT; samples were stored at —80 °C. Nine micrometer-thick
cross sections of the nerve were obtained starting from the middle of the autograft or the middle of the
new tissue grown inside the chitosan conduit.

For IHC, samples on slices were rinsed with PBS and then permeabilized and saturated in 0.01%
Triton X-100, 10% normal donkey serum (NDS, Jackson ImmunoResearch, Philadelphia, PA, USA) in
PBS for 1 h at room temperature in humid chamber. Samples were incubated with primary antibodies
(Table S1, double staining were performed in single step, combined as follows: CD34 + 51003, CD34 +
NRG1, CD34 + RECA1) at 4 °C overnight in PBS containing 1% NDS, in humid chamber. Then, samples
were rinsed three times with PBS and incubated 1h at room temperature in humid chamber with
secondary antibodies (Table S1). After three washes in PBS, sections were covered with a mounting
solution (Fluoromount, Sigma-Aldrich, Merck) and a glass coverslip was used to cover the section
before observation. After drying for at least 3 days, samples were photographed using Leica (Wetzlar,
Germany) TCS SP5 confocal microscope.

For specificity assessment, all these antibodies were previously checked by Western blotting,
which showed a single band of staining (data not shown). These antibodies have been used for similar
purposes in the literature. Anti-S100p was used to label Schwann cells [36], anti-CD34 was used to
specifically label nerve fibroblasts [37], even if it known to recognize also endothelial cells. As shown
below in the immunohistochemistry panel 4C, no cells co-express S1003 and CD34, (indicating that
these antibodies do not cross react). To specifically identify fibroblasts, anti-CD34 was coupled with
anti-RECAL1, a cell surface antigen which is expressed by endothelial cells [38,39].

To assess the expression of NGR1 in fibroblasts, slices were stained with anti-CD34 and anti-NRG1,
a polyclonal antibody that recognizes the C-terminal of many different NRG1 isoforms (all isoforms with
“type a” C terminus, which is common to many soluble isoforms) [19], used by several laboratories and
acknowledged by the scientific community as a suitable antibody to assess NRG1 expression [18,40].

2.8. Statistical Methods

For in vivo experiments a priori power analysis performed with G*Power (v. 3.1.9.4; Heinrich-
Heine-Universitat Diisseldorf, Germany) [41] showed that a sample size of 12 samples (1 = 4 for each
group) for each time point was determined respecting an effect size of d = 0.6, with a power of 0.95 and
o of 0.05 defining an actual power of 0.98 to limit the number of sacrificed animals.

Statistical analyses were performed with IBM SPSS Statistics 25 (IBM, Armonk, NY, USA) software.
Data were expressed as mean + standard error of the mean (SEM). All data were tested for normal
distribution in order to select the appropriate statistical test (Levene and Mauchly tests).

Analysis of variance (ANOVA) for repeated measures with Bonferroni’s correction was adopted
to detect the effect of time, experimental groups, and their interaction and to highlight the overall
significant differences among autograft group, chitosan group and uninjured control nerves and at
each time point analyzed.

The two-tailed Student’s t-test for normally distributed data with comparable variances was used
to highlight statistical differences between the two groups (Schwann cells and fibroblasts), while for
data not showing normal distribution the nonparametric Mann-Whitney U-test was used.
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The effect size of each factor was computed as partial eta-squared (np?): a small effect was
considered for a value of 0.010, a medium effect for value of 0.059 and a large effect for value of
0.138 [42].

3. Results

3.1. Soluble NRG1 Is Strongly Expressed in the Conduit after Nerve Repair, While ErbB2 and ErbB3
Are Missing

The expression of proteins belonging to the NRG1/ErbB system, which is strongly involved in
peripheral nerve regeneration, was investigated in the new tissue grown inside the chitosan conduit
(“chitosan” group) and compared with the grafted autologous nerve (“autograft” group), representing
the surgery “gold-standard”, or with healthy median nerve, used as control group, representing the
starting point and the aimed final outcome (Figure 1).

AUTOGRAFT CHITOSAN
CTR7 1428 7 14 28 days
o

ErbB2 — = eme . = -185kDa

ErbB3 — + s e= == - -185kDa
NRGT1 — - — = - - 75 kDa
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-ERK1 — - 44kDa
E-ERKZ = s s = 42kDa
ERK1 — 1omems = em- = -44kDa
ERK2 — e e= = _ okDa
MBP — .- - - 18 kDa
p-clun — e ” - 48 kDa

actin — == em o= emamen - 44 kDa

Figure 1. NRGI1 and ErbB expression in autograft and chitosan groups. Western blot analysis of
proteins extracted from healthy control nerves (CTR) and regenerating nerves belonging to autograft or
chitosan groups withdrawn 7, 14, and 28 days after the repair and probed with antibodies for ErbB2,
ErbB3, phospho-AKT, total-AKT, phospho-ERK, total-ERK, MBP, phospho-cJun; actin was used as a
loading control. For NRG1, an antibody recognizing the C terminus fragment was used. Unspecific
bands were identified with asterisks (*). Molecular weight (kDa) are shown on the right.

Our data show that ErbB2 and ErbB3 receptors were strongly up-regulated in the autologous
nerve graft at all the time points analyzed (7, 14, and 28 days after the repair), while in the chitosan
conduit ErbB2 and ErbB3 were not detectable 7 days after repair; they started to be detectable one
week later, and were strongly expressed 28 days after the repair.

To detect soluble NRG1, an antibody which recognizes a 75 kDa band corresponding to the C
terminal fragment of NRG1 was used [17,18]. NRG1 is strongly expressed 7 and 14 days after the
repair in both groups, with a higher expression in the chitosan group 7 days after the repair. NRG1
expression strongly decreases 28 days after the repair in both experimental groups.
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3.2. The PI3K/AKT and ERK/MAPK Pathways Are Activated in the Autograft, Not in the Conduit

AKT, ERK and cJun are strongly phosphorylated 7 and 14 days after repair with the autograft
technique, while after 28 days their phosphorylation strongly decreases (AKT, ERK) or it is completely
switched off (cJun). Inside the conduit, AKT phosphorylation is barely detectable 14 days after the
repair, while ERK1/2 and cJun phosphorylation are not detectable; moreover, in the chitosan samples
the total amount of ERK is lower than in the autograft.

Myelin basic protein (MBP) is strongly expressed in the uninjured median nerve; in the autograft
group it is still present 7 days after injury (during Wallerian degeneration), disappears 14 days
after repair (during axon regrowth) and it is present again 28 days after the repair (during axon
remyelination). Within the chitosan conduit, where Wallerian degeneration does not occur, MBP starts
to be present 28 days after the repair, during axon remyelination.

3.3. Fibroblast Markers Are Highly Expressed in the Chitosan Conduit

Western blot data analysis showed that in the chitosan conduit soluble NRG1 (usually highly
expressed by Schwann cells after injury) was strongly expressed 7 days after nerve repair, while the
NRGI1 co-receptors ErbB2-ErbB3 were not. To identify the cells responsible for NRG1 release,
we analyzed the expression of two Schwann cell (51003, p75) and one fibroblast (Thy1) markers within
the chitosan conduit (Figure 2 and Table 1 for statistical analysis).

5100, a Schwann cell marker highly expressed by differentiated Schwann cells, is significantly
down-regulated after injury in all samples. Our data show that at all the time points analyzed S100f3 is
significantly less expressed in conduit samples than in the nerve repaired through autologous graft.
The effect size between all groups is significantly large for all time points analyzed (see Table 1).
Multiple comparison analysis for S100(3 revealed significant differences between autograft and chitosan
groups (p = 0.0056, mean difference = 0.16, CI 95% = 0.06-0.26). The within subject test showed no
significant effect for time (p = 0.065) and time x group factors (p = 0.29).

p75 is a Schwann cell marker highly expressed by dedifferentiated Schwann cells, known to
be strongly up-regulated after nerve injury; accordingly, when compared with uninjured nerves,
P75 expression is significantly higher in all autograft samples, while in the chitosan group it is
significantly more highly expressed only 28 days after the repair (see Table 1). Data show that at all the
time points analyzed p75 is significantly less expressed in the conduit group than in the nerve repaired
through autologous graft. The effect size between experimental groups is large for all time points
analyzed (see Table 1). Multiple comparison analysis for p75 revealed significant differences between
the autograft and the chitosan groups (p = 0.000016, mean difference = 47.15, CI 95% = 36.93-57.37)
and between the autograft and the control groups (p = 0.000007, mean difference = 54.43, C1 95% =
44.21-64.65). The within subject test revealed a significant effect for time (p = 0.002) and time x group
(p = 0.0004) factors.

The nerve fibroblast marker Thyl1 is significantly more highly expressed in the chitosan group,
14 and 28 days after the repair with a large effect size (see Table 1), in comparison with the autograft
group and with uninjured nerves. Multiple comparison analysis for Thyl revealed significant
differences between the autograft and the chitosan groups (p = 0.004, mean difference = —6.5, CI1 95%
= (-10.36)-(—-2.62)), between the autograft and the control groups (p = 0.012, mean difference = 5.3,
CI 95% = 1.49-9.23) and between the chitosan and the control groups (p = 0.00017, mean difference =
11.86, CI 95% = 7.98-15.72). The within subject test revealed a significant effect for time x group factors
(p = 0.01), not for time alone (p = 0.15).

Soluble NRG1 is significantly higher in the chitosan group compared with the autograft group
and with uninjured nerves 14 and 28 days after repair with large effect size (see Table 1). Multiple
comparison analysis for soluble NRG1 revealed significant differences between chitosan and uninjured
nerve groups (p = 0.0002, mean difference = 1.88, CI 95% = 1.18-2.58) and between chitosan and
autograft groups (p = 0.0002, mean difference = 1.96, CI 95% = 1.21-2.70). The within subject test
revealed a significant effect for time (p = 0.006) and time x group (p = 0.000) factors.
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Soluble NRG1 isoforms (which are the most represented isoforms, at the mRNA level, in the
peripheral nerve) include both « and 3 isoforms, whose regulation and activity can be different;
therefore, we analyzed, separately, the expression of both isoforms.

NRGI1« is more highly expressed in the chitosan group, in comparison with the autograft group
and with uninjured nerves, 14 and 28 days after the repair with large effect size (see Table 1). Multiple
comparison analysis for soluble NRG1« revealed significant differences between the chitosan and the
uninjured nerve groups (p = 0.002, mean difference = 20.75, CI 95% = 10.29-31.19) and between the
chitosan and the autograft groups (p = 0.016, mean difference = 13.48, CI 95% = 3.03-23.93). The within
subject test revealed a significant effect for time x group factors (p = 0.02) not for time alone (p = 0.16).
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Figure 2. Quantitative expression analysis of Schwann cell and nerve fibroblast markers. Relative
quantification (2-8ACY) 6f S100B and p75 (Schwann cell markers), Thyl (fibroblast marker), soluble
NRGI, NRG1«, and NRG1p was evaluated by gRT-PCR. The geometric average of the housekeeping
genes ANKRD27 and RICTOR was used to normalize data. Values in the graphics are expressed as
mean + SEM (n = 3—4 for each group). ANOVA for repeated measures with Bonferroni’s correction was
adopted for statistical analysis; * denotes the significant differences between autograft and chitosan
groups at each time point analyzed (* p < 0.05, ** p < 0.01, and *** p < 0.001); # denotes the significant
differences between autograft group and uninjured control nerves at each time point analyzed (* p < 0.05,
## 1 <0.01, and #* p < 0.001); § denotes the significant differences between chitosan group and uninjured
control nerves at each time point analyzed (5 p < 0.05, 8 p < 0.01, and 8 p < 0.001). All data are
calibrated to uninjured nerves (whose expression, not shown, is = 1).
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Table 1. ANOVA for repeated measures with Bonferroni’s correction.

Autograft vs. Chitosan

7 Days 14 Days 28 Days
np? r CI 95% np? r CI 95% np? r CI 95%
51003 0.85 0.001 0.1-0.24 0.87 0.001 0.11-0.25 0.63 0.02 0.35-0.26
p75 0.97 0.000 64.99-93.51 0.81 0.002 24.70-71.92 0.67 0.01 4.21-23.61
Thyl 0.05 0.59 (-5.67)-9.11 0.87 0.001 (—14.38)—(-6.27) 0.87 0.001 (=15.04)—(-6.70)
sNRG1 0.00 0.907 (-1.82)-2.02 0.93 0.000 (=6.16)-(=3.71) 0.85 0.000 (=1.43)~(-0.65)
NRGl1x 0.11 0.42 (-10.58)-22.33 0.69 0.01 (-51.10)-(-10.24) 0.94 0.000  (=19.71)~(-11.59)
NRGI1p 0.20 0.738 (~0.46)-0.61 0.78 0.004 (-1.20)-(-0.37) 0.47 0.06 (-0.51)-0.47
Control vs. Autograft
7 Days 14 Days 28 Days
np? p CI95% np? p CI95% np? p CI95%
51003 0.99 0.000 0.92-1.11 0.99 0.000 0.92-1.06 0.99 0.000 0.82-1.04
P75 0.97 0.000 72.65-101.16 0.83 0.002 28.37-75.59 0.87 0.001 14.70-34.11
Thyl 0.4 0.09 (-13.5)-1.28 0.94 0.000 (-20.22)—(-12.12) 0.91 0.000 (-17.46)~(-9.12)
sNRG1 0.08 0.45 (-1.18)-2.41 0.10 0.4 (-1.59)-(=0.72) 0.50 0.033 (=0.77)~(-0.05)
NRGI1x 0.48 0.06 (-0.71)-32.21 0.06 0.57 (-15.39)-25.47 0.06 0.57 (-3.07)-5.05
NRG1p 0.55 0.03 (-1.14)—-(-0.06) 0.80 0.003 (-1.26)-(-0.42) 0.87 0.01 (—0.90)—( —0.41)
Control vs. Chitosan
7 Days 14 Days 28 Days
np? P CI 95% np2 P CI 95% np? p CI95%
S100B 0.99 0.000 (=1.05)—(=0.91) 0.99 0.000 (-1.06)-(=0.92) 0.99 0.000 (-1.04)—(-0.82)
P75 0.22 0.237 (-21.91)-6.6 0.024 0.717 (—27.28)-19.94 0.54 0.04 (=20.21)~(-0.79)
Thyl 04 0.09 (-1.28)-13.5 0.94 0.000 12.12-20.22 0.91 0.000 17.46-0.91
sNRG1 0.06 0.52 (-2.31)-1.28 0.92 0.000 (=5.64)-(-3.34) 0.97 0.000 (=0.95)~(-0.27)
NRGI1x 0.26 0.19 (—26.34)-6.57 0.75 0.005 (~56.14)—(-15.28) 0.94 0.000  (-20.71)~(-12.57)
NRG1p 0.61 0.022 0.14-1.22 0.02 0.75 0.36-0.48 0.73 0.007 0.16-0.66

Effect of time, experimental groups, and their interaction are reported at each time point analyzed. In this table the
effect size (partial eta-squared, np?), the significance (p) and the 95% confidence interval (CI) are shown. The effect
of the experimental groups on the regulation of gene expression is significant and with an effect size higher than
expected in most conditions.

NRGI1p is more highly expressed in the chitosan group compared with the autograft group 14 days
after the repair with large effect size. NRG1f3 expression in the chitosan group is significantly lower than
in uninjured nerves at 7 and 28 days, with large effect size, while for the autograft group it is significantly
lower at all the time points analyzed with large effect size (see Table 1). Multiple comparison analysis
for soluble NRG1p revealed significant differences between chitosan and uninjured nerve groups
(p = 0.034, mean difference = —0.38, CI1 95% = (-0.73)—(-0.03)) and between autograft and uninjured
nerve groups (p = 0.0018, mean difference = —0.70, CI1 95% = (-1.04)—(-0.35)).

The within subject test revealed a significant effect for time x group factors (p = 0.035) not for time
alone (p = 0.44).

3.4. Primary Cultures of Nerve Fibroblasts Express High Levels of NRG1 Isoforms, While NRG1 Receptors Are
Not Expressed

As the expression of Schwann cell markers was very low in the chitosan conduit, while the
fibroblast marker Thy1 and NRG1 were strongly expressed, we hypothesized that fibroblasts could
be involved in NRG1 expression. To test this hypothesis, confluent primary cultures of fibroblasts
and Schwann cells were obtained from adult rat sciatic nerves and were analyzed at both mRNA and
protein level to investigate fibroblast involvement in NRG1 expression (Figure 3A,B).
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Figure 3. Nerve fibroblasts express high levels of soluble NRG1. (A) Quantitative analysis of the
NRG1/ErbB system expression in primary cultures of Schwann cells and nerve fibroblasts. Relative
quantification (278ACY) of different NRG1 isoforms (soluble, «, ), ErbB1, ErbB2, ErbB3, and ErbB4
was evaluated by qRT-PCR. (B) Western blot analysis of the NRG1/ErbB system. Proteins were
extracted from primary cultures of Schwann cells (Sc) and nerve fibroblasts (Fb), separated on 8%
acrylamide-bis-acrylamide gels and probed with antibodies for ErbB1, ErbB2, ErbB3, and ErbB4;
for NRG1, an antibody recognizing the C terminus fragment was used. Actin was used as a loading
control. Size markers are indicated on the right. Neural progenitor cells stably expressing ErbB4 or mock
cells were used respectively as positive (Ctr+) and negative (Ctr-) controls for ErbB4. (C) Quantitative
expression analysis of Schwann cell and nerve fibroblast markers. Relative quantification (2722Ct) of
51008 and p75 (Schwann cell markers) and Thy1 (fibroblast marker) was evaluated by qRT-PCR to
ensure the purity of the primary cultures. For panel A and C, the geometric average of housekeeping
genes ANKRD27 and RICTOR was used to normalize data. All data were calibrated to healthy median
nerves, whose expression, not shown, is = 1. Values in the graphics are expressed as mean + SEM (1 = 3
for each group). For normally distributed data with comparable variances two-tailed Student’s t-test
was carried out, while for nonparametric data Mann-Whitney U-test was used; * p < 0.05, *** p < 0.001.

The identity of both cell types was confirmed by qRT-PCR using specific biomarkers: S1003 and
p75 for Schwann cells and Thy1 for fibroblasts (Figure 3C).
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At mRNA level we observed that NRG1« is more highly expressed by nerve fibroblasts in
comparison with Schwann cells, while soluble and 3 NRG1 isoforms are highly expressed in both cell
types without significant differences (Figure 3A).

At the protein level, NRG1 is more highly expressed in nerve fibroblasts than in Schwann cells
(Figure 3B); NRG1 was detected with an antibody which recognizes the 75-kDa band corresponding to
the C terminal fragment of NRG1 [17,18].

Concerning ErbB receptor mRNA expression, ErbB1 is expressed by fibroblasts only, ErbB2 is
more highly expressed by Schwann cells, ErbB3 and ErbB4 (NRGI1 receptors) are only expressed by
Schwann cells, at high and very low level respectively.

At protein level, fibroblasts express only ErbB1, Schwann cells express only ErbB2-ErbB3, ErbB4
is not detectable in both cell types; as a positive and negative controls for ErbB4 Western blot,
neural progenitor cells stably expressing ErbB4 or mock cells were used [43].

3.5. Immunohistochemistry Analysis Shows that Nerve Fibroblasts Express NRG1

To assess in vivo the expression of NRG1 by nerve fibroblasts, immunohistochemistry analysis
was carried out 7 days after nerve injury and repair, when at the protein level NRG1 is strongly
expressed, while ErbB2 and ErbB3 are not detectable. The analysis was carried in the middle of the
new tissue grown inside the conduit (the chitosan conduit was removed before fixation) and in the
middle of the grafted autologous nerve.

In the autograft we found several cells positive for the Schwann cell marker S1003 (Figure 4A),
while the signal of the fibroblast marker CD34 was very low; on the contrary, inside the conduit
(Figure 4B), the signal of the Schwann cell marker was very low, while the signal of the fibroblast
marker was highly detected. CD34 antibody was suitable for this analysis because it stains nerve
fibroblasts [37], but not Schwann cells (as demonstrated in Figure 4, panels C-C”-C").

Consistent with mRNA and protein analysis, several cells were stained with NRG1 antibody in
the chitosan group (Figure 4, panels E-E’), while NRGI staining in the autograft was very low (Figure 4,
panels D-D’). At higher magnification, some cells were positive for both CD34 and NRG1 (Figure 4,
panels F-F’-F”-G-G’-G”).

CD34 does not only recognize nerve fibroblast, but also endothelial cells [37]; usually, this does
not represent a problem, because vessels are not very abundant in the nerve and blood vessel cross
sections can be easily recognized for their rounded shape; nevertheless, because vessels in the chitosan
were found to be very abundant, to unequivocally discriminate nerve fibroblasts from endothelial
cells, we analyzed autograft and chitosan samples also with CD34 and RECA1 antibodies, as RECA1
antibody specifically stains endothelial cells. Data show that in the chitosan group (Figure 4, panels I-I'),
unlike in the autograft (Figure 4, panels H-H’), there are several fibroblasts and several endothelial cells.
At higher magnification (Figure 4, panels J-]’-K-K’) it is possible to identify both cell types: endothelial
cells that are positive for both CD34 and RECA1 staining (yellow signal) and nerve fibroblasts solely
positive for CD34 staining (green signal).
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Figure 4. Nerve fibroblasts express NRG1 in vivo. Cross section of median nerves analyzed 7 days after
repair with an autograft (A, D, D’, H, H’) or with a chitosan conduit (B, E, E’, I, I'): (A,B) double-stained
with S1003 (Schwann cell marker, red) and CD34 (fibroblast marker, green). (C, C’, C”) Images at higher
magnification show the absence of colocalization between S1003 and CD34; fibroblasts are pointed out
by arrow heads, Schwann cells by arrows. (D,E) double-stained with CD34 (green) and NRG1 (white)
or (D’,E’) single-stained with NRG1; (D’) and (E’) highlight different levels of NRG1 expression in the
two different experimental models (higher in the chitosan group). (F, F/, F” and G, G’, G”) Images at

higher magnification show some CD34" cells positive only to CD34 (arrow) and some CD34" cells also
positive to NRG1 (arrow head). (H,I) double-stained with CD34 (fibroblast and endothelial cell marker,
green) and RECA1 (endothelial cell marker, red) or (H’,I’) single-stained with RECA1; (H’) and (I')
highlight different levels of RECA1 expression in the two different experimental models (higher in the
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chitosan group). (J, J and K, K’) Images at higher magnification show some CD34* cells also positive
for RECA1, corresponding to endothelial cells (arrow heads), and several CD34* cells positive only to
CD34, corresponding to fibroblast cells. Scale bars: 200 um (A, B, D, D", E, E’, H, H’, I, I'); 20 um (J, J,
K, K’); 10 um (C,C',C",EF,F”, G, G’, G").

4. Discussion

For short nerve gap repair in human, up to 3 cm [8,9], tubulization is successfully used as a
good alternative to autograft, especially in small diameter, noncritical sensory nerves [44], while short
nerve gaps are successfully repaired in rat up to 1 cm [10,25,45]. Because several research groups [29],
including ours [30], are making efforts to functionalize and enrich tubular conduits to further promote
nerve regeneration in more complex situations, such as longer nerve gap or delayed repair, we focused
our attention on investigating what occurs inside a hollow conduit after nerve gap repair.

Soluble NRGI is one of the factors known to play an important role during nerve regeneration [16];
we and others previously showed [17,18,46] that soluble NRG1 transcript is strongly and transiently
up-regulated in the distal portion of the nerve 1 day after injury and that the NRG1 receptor ErbB3 is
strongly down-regulated 3 days after injury and up-regulated 7, 14, and 28 days after repair, while
the expression of the co-receptor ErbB2, barely detectable in the healthy nerve, is up-regulated 7, 14,
and 28 days after injury [17].

Here, we analyzed the expression of the NRG1/ErbB system inside a chitosan conduit 7, 14,
and 28 days after injury and repair and we compared it with the autograft. Our data show that, while
the expression of ErbB2 and ErbB3 is up-regulated in the autograft 7, 14, 28 days after injury, as occurs
in the distal portion of the nerve after a crush injury or after an end-to-end repair [17], in the chitosan
conduit ErbB2 and ErbB3 expression starts to be detectable 14 days after nerve repair and becomes
high only 2 weeks later. The absence of ErbB expression one week after injury is consistent with the
fact that the conduit needs time to be colonized by repair Schwann cells [28], which in the autograft
play a key role either in the Wallerian degeneration, either in nerve regeneration, while in the conduit
are mainly involved in nerve regeneration. Conversely, NRG1 expression is strongly detectable in both
autograft and chitosan 7 days after nerve injury and repair. Moreover, it has been shown in vitro that
NRGI stimulation of Schwann cells activates ERK, AKT, and cJun phosphorylation [47-49]; the lack of
ERK, AKT, and cJun phosphorylation in the chitosan samples, despite the presence of high levels of
NRG1, might be due to the absence (or low presence) of Schwann cells.

We further confirmed this by analysis, at mRNA level, the expression of Schwann cell markers,
together with a marker of nerve fibroblasts, which are supposed to colonize tubular nerve conduits
earlier, as in the first stages conduits are filled with extracellular matrix and fibrin cables [28]. The high
expression of NRG1 and of a fibroblast marker together with the low expression of Schwann cell
markers led us to speculate that nerve fibroblasts might be the main source of soluble NRG1 detected
within the conduit. As different soluble NRG1 isoforms are known to be expressed following a nerve
injury [17], we analyzed at mRNA level the relative expression of soluble NRG1 and of NRG1x and
NRG18, two soluble NRG1 isoforms characterized by different expression pattern and activity [43].
Intriguingly, we found that the expression pattern of all soluble NRG1 isoforms has a trend similar
to the expression of the fibroblast marker Thyl, especially NRG1a, whose expression is strongly
upregulated in the chitosan group 14 and 28 days after repair, like the fibroblast marker Thyl. The trend
is similar also for NRG1f, but its expression is lower. These data are highly reminiscent of our previous
observation (carried out on the distal portion of different experimental rat models: Crush injury and
cut followed by end-to-end repair) where we found that NRG1« isoforms are more highly upregulated
than NRG14 isoforms [17], thus reinforcing the idea that o isoforms also might play a role in nerve
regeneration [50].

Protein and mRNA data do not correspond exactly: At the protein level a stronger expression of
NRGI in the chitosan samples is observed 7 days after repair, while at the mRNA level the expression
is higher 14 days after repair. This discrepancy might be explained in two ways: By the fact that



Cells 2020, 9, 1366 14 of 19

mRNA and protein expression could be different because of post-transcriptional and post-translational
regulation or by the fact that at the mRNA level the expression of specific isoforms (soluble, «, ) is
quantifiable, while no effective antibodies specific for the soluble fragment of NRG1 or for « or 3
isoforms are commercially available. The antibody used for Western blot analysis, acknowledged
by the scientific community as a very good antibody to detect the C terminus of the transmembrane
precursor of soluble NRG1 isoforms [18,40], recognizes only a subcategory of soluble NRG1 isoforms,
but there are also isoforms expressed as soluble proteins without a transmembrane precursor or with a
precursor with a different C terminus.

To identify the different NRG1 isoforms and NRG1 receptors and co-receptors expressed by nerve
fibroblasts, an accurate mRNA and protein analysis was carried out on primary cultures of nerve
fibroblasts and compared with primary cultures of Schwann cells and with healthy median nerves
(used as calibrator). Our results show that nerve fibroblasts express high levels of different NRG1
isoforms: Soluble, type « and type 3. Intriguingly, NRG1« isoforms are significantly more highly
expressed in fibroblasts than in Schwann cells and healthy nerve, while NRG1f3 expression is more
similar in the two primary cultures and in the healthy nerve, thus reinforcing the idea that the soluble
NRG1 we observe upregulated in the chitosan might be mainly the NRG1ax expressed by fibroblasts.

Fibroblasts express ErbB1, while they do not express the NRG1 receptors ErbB3 and ErbB4
and the co-receptor ErbB2, thus suggesting that nerve fibroblasts are not able to activate a signal
transduction pathway after NRG1 stimulation, which is in agreement with the lack of ERK, AKT and
cJun phosphorylation. Schwann cells express only ErbB2-ErbB3 co-receptors; at mRNA level, a signal
for ErbB4 is detectable, but at the protein level it is not expressed, as previously shown [51]. These results
are consistent with literature data obtained from in vitro study showing that primary cultures of nerve
fibroblasts can release soluble Schwann cell pro-migratory factors, including NRG1 [52,53]. However,
our in vitro study demonstrated also that fibroblasts express both NRG1oc and NRG1 (3, while Schwann
cells express mainly NRG1. Our in vivo analysis, showing high levels of the fibroblast marker Thyl
and high levels of NRG1a, suggests that nerve fibroblasts might be the main source of soluble NRG1
inside the conduit during nerve regeneration.

To further investigate NRG1 expression in vivo, immunohistochemistry analyses were carried out
7 days after injury and repair and it was observed a high NRG1 expression in the chitosan conduit
samples, while in the autograft the NRG1 signal was lower, consistently with Western blot analysis.
Moreover, in the autograft samples, Schwann cells were more abundant than fibroblasts, unlike in the
chitosan samples, where fibroblasts were more abundant than Schwann cells.

To verify that the high amount of NRG1 observed in the conduit might be attributed to the high
presence of fibroblasts, double labelling of a fibroblast marker and NRG1 was performed. Our data
show that some fibroblasts were also positive for NRG1.

Thy1 is a good marker for mRNA analysis, but it is not suitable for IHC or Western blot analysis
because it is also expressed by neurons [54]: When we analyze RNA in the distal portion of peripheral
nerves (which does not include neuron cell bodies), we are analyzing RNA belonging to resident cells
only (e.g., Schwann cells, fibroblasts, endothelial cells, and macrophages), while when we analyze
proteins we detect proteins belonging to either the neurons, either resident cells, because neuron
proteins are expressed also along the axons.

According to Richard and colleagues [55], the sialylated transmembrane glycoprotein CD34
is a good marker of nerve fibroblasts for IHC analysis, since it is not expressed by Schwann cells,
macrophages, and perineurial cells. Nevertheless, CD34 is expressed not only by fibroblasts, but also
by endothelial cells, which usually are not very abundant in the nerves and can be easily recognized for
the rounded shape of blood vessels and capillary. To unequivocally discriminate between fibroblasts
and endothelial cells, a double staining was carried out for CD34 and RECA1, which specifically
detects endothelial cells, showing that inside the conduit there are several fibroblasts, but also several
endothelial cells forming blood vessels. The presence of a high number of fibroblasts and blood
vessels inside the chitosan conduit is consistent with the observation that fibroblasts might promote
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angiogenesis by secreting cytokines [56]. Our data show that in the chitosan conduits blood vessels are
highly abundant 7 days after injury and repair, while their presence is very low in the autograft samples.
It has been shown by others [14] that in the bridge formed between proximal and distal stumps, when the
gap is small, blood vessels provide a track for Schwann cell migration. The high presence of blood
vessels in the conduit suggests that they could play here the same role. Moreover, as vascularization is
also important to supply oxygen and nutrients for nerve tissue survival, different research groups are
developing new strategies to further promote vessel formation inside conduits [57].

Although it has been previously demonstrated that fibroblasts accumulated at the injury site secrete
extracellular matrix and form scar tissue, which might impair nerve regeneration [58], other authors
demonstrated that grafted nerve fibroblasts can positively influence Schwann cell behavior during
nerve repair [59]. Moreover, it has been shown that in the “nerve bridge”, formed between proximal and
distal stumps after nerve injury, the interaction between nerve fibroblasts and Schwann cells—mediated
by ephrinB2-EphB2—plays a key role for cell sorting and for Schwann cell cord formation [3].

Although hollow conduits are suitable for short gap repair, for long gaps they are unable to provide
an adequate microenvironment for regeneration [60]; one possible reason might be that fibroblasts
are not numerous enough to produce sufficient fibrin matrix, NRG1 and other factors. Indeed, it has
been shown that matrix diameter is inversely proportional to the conduit length, deeply affecting the
regenerative outcome after nerve transection [61] and that soluble NRG1 plays an important role in
Schwann cell dedifferentiation, proliferation, and migration [16,18,62]. This study allows us to make
two further methodological considerations:

1-The presence of Thyl and NRG1x also in the autograft samples, and the high levels of NRG1x
(together with NRG1p) previously detected after crush injury or end-to-end repair [17] suggest that
nerve fibroblasts might participate, together with Schwann cells, to NRG1 expression after nerve injury.
The fact that soluble NRG1 might be produced not only by Schwann cells but also by fibroblasts,
suggests that when CRE-lox technology is used to switch off NRG1 expression specifically in Schwann
cells (using Schwann cell specific promoters for CRE expression), soluble NRG1 released by fibroblasts
might be present in the environment and partially compensate for the absence of Schwann cell NRG1.
To completely inactivate NRG1 expression (in, e.g., Schwann cells, neurons, and fibroblasts) we suggest
to use inducible knockout animals, like those developed by Fricker and colleagues, ubiquitously
expressing a tamoxifen inducible CRE protein which removes floxed NRG1 in all cells after tamoxifen
treatment [63].

2-To obtain neuron specific gene expression or neuron specific CRE mediated gene inactivation,
the neuron specific promoter Thy1 is often used, being expressed in motoneurons and DRG neurons [64].
Nevertheless, because Thyl1 is expressed also by nerve fibroblasts, the use of this promoter could give
rise to unspecific effects that need to be regarded, considering that fibroblasts might be involved in the
regeneration process.

5. Conclusions

To conclude, our results suggest that nerve fibroblasts might contribute to the high level of soluble
NRGI1 observed after nerve injury and repair thus promoting Schwann cell dedifferentiation. Yet, it is
possible to hypothesize that nerve fibroblast grafting within conduits might be a good strategy to
further promote nerve regeneration after long gap and/or delayed nerve repair.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/9/6/1366/s1,
Figure S1: Macroscopic view of implantation sites; rat median nerve 8 mm defect was repaired with a 10 mm
long chitosan conduit (A) or with autograft technique (B). Table S1. Antibodies used for Western blot and
immunohistochemistry analysis.
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ANKRD27  Ankyrin repeat domain 27
ANOVA Analysis of variance

CI confidence interval

DAAO D-amino acid oxidase

DMEM Dulbecco Modified Eagle Medium
GFAP glial fibrillary acidic protein

np? partial eta-squared

ERK extracellular signal-regulated kinase
FBS fetal bovine serum

IHC immunohistochemistry

MAPK mitogen-activated protein kinase
MBP Myelin basic protein

NDS Normal Donkey Serum

NRG1 Neuregulinl

OCT Optimal Cutting Temperature

PBS Phosphate Buffered Saline

PI3K Phosphoinositide 3-Kinase

PLL poly-L-lysine

RICTOR RPTOR Independent Companion Of MTOR, Complex 2

SEM

standard error of the mean

VEGF Vascular-Endothelial Growth Factor.
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Abstract

Peripheral nerves are frequently affected by lesions caused by traumatic or iatrogenic damages,
resulting in loss of motor and sensory function, crucial in orthopaedic outcomes and with a significant
impact on patients' quality of life. Many strategies have been proposed over years to repair nerve
injuries with substance loss, to achieve musculoskeletal reinnervation and functional recovery.
Allograft have been tested as an alternative to the gold standard, the autograft technique, but nerves
from donors frequently cause immunogenic response. For this reason, several studies are focusing to
find the best way to decellularize nerves preserving either the extracellular matrix, either the basal
lamina, as the key elements used by Schwann cells and axons during the regenerative process. This
study focuses on a novel decellularization protocol for porcine nerves, aimed at reducing
immunogenicity while preserving essential elements like the extracellular matrix and basal lamina,
vital for nerve regeneration. The idea of using a porcine nerve graft arises from a translational point
of view. This approach offers a promising direction in the orthopaedic field for nerve repair, especially
in severe cases where conventional methods are limited.

The first aim of the present study was to test the efficacy of a decellularization method in order to
evaluate its possible application to create efficient nerve grafts. The second aim was to evaluate the
ability of the decellularized porcine nerve graft to repair median nerve lesions in rats.



To investigate the efficacy of the decellularization protocol to remove immunogenic cellular
components of the nerve tissue and to preserve the basal lamina and extracellular matrix,
morphological analysis was performed through Masson’s Trichrome staining, immunofluorescence,
high resolution light microscopy and transmission electron microscopy.

Morphological analysis was also used to study the ability of the porcine decellularized graft to support
the nerve regeneration. Four weeks after injury, regenerating fibers colonized the graft suggesting a
promising use to repair severe nerve lesions.

Keywords: peripheral nerve injuries, orthopaedic trauma, pig, nerve repair, decellularized nerve.



Introduction

Peripheral nerve injuries result in partial or total loss of function with significant consequences in
orthopaedic outcomes and impairment in quality of life of affected patients (Lavorato et al. 2023).
Even if peripheral nerves retain an intrinsic capability to regenerate spontaneously, this natural
process is often unsatisfactory particularly in cases of severe injuries involving significant tissue loss.
Therefore, achieving musculoskeletal reinnervation and improving the functional recovery are
important medical challenges, with fully effective treatments yet to be established (Thibodeau et al.
2022). To date, the gold standard surgical procedure for nerve injuries with substance loss is the
autograft technique. However, this approach has significant drawbacks, including limited graft
availability, the necessity of a two-stage surgical process, and potential adverse effects that can lead
to morbidity at the donor site (Hoben et al. 2018). In order to improve the outcome of such injuries,
many attempts have been made to develop devices that can be used to bridge nerve gap and support
nerve regeneration (Fornasari et al. 2020; Wu et al. 2023). Among these, an increasing number of
strategies proposes the implantation of "decellularized nerve allografts" characterized by the removal
of cellular antigens while maintaining the structure of a native nerve made of extracellular matrix
(ECM), basal lamina, and endoneurial tubes. These components promote the regenerative process
allowing Schwann cell (SC) proliferation, migration, and axonal elongation (Contreras et al. 2022;
Contreras et al. 2023). Furthermore, ECM plays a role as a supportive structure through chemical
interaction among SCs by soluble signalling, receptor pathways, and mechanotransduction (Prest et
al. 2018; Xu et al. 2020; Urbanski et al. 2016; Armstrong et al. 2007). These evidences highlight the
importance of ECM maintenance during nerve regeneration. Over time, numerous protocols have
been developed that utilize a mix of chemical and biological agents along with physical methods to
create effective decellularized nerve grafts, which can facilitate and ensure nerve regeneration (El
Soury et al. 2021; Sondell, Lundborg, and Kanje 1998; Armstrong et al. 2007).

In this study, a novel decellularization protocol currently used to decellularize tendons (Bottagisio et
al. 2019) was applied on porcine superficial peroneal nerves to obtain decellularized nerve grafts. The
first aim of the present study was to assess the effectiveness of the decellularization procedure applied
for the first time on superficial peroneal pig nerves. The secondary goal was to conduct in vivo
experiments using these decellularized porcine nerve grafts to repair median nerve injuries in rats, to

determine the potential of this xenograft model in supporting nerve regeneration.



2- Materials and methods
2.1 Study design

Four superficial peroneal nerves (SPN) were harvested from two 6-months old pigs as waste
anatomical tissues from subjects euthanized for an unrelated study (Authorization #771/2020-PR, ID
185D1.6.EXT.0). Each nerve was cut to create nerve segments of 1 cm length and a total of 18 nerve
segments were obtained. Nine nerve segments were used as controls, and nine segments underwent
the decellularization procedure. Once obtained decellularized grafts, they were divided into two study
groups, one for the analysis of the efficacy of the decellularization procedure and the second for the
application of the porcine decellularized nerve graft in vivo to repair median nerve injuries in rats

(Figure 1).

STUDY DESIGN
TP 1% TBP: tri-n-buty!
3 phosphate
PBS -/ - ‘
3 e
] DNAse-10,0025% l j ANALYSYS OF THE EFFICACY OF :
l O | DECELLULARIZATION PROCEDURE |
o= ] ! !
—-—) T r o —) ) : Morphological analysis :
PBS -/ -
SPN Pig o PAA: : . . : :
nerves e peracetic  Decellularized " Immunohistochemical analysis X
Decellularization o ocid Nerves ettt !
procedure cetag ‘
Ao
PBS -/ - l
IN VIVO ANALYSIS FOR THE EVALUATION OF PERIPHERAL NERVE FIBER
10 mm long defect REGENERATION SUPPORT
O rat median nerve

‘L N ,% ~

= & — Morphological analysis of nerve fibers

regeneration 4 weeks after surgery

—

proximal distal Pig decellularized graft
to bridge nerve stumps

Fig. 1 Schematic representation of experimental design and analysis. Created with BioRender.com.

2.2 Decellularization protocol

The decellularization of the nerve segments followed a method outlined for tendons in a previous
study (Bottagisio et al. 2019). In summary, nerves were treated with 1% tri-n-butyl phosphate (TBP)
in a Tris-HCI buffer, followed by rinsing and storage steps to eliminate detergents. DNAse-I and 3%
peracetic acid (PAA) treatments were then applied to further process the samples (Figure 1).
Subsequent rinses in distilled water and PBS were conducted before their use. Specifically, some
samples were fixed in 4% paraformaldehyde for histological analyses, and 2.5% glutaraldehyde for
TEM. Samples dedicated to the in vivo study were stored at — 80 °C until use.



2.3 Morphological evaluation of decellularized porcine nerves

To evaluate the effectiveness of the decellularization protocol applied on porcine superficial peroneal
nerves, morphological analysis has been carried out comprising Masson’s Trichrome staining,
immunofluorescence, high resolution light microscopy and Transmission Electron Microscopy

(TEM).

2.3.1 Paraffin embedding

Nerve samples were fixed by immediate immersion in 4% paraformaldehyde for 2 h, washed in a
solution of 0.2% glycine in 0.1 M phosphate buffer (pH 7.2), and embedded in paraffin. Specimens
were cut 10 um thick using a Leica RM2125 microtome and processed for histological and

immunofluorescence analysis.

2.3.2 Masson’s trichrome staining

For Masson’s trichrome staining, a Masson trichrome with aniline blue kit (Bio-Optica) was used.
This method is a three-colour staining that allows to identify collagen (blue), cytoplasm (red) and
nuclei (black). As a first step, a mixture of Weigert’s iron haematoxylin (solution A+B) were
combined together to stain slides. After an incubation with alcoholic picric acid and a wash in distilled
water, sections were stained with Ponceau acid fuchsin, and lastly with aniline blue for collagen
detection. As a final step, sections were rapidly dehydrated in ethanol, cleared in xylol/Bioclear (Bio-

Optica) and mounted in DPX (Fluka).

2.3.3 Immunofluorescence and Confocal Microscopy

Sections were rinsed in PBS, blocked with normal goat serum (1% in PBS—Triton 0.1%) for 1 h and
incubated overnight with the primary antibody. After primary antibody(ies) incubation, sections were
washed three times in PBS and incubated for 1 h in a solution containing the secondary antibodies:
Alexa 488 anti-Mouse, Cy3 anti-Rabbit (Life Technologies) in order to recognize the species of
primary antibodies. After three washes in PBS, sections were mounted with a Dako fluorescence
mounting medium and stored at 4 °C before being analyzed. The sections were incubated in a solution
containing the following primary antibodies: anti-PAN-NF (monoclonal, mouse, Sigma Aldrich), anti
S-100 (polyclonal, rabbit, Sigma Aldrich), anti-peripherin (polyclonal rabbit, Sigma Aldrich). Nuclei
were stained with 4,6-diamidino-2-phenylindole (DAPI, Sigma) diluted 1:1000 in PBS. Finally,
sections were mounted with a Dako fluorescence mounting medium. Images were acquired using a

Zeiss LSM800 confocal laser microscopy system (Zeiss, Jena, Germany).

2.3.4 Resin embedding, High resolution light microscopy and Transmission electron
microscopy (TEM)



Native and decellularized superficial peroneal nerves were fixed by immediate immersion in 2.5%
glutaraldehyde (SIC, Societa Italiana Chimici) in 0.1 M phosphate buffer (pH 7.4) for 5-6 h, at 4 °C.
Samples were then post-fixed in 2% osmium tetroxide (SIC, Societa Italiana Chimici) for 2 h and
dehydrated in passages in ethanol (Sigma Aldrich) from 30% to 100% (5 minutes of each passage).
After two 7 min passages in propylene oxide and overnight in a 1:1 mixture of propylene oxide
(Sigma Aldrich) and Glauerts’ mixture of resins, the samples were embedded in Glauerts’ mixture of
resins (made of equal parts of Araldite M and Araldite Harter, HY 964, Sigma Aldrich). Into the resin
mixture, 0.5% of the plasticizer dibutyl phthalate (Sigma Aldrich) was added. For the final step, 2%
of accelerator 964 was added to the resin in order to promote the polymerization of the embedding
mixture, at 60 °C. Semi-thin sections (2.5 pm thick) were cut using an Ultracut UCT ultramicrotome
(Leica Microsystems, Wetzlar, Germany) and stained with 1% toluidine blue and 2% borate in
distilled water for high resolution light microscopy. A DM4000B microscope equipped with a
DFC320 digital camera was used for high resolution light microscopy.

For transmission electron microscopy analysis (TEM), ultrathin (70 nm thick) sections were obtained
with the same ultramicrotome, stained with a solution of 4% UAR-EMS uranyl acetate replacement
in distilled water, and analysed using a JEM-1010 transmission electron microscope (JEOL, Tokyo,
Japan) equipped with a Megaview-III digital camera and a Soft-Imaging-System (SIS, Miinster,
Germany) for the computerised acquisition of the images.

2.4 In vivo study

To study the ability of porcine decellularized nerves graft to support peripheral nerve regeneration,
decellularized nerves graft were implanted and used to repair median nerve injuries with substance

loss in rats.
2.4.1 Ethic statement

A total of 3 adult Wistar rats weighing approximately 230-250 g (Charles River Laboratories, Milan,
Italy) were used for this study. Animals were housed in large cages at the animal facility of
Neuroscience Institute Cavalieri Ottolenghi (NICO; Ministerial authorization DM 182 2010-A 3—11-
2010) in a humidity and temperature-controlled room with 12 h light/dark cycles. Free access to water
and standard chow was provided. Human endpoint criteria were adopted to adequately measure and
minimise any animal pain, discomfort, or distress. The study conditions conformed to the guidelines
of the European Union’s Directive EU/2010/63. In addition, approval by the Ethic Experimental
Committee of the University of Turin (Ministry of Health project number 692/2020) was obtained

before the research began.



2.4.2 Surgical procedure

Surgeries were performed under general anaesthesia, with ketamine hydrochloride (2.5 mg/kg) and
xylazine (50mg/kg) by intraperitoneal injection. All surgical procedures were carried out under a high
magnification surgical microscope. Nerve lesion was performed on median nerves. The median nerve
of both forelimbs was severed and a nerve segment of 10 mm was removed and repaired with
decellularized superficial peroneal nerve. The nerve graft was sutured with 9/0 epineural stitch at
each end (Figures 2A—B). After 4 weeks, rats were euthanized through anaesthetic overdose of
ketamine and xylazine by intraperitoneal injection. The surgical site was exposed, regenerated nerve

samples were harvested and processed for morphological evaluation of nerve regeneration.

Fig. 2. Surgical procedure: median nerve resection (10 mm gap) (A); repair with porcine
decellularized superficial peroneal nerve graft (B); regenerated nerve harvested 4 weeks after
implantation (C).

2.4.3 Resin embedding, high resolution light microscopy and TEM

Regenerated nerves were processed for resin embedding, high resolution light microscopy and TEM
according to the aforementioned procedures (see paragraph 2.3.4). Particularly for the in vivo study,
in order to understand if regenerated fibers reached the end of the graft, only the distal portions of the

sample were cut and analysed by high resolution light microscopy and TEM.

2.4.4 Histological procedures

Samples were processed for paraffin embedding as previously described (see paragraph 2.3.1),
transversal cross sections (10 um thickness) of the whole nerve were obtained starting from the distal
portion until the proximal, in order to evaluate the course of the regenerated fibers on the whole

sample.

2.4.5 Immunofluorescence

In order to identify the presence of regenerated nerve fibers and ECM components,

immunofluorescence analysis was performed on the proximal, middle and distal portions of



regenerated nerves. For this purpose, sections were dewaxed, rinsed in PBS, blocked with normal
goat serum (1% in PBS—Triton 0.1%) for 1 h and incubated overnight with primary antibodies. After
primary incubation, the sections were washed three times in PBS and incubated for 1 h in a solution
containing the secondary antibodies: Alexa 488 anti-Mouse, Cy3 anti-Rabbit (Life Technologies) in
order to recognize the species of primary antibodies. After three washes in PBS, sections were
mounted with a Dako fluorescence mounting medium and stored at 4 °C before being analysed. The
sections were incubated in a solution containing the following primary antibodies: anti-PAN-NF
(monoclonal, mouse, Sigma Aldrich), anti S-100 (polyclonal, rabbit, Sigma Aldrich), anti-laminin
(polyclonal rabbit, Sigma Aldrich). Nuclei were stained with 4,6-diamidino-2-phenylindole (DAPI,
Sigma) diluted 1:1000 in PBS. Finally, sections were mounted with a Dako fluorescence mounting
medium. Images were acquired using a Zeiss LSM800 confocal laser microscopy system (Zeiss, Jena,

Germany).
3. Results

The first aim of the present study was to test the efficacy of the decellularization method currently
used to decellularize horse tendons in order to evaluate its possible application as a nerve graft. The
procedure effectiveness was assessed by determining if immunogenic nuclear and cellular
components of the nerve tissue were removed, and whether the ECM was preserved.

The second aim was to evaluate the ability of the porcine decellularized nerve graft to support nerve

regeneration after injury using it to repair median nerve lesions in rats.

3.1 Evaluation of overall nerve morphology and connective tissue structure after

decellularization protocol.

In order to evaluate the overall morphology and connective tissue statement of porcine decellularized
superficial peroneal nerve, Masson’s Trichrome staining was performed on decellularized and native
nerves.

Transversal cross sections of superficial peroneal nerves displayed the typical histological
organization of a healthy nerve characterized by many nerve fascicles, each surrounded by
perineurium, and adipose tissue between fascicles, held together by epineurium, the outermost layer
of connective tissue (Fig. 3A-B).

High resolution light microscopy on semi- thin cross sections stained with Toluidine Blue, highlights
the morphology of nerve fibers within nerve fascicles. Moreover, adipose tissue is well detectable

(Fig. 3C). Ultrastructural analysis, performed using TEM, allows to identify the presence of



unmyelinated and myelinated fibers (Fig. 3D); at higher magnifications, an axon surrounded by a
Schwann cell to form myelin sheath with lamellae spirally arranged is detectable (Fig. 3E).

In decellularized nerves, Masson’s Trichrome staining allowed to verify that the outer epineurium
was still present as well as the perineurium that surrounded each fascicle (Fig. 3F). The amount of
adipose tissue decreased. At higher magnifications (Fig. 3G), nerve fibers were barely detectable
compared with native nerves.

To further evaluate the effectiveness of the decellularization protocol on porcine superficial peroneal
nerves, high resolution light microscopy and TEM analyses were performed (Fig. 3H-O): native nerve
displayed axons surrounded by myelin sheath, adipose tissue and blood vessels (Fig. 3C), in
decellularized nerve myelin sheath is not clearly identifiable, however the presence of connective
tissue around nerve fascicles was still present (Fig.3H) Ultrastructural analysis displayed empty space
and scattered myelin around degenerating axons (Fig. 31-J, asterisks), collapsed axons with enlarged
disintegrated myelin sheath were detectable (Fig. 3K-M, red arrows). At the same time, a well-

preserved collagen made of collagen fibrils was clearly visible (Fig. 3N-O, black arrows).

Fig. 3: Masson’s Trichrome Staining (A-B, F-G), High resolution light microscopy (C, H) and
Transmission electron microscopy (D, E, I-O) performed on native (A-E) and decellularized (F-O)
porcine superficial peroneal nerves. Scale bar A, B, C, F, G, H=20 ym; D, [ =10 um; E, J = 0,2 um;
K=2 pm, L= 1 pm; M-O= 0,5 pm. Asterisk marks degenerating axons; red arrows mark enlarged
lamellae; black arrows mark collagen fibrils.

3.2 Evaluation of axonal and glial components after the decellularization protocol

In order to detect immunogenic components such as axonal filaments, nuclei and myelin, specific

axonal, glial and nuclear markers were tested in native and decellularized porcine nerves.



For glial components an immunostaining with S100 was performed and DAPI as nuclear staining.
Native porcine nerves showed the normal morphology in which Schwann cells form myelin sheath
around axons; many nuclei were clearly visible in blue (DAPI) (Fig. 4A-B). In decellularized nerves,

no immunostaining was found for S100 and DAPI (Fig. 4C-D).
.
.

Fig. 4: Immunofluorescence analysis to detect glial cells (S100 in red -A and C) and nuclei (DAPI in
Blue — B and D) in native (A-B) and decellularized porcine nerves (C-D). Scale bar= 20 pm

To investigate the presence of axonal components, anti-neurofilament -a typical protein expressed by
axons - and peripherin -a type III intermediate protein expressed by unmyelinated fibers - were used
in a double immunostaining either on native (Fig. SA-D) and decellularized nerves (Fig. SE-H).
Results revealed the presence of a few axons immunopositive for peripherin (red) and neurofilament
(green) in decellularized nerve demonstrating a low presence of this axonal proteins. In native nerves,
the same staining showed the presence of axonal neurofilament and peripherin according to the

expected morphology.
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Fig. 5: Immunofluorescence analysis to detect axonal components and nuclei in native (A-D) and
decellularized nerves (E-H). Green: neurofilament (A, E); red: peripherin (B, F); DAPI: blue (C, G);
Merged (D, H). Scale bar= 20 pum

3.4 Morphological assessment of nerve regeneration along the decellularized nerve graft

Rat median nerves repaired with decellularized porcine superficial peroneal nerve graft were
harvested four weeks after implantation to investigate the ability of the decellularized graft to support
nerve regeneration.

In order to study the morphological pathway of regenerated fibers, three different portions of the
regenerated graft were analysed: proximal, middle and distal.

Masson’s trichrome staining was employed to assess the overall structure of the regenerated nerve at
different portions, showing the morphology of the connective tissue surrounding nerve fascicles and
the presence of red staining within the regenerated nerve (Fig. 6A-D-G).

In the proximal portion (Fig. 6A), decellularized fascicles were not detectable compared with the
other portions (Fig. 6D, G). At higher magnifications, regenerated fascicles were clearly visible
together with a large regenerated red zone detectable by Masson’s Trichrome staining (Fig.6 B).

In order to identify the presence of newly regenerated nerve fibers, immunofluorescence analysis
using axonal (Neurofilament) and glial markers (S100) allowed to clearly detect axons and Schwann
cells at the proximal portion (Fig. 6C). Results clearly showed the typical morphology of a
regenerated nerve fully colonized by new nerve fibers immunopositive for S100 and Neurofilament

(Fig. 6C).



Shifting toward the centre of the regenerated graft, decellularized fascicles became visible (Fig. 6D)
and colonized by regenerated nerve fibers identifiable either within porcine fascicles or among them
(Fig. 6E). Immunostaining confirmed the presence of regenerated fibers (Fig. 6F).

Considering the distal portion (Fig. 6G-I), the presence of large nerve fascicles was identified,
corresponding to the decellularized porcine nerve, characterised by weak red staining (Fig. 6G).
Interestingly among these, many regenerated axons were detectable by an intense red staining and
surrounded by connective tissue (Fig. 6H). The immunofluorescence analysis reported in Fig. 61
demonstrated that regenerated fibers, stained with neurofilaments and glial markers, reached the distal

portion of the graft.

Fig. 6: Masson’s Trichrome Staining (A, B, D, E, G, H) and IHC for Neurofilament (Green) and S100
(red), DAPI in Blue (C, F, I) performed to identify the presence of regenerated fibers on proximal (A-
(), middle (D-F) and distal (G-I) level. Scale bar=20 um



3.5 Ultrastructural analysis of regenerated nerve

High resolution light microscopy on transversal cross-section of rat median nerve repaired with
decellularized superficial peroneal nerve graft revealed the presence of cells, nuclei and blood vessels
at distal portions 4 weeks after implant (Fig. 7A-C). Interestingly, a well-defined bundle of nerve
fibers surrounded by connective tissue was clearly evident within the regenerated nerve (Fig. 7C).
To further improve the morphological evaluation of the regenerated nerve, TEM analysis enabled the
study of its ultrastructural features characterised by both myelinated and unmyelinated fibers (Fig. 7
D-F).

Myelinated fibers were also randomly detectable within the nerve (Fig. 7G), and an enveloping
Schwann cell during the early phase of axonal myelination (Fig. 71-J, red arrows). Finally,
ultrastructural features of packed lamellae made of Schwann cells membrane were easily detectable

(Fig. 7K, blue arrow) together with blood vessels with erythrocytes (Fig. 7L, asterisk).

Fig. 7: High resolution light microscopy (A-C) and Transmission Electron microscopy (D-L) at distal
portion of the regenerated nerve 4 weeks after surgery. Scale bar: A-C= 20 pm; D= 10 pm; E-G=5
pm; F=1 pm; H= 2 um; I-J-K-L= 0,5 um. Red arrows mark enveloping Schwann cells; blue arrow
marks myelin; asterisk marks a blood vessel.



3.6 Evaluation of extracellular matrix preservation

Because ECM (extracellular matrix) molecules play a crucial role in creating a specific and supportive
physical and chemical environment for cell survival, as well as for the proliferation and migration of
Schwann Cells during nerve regeneration, the study focused on preserved laminin. (Armstrong et al.
2007; de Luca et al. 2014), Indeed, laminin is a significant substrate not only for Schwann cell
functions but also for the axonal elongation.

Immunolabeling for anti-laminin in the decellularized porcine superficial peroneal nerve indicated
the preservation of this crucial ECM component post-decellularization (Fig. 8A). Similarly, in the rat
median nerve repaired with the decellularized graft, a comparable immunopositivity was observed.
This was evident in the proximal (Fig. 8B), middle (Fig. 8C), and distal (Fig. 8D) portions of the
regenerated nerve, where many neurofilament-positive axons (green) were seen within endoneurial

tubes that also showed positive immunoreactivity for laminin.

Fig. 8: The immunoreactivity for laminin in decellularized porcine nerve (A) and in proximal (B),
middle (C), distal (D) portion of the regenerated nerve displaying the preservation of the ECM (red)
colonized by regenerating axons (green) and cellular nuclei (DAPI). Scale bar=20um



DISCUSSION

In the field of tissue engineering, the development of decellularized nerve grafts is a topic of ongoing
research. These grafts are being explored as potential alternatives to the traditional autograft
technique, especially for repairing nerve injuries with longer gaps (over 3 cm). Studies involve
assessing the regenerative potential of various decellularization protocols on animal models to
understand their effectiveness in nerve regeneration. This research is crucial for advancing the
treatment of severe nerve injuries where traditional methods may not be sufficient (Garcia-Garcia et
al. 2023). Decellularized nerve grafts should provide a suitable substrate for nerve regeneration in
which the conservation of ECM components plays a crucial role for peripheral nerve regeneration
and axonal guidance (Mahdian et al. 2023; Hsu et al. 2023). The currently available decellularized
methods are time and effort consuming (El Soury et al. 2021). Consequently, there is an ongoing
effort to develop and propose new decellularization procedures and strategies. In this study, a novel
decellularization method already used to obtain decellularized tendons (Bottagisio et al. 2019) was
applied for the first time on porcine nerves in order to study its effectiveness to create a valid
decellularized nerve graft able to support nerve regeneration in case of injury with substance loss in
rats. Since nerves and tendons share common features, such as scarcely tissue permeability (El Soury
et al. 2021), it was hypothesized that the use of this decellularization protocol in nerves could
efficiently produce biocompatible and well-structured decellularized nerve grafts. The study
successfully demonstrated that the decellularization method used for horse tendons can be effective
in preparing porcine superficial peroneal nerves for grafting. This indicates a potential application in
nerve grafts, as evidenced by the removal of immunogenic components and preservation of the ECM.
Detailed morphological assessments through various staining and microscopy techniques revealed
significant insights into the structural integrity and changes post-decellularization. The preservation
of key nerve structures alongside some level of degradation points to areas for further optimization.
Morphological analysis performed on decellularized porcine nerves showed that glial components
have been successfully removed together with nuclei. The absence of immunogenic and glial markers
in decellularized nerves indicates successful decellularization. This is a crucial factor in preventing
host immune response post-transplantation. Masson’s trichrome staining highlighted the preservation
of the overall connective tissue structure made of epineurium that surround the whole nerve,
perineurium surrounding nerve fascicles and endoneurium surrounding individual nerve fibres.
Ultrastructural analysis performed by TEM confirmed the conservation of collagen fibrils within the
decellularized graft.

The second aim of this study was to evaluate the ability of the decellularized nerve graft to support

nerve regeneration in vivo using a xenograft model in which a decellularized porcine nerve was used



to repair a median nerve injury in rats. The use of decellularized porcine nerve grafts in rat median
nerve injury models showed promising results. Despite the limitation of this study is related to the
number of rats employed, it represents an initial proof of concept of the efficacy of decellularized
xenografts in nerve repair. Indeed, the study observed nerve regeneration, suggesting that these grafts
can effectively support nerve repair processes. Masson’s Trichrome staining allowed to identify the
organisation of regenerated nerve fibers and connective tissue conditions in regenerated nerve
showing a substantial presence of nerve fibers starting from the proximal toward the distal portion of
the nerve. In order to demonstrate the presence of such regenerated fibers, immunofluorescence
analysis allowed the detection of axons, SC forming myelin and nuclei at the proximal, middle and
distal portions. Particularly, according to the regenerative time (4 weeks of follow-up), TEM revealed
the presence of many unmyelinated fibers, enveloping SC forming myelin sheath and myelinated
fibers at the distal portion. Finally, the preservation of laminin in porcine nerve graft after
decellularization and in regenerated median nerve of rats strengthened the specificity of the protocol
to preserve ECM components that play a key role for SC proliferation, migration and axonal
elongation (Armstrong et al. 2007). The preservation of ECM components like laminin, essential for
nerve regeneration, underscores the potential of this decellularized graft in clinical applications. This
is further supported by the successful colonization and regeneration of nerve fibers in the graft. Taken
together the results achieved in this study demonstrated either the effectiveness of the
decellularization protocol in removing the native nerve components, or its supporting role as nerve
graft to promote axonal elongation and fibre regeneration.

The translational value of this study lies in the use of a xenograft model, a technique that involves
transplanting tissue from one species to another. This approach holds significant promise in the field
of regenerative medicine for replacing damaged tissues, highlighting its potential impact and utility.
A previous study (Hopf et al. 2022) successfully investigated a new method to decellularize large-
diameter porcine nerves combining a mild chemical disruption of cellular components with enzymatic
degradation: a large acellular nerve scaffold was obtained with a preserved ECM structure, supporting
the possible application of porcine nerve graft in the clinical context of nerve repair.

Indeed, actually, many porcine tissues are efficiently transplanted in human, i.e. porcine dermis used
as a graft to support the repair of large skin loss after burned condition (Haller et al. 2021), or
decellularized porcine heart valve scaffolds successfully implanted for heart valve tissue engineering
(Leyh et al. 2003).

In conclusion, the study presents significant advancements in the field of nerve repair, especially
regarding the use of decellularized grafts. While promising, these findings also highlight the need for

continued research to refine these methods for clinical applications. The study sets a foundation for



future investigations into optimizing decellularization protocols and assessing long-term outcomes in

nerve regeneration.
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Abstract

Nerve transfer is a technique widely used in muscle reanimation under certain conditions. It required a
sacrifice of healthy nerve or part of it. In the last 20 years attempts of nerve transfer in autonomic driven
functions have been performed with variable results. Whereas in somatic nerve a lot of informations are
known about the mechanics of nerve regeneration, function gaining and neural plasticity, few and
fragmentary informations are available in literature regarding somatic-to-autonomic (StA) nerve transfer.
An extensive query has been performed through PubMed. The identified papers have been screened by title
and abstract, those who passed the screening process was then analyzed. 266 papers were identified, 15
passed the screening process. Papers were divided in clinical and pre-clinical. Bladder dysfunction, bowel
dysfunction and erectile dysfunction were the topics treated. Bladder and bowel dysnfunctions were
consequence of spinal cord injury (SCI) or medullary pathologies as spina bifida (SB) or myelomeningocele.
ED was secondary to cavernous plexus or nerve injury in pelvic area.

The treatment was performed by L5-S1 to S2-S3 ventral roots (VR) transfer for BD and AD.

The aim of this review is to identify the StA transfers described in literature, focusing the attention on what
is known about the effect of somatic nerve on autonomic driven organ and summarize the actual application
of this procedure in humans.

Keywords: nerve transfer, autonomic nerve system, erectile dysfunction, bladder dysfunction



Introduction:

Autonomic system disorders following denervation due to trauma correlated to spinal cord injury,
dysmorphism of the spinal cord, or secondary to iatrogenic injury in the pelvic area are debilitating events
for affected patients. The consequences related to uro-genital or bowel system dysfunction can lead to
devastating complications and however forced patients to continuous self-catheterization and bowel self-
evacuation. In case of iatrogenic or post traumatic erectile dysfunction (ED) the clinical consequences are
definitely not life threatening, but can affect seriously the patients’ quality of life.

Different strategies have been attempted among years to restore these essential functions, in the last 20
years some authors proposed and investigated the efficacy of autonomic reinnervation using somatic donor
nerve, in which an intact somatic nerve is selected for coaptation to the distal stump of the injured autonomic
nerve. In this case, to connect the two stumps, an end-to-end (EtoE) or end-to-side (EtoS) technique can be
applied. This procedure is classified as nerve transfer (NT). It is a widespread procedure actually used in the
treatment of brachial plexus and peripheral nerve injuries (Chuang 2005, Doi 2018). To gain a success, some
principles have to be respected, as performing the NT into a time limit from injury and suturing the donor
nerve as close as possible to the target.

In treatment of bladder and bowel dysfunction following a SCI (spinal cord injury), root transfer was firstly
proposed by Xiao (Xiao 1994, Xiao 1999) in the late 90’s. Through root transfer the authors proposed a new
spinal reflex supposed to be able to induce bladder emptying in response to skin stimulation of the
corresponding dermatome. To this, many papers succeeded with contrasting results both in animal model

and clinical trials.

NT was tempted also in treatment of ED. One paper described the root transfer procedure in an animal
models, but most of the authors tried to solve the problem caused by surgeons during radical prostatectomy
(RP) in which frequently iatrogenic damage to the periprostatic neurovascular bundles (NVBs) occurs
(Dangerfield 2023). Before NT was attempted, two authors demonstrated the inefficacy of cavernous nerve

reconstruction after RP (Davis 2009) either monolateral or bilateral (Kung 2015). Moreover, preclinical



researches also failed to restore erectile function through nerve graft (Bessede 2014). In this field, other
authors proposed and obtained promising results using Chitosan membrane (CS-Me) to promote nerve
regeneration after RP. Otherwise no evidences of clear nerve regeneration were obtained (Tuite 2018). So
that, some authors performed a real NT to reinnervate directly corpora cavernosa bypassing the NVBs (Souza
— Trindade 2017). This solution is giving the most encouraging and promising results in ED recovery. Despite
the potentiality of nerve transfer in autonomic system reanimation, few notions are known about the

biomolecular aspects that drive the autonomic system reinnervation through somatic motor axons.

In this paper we would like to review the existing literature who described a somatic to autonomic nerve
transfer, gathering what is known about the process, analyzing the methods used in animal models to

investigate the recovery and proposed further research to clarify this fascinating novel approach.

Methods:

An extensive literature review was performed on Medline with the following search phrase “somatic to
autonomic and erectile dysfunction or bladder dysfunction or anorectal dysfunction or bowel dysfunction”.
Only time filter was applied, limiting the research to the last 20 years. The found papers have been screened
by title and abstract. The selected works were then divided in animal research and clinical research. For pre-
clinical papers type of nerve transfer, type of suture (EtE or EtS), number of animals, timepoint for recovery
evaluation, outcomes measures, results obtained were resumed and compared. In clinical research papers
other than the type of nerve transfer and the type of suture, also time intercurred between the injury and

nerve transfer were analyzed as well as time of follow up and outcome measures.

Results:
The retrieving process resulted in 261 papers. The screening process by title and abstract ended in 17 papers
that were included in final reviewing. In table 1 and table 2 the papers finally included in the review were

summarized.



dysfunction

Author Year Topic Technique Transfer Animal
Erectil
Dong 2016 rectile EtS L6VR to L4VR (donor) 36 Rats
Dysfunction
sun j010 ~ Anorectal EtE LAVR to L6 VR 16 rats
dysfunction
Dong 2012 ~ Anorectal EtS L6VR to LAVR (donor) 40 rats
dysfunction
Wang 2007 Bladder EtE LAVR to L6 VR 15 rats
dysfunction
Bladder GF nerve to PN
Ruggieri 2008 dvsfunction EtE (denervation through 13 dogs
y S1S2VR section)
Ruggieri 2008 Bladder EtE CG nerve to S1 and 52
dysfunction 10 dogs
GF nerve to PN
Ruggieri 2011 EUS EtE FN to Pudendal nerve 9 dogs
88 dysfunction 8
EAS
dysfunction
B
Gao 2011 adder EtS L6VR to L4VR (donor) 30 Rats
dysfunction
Gomez- 2014 Bladder EtE GF to PN 41 dogs
Amaya dysfunction
- B
Gomez 2015 adder EtE GF to PN 37 dogs
Amaya dysfunction
Zerhau 2016 Bladder EtE L551 to 5253 17 rabbits

Tab 1: pre clinical papers included in the review.




Author Year Topic Technique Transfer Patients T".“‘? from Follow
injury up
Between 1
Rasmussen 2015 Bowel. EtE L5>orS1VR 10, supraconal SCI and 18 years 18
dysfunction to S2VR months
(4 years)
1-6-12-
BI L5VR 2
Xiao 2003 adder EtE VR toS 15, suprasacral scI ean/vears g oe
dysfunction VR from injury
months
Xiao 2005~ Bladder EtE LSVR to 3 20 spina bifida 12
dysfunction VR P months
Tuite 2013 Bladder e VURt0S2S3 15Cl 9years 2 years
dysfunction VR y y
Lumbar VR
Bladder according to . s
Peters 2014 dysfunction EtE stimulation 13 spina biphida / 3 years
(L5-S1) to S3
Bowel
dysfunction
between 1
BI L 1VR
Rasmussen 2015 adde.r EtE >0rsS 10, supraconal SCI and 18 years 18
dysfunction to S2VR months
(4 years)
S1VR to S2
Tuite 2016 i EtE P (double blind, MM and / 3 years
dysfunction cord
. LMM)
detethering
Bladder L5VR to S2S53 mean 7 years /1
Sievert 2016 ! EtE 8 SCl v months
dysfunction VR from injury
(mean)
FN to
corpora 2 years from
_ E | _12-
S.ouza 2017 ED t5 +sura cavernosa 10 ED post RP denervation 6-12-18
Trindade nerve graft , months
and dorsalis (RP)
penis
Selective
fibers from 2.2 years
Reece 2019 ED ELS + sural FN to 17 from non NS 18
nerve graft months
Corpora RP

cavernosa




2.4 years
from NS RP

Dangerfield 2023 ED ELS + sural 4 2 years
nerve graft

Cystectoprostatectomy
and Neobladder
Formation, TURP,

Abdoperineal Resection,

Salvage Radiotherapy
Post-Radical
Prostatectomy (NS)

18

months

Tab 2: clinical papers included in the review. MM = myelomeningocele, LMM=

lipomyelomeningocele, NS RP= nerve sparing radical prostatectomy.

Bladder dysfunction: it has been so far the most investigated topic. Of the 11 papers who passed the
first line screening process, 6 are pre-clinical studies, whereas the remaining 5 are clinical trials.

Anorectal dysfunction: only 2 papers on animal model were focused on anorectal function recovery.
Some of the papers on bladder dysfunction cited improvement of bowel function following the surgical
procedure.

Erectile dysfunction: only one paper investigated the effect of somatic to autonomic transfer in

animal model, otherwise three case series have been published, until now, in humans.

Type of nerve transfer

Bladder dysfunction

In pre-clinical papers two types of transfer were tested.

In the intra-dural nerve transfer after lumbar spine exposure, the dura mater is incised and lumbar and sacral
roots are exposed. According to the technique, the donor and receiving ventral roots are selected, the donor
root is transected and the nerve coaptation performed in EtS or EtE. Donor roots are usually L4 or L5 and are
transferred to L6 or S2. Through this novel connection, contraction of the target organ should be induced
stimulating the skin innervated by the dorsal horns of the donor root. A particular mention should be

reserved to (Zerhau 2016). He chose the donor and receiving roots basing of intraoperatory electrical




stimulation of both muscles and detrusor response. In its paper donor roots were L5 to S1 VR and receiving
S2 or S3 VR.

A distal nerve transfer was also proposed. The main difference in this case consists moving the donor nerve
closer to the target organ, reducing the time required for reinnervation. Coccygeal nerve (CG) to S1 and S2
and genitofemoral nerve (GF) and femoral nerve (FN) to pelvic nerve (PN) connected through an EtE suture
have been described. Gomez-Amaya and colleagues chose to transfer only the femoral nerve branch to
gracilis to reduce as much as possible risk of gait impairment (Gomez-Amaya 2015).

Considering the clinical practice most of the case series were based on the so-called Xiao’s procedure (Xiao

1999) in which an intradural anastomosis between L5VR and S2 or S2 and S3VR was performed.

Anorectal dysfunction

The two papers from Sun and Dong (Sun 2010, Dong 2013) evaluated the recovery of anorectal function
following the intradural anastomosis between L4VR and L6VR. The former in end to end fashion, the latter
in end to side.

Erectile dysfunction

Dong in 2016 investigated the effect of LAVR to L6VR in EtS to recover erectile function in rats.

In clinical practice, in 2017, a sural nerve graft in EtS between the FN and corpora cavernosa and dorsalis
penis nerve was tested (Souza Trindade 2017), furthermore a simplification of this procedure was proposed
by Reece in 2019 and was repeated recently Dangerfield 2023.

In figure 1 a schematic example of intradural and distal nerve transfer are reported to clarify the procedures
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Fig. 1: on the left the Xiao procedure in which L5 VR is transferred to S3 VR (Xiao 1999), center the EtS transfer
described by Dong (Dong 2016), on the right side the femoral to pudendal nerve transfer reported by Ruggieri

in 2011 (Ruggieri 2011)

Animal models and outcomes measures

Most of the authors tested nerve transfer on rats except Ruggieri and his group and Zhearu who operated
respectively dogs and rabbits.

The mean interval time between surgery and final evaluation was included between 4 and 14 months. Some
authors (Wang 2007 and Sun 2010) performed the nerve transfer followed, few months later (3 months), by
spinal cord transection above the transfer to simulate a post traumatic SCI.

In all of the treated animals the pressure inside the bladder, rectus and corpora cavernosa were measured
at the last time point inducing distal reaction by electric stimulation above and below the nerve coaptation
site.

Most of the authors used the retrograde nerve tracing (RNT) technique to show the new connection between
somatic neural body in anterior horn and parasympathetic ganglia. Fluorogold (FG), fast blue (FB) or Dil 4
mg/mL (1,1’-dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine perchlorate) were injected into major pelvic

ganglia to trace retrogradely the axon to the neural body into the spinal cord. Sun injected dextran



tetramethylrhodamine (TMR) into external anal sphincter to trace in a proximal direction also the post
ganglionic fibers. Moreover, Wang associated polyclonal choline acetyltransferase (ChAT) primary anti- body
to the Dil staining to highlight the neurons producing Acth in the spinal cord.

The morphology of nerve anastomosis, the counting of myelinated and unmyelinated fiber as well as the
morphology and weight of skeletal muscles innervated by donor nerve were frequently included as outcome
measure. Toluidin-blue and hematoxilin-eosin were used to achieve morphological analysis.

Moreover, some authors added specific investigations typical of the type of function inspected: Wang
described the regenerated post ganglionic nerve fibers into the detrusor muscle using acethilcolin-esterase
staining (Wang 2007). Gomez-Amaya in 2015 investigated the presence of nicotinic receptors into the
bladder using anti alfal and anti pgp9.5 antibodies. Dong used the mating test to confirm the recovery of

induced ED (Dong 2016).

Results of nerve transfer in animal models

Bladder dysfunction

The results should be grouped depending to type of nerve transfer. Most of the authors who performed a
root transfer registered muscle contraction in detrusor at final follow up. Despite this, no artificial micturition
nor external urethral sphincter (EUS) release were recorded both during nerve stimulation or during skin
stimulation (Zerahu 2016). Those who studied EtS L4VR to L6VR transfer (Gao 2012) registered intravesical
pressure up to 53% compared the control group. Both the studies in which L4 to L6 was obtained revealed
by retrograde nerve tracing new connections between sympathetic ganglia and ventral horn of the donor
root and microscopical analysis demonstrated axon’s regrowth into anastomosis site. Comparing EtE and EtS
suture, no differences were described.

The research group held by Ruggieri tested a more distal nerve transfer. First in 2008 coccygeal nerve to S1
and S2 were compared to genitofemoral nerve to pudendal nerve (Ruggieri 2008(1), Ruggieri 2008(2),
Ruggieri 2011). The authors didn’t show any significant differences between techniques. They concluded that
also mixed sensory/motor nerve may have the same efficacy than a pure motor nerve. Subsequently they

compared the GF transfer to FN transfer concluding that FN transfer induced more intense detrusor



contraction following electrical stimulation than that induce stimulating GF nerve. Moreover in 2015 they
demonstrated the presence of alfa 1 nicotinic receptor in reinnervated bladder that is a sign of muscle
plasticity as a consequence of somatic nerve fibers regrowth (Gomez-Amaya 2015).

Anorectal dysfunction

Only L4VR to L6VR both in EtE and EtS were compared and described. Both the techniques reported in
animals a synergy leading to contraction of the rectum and relaxation of the external anal sphincter (EAS)
following electrical stimulation of transferred nerve. The retrograde nerve tracing confirmed the new nerve
connection into the spinal cord.

Erectile dysfunction

Dong in 2016 (Dong 2016) applied the same transfer as indicated above investigating the recovery of penile
erection. All the outcomes were successfully, reaching half the intracavernous pressure of control group in
treated group and reporting a positive mating test in transfer group. The RNT technique revealed motor
neurons in ventral horn of donor root and morphological analysis showed myelinated and unmyelinated
axons in PN in nerve transfer group, whereas no axons was present in control denervated group.
Complications

In animal models no changes in post-operative gaiting were reported nor significant changes in microscopical
appearance of skeletal muscle fibers or muscle weight regarding the donor nerves were observed. The only
exception was Zerahu. He reported that 18% of the operated animals had hind limb paresis and 12% showed

paraparesis.

Results of nerve transfer in human

Bladder dysfunction

Xiao in 2003 and in 2005 reported the results of intradural L5 to S2-S3 transfer for SCl and spina bifida. About
67% of the patients affected by SCI recovered bladder storage and emptying function via skin reflex in
cutaneous territory of L5. Furthermore, he noted the reduction of hyperreflexic bladder and solution of

detrusor-EUS dyssynergia. The mean time from injury to surgery was 7 years. In cohort of patients affected



by spina bifida, 17 of 20 recovered at 12 months complete control of bladder. Only 5 patients had muscular
wasting secondary to L5 denervation.

Then Tuite in 2013 reported a single case of SCI in which the Xiao procedure was performed. The surgery was
performed about 9 years after the injury. The patient was followed up for 2 years, concluding with no
recovery of bladder control. The anastomosis was then microscopically analyzed when a kidney transplant
was performed (3 years after Xiao procedure) and a neuroma at the level of nerve coaptation site was
discovered. The same author in 2016 published the results of a double-blind cohort study in which the
patients treated through Xiao procedure presented at 2 years of follow up no differences in bladder control
and voiding compared to patients treated with only spinal cord de-tethering (Tuite 2016).

Even further Sievert in 2016 reported the negative results of Xiao procedure on 8 patients with bladder
dysfunction as consequence of SCI. The nerve transfer was done at a mean of 7 years after injury and they
were followed up until 70 months. The authors finally had not any improvement of bladder control at final

follow up nor following skin stimulation nor in videourodynamic test.

Erectile dysfunction

All three clinical papers reported the results of sural nerve graft between FN and corpora cavernosa. Patients
underwent nerve transfer procedure after about 2 years from denervation (radical prostatectomy or
demolitive surgery in pelvic area). The first work showed rigid erection in 7 among 10 patients 9 months
after surgery. Patients improved their general and orgasmic satisfaction from baseline at 6 and 12 months
after surgery and the IIEF score improved at each follow up point.

Reece in 2019 proposed a slightly modified technique in 17 patients. At final follow up, 18 months after
surgery, 70% of patients had good results as reported by IIEF-5 and EPIC-26 score.

The more recent paper reported good results in 4 patients treated with Reece procedure after a follow up of

18 months according to IIEF-5 and EPIC-26 score.



Discussion

Nerve transfer (NT) is a surgical option that intentionally divides a physiologically active nerve (with low
donor morbidity) and transfers it to a distal, more important, but irreparable, paralyzed nerve (Chuang 2005)
This concept increased its popularity over time in limbs reconstruction, demonstrating its superiority, in some
circumstances, to traditional proximal nerve graft and becoming part of the standard armamentarium in
reconstruction of brachial plexus or peripheral nerves (Chuang 2018). Actually, NTs are more frequently used

in treatment of cervical spinal cord injury (Bertelli 2017).

Their main indications are reanimation of huge nerve gaps (> 10 cm) or situations in which unhealthy
proximal nerve stumps is found. In certain situation, however, the outcomes of NT have not been so

satisfactory (Doi 2018).

When a NT is performed a three stages regenerative process begin: (1) the transection of healthy donor
nerves, (2) the regeneration of donor nerves into the targeted muscles or skin areas (morphological
reinnervation), and (3) transformation from morphological reinnervation to functional reinnervation (Shen
2022).

NTs have optimal results when the donor and acceptor nerves are close one to each other in the motor areas,
sharing some corticospinal projections from the motor cortex. The transfer probably switches on some silent
connections, leading to an optimal result (Peters 2017) . Otherwise, when the neurons in the primary motor
cortex are distant, then it takes time to create a relay between the donor and acceptor neurons, inducing

moderate results as for intercostal to musculocutaneous transfer (Mano 1995).

Different is for sensibility: topographies in the primary somatosensory cortex are relatively stable and their
preservation does not depend on peripheral sensory inputs even after years from the procedure (Makinand

2017).

Despite NTs are very well introduced in treatment of peripheral nerve injuries, their use in autonomic

disorders is quite new and a lot of uncertain aspects exist and have to be revealed.



Since the end of 90’s NTs in autonomic system reinnervation were undergone. Bladder reinnervation have
been the first to be experimented. Xiao and colleague performed in animal models the transfer of L5VR to

S2-S3VR (Xiao 1999)

Their efforts induced more authors to reproduce and modify that procedure to further investigate the
efficacy and the mechanisms that rule the functional recovery, if any. The papers included in this review
regarding root transfer for voiding recovery demonstrated axon regrowth along the suture site, the presence
of a connection between the MPG and the donor horn of the spinal cord through RNT technique, but they
failed to demonstrated a restoration of voluntary or induced voiding nor the recovery of detrusor-EUS
synergism. This fundamental aspect was highlighted by Gomez-Amaya in animal models and, more clearly,

by Zerhau who stated not to use this technique in clinical practice due to the lack of efficacy.

Meanwhile the research group by Ruggieri and colleagues investigated the possibility to reinnervate bladder
using a distal nerve transfer. They performed and compared GF and FN transfer to PN. As for the previous
papers the authors did not described or reported the restoration of voiding, even though good outcomes at
final follow up were presented. Interestingly, Gomez-Amaya described a novel aspect of smooth cell
plasticity. After somatic reinnervation the muscle fibers of detrusor started to express nicotinic receptors

instead muscarinic ones.

In humans, however, the attempts of bladder reinnervation due to SCl or other spinal disorders such as spina-
biphida were attempted following the positive results in animal models and cohort of patients published by
Xiao and colleague (Xiao 1993, Xiao 2005). Despite the initial enthusiasm, a double-blind clinical trial and a
cohort of patients with long follow up showed inconsistent results, as for animal models (Sievert 2016, Tuite
2016). The root nerve transfer failed to reestablish the voiding reflex. The reason why it is unknown and was
not clearly investigated. Sievert commented the papers by Xiao concerning the modality of roots selection
as receiver, stating the high variability in detrusor innervation. Moreover, in animal models the SCI were
performed after the nerve transfer, otherwise in clinics the SCl is first of all. The creation of a nerve transfer

before the SCI could induce nerve regeneration and should be influenced by the descending axons from



upper levels, things that can’t happen in patients. Lastly, patients treated in cohort studies suffered the
trauma 4 to 9 years before the NT. This fact could interfere with the final outcome: a nerve transfer for
skeletal muscle should be done within 1 year from injury (Doi 2018). It is possible to argue that a long-lasting
bladder denervation could influence negatively the recovery due to obscured and uninvestigated

pathophysiological aspects.

Interestingly, the two papers who concentrate their attention to bowel recovery both showed a synergism
between rectus contraction and EAS release following electrical stimulus. No further papers were published
on this, but it would be interesting to understand the reason why a synergism was described in anorectal
reinnervation and not in bladder reinnervation, using the same NT. The solution could stand in neuro
anatomy, maybe due to the presence of closest connection between motor nerve in the ventral horn of L4
and EAS releasing system. Improve the understanding of what is the mechanism here, could give a solution

for bladder reinnervation.

Different are the attempts to treat ED. As one of the main drawbacks of RP, end-to-end nerve grafting of
cavernous nerve were attempted. Thus, a randomized controlled trial failed to demonstrate any benefit of
unilateral CN reconstruction contextually of RP (Davis 2009). The same findings were also reported by Kung
and colleague (Kung 2015) who outperformed both unilateral and bilateral interposition end-to-end sural
nerve grafting. In 2014 the inefficacy of CN reconstruction was also noted in an animal model in which a vein
graft failed to induce erectly function recovery in rats (Bessede 2015). This failure could be attributable to
the “web-like” nature of the CN bundles (Anderson 2011) and the deal is even more difficult in humans, in
whom the CN consists of multiple fibers interwoven in a plexus. Dong in 2016 was the first who investigated
the possibility to restore penile erection through a nerve transfer in a rat model in an EtoS fashion. He
demonstrated erection recovery through the mating test, further the intracavernous pressure increased to
half the normal pressure in consequence of transferred nerve stimulation. This model shows the possibility
to recover in an animal model the erectile function through an EtS anastomosis. It still remains a very
proximal nerve transfer that could be supposed to perform in case of SCI, but it is not usable in case of RP or

any other injury to CN. Moreover, in case of SCI the root transfer should be supposed to work based on a



local reflex as for voiding, but it still remains a troublesome field. An innovative procedure was proposed by
Souza-Trindade in 2017. They grafted directly the femoral nerve into corpora cavernosa, pushing the concept
of nerve transfer directly into the target organ, bypassing the coaptation between donor and receiving nerve.
They had incredible results as shown in results section. Reece and, more recently, Dangerfield confirmed the
findings proposed in 2017. From a technical point of view the former connected both the nerve graft on an
epineurotomy of the femoral nerve an passed one graft into the corpora cavernosa, the other was sutured
to dorsalis penis nerve. The letter instead used only the distal connection to corpora cavernosa, excluding
the dorsalis penis nerve and whereas the proximal stump was sutured to a neurotomized fascicle of the
femoral nerve. Despite the surgical technique, all of them had impressive results: erectile function was
recovered in 70% of patients 2 years after surgery. Patients undergone a RP with or without nerve sparing
technique and no differences seemed to be between groups. It is difficult to certainly indicate that the NT
procedure is the only responsible of erectile function recovery (Chung 2021) as far as more aspects co-act in
recovery. Moreover, nothing in known about the mechanism of penile reinnervation and even less in known
about neuroplasticity in somatic to autonomic transfer. Some concerns can be moved to the above
procedure: first both sural nerves have to be harvested with risk of donor site morbidity, second a long curse
is required to reach the target, third the end to side neurorrhaphy it is not certainly feasible in mixed nerve
reconstruction, but in this field it seems to be more trustable than in other. Considering this pioneering
papers, maybe local nerve transfer could be hypothesized to reach the same goal. Furthermore, animal
models replicating or improving this technique should be planned to better understand the mechanism that

underline somatic reinnervation of autonomic driven organs.

Of course, the recovery of synergistic processes as voiding or anorectal function is even more complex, not
secondary they are caused by SCI, meaning that there is a complete disconnection from the higher control
center, so that only local reflex can be, up to now, proposed. Maybe bio engineering could help this via
electrostimulations. Instead, a lower injury with intact spinal cord could be helped by lower nerve transfer

maybe directly into the target organs as proposed by Souza-Trindade and colleagues.



In conclusion this review demonstrated the possibility to create a functional somatic to autonomic
connection. Artificial spinal reflexes under some aspects work, but, actually, can’t replace the complex
synergism between bladder, rectum and their external sphincters. The animal models in this field showed
some interesting aspect of somatic to autonomic reinnervation as the expression of nicotinic receptors in
smoot muscle fibers of the detrusor after somatic reinnervation. In penile reinnervation the astonishing
clinical results should be the starting point to better understand what happens inside corpora cavernosa.
More knowledges on biomolecular changes induced by somatic to autonomic reinnervation are required and
maybe could open a gate on a novel surgical procedures giving new hopes in patients whose life was

dramatically changed.
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ARTICLE INFO ABSTRACT
Article history: Introduction: The appearance of a symptomatic neuroma following finger amputation is a devastating
Accepted 7 March 2020 consequence for patient’s quality of life. It could be cause of chronic neuropathic pain. The prevention
of neuroma formation is a challenging effort for hand surgeons. The biological mechanisms leading to
Keywords: neuroma formation are mostly unknown and different preventing procedures have been tried without
Traumatic amputation certain results. In this paper, a panel of Italian hand surgeons have been asked to express appropriateness
Neuroma about potentially preventive techniques of neuroma formation following the RAND/UCLA appropriateness
Finger protocol.

Methods: A literature review was preliminarily performed identifying the most employed methods to
reduce the pathologic nerve scar. Afterwards, the selected panelists were asked to score the appropri-
ateness of each procedure in a double scenario: in case of a sharp amputation or in a tear injury. The
appropriateness was evaluated according to RAND/UCLA protocol.

Results: Nine Italian hand surgeons were included in the panel. Of them 5 were orthopaedic surgeons,
4 plastic surgeons. The identified appropriate procedures were: revision amputation should be done in
operating room, the neurovascular bundles should be identified and is mandatory to treat surrounding
soft tissues. Only in case of clean-cut amputation, it is appropriate to perform a proximal extension of the
dissection, to use diathermocoagulation and coverage with local flaps. Procedures such as shortening in
tension of the nerve stump, bone shortening, implantation of the nerve end in the soft tissue, treatment
in the emergency room and, in both scenarios, certain results are evaluated as uncertain.

Discussion: In order to prevent the formation of a distal stump neuroma few methods were judged ap-
propriate. It is mandatory to identify the neurovascular bundles and treat also the surrounding tissues,
but no certain results could be obtained with local flap, bone shortening and other ancillary surgical
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acts. Moreover, it is not possible to guarantee the non arising of neuroma in any cases, also when every

procedure has been temped.

Conlusions: The prevention of distal neuroma is actually a challenge, without a well known strategy due
to the variability of response of nervous tissue to injury.

© 2020 Elsevier Ltd. All rights reserved.

Introduction

Digital amputations account for 69% of all traumatic upper limb
amputations presenting at Emergency Department, with higher
frequency for fingertip and partial digit injuries [1]. A good ini-
tial management is essential to prevent local complications that
could compromise the return to normal daily activities and require
further surgical treatments. Finger amputations are frequently bur-
dened with local complications, with a rate that amounts to 20%
[2]. Among these, peripheral nerve lesions and traumatic neuroma
formations are invariably present. However, symptomatic ampu-
tation neuroma, one of the most challenging clinical problems
in hand surgery, is diagnosed in about 7% of patients [3]. When
a nerve is cut, it begins a regenerative process through axonal
sprouting from the proximal stump toward its distal target. In pa-
tients that sustained a digital amputation, since neurorrhaphy is
impossible during revision surgery due to the absence of the dis-
tal stump, the axonal outgrowth escapes in a disorganized way in
the surrounding tissues. This attempt results in the formation of
a neuroma that can cause severe pain and hypersensitivity in the
distribution of the involved nerve [4]. A painful digital neuroma
can limit the overall function of the upper limb, requiring further
surgical treatments to relieve patient’s symptoms [5,6]. In litera-
ture, a variety of surgical techniques have been proposed, including
resection and implantation of the nerve stump in muscle tissue,
ligation, capping and bipolar diathermy. Because of the high failure
rate and poor outcomes after revision surgery, currently there is no
consensus about the best surgical choice [7]. The aim of this study
is to identify the most appropriate surgical techniques on a non-
replantable digital amputation that allow the prevention of painful
neuroma during a stump regularization procedure, using the in-
structions described by the RAND/UCLA protocol [8,9].

Materials and methods
RAND/UCLA appropriateness method

The RAND/UCLA Appropriateness Method [8], an established
approach for the development of health indicators, was used to
identify the appropriate surgical procedures on a non-replantable
digital amputation in order to prevent a painful neuroma. This
Method is aimed to provide a consensus opinion about the appro-
priateness of a medical procedure combining the collective judg-
ment of a panel of experts with the best available scientific evi-
dence. To achieve this purpose, panel members are provided with
an overview of relevant research evidence and hypothetical scenar-
ios in which patients are classified in terms of clinical variables
that are relevant in the decision-making process leading to recom-
mend a particular procedure.

Review of the literature

MEDLINE (through www.pubmed.com), CINAHL (http://www.
ebscohost.com/cinahl/), Google Scholar (http://scholar.google.com/)
and The Cochrane Library (http://www.thecochranelibrary.com/
view/0/index.html) databases were accessed to perform a compre-
hensive research of articles published in the last 28 years about

prevention and treatment of digital amputation neuroma. We per-
formed different searches using the following keywords “neu-
roma”, “finger”, “amputation” and “digit”, isolated or combined us-
ing Boolean operators. Regarding the language filter, we selected
articles in English and Italian given the linguistic capabilities of the
research team. At the first electronic search, 284 papers were iden-
tified and, according to their abstract, only 28 studies were con-
sidered eligible to be further investigated. When full text articles
were obtained and reviewed, 6 papers were selected to identify
the procedures that can be applied on a non-replantable digital
amputation in order to prevent a painful neuroma [10-15]. A re-
search evidence document was drawn up to synthetize the latest
available scientific evidence that experts were advised to consult.
During this phase, also a list of the hypothetical clinical scenarios
and the surgical options was formulated.

Recruitment of panelists

We recruited 13 orthopedics and plastic surgeons who daily
manage traumatic hand emergencies in major centers of Hand
Surgery and Microsurgery in Italy. The list of the panelists was
selected by the senior author (PT). Each expert member was
provided with results of the literature review and was initially
asked to evaluate the hypothetical scenarios and the guidelines
established by the team to give them the opportunity to suggest
changes.

Generation of scenarios

Scenarios were developed by expert members of the research
team (PT and AC), considering that the procedures were applied in
an ideal situation in which all the resources were available and all
techniques listed below could be performed, the medical history of
the patient was known and the clinical examination gave unequiv-
ocal indication to regularization of the digital amputation stump.
Moreover, amputations proximal to the metacarpo-phalangeal joint
and thumb injuries were excluded.

At the end of the formulation and modification process includ-
ing panelists suggestions, two distinct scenarios were finally iden-
tified: guillotine amputation with clean-cut complete detachment
(scenario 1) and avulsion amputation with extensive tissues dam-
age and nerve tear from the proximal stump (scenario 2). For each
scenario, the panelists were asked to evaluate the location for in-
jury management and the possible surgical techniques for ner-
vous lesions treatment and the eventual procedures for soft tissues
management finalized to neuroma prevention. Tables 1 and 2 were
sent to the panelists and anonymously completed and re sent to
the senior author.

The rating process and analysis

The clinical scenarios were sent to the panelists in August 2019.
Panelists were invited to give their opinion about clinical scenar-
ios and treatment methods. Adjustments of different items were
done according to panelists’ suggestions. For each scenario, pan-
elists were asked to score the appropriateness of the treatment in
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Table 1

Guillotine amputation with equal distribution of proximal and distal nerve stump between the two amputation stumps.
Management Score
Treatment in operating room 1 2 3 4 5 6 7 8 9
Treatment In ER box 1 2 3 4 5 6 7 8 9
treatment of nervous tissue
Identification of vascular bundle 1 2 3 4 5 6 7 8 9
Proximal Dissection on healthy tissue 1 2 3 4 5 6 7 8 9
Non in tension shortening of proximal nerve stump 1 2 3 4 5 6 7 8 9
Embedding nerve stump in soft tissue 1 2 3 4 5 6 7 8 9
Tensioned section of proximal nerve stump 1 2 3 4 5 6 7 8 9
Diathermocoagulation 1 2 3 4 5 6 7 8 9
Direct neurorraphy of proximal nerve stump 1 2 3 4 5 6 7 8 9
Epineural ligature 1 2 3 4 5 6 7 8 9
Epineural flap 1 2 3 4 5 6 7 8 9
Epineural graft 1 2 3 4 5 6 7 8 9
Local soft tissue treatment 1 2 3 4 5 6 7 8 9
If you scored “Local Soft Tissue Treatments” 4 or more, judge the following points
Soft tissue treatment 1 2 3 4 5 6 7 8 9
Coverage flap 1 2 3 4 5 6 7 8 9
Expected results
Express the degree of appropriateness about the following sentence:Applying all the 1 2 3 4 5 6 7 8 9
procedures that are thought appropriate, you can guarantee the results

Table 2

Tear injury with nerve stump more in the distal part than in the proximal part.
Management Score
Treatment in operating room 1 2 3 4 5 6 7 8 9
Treatment in ER box 1 2 3 4 5 6 7 8 9
Treatment of nervous tissue
Identification of vascular bundle 1 2 3 4 5 6 7 8 9
Proximal dissection on healthy tissue 1 2 3 4 5 6 7 8 9
Non in tension shortening of proximal nerve stump 1 2 3 4 5 6 7 8 9
Embedding nerve stump in soft tissue 1 2 3 4 5 6 7 8 9
Tensioned section of proximal nerve stump 1 2 3 4 5 6 7 8 9
Diathermocoagulation 1 2 3 4 5 6 7 8 9
Direct neurorraphy of proximal nerve stump 1 2 3 4 5 6 7 8 9
Epineural ligature 1 2 3 4 5 6 7 8 9
Epineural flap 1 2 3 4 5 6 7 8 9
Epineural graft 1 2 3 4 5 6 7 8 9
Local soft tissue treatment 1 2 3 4 5 6 7 8 9
If you scored “Local soft tissue treatments” 4 or more, judge the following points
Soft tissue treatment 1 2 3 4 5 6 7 8 9
Coverage flap 1 2 3 4 5 6 7 8 9
Expected results
Express the degree of appropriateness about the following sentence:Applying all the 1 2 3 4 5 6 7 8 9

procedures that are thought appropriate, you can guarantee the results

each scenario from 1 (highly inappropriate) to 9 (highly appropri-
ate). All data returned from panelists were analysed for areas of
agreement and disagreement. By definition, a procedure was clas-
sified as “appropriate” if the median rating was 7 to 9, with agree-
ment; “inappropriate” if the median rating was 1 to 3, with agree-
ment; and “uncertain” if the median rating was 4 to 6, with agree-
ment or if any median without agreement was found. For defi-
nition of agreement/disagreement, the following parameters were
calculated: median, interpercentile range (IPR), lower IPR, upper
IPR, IPR ratio, central point of IPR (IPRCP), asymmetry index (AI),
Interpercentile Range Adjusted for Symmetry (IPRAS) and disagree-
ment index (DI) as reported in RAND/UCLA manuscript [8].

Results

Of the 13 experts involved in this study, 9 completed the ques-
tionnaires and were included in the panel. We included 5 Or-
thopaedic Surgeons and 4 Plastic Surgeons, whose clinical prac-
tice focuses exclusively on Hand Surgery and Reconstructive Micro-
surgery in Italian major centers of Hand Surgery and Microsurgery.
Panelists reached consensus for 9 questions in scenario 1 (56%) and
for 6 questions in scenario 2 (38%). Therefore, there was lack of
consensus for 7 questions in scenario 1 and 10 questions in sce-

nario 2. Tables 3 and 4 resume the questions according to the final
response.

Panelists found appropriate in both scenarios the injury treat-
ment in operating room, the identification of neuro-vascular bun-
dles and the treatment of the surrounding soft tissues. Only in case
of clean-cut amputation, it is appropriate to perform a proximal
extension of the dissection, to use diathermocoagulation and cov-
erage with local flaps. In any case, accessory procedures carried
out on the nerve stump (epineural graft, epineural flap and epineu-
ral ligation) were inappropriate. Procedures such as shortening in
tension of the nerve stump, bone shortening, implantation of the
nerve end in the soft tissue, treatment in the emergency room and,
in both scenarios, certain results are evaluated as uncertain.

Guillotine amputation

In scenario 1, panelists evaluated as appropriate (A): treat-
ment in the operating room, identification of nerve vascular bun-
dles, proximal extension of dissection in healthy tissue, diather-
mocoagulation, treatment of surrounding soft tissues and cover
flaps. Treatment in the emergency room, shortening of the non-
tensioned nerve stump, implantation of the nerve end in the soft
tissue, section in tension of the stump, termino-terminal neurorra-
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Table 3
Results of appropriateness in guillotine injury. table caption: A - Appropriate, U - Uncertain, I - Inappropriate.
Management
Median  Results
Treatment in operating room 9.0 A
Treatment in operating room 3.0 U
Treatment of nervous tissue
Identification of vascular bundle 9.0 A
Proximal dissection on healthy tissue 8.0 A
Non in tension shortening of proximal nerve stump 7.5 U
Embedding nerve stump in soft tissue 7.0 U
Tensioned section of proximal nerve stump 7.5 U
Diathermocoagulation 7.0 A
Direct neurorraphy of proximal nerve stump 4.5 U
Epineural ligature 3.0 I
Epineural flap 3.0 I
Epineural graft 3.0 I
Local soft tissue treatment 7.5 A
If you scored “local soft tissue treatments” 4 or more, judge the following points
Soft tissue treatment 7.0 U
Coverage flap 8.0 A
Expected results
Express the degree of appropriateness about the following sentence:
Applying all the procedures that are thought appropriate, you can guarantee the results 3.0 U
Table 4
Results of appropriateness in tear injury table caption: A - Appropriate, U - Uncertain, [ - Inappropriate.
Management
Median  Results
Treatment in operating room 9.0 A
Treatment in operating room 3.0 U
Treatment of nervous tissue
Identification of vascular bundle 9.0 A
Proximal dissection on healthy tissue 8.0 U
Non in tension shortening of proximal nerve stump 3.5 U
Embedding nerve stump in soft tissue 6.0 U
Tensioned section of proximal nerve stump 5.0 U
Diathermocoagulation 6.0 U
Direct neurorraphy of proximal nerve stump 4.5 ]
Epineural ligature 3.0 I
Epineural flap 3.0 I
Epineural graft 3.0 I
Local soft tissue treatment 8.0 A
If you scored “Local Soft Tissue Treatments” 4 or more, judge the following
points
Soft tissue treatment 3.0 U
Coverage flap 8.0 U
Expected results
Express the degree of appropriateness about the following sentence Applying 3.0 U

all the procedures that are thought appropriate, you can guarantee the

results

phy, bone shortening and certain result were considered uncertain
(U) options. Three procedures were considered inappropriate (I):
epineural ligation, epineural flap and epineural graft.

Avulsion amputation

In scenario 2, panelists evaluated as appropriate (A): treatment
in the operating room, identification of neuro-vascular bundles and
treatment of surrounding soft tissues. Treatment in the emergency
room, proximal extension of dissection in healthy tissue, shorten-
ing of the non-tensioned nerve stump, implantation of the nerve
end in the soft tissue, section in tension of the stump, diathermo-
coagulation, termino-terminal neurorraphy, bone shortening, cover
flaps and certain result were considered uncertain (U) options.
Three procedures were considered inappropriate (I): epineural lig-
ation, epineural flap and epineural graft.

Discussion

A panel of 9 expert hand surgeons, using the RAND/UCLA Ap-
propriateness Method, collaborated to identify the appropriate pro-
cess of care for patients with traumatic non-replantable digital am-
putations in order to prevent the formation of a painful neuroma.
They were asked to express a judgment of appropriateness on dif-
ferent surgical techniques and strategy of neuroma prevention both
in guillotine and avulsion amputations. No guidelines are available
for this type of injury that are mostly treated on the basis of the
single surgeon experience.

Symptomatic amputation neuroma is currently one of the ma-
jor complications of digital amputations. It occurs in about 7% of
patients and in all cases determines various degrees of disability
that could require further surgical treatments [4,6,13]. Factors in-
volved in pain onset are extremely variable. Consequently, several
expedients have been described in the literature to prevent this
complication, without establish an effective technique. One of the
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main reasons for these failures is that we are not aware of the lo-
cal mechanisms underlying neuroma formation. It is known that
factors such as «-SMA and NGF are involved and that a local pro-
inflammatory environment is crucial for stimulation of nociceptive
receptors and residual nerve fibers. However, the complete biolog-
ical process is not fully understood [16].

Various studies demonstrated that the best option for neuroma
prevention is direct nerve repair, when it is possible. The reconnec-
tion between distal and proximal nerve stump support the regen-
erative process of axonal sprouting from the proximal nerve end
toward its distal target [17]. In literature, termino-terminal neuror-
raphy is reported as an effective techniques with a good outcomes
but data did not allow to consider this method certainly appro-
priate [18]. Some papers reported satisfactory results with proce-
dures such as flap to cover the amputation stump or epineural
graft to cover the nerve end [7]. On the contrary, panelists judged
this techniques inappropriate in every situation.

In the study of Vlot and collegues [19], no difference was ob-
served about the onset of a painful neuroma between patients ini-
tially treated in the operating room or in the emergency room. In
our study, the experts have indicated as appropriate the surgical
revision of the amputation stump in the operating room, while the
use of the emergency room could be considered only in case of
inaccessibility of the operating room.

As reported in literature, useful procedure in neuroma preven-
tion were section in tension of the nerve end and implantation of
the nerve stump in the surrounding soft tissue ore bone, with a
demonstrated efficacy in 70% of cases if performed immediately
[20]. Panel members did not confirm this statement and consid-
ered outcomes of these procedures as uncertain.

On the contrary, there is a complete agreement about the ap-
propriateness of surrounding soft tissue treatment. Amputation
could be considered as an exposed fracture that require bone and
soft tissue debridement in order to reduce necrotic or potentially
necrotic tissue [21]. In this way, local inflammatory processes and
risk of nervous end incorporation in scar tissue are reduced.

Local flaps, although useful in distal injuries, are considered a
more complex treatment that often requires an extensive dissec-
tion of soft tissues with potential further lesions of the residual
digital nerve [22].The panel of experts considers this procedure ap-
propriate in clean-cut digital injury, while of uncertain efficacy in
avulsion lesions.

The divergence that emerges between the appropriate and un-
certain procedures in guillotine and avulsion amputation groups is
confirmed by the literature. If it is known that a painful neuroma is
more frequent in avulsion amputations, it could be stated that all
the procedures aimed at neuroma prevention did not assure good
outcomes.

Conclusions

In conclusion, identification of the neuro-vascular bundles, use
of the operating room and debridement of surrounding soft tis-

sues of the amputation stump are the unique procedures defined
as appropriate for symptomatic neuroma prevention by the panel
members. However, even if promptly applied, this techniques can
not assured the absence of neuroma formation.
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Abstract

The identification of intraneural scar tissue is a challenge for every surgeon who is treating
nerve injuries. For nerve reconstruction it has been proposed that normal histological
architecture of proximal stump is mandatory to obtain good functional results. Actually, nerve
section of proximal nerve stump is performed just with grossly evaluation. Previous studies
demonstrated that this kind of resection underestimates the extension of fibrous tissue into
the proximal stump and the following nerve reconstruction could be limited and unsuccessful
due to scar invasion. To ameliorate this procedure, intraoperative ultrasound study of nerve
stumps has been proposed.

In this study we performed intraoperative ultrasound of the stump neuromas in 6 patients
with traumatic nerve injury treated by debridement and reconstruction. The debridement
was performed until a normal proximal and distal stump appeared. Furthermore, stumps
were also investigated by ultrasound directly in the field. Compared to eye-guided resection,
the ultrasound showed hyperechoic fibrotic tissue interposed between fascicles and fascicle

appeared to be edematous at least 0.5 cm more proximal to where the macroscopical-guided



cute would have been done. This procedure led to a recut of both stumps of at least 0.5 cm
and, in some patients, induced to perform different surgical procedure. The intra-operatory
findings were compared to histological appearance, revealing a qualitative correlation
between ultrasound and microscopy.

In the presented case series, a protocol of intraoperative sonographic study is reported. This
tool seems to be feasible and helpful in nerve reconstruction. In all cases greater nerve
resection was induced by ultrasound appearance of nerve stumps, reducing the amount of
intraneural scar. Further studies are required to correlate quantitatively sonohistology to

histological findings, further increasing the accuracy of nerve resection before reconstruction.
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Peripheral nerve, ultrasound, nerve reconstruction, intra operative ultrasound.



Introduction

One of the main concerns in nerve reconstruction is to obtain valid proximal and distal nerve
stumps through nerve resection. It means to reach a condition in which the entire section is
occupied by fascicles, no areas of scar tissue are present and punctate bleeding is seen.
Actually, nerve section of proximal nerve stump is performed just with gross evaluation, with
the only help of magnification instruments. Previous studies demonstrated that this kind of
resection underestimates the extension of fibrous tissue into the proximal stump and the
following nerve reconstruction could be limited and unsuccessful due to scar invasion.
Intraoperative histological scar tissue quantification can help the surgeon to perform a scar
free cut on the proximal nerve end, but this procedure is time spending and required available
experienced peripheral nerve pathologist.

Considering the increasing capacity of ultrasound (US) to study pathologies afflicting
peripheral nerves, Koenig et al’> explored the use of intraoperative high-resolution US to
examine nerve lesions founding a correlation between what ultrasound described, previous
electrophysiological investigations, microsurgical dissection, and outcomes. Recently, further
authors applied US in the operating field with aim to improve quality of nerve reconstruction®
3-4-5 .

In this paper the authors report their experience with the use of ultrasound directly on the
nerve stumps during debridement with the aim to improve the quality of the debrided nerve.
Morphological differences between ultrasound guided and macroscopical-guided resection

are reported and its effect on functional outcomes is analyzed.



Methods

Patient selection

A retrospective evaluation of patients treated between 2016 and 2021 was performed.
Intraoperative ultrasound was performed in those patients who were treated for a peripheral
nerve palsy following an open or close trauma either in the upper and lower extremity with
clinical and instrumental diagnosis of neuroma in continuity without function. They were
treated by means of neuroma in continuity resection and appropriate reconstruction.
Differences in nerve gap between macroscopical and ultrasound sectioning was evaluated

comparing the two methods.

Intraoperative ultrasound equipment

In all patients the MyLab x8 and a linear 4-15 MHz transducer (Esaote - Via E. Melen, 77 16152
Genova ltaly) was used at maximal frequency. The transducer, once needed, was covered by a
sterile drape, the tip of the drape was filled in by ultrasound gel. To enhance the ultrasound
window, the field was flood by sterile saline solution, leaving the stumps in site. The axial and
longitudinal scans were obtained moving the transducer from the center of neuroma to a
proximal and distal direction, leaving the nerve stumps into the operating field, after

microsurgical dissection.

Surgical technique

Once the neuroma in continuity was identified, a progressive 3 mm cut in a proximal and
distal direction was done. It stopped when macroscopically the cross-section areas appeared
to be occupied only by fascicles, without any fibrotic areas and with punctate bleeding. This

procedure was carried out using n 11 knife and magnification using 3.5x loupes and in all



patients was performed by two authors (PT and AC). The last slice obtained by macroscopical
cut was marked.

After macroscopic evaluation, ultrasound axial and longitudinal scans were obtained. Another
mark was placed where the nerve stump presented slight hyperechoic epineurium and every
fascicle countered by hyperechoic perineurium®, this kind of appearance was defined as a
normal nerve ultrasound anatomy.

The ultrasound study was conducted by an expert radiologist in nerve ultrasound (LV). Before
nerve withdrawal, the delta between nerve gap according to macroscopic and ultrasound
evaluation was registered. The marked segments were sent to histological analysis to
compare the extension of intraneural scar in macroscopical and ultrasound section. The nerve
gaps were then reconstructed with nerve grafts or direct suture as required and suture sites
were protected by means of fibrine sealant (Tisseel - Baxter International Inc. One Baxter
Parkway Deerfield, IL 60015-4633).

Every segment was embedded in paraffin. Then the slices were stained with hematoxylin-

eosine to emphasize collagen fibers and intra neural scar.

Outcome measures

Histological sections were described qualitatively by expert muscle-skeletal pathologists,
providing differences between macro guided and ultrasound guided sections.

Each patient was followed up monitoring recovery of reinnervated muscles according to MRC
scale for muscle strength, sensory recovery was registered through sensory scale. The

Numerical Rating Scale for pain was added also at the last follow up visit.



Results

Patients’ characteristics

In the investigated period 6 patients were included. In table 1 clinical notices about each
patient are reported. The median interval between trauma and surgery was 8 months
(between 6 and 48 months). The mean nerve gap after macroscopical resection was 5,1 cm
(between 2 and 8 cm). The gap increased to 5.7cm after intraoperative ultrasound evaluation
(between 2 and 9 cm). In three patients over five the ultrasound induced to resect 1 cm more.
The nerve gaps were reconstructed by means of sural nerve graft (4 patients), medial brachial
and antebrachial cutaneous nerve (1 patient) and direct suture in 1 other patient.

Patient 1: was affected by circular saw wound treated in emergency in other hospital.
The patient came to our attention about 5 months after the injury due to pain and no
recovery. Pre-operative ultrasound study demonstrated a terminal neuroma of median and
ulnar nerve (not previously repaired), confirmed by electrophysiological studies who reported
no signs of nerve recovery. Flexor tendons appeared to be adhered in heavy scar tissue.

Patient 2: he suffered a lacerated wound by metal film on the ulnar border of middle
third/distal forearm, treated in other hospital. The patient came to our outpatient clinic due
to painin ulnar nerve innervation territory, claw hand and atrophy of intrinsic muscles 3 years
and a half after trauma. Intense Tinel sign at the level of the wound was present. Ultrasound
study demonstrated a terminal neuroma of the ulnar nerve and occluded ulnar artery. A local
anesthetic block above the neuroma demonstrated a relief of pain so that a reconstruction of
the ulnar nerve was programmed for sensory recovery and a Zancolli 2 procedure was
performed to reduce the claw. No transfer for adduction of the thumb was proposed because

was not required by the patient.



Patient 3: closed brachial plexus injury due to motor vehicle accident with humeral
shaft fracture. Ultrasound appearance of the radial nerve showed a neuroma in continuity
with signs of assonotmesis, confirmed also by electrophysiological studies. A reconstruction
of the radial nerve, after recovery of the brachial plexus was planned

Patient 4: supracondylar humeral fracture treated by closed reduction and K wire
fixations. Clinically persisted a high median nerve palsy, ultrasound study showed the median
nerve entrapped in bone callus at the distal third of the humerus. Electrophysiological studies
confirmed the presence of high grade assonotmesis injury.

Patient 5: farm machine trauma in the left leg treated emergently in other hospital.
The patient still continued to have pain and sensory impairment in the tibial nerve territory.
She arrived at our institution one year and a half after trauma. Ultrasound showed a terminal
neuroma of the tibial nerve in the middle third of the leg, confirmed by electrophysiological
studies who demonstrated a neurotmesis type of injury. In this patient a good respond to
local anesthetic block induced us to reconstruct the tibial nerve with the intent of pain
reduction and plantar foot sensory recovery.

Patient 6: knife wound at the distal leg, a misdiagnosed partial injury to the tibial nerve
above the tarsal tunnel was then assessed about 7 months after injury due to pain and
numbness in the innervation territory of the tibial nerve. Ultrasound evidence of in continuity
neuroma with pain and incomplete tibial nerve palsy 10 months after the injury confirmed

the clinical suspicious.
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Mean 8 6 0,6 26 2

Table 1: patients’ characteristics and differences between macroscopical and ultrasound guided resection.

Note that 0.6 cm more of nerve stump were resected through ultrasound evaluation. Fa = forearm, MACN

= medial antebrachial cutaneous nerve

Ultrasound and histopathological appearance

Inall treated patients the ultrasound scan induced to cut at least 0.5 cm more both in proximal

and distal stump compared to macroscopical guided cut.

The histological slices found absence of edema between nerve fascicles in ultrasound guided

slices at distal stump, providing a better-quality stump for nerve regeneration. In figure 1 a

comparison of histological appearance between ultrasound guided section and macroscopical

section is showed.
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Fig. 1: right sections of distal nerve stump after ultrasound guided sections. Left section after macroscopical
guided cut. Note in macro cut the presence of oedema, not present on the right, where fascicles are better

represented.

Patients’ outcome

In table 1 the type of reconstruction of resected neuromas and clinical results at last follow
up or last follow up before any other surgery are reported.

Three out of six patients didn’t require any other surgical procedure. Three of them required
a revised surgical procedure due to no recovery or pain. Two of them was revised at about 2
years after first procedure, the other one developed a painful neuroma at the proximal suture
site and was revised due to terrible neuropathic pain 5 months after index procedure. One
patient didn’t show any sign of functional recovery, so that tendon transfer for radial nerve
palsy was performed about 24 months after index procedure.

The other three patients didn’t require any other procedure, the child obtained at two years
a very good recovery. The other two patients were satisfied by their recovery, without pain

and with a satisfiable recovery of the hand, even if not complete.



Discussion

The intraoperative use of ultrasound in the resection of nerve lesions is relatively young.
Literature data are poor. Koenig et al have successfully evaluated the use of intraoperative
ultrasound on 19 traumatic nerve lesions, correlating the ultrasound, clinical,
electromyographic, surgical and histological data?. Lee et al confirmed the usefulness of the
ultrasound during the surgical approach to six neural lesions’. Haldeman et al successfully
employed the ultrasound scanner in five cases of post-traumatic neuroma and
schwannoma/neurofibroma®. Burks et al finally report 3 cases of post-traumatic neuromas
with an attempt of correlation between ultrasound image and histological finding®. Osorio et
al published an interesting study in which in a cohort of 13 patients with a variety of nerve
injuries (entrapment syndromes, post-traumatic neuromas, neural tumors) ultrasound is used
pre-operatively to inject methylene blue into the nerve lesion. Methylene blue is mainly
picked up by nerve funicles, which are thus highlighted?°.

In our case series, histological sections performed where nerve trimming was performed
according to the indications given by intraoperative ultrasonography result in a condition in
which less edema around fascicles were observed.

In the operative field emerges that, due to the greater resolution capacity than the human
eye and the possible intrafascicular characterization of the lesion, ultrasound suggests
sacrificing a few more millimeters of nerve, compared to macroscopic evaluation. Our case
histories showed that, usually, for peripheral nerve lesions, the resection margin should be
increased, on average, by about 5 mm. It could correspond to a longer recovery time and
ideally to a best functional outcome. The advantage of this procedure seems to be especially
related to more accurate nerve resection. Considering the results obtained in our case series

areal advantage on clinical results cannot be expressed clearly. The patient who obtained the
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best result is a child in which, fortunately, an end to end suture of the median nerve was
performed and a good result could have been supposed. Certainly, ultrasound allowed us to
describe more clearly the injury and confirmed the resection level supporting the possibility
of a direct suture. Two patients were treated for a neuroma in continuity one following a
closed trauma of the subclavian brachial plexus and the other one for an open medio cubital
injury at the forearm. In both cases, tendon transfers were required due to an incomplete
recovery. These patients were treated with nerve graft after 6 and 10 months from trauma,
a time frame that in most cases could be easily associated to an unsuccessful result as well.
Three patients were affected by a neuroma in continuity. Two of theme suffered intense pain
for non-less that 6 months. Nerve reconstruction didn’t solve pain even the increased nerve
resection. This suggests that in this kind of pathology, where the pain is present, aspects that
can’t be observed through instrumental imaging are responsible for the symptomatic
condition.

Certainly, a larger number of cases and a more homogenous population will allow us to better
define the efficacy of the ultrasound applied into the operative field. Another limitation of
the study is that we used a linear 4-15 MHz transducer. Nowadays high frequency transducers
are available, but not in the operating room of our institution. Increasing the probe frequency,
will increase the resolution of image.

Moreover, given the long learning curve required to clearly identify differences in intraneural
architecture, it is mandatory, at least for the treatment of the first patients, the support of a
radiologist specialized in peripheral nerves evaluation.

Furthermore, in this paper, just a qualitative evaluation of histological sections was

performed. A better and precise correlation between the ultrasound and histological data
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could be obtained through an objective quantification of the fibrotic and scar area at the level
of an ultrasound and histological cross section, evaluated in the same position.

A promising field of application could be plexopathies, where even a few millimeters of
resection become crucial in terms of clinical outcome. For this, an high frequency transducer
of small dimension would be required considering the depth of the surgical field. In the very
first cases, the support by an expert radiology in the field is fundamental to maximize the
results.

The ultrasound can be effectively used to implement nerve debridement compared to
macroscopical guided debridement. The more extended resection seems not to be able to
increase the clinical results at least in our case series. This could possibly mean that even with
a more accurate nerve resection and better quality of nerve stumps, other factors such as
time from trauma, influence greatly recovery capacity. This concept is even more important
in treating in-continuity painful neuromas. Our findings greatly reinforce how complex is the
treatment of painful neuromas. Even a whit a specific tool able to better confirm the
healthiness of neural stump, it is not possible to predict a good result.

According to our findings the use of intraoperative ultrasound during surgical procedures on
post traumatic nerve injuries could increase the ability of the surgeon to better reconstruct
and understand the extension of intraneural scar tissue. Sometimes this tool could influence

the decision-making process, but is not able to guarantee better results.
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Marco Biagiotti®, Valentina Vincoli®, Giacomo Carta'?, Pasquale Pierimarchi®,
Stefano Geuna'2, Antonio Alessandrino3, Giuliano Freddi?® and Giulia Ronchi'2

! Department of Clinical and Biological Sciences, University of Turin, Turin, Italy, 2 Neuroscience Institute Cavalieri Ottolenghi,
University of Turin, Turin, Italy, ° Silk Biomaterials Srl, Lomazzo, Italy, * Department of Orthopaedics and Traumatology
for Hand, ASST Gaetano Pini, Milan, Italy, ° Institute of Translational Pharmacology, National Research Council, Rome, Italy

Silk fibroin (Bombyx mori) was used to manufacture a nerve conduit (SilkBridge™)
characterized by a novel 3D architecture. The wall of the conduit consists of two
electrospun layers (inner and outer) and one textile layer (middle), perfectly integrated
at the structural and functional level. The manufacturing technology conferred high
compression strength on the device, thus meeting clinical requirements for physiological
and pathological compressive stresses. As demonstrated in a previous work, the silk
material has proven to be able to provide a valid substrate for cells to grow on,
differentiate and start the fundamental cellular regenerative activities in vitro and, in vivo,
at the short time point of 2 weeks, to allow the starting of regenerative processes
in terms of good integration with the surrounding tissues and colonization of the wall
layers and of the lumen with several cell types. In the present study, a 10 mm long gap
in the median nerve was repaired with 12 mm SilkBridge™ conduit and evaluated at
middle (4 weeks) and at longer time points (12 and 24 weeks). The SilkBridge™ conduit
led to a very good functional and morphological recovery of the median nerve, similar
to that observed with the reference autograft nerve reconstruction procedure. Taken
together, all these results demonstrated that SilkBridge™ has an optimized balance
of biomechanical and biological properties, which allowed proceeding with a first-in-
human clinical study aimed at evaluating safety and effectiveness of using the device for
the reconstruction of digital nerve defects in humans.

Keywords: silk fibroin, nerve conduit, mechanical properties, in vivo, long-term biocompatibility, biodegradation,
nerve regeneration, functional recovery

INTRODUCTION

Peripheral nerves are widely spread throughout the body and are therefore highly vulnerable
to injury as a consequence of multiple causes, i.e., car accidents, domestic falls, military and
sports injuries. Iatrogenic injuries and injury associated with degenerative conditions or diabetes
are also very frequent (Dahlin et al, 2008a; Dahlin et al, 2008b; Cederlund et al., 2009;
Haastert-Talini and Dahlin, 2018).

Peripheral nerve injuries affect 2,8% of trauma patients, many of which acquire lifelong disability
(Noble et al., 1998; Taylor et al., 2008; Miranda and Torres, 2016). More than 300.000 peripheral
nerve injuries are reported each year in Europe and over one million worldwide (Daly et al., 2012)
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and represent a major cause for morbidity, bringing to total or
partial loss of motor, sensory and autonomic functions, with a
devastating impact on a patients’ quality of life, especially for
severe nerve injury. Associated healthcare costs are higher than
€2,2 billion/year (Ciardelli and Chiono, 2006), and include not
only the treatment, but also care and rehabilitation.

Although the peripheral nervous system has an intrinsic
capacity to regenerate, this ability is often not sufficient and
microsurgical intervention is therefore required. For short gap
injures (<5 mm), a direct end-to-end tension-free repair between
the two nerve ends is usually the chosen treatment. For longer
gaps (>5 mm), a graft must be used to bridge the gap between
the two nerve stumps and to guide regenerating axons towards
target organs. Autologous nerve graft still represents the “gold
standard” technique for bridging nerve defects and provides
the best properties for best achievable functional restoration
(Siemionow and Brzezicki, 2009; Kornfeld et al., 2019). However,
it is associated with some drawbacks, including donor nerve
morbidity, the need of an additional surgery to harvest the donor
nerve that may be harmful to the patients, mismatch of donor
nerve size with recipient site due to structural differences and
limited availability of graft material (Ray and Mackinnon, 2010;
Kornfeld et al., 2019).

Is therefore necessary to develop new strategies to find
a suitable alternative to autologous nerve graft. In the last
decades, research has focused on developing artificial nerve guide
conduits (NGCs) in terms of materials selection and design
that act as guide, stimulating and accelerating regrowth of the
transected nerve and additionally forming a barrier to ingrowth
of connective tissue (Faroni et al., 2015; Du et al., 2018).

To date, a wide variety of new synthetic polymers and
biopolymers have been evaluated. Scaffolds of natural origins
provide several advantages compared to the synthetic ones,
such as biocompatibility, biodegradability, non-toxic degradation
products and the minimal foreign body response induction
(Carriel et al., 2014).

Silk fibroin (SF) is a natural polymer produced from the
silkworm and it is one of the oldest materials used in medical
applications. It is a highly biocompatible material known for
its ability to promote cell adhesion and proliferation and to
stimulate tissue regeneration in vivo, with a unique combination
of biological and mechanical properties (Altman et al., 2003;
Rockwood et al., 2011; Catto et al., 2015; Thurber et al., 2015).

We have recently developed a new conduit made by silk
fibroin (SilkBridge™ nerve conduit) consisting of a hybrid
tubular structure composed by two electrospun layers (ES, made
of regenerated silk fibroin fibers of sub micrometer size) coupled
with an intermediate textile layer (TEX, made of native silk
fibroin microfibers) (Alessandrino et al., 2019b). This novel
multi-layered SF-based nerve conduit resulted in a perfectly
integrated and mechanically resistant structure with a light
weight and a high porosity level in the low pore size range,
all features important for an optimal nerve conduit. In the
previous work, we have demonstrated the biocompatibility and
biomimeticity of SilkBridge™ nerve conduit, both in vitro and
in vivo. SilkBridge™ nerve conduit was able to sustain Schwann
cell proliferation, neuronal differentiation and axonal elongation

in vitro. In vivo pilot tests conducted at 2 weeks post implantation
revealed a perfect cellular colonization of the conduit and the
progressive growth of the regenerating nerve fibers.

Given these promising results, in the current study we
evaluated the efficiency of SilkBridge™ nerve conduit in
sustaining nerve regeneration at mid (4 weeks) and longer (12
and 24 weeks) time points, in a model of rat median nerve injury,
using the autologous nerve repair approach as control.

MATERIALS AND METHODS

Manufacturing of SilkBridge™
The three-layered SF-based nerve conduit (SilkBridgeTM) was
manufactured as previously reported (Alessandrino et al., 2019a;
Alessandrino et al., 2019b). Briefly, two electrospun layers (ES)
were assembled onto the inner and outer faces of a tubular textile
braid (TEX) according to a patented process (Alessandrino,
2017). Coupling of the TEX layer with the two ES layers
was made during electrospinning, by means of a welding
medium comprising a solution of 15% w/w SF dissolved in an
ionic liquid (1-ethyl-3-methylimidazolium acetate; EMIMAC).
After electrospinning, the hybrid ES-TEX tubular structure
was consolidated by immersion in aqueous ethanol (80 vol%),
followed by overnight washing with distilled water and drying.
Finally, the device was purified by microwave assisted extraction
with ethanol to remove processing aids, packaged under a
laminar flow cabinet, and sterilized with ethylene oxide (EtO).
The main characteristics of the SilkBridge™ conduits used in
the present study are: total length of the device 30 mm (reduced
for the in vivo implantation to a length of 12 mm); inner diameter
1.60 = 0.15 mm; wall thickness 0.50 &= 0.15 mm; weight per unit
length of about 8 mg cm~!; wall porosity of about 80%; ES:TEX
percent weight ratio of 60:40%.

Mechanical Characterization

Ultimate tensile strength and suture retention strength were
determined on SilkBridge™ conduits, under submersed
conditions (in water at 37°C), by using an All-electric Dynamic
Test Instrument ElectroPuls E3000 (Instron), equipped with a
250 N load cell and a thermostatic bath (BioPuls). Both tests
were performed in accordance with the provisions of the ISO
7198:2016 standard, which specifies the requirements for the
evaluation of the mechanical properties of prosthetic devices
with tubular shape.

For the measurement of the ultimate tensile strength, six
specimens with a total length of 50 mm were used. The gage
length was 30 mm, a preload of 0.5 N was applied, and the tests
were run at 50 mm min~! crossbar rate.

The suture retention strength is the force necessary to pull a
suture from the device while pulling a suture inserted through
the wall. The conduit was cut normal to the long axis and a suture
was inserted 2 mm from the end of the device through the wall to
form a half loop. The device was clamped in the lower fixed grip
and the suture thread in the upper moving grip which was pulled
at the rate of 50 mm min~!. The force required to pull the suture
through the device was recorded.
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Animal Care, Experimental Groups and
Surgery

For this study, a total of 36 adult female Wistar rats (weight
approximately 200 g) were used. Animals were housed in a
room with controlled conditions (temperature and humidity),
with a regular light/dark circle (12 h of light and 12 h of
dark) and free access to food and water. Every attempt was
made to reduce animal suffering. The study conditions were
conformed to the guidelines of the European Union’s Directive
EU/2010/63 for animal experiments. All animal experiments
were performed at the animal facility of Neuroscience Institute
Cavalieri Ottolenghi (NICO) (Ministerial authorization DM
182 2010-A 3-11-2010). The current experimental study was
reviewed and approved by the Ethic Experimental Committee
of the University of Turin (Ministry of Health project
number 864/2016).

Analyses of nerve regeneration were carried out at three time
points: 4, 12, and 24 weeks. The shortest time point (4 weeks)
was planned with the aim to explore the outcome of middle
endpoints, ie., middle-stage tissue response to the conduit,
extracellular matrix deposition, infiltration of Schwann cells, and
axon regeneration. Animals (n = 4) with bilateral implantation
of the SilkBridge™ conduit were used. Medium-to-long term
time points (12 and 24 weeks) were designed to follow the
regeneration process until the steady state was achieved in terms
of biological tissue response, healing of the injured nerve, and
complete functional recovery. Animals (n = 10 for each time
point) were implanted monolaterally with SilkBridge™ conduits.
Control animals (n = 6 for each time point) with autograft
implants were also included in this part of the study.

Surgeries were performed under general anesthesia,
with Zolazepam (Zoletil, Virban) + Xilazina (Bayer) by
intraperitoneal injection (40 mg/kg +5 mg/kg). All surgical
procedures were carried out under a high magnification surgical
microscope, in a clean room. Nerve lesions were performed on
the median nerves. The median nerve of both forelimbs of the
4 weeks experimental group was transected (10-mm gap) and a
12-mm long SilkBridge™ conduit was used to bridge the nerve
defect by inserting 1 mm of each nerve end inside the conduit.
The nerve conduit was sutured with one 9/0 epineural stitch at
each end (Figures 2A-D). SilkBridgeTM conduits were immersed
in sterile saline for at least 5 min before implantation.

In all the other animals (12 and 24 weeks experimental and
control groups), the median nerve of the right forelimb was
approached from the axillary region to the elbow, the nerve was
transected at the middle third of the brachium and its proximal
stump was sutured with 9/0 epineural stitch to the pectoralis
major muscle to avoid spontaneous reinnervation. Afterwards,
the left median nerve was transected and immediately repaired
according to the experimental group. For the SilkBridge™
conduit group, the gap was bridged with a 12-mm long conduit as
described above (Figures 2A-D). For the autograft group, the 10-
mm nerve segment was cut out, reversed (distal - proximal), and
sutured to the nerve ends with 9/0 epineural stitches. At the end
of the surgical procedure, the skin was sutured with a 3/0 stich.
Atday0, 1, 2, and 3 post-surgery, analgesic therapy with Rymadil
(4 mg/Kg, Zoetis Italia) was administered by subcutaneous

injection, while at day-1 pre-surgery, 2 and 5 post-surgery, the
antibiotic treatment (Rubrocillina 0.05 ml/500 g, MSD animal
health) was administered by intramuscular injection. The general
health status of animals was evaluated by experienced personnel
considering the following parameters: shine rat fur, reactivity,
general health, and aspect of surgical wound. Animals were
observed at day-7 pre-implantation, at day 0 before surgery,
and at day 1, 2, and 3 post-surgery. From the 2nd week after
surgery weekly routine monitoring was carried out regularly.
Weight evolution of animals was also recorded at day-1 and every
3 weeks post-surgery. The last observation coincided with the last
day of procedure.

The last day of procedure rats were sacrificed through
anesthetic overdose of Zoletil 4 Xilazina (>60 and >10 mg/kg)
by intraperitoneal injection. The surgical site was exposed,
and the nerve samples were harvested and processed for
further examination. The superficialis flexor muscles were
harvested and weighted.

Evaluation of Nerve Regeneration After

4 Weeks: Histological Procedures

Four nerve samples harvested after 4 weeks were fixed in 4%
paraformaldehyde for 2 h, washed in a solution of 0.01 M PBS
(pH 7.2) for 30 min. For Crio-embedding procedure, specimens
were rehydrated with PBS (Sigma) and cryo-protected with three
passages in increasing solutions of sucrose (Sigma) (7.5% for
1 h, 15% for 1 h, 30% overnight) in 0.1 M PBS. Thereafter,
specimens were maintained in a 1:1 solution of sucrose 30% and
optimal cutting temperature medium (OCT, electron microscopy
sciences) for 30 min and then embedded in 100% OCT. Sections
were cut 10 wm thick and processed for Masson’s trichrome
staining or immunofluorescence. The other four nerve samples
were fixed by immediate immersion in 2.5% glutaraldehyde (SIC,
Societa Italiana Chimici) in 0.1 M phosphate buffer (pH 7.4) for
5.6 h, at 4°C and subjected to resin embedding, high resolution
light microscopy and transmission electron microscopy.

Masson’s Trichrome Staining

Masson’s trichrome staining was performed on cryo-embedded
longitudinal section according to Masson trichrome with aniline
blue kit (Bio-Optica). After staining, slides were washed in
distilled water, rapidly dehydrated in ethanol and cleared in
xylol/Bioclear (Bio-Optica). Finally, samples were mounted with
DPX mountant (Fluka).

Immunofluorescence and Confocal Laser Microscopy
Crio-embedded longitudinal sections were permeabilized,
blocked with 0.1% triton X-100, 10% normal goat serum for 1 h
and incubated overnight with the primary antibodies anti-NF 200
kDa (monoclonal, mouse, Sigma Aldrich) and S-100 (polyclonal,
rabbit, Sigma Aldrich). After primary antibodies incubation,
sections were washed three times in PBS and incubated for
1 h in a solution containing the secondary antibodies Alexa
488 anti-Mouse and Cy3 anti-Rabbit (Life Technologies).
Nuclei were stained with 4,6-diamidino-2-phenylindole (DAPI,
Sigma) diluted 1:1000 in PBS. After three washes in PBS,
sections were mounted with a Dako fluorescent mounting and
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analyzed using a Zeiss LSM800 confocal laser microscopy system
(Zeiss, Jena, Germany).

High Resolution Light Microscopy and Transmission
Electron Microscopy

The nerve samples fixed in 2.5% glutaraldehyde were post-fixed
in 2% osmium tetroxide (SIC, Societa Italiana Chimici) for 2 h
and dehydrated in passages in ethanol (Sigma Aldrich) from
30 to 100% (5 min each passage). After two passages of 7 min
in propylene oxide, one passage of 1 hour in a 1:1 mixture
of propylene oxide (Sigma Aldrich) and Glauerts’ mixture of
resins, samples were embedded in Glauerts’ mixture of resins
(made of equal parts of Araldite M and the Araldite Harter,
HY 964, Sigma Aldrich). In the resin mixture, 0.5% of the
plasticizer dibutyl phthalate (Sigma Aldrich) was added. For
the final step, 2% of accelerator 964 was added to the resin in
order to promote the polymerization of the embedding mixture,
at 60°C. Transverse semi-thin sections (2.5 wm thick) were
cut inside the conduit (both proximally and distally) using an
Ultracut UCT ultramicrotome (Leica Microsystems, Wetzlar,
Germany) and stained with 1% toluidine blue for high resolution
light microscopy using a DM4000B microscope equipped with a
DFC320 digital camera. Ultra-thin sections (70 nm thick) were
cut with the same ultramicrotome. Sections were analyzed using
a JEM-1010 transmission electron microscope (JEOL, Tokyo,
Japan) equipped with a Mega-View-III digital camera and a Soft-
Imaging-System (SIS, Miinster, Germany) for the computerized
acquisition of the images.

Evaluation of Nerve Regeneration After

12 and 24 Weeks

Grasping Test

The grasping test on 12 and 24 weeks experimental and control
groups was performed every 3 weeks. The last observation
coincided with the last day of procedure. The aim of the test
was to evaluate the functional recovery of the operated nerve by
assessing the flexor muscle strength. The animal was gently lifted
by holding its tail and allowing it to grasp a grid connected to
an electronic balance (BS-GRIP Grip Meter). The quantitative
assessment was made by measuring the maximum weight that the
rat was able to hold before losing its grip. Each animal was tested
three times and the average was considered.

Quantitative Assessment of Myelinated Regenerated
Nerve Fibers

Transverse semi-thin sections (2.5 pm thick) were cut distally
to the conduit/autograft and stained with 1% toluidine blue
for high resolution light microscopy examination and design-
based stereology. A DM4000B microscope equipped with a
DFC320 digital camera and an IM50 image manager system
(Leica Microsystems, Wetzlar, Germany) was used for section
analysis. For the stereological analysis, the following parameters
were evaluated: (i) number of fibers; (ii) density of fibers; (iii)
diameter of fibers and axons; (iv) myelin thickness; and (v) axon
diameter/fiber diameter ratio (g-ratio). Sections were randomly
selected and analyzed for the measurement of the total cross-
sectional area of the nerve. The stereological assessment was

performed according to a previously described method (Geuna,
2000; Geuna et al., 2000). 2D dissector probes were also used to
select unbiased representative samples of myelinated nerve fibers.

Assessment of Biomaterial Behavior

After Implantation

Analysis of New-Generated Vessels

The process of angiogenesis within the SilkBridge™ conduits
was assessed by quantifying new blood vessel formation in
resin-embedded transverse semi-thin sections. On one randomly
selected semi-thin section taken in the central portion of
the conduit, 8-10 fields were selected using a systematic
random sampling protocol, with a magnification of 40x.
The two-dimensional dissector procedure was adopted for the
quantification (Geuna, 2000). Blood vessel density was then
calculated. Finally, the diameter of the vessels was measured, and
the vessel diameter distribution was obtained.

Biomaterial Degradation
SilkBridge™  conduit degradation was evaluated both
qualitatively and quantitatively. For qualitative analysis, the
behavior of the conduit wall (consisting in three layers: inner and
outer electrospun layers and middle textile layer) was carefully
analyzed in semi-thin cross sections in order to observe and
describe any variation compared to the non-implanted conduit.
Quantitative analysis of conduit degradation was focused on
the two electrospun layers (inner and outer), since they are in
direct contact with surrounding tissue (outside) and regenerating
nerve fibers (inside). These two lavers are made by silk fibroin
fibers of sub micrometer size, and the analysis was therefore done
with the transmission electron microscopy on ultra-thin cross
sections. 15-20 fields were selected using a systematic random
sampling protocol, with a magnification of 20000, and a total
of 350 fibers for each group were measured. As control, we used
SilkBridge™ conduits implanted for 2 weeks.

Statistical Analysis

Statistical analysis was performed using R Statistical Software
(Foundation for Statistical Computing, Vienna, Austria). After
data normality was tested (Levene and Mauchly tests), one-
way analysis of variance (ANOVA) and ANOVA for repeated
measures tests with Tukey’s correction were adopted to detect
the effect of time, experimental groups, and their interaction
and to highlight the significant differences among the Autograft
group and the SilkBridge™ group at each time point tested.
Two one-sided tests (TOST) equivalence test was used to assess
the effect of the two different interventions (Supplementary
Material). The Cohen’s d obtained between beginning and end
values of the Autograft group was adopted as the smallest effect
size and set as a reference for the TOST test. The two sided
paired Student’s T test was adopted to compare data on vessel
morphology and 95% Confidence Intervals (CI) were reported
(Mascha and Sessler, 2011). The effect size was defined for each
factor as partial eta-squared (n?) small 0.02, medium 0.13 and
large 0.26. The level of significance was set at p < 0.05 (*), p < 0.01
(**), p <0.001 (***), and p < 0.000 (****). Values were expressed
as mean =+ SD (standard deviation).
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RESULTS

Mechanical Characterization

The mechanical characterization discussed in this paper
complements the results previously reported (Alessandrino et al.,
2019a; Alessandrino et al., 2019b) which referred specifically
to the behavior of the conduit subjected to transversal stresses
in the compression mode. Here, the mechanical properties of
the SilkBridge™ conduit are investigated in the longitudinal
direction, by testing the ultimate tensile strength and the suture
retention strength. The results of tensile and suture retention
strength are listed in Supplementary Table S1. Figure 1B shows
typical load-elongation curves of the SilkBridge™ conduit
measured under submersed condition at 37°C. A schematic
representation of the 3D architecture of the conduit is also
presented in Figure 1A.

The SilkBridge™ conduit breaks at high strength values when
subjected to a force applied in the longitudinal direction, thanks
to its hybrid electrospun/textile architecture (Supplementary
Table S1). The braided TEX structure encased between the
two ES layers is the load-bearing component of the device
(Figure 1A). In terms of ultimate tensile strength, SilkBridge™
outperforms not only natural peripheral nerves (Chiono and
Tonda-Turo, 2015), but also many other nerve conduit devices
made only by electrospun fibers, either based on SF (Dinis
et al., 2015) or on other polymers such as PLGA (Hou et al,,
2019), PCL (Quan et al, 2019), and PU/gelatin (Salehi et al.,
2018). With reference to other nerve conduits with a braided
texture made of native SF microfibers (Pillai et al., 2019) or
other polymer fibers (PLA/PGA) (Ichihara et al, 2015), the
mechanical performance may be similar or better depending on
the construction parameter of the textile structure (yarn and
fiber size, knit density, etc.). Usually, the denser and thicker
the textile texture, the stiffer the device, which might become
a drawback in terms of biomechanical compliance at the site
of implantation. In fact, when a load is first applied to a
resting natural nerve, its length increases with minimal increase
of the tensile load as a result of straightening of the wavy

connective tissue and axons in the endoneurial compartment
(Topp and Boyd, 2006). This is called the “toe region” of the
load-elongation curve of natural nerves (Kwan et al., 1992). As
the tensile load is further increased, the nerve elongates at a
steady rate, showing a steeper linear region of the load-elongation
curve before ultimate failure. Interestingly, the combination
of two electrospun layers with an open-texture textile layer
of braided silk microfibers results in a load-elongation curve
with two distinct phases (Figure 1B) that mimics the tensile
behavior of natural nerves (Kwan et al., 1992), as well as of
other soft tissues (Holzapfel and Weizsacker, 1998). Therefore
it is possible to deduce that the SilkBridge™ conduit, which
displays a balanced combination of strength and elasticity, might
be more biomechanically compliant with natural nerves than
other devices where a much higher ultimate tensile strength
was reached at the expenses of a dramatic loss of elasticity,
especially in correspondence of the “toe region” of the natural
nerve (Zhang et al., 2019).

The hybrid electrospun/textile structure of SilkBridge™ is
also beneficial for the achievement of high values of suture
retention strength (Supplementary Table S1). With the 9/0
suture, the same used for implanting the device in the animal
study, the test ends with the failure of the suture at about 117
gf (Supplementary Table S1). Failure of the device occurred at
about 460 gf using a thicker suture stich (5/0). These results
confirm that the suturing process can be easily and safely
performed during the grafting surgery, and that failure after
surgery can be reasonably considered an unexpected event for the
SilkBridge™ conduit.

Assessment of Medium and Long-Term
Nerve Regeneration

Surgical Procedures, Animal Welfare, and
Macroscopic Evaluations

As already demonstrated in a previous work (Alessandrino et al.,
2019b) SilkBridge™ showed optimal mechanical parameters
during surgery, including easy handling and suturability, and

A

innerES layer
middle TEX layer
outer ES layer

FIGURE 1 | (A) Schematic diagram of the 3D architecture of the SilkBridge™ condluit. (B) Typical load/strain curves. Phase 1: Low-load region, corresponding to
the “toe region” of the load-elongation curve of natural nerves (Kwan et al., 1992). Phase 2: Steady rate of elongation region.
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Implantation

Harvesting

12 weeks 24 weeks

FIGURE 2 | Pictures showing the implantation and the harvesting surgeries.
Panels (A-D) show the phases of SilkBridge™ implantation, from the creation
of the median nerve gap (A) to the position and suturing of the conduit (B-D).
(E-G) Show the macroscopical evaluation of SilkBridge™ conduit during
harvesting. (E-G) SilkBridge™ implantation site exposed before the
harvesting at different time points. No signs of inflammation can be detected;

(E’-G”): SilkBridge™ harvested at different time points; surgical stich marks
the proximal stump.

4 weeks

adequate stiffness and flexibility. During post-operative period,
all animals were in good health. None of them showed signs
of inflammation, pain, discomfort or auto-mutilation of the
operated arm. As an indicator of animal welfare, the body weight
was measured. No sudden decrease in weight was observed and
animals showed a physiological increase in body mass throughout
the experiment (data not shown).

At the time of sample harvesting, all conduits were still
clearly recognizable. They were encapsulated in a thin layer
of connective tissue. No signs of inflammation, foreign
body reactions or scar tissue formation around the conduit
was detected, confirming the good biocompatibility of
SilkBridge™ (Figures 2E-G).

Medium-Term Nerve Regeneration

We observed the nerve morphology in the medium period of
regeneration (4 weeks post-surgery) using histological staining,
immunohistochemical labeling and electron microscopy
analysis (Figure 3).

Longitudinal sections stained with Masson’s trichrome
staining revealed a thin layer of connective tissue surrounding
the outer side of SilkBridge™ and the absence of scar tissue
formation. Moreover, a reach cellular population colonizing the
full length of the conduit was observed (Figure 3A).

Immunohistochemical ~ examination  revealed  many
neurofilament positive regenerated nerve fibers surrounded
by S-100 positive Schwann cells, especially in the proximal
and mid portion of the conduit (Figures 3B-E) indicating the
progression of nerve regeneration throughout the conduit.

In the proximal portions of the conduit, semi-thin toluidine
blue-stained transverse sections revealed many well-myelinated
axons (Figures 3G,H), visualized also through electron
microscopy analysis (Figure 3I). In the distal portions of the

conduit, semi-thin toluidine blue-stained transverse sections
did not allow the visualization of regenerated myelinated nerve
fibers (Figure 3M). However, electron microscopy analysis
revealed numerous unmyelinated fibers and few regenerating
fibers with a thin myelin sheath, indicating that the myelination
process was still in progress in the distal portion of the
conduit (Figures 3N,0).

Finally, many blood vessels, some of them with big
diameter, were detected not only in the lumen of the conduit
(Figures 3H-M) but also among the layers of the wall throughout
the full length of the conduit (not shown).

Long-Term Nerve Regeneration

The effectiveness of SilkBridge™ in stimulating nerve
regeneration was then evaluated at long-term time points
(12 and 24 weeks) and was compared to the “gold standard”
technique (Autograft).

Functional recovery was investigated starting from 3 weeks
until 12 or 24 weeks by means of the grasping test. The
graph in Figure 4 (Figure 4A) reports the post-traumatic time
course of functional recovery. The function of the finger flexor
muscles innervated by the median nerve started recovering
faster in the Autograft group, as indicated by the statistically
different performance recorded at weeks 6 (p < 0.000) and 9
(p < 0.001) after lesion. Animals implanted with SilkBridge™
started recovering at weeks 6 and then progressively improved.
With exception of the weeks 15 (p < 0.002) time point, where
SilkBridge™ and Autograft groups still showed a statistically
significant difference, at 12 weeks (p = 0.105) and then
from 18 weeks (p = 0.152) until the end of the test, no
significant differences were possible to be observed between
the two experimental groups (21 weeks: p = 0.086; 24 weeks:
p = 0.153). The within subjects test revealed a significant effect
for time (F[8,196] = 262.91, p < 0.000, n? = 0.91), treatment
(F[1,196] = 85.11, p < 0.000, n? = 0.30) and time x group
(F[8,196] = 9.64, p < 0.000, n? = 0.28) factors.

As an additional indicator of motor recovery, the forelimb
finger flexor superficialis muscles were harvested from both
SilkBridge™4and Autograft animals and their fresh weight was
determined (Figure 4B). The weight of the muscles increased
significantly from 12 to 24 weeks (F[1,26] = 9.997, p < 0.003,
n? = 0.28), but no significant differences were observed between
the two groups (F[1,26] = 0.507, p < 0.483, n? = 0.02) and within
time (F[1,26] = 0.183, p < 0.673, 12 = 0.01). This result that
underscores the good performance of animals that underwent
nerve reconstruction by means of the SilkBridge™, is in good
agreement with the trend evidenced by functional recovery tests.

Stereological and  morpho-quantitative  analysis  of
regenerated nerve fibers were performed on toluidine blue-
stained semi-thin cross sections, just distally to the graft.
At 12 weeks after nerve reconstruction, regenerated nerves
from SilkBridge™ and Autograft groups showed many re-
growing myelinated fibers organized in microfascicles, with
well-defined axoplasm and well-organized myelin sheaths
(Figures 5A-D). Quantitative stereological analysis of semi-thin
sections revealed that the cross-sectional area of the nerve
regenerated (Figure 5E) decreased but not significantly from 12
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FIGURE 3 | Images showing the morphological evaluation of nerve regeneration inside SilkBridge™ nerve conduit at 4 weeks. (A) Representative longitudinal
section of repaired median nerve analyzed by Masson’s trichrome staining. Black arrow indicates the layer of connective tissue. Scale bar: 1000 wm. (B=E)
Representative immunofluorescence staining performed on proximal and central part of SilkBridge™ conduit. Scale bar: 20 uwm; (B) Nerve fibers and Schwann cells
in the proximal stump; (C) Several nuclei (DAPI-blue, white box) and regenerated nerve fibers localized within the conduit; (D,E) Positive neurofilament fibers
surrounded by S-100 positive Schwann cells in the center of the conduit. White arrows indicate nerve fibers (green); asterisk indicate the Schwann cells (red). (F-H)
Representative high resolution light micrographs of toluidine blue-stained semi-thin proximal cross sections; (G,H) Black arrows indicate regenerated nerve fibers in
the proximal part of the conduit, while blood vessels are marked by asterisks. (I) Representative electron microscopy images of regenerated median nerve (nerve
fibers black arrows) taken inside the grafts, proximally. (L,M) Representative high resolution light micrographs of toluidine blue-stained semi-thin distal cross sections;
(N,0) Representative electron microscopy images of regenerated median nerve taken inside the grafts, distally, at different magnifications. Black arrows underlie the
presence of unmyelinated fibers, the asterisk marks the presence of a myelinated fiber with a thin myelin sheath. (H-M) Asterisk indicates blood vessels. Scale bar
(F,L): 1000 wm; Scale bar (G,H,M): 20 um; Scale bar (I,N): 10 wm; Scale bar (0): 1 um.
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FIGURE 4 | (A) /In vivo functional analysis. Line graph reporting the post
traumatic time course of functional recovery assessed by the grasping test.
Significant difference, tested through ANOVA for repeated measures with
Tukey’s correction, in functional recovery between SilkBridge™ and autograft
group was observed at 6, 9, and 15 weeks. (*) P < 0.05, (***) P < 0.000. (B)
Line graph depicting the Finger flexor superficialis muscle weight. No
statistical significance was present between groups at each time point. Values
are reported as mean + Standard Deviation. Group 12 weeks n: 16
(SilkBridge™), 10 (Autograft); Group 24 weeks n: 8 (SilkBridge™), 5
(Autograft).

to 24 weeks (F[1,22] = 0.971, p = 0.335, 0> = 0.04), inside the
SilkBridgeTM conduit (and measured distally to the conduit).
It was significantly smaller than that of the Autograft group
(F[1,22] = 8.745, p < 0.007, n? = 0.28) but, no significant
differences were observed between the two groups and within
time (F[1,22] = 0.278, p < 0.604, 12 = 0.01).

The density of myelinated fibers was similar in both groups
(Figure 5F) and no effect of time (F[1,22] = 1.057, p = 0.315,
n? = 0.05), treatment (F[1,22] = 1.116, p = 0.302, 1% = 0.05)
and time by treatment was significant (F[1,22] = 3.947,
p =0.060, 12 =0.15).

The total number of myelinated fibers showed no significant
difference between the two groups (F[1,22] = 3.933, p = 0.060,
n? = 0.152) and no time (F[1,22] = 4.096, p = 0.055, n* = 0.157)
nor time by treatment effect was detected (F[1,22] = 0,714,
p = 0.407, n* = 0.031; Figure 5G). The highest density of
myelinated fibers in the Autograft group of about 1033.26 n/fibers
was not significantly superior to the SilkBridge™ conduit group
(p=0.061, 95% CI: —47.20-2113.73).

Noteworthy, g-ratio (Figure 5H), one of the more reliable
morphological predictors of nerve recovery, was significantly
different between the two time points (F[1,22] = 9.978, p < 0.005,

n? = 0.312) but, no significant effect was detectable for type
of intervention (F[1,22] = 2.440, p = 0.133, n? = 0.10) and
intervention by time factor (F[1,22] = 0.075, p = 0.787,
n? = 0.003). The mean difference of g-ratio between Autograft
and SilkBridge™ conduit group of about 0.001 is not significant
(p = 0.132, 95% CI: —0.01-0.03).

After 24 weeks, the regenerating nerves continued their
maturation process in terms of fiber size and myelin organization,
as evidenced by the histological details (Figures 5C,D). The
stereological parameter that were significantly different at
12 weeks between SilkBridge™ and Autograft groups (nerve
cross-sectional area) resulted to be similar at 24 weeks
(Figure 5E). Futhermore, myelin thickness was not affected
by treatment (F[1,22] = 0.409, p = 0.7, n? = 0.007), time
(F[1,22] = 0.152, p = 0.7, n? = 0.007) or interaction between
those factors (F[1,22] = 0.068, p = 0.797, n* = 0.003).
The mean difference of myelin thickness between Autograft
and SilkBridge™ conduit group of about 0.013 is not
significant (p = 0.408, 95% CI: —0.02-0.05). Considering the
fiber diameter a significant effect was detected for time and
treatment factors (F[1,22] = 7.125, p < 0.014, 1% = 0.245; and
F[1,22] =4.864, p=0.038, n? = 0.181) but not for their interaction
(F[1,22] = 0.138, p = 0.713, > = 0.006). The fiber diameter in the
Autograft group was significantly superior to the SilkBridge™
group of about 0.298 pm (p < 0.038, 95% CI: —0.02 - 0.05).
Referring to the axons diameter a significant effect was detected
for time and treatment factors (F[1,22] = 9.739, p < 0.005,
n% = 0.307; and F[1,22] = 5.159, p = 0.033, n? = 0.190) but not
for their interactions (F[1,22] = 0.124, p < 0.728, n% =0.006). The
axon diameter in the Autograft group was significantly superior
to the SilkBridge™ group of about 0.271 um (p < 0.024, 95%
CI: 0.02-0.052).

Biomaterial in vivo Long-Term

Implantation

Morphometrical Analysis of New-Generated Vessels
The morphological aspect of the regenerated tissue inside the
grafts was assessed through toluidine blue-stained semi-thin
cross sections obtained from the mid-portion of SilkBridge™
experimental groups (Figures 6C-F). Micrographs at low
magnifications (Figures 6C,D) showed that regenerated
myelinated axons grown inside SilkBridge™ were organized and
packed in the central part of the conduit. Extracellular matrix,
cells and blood vessels colonized the portion between the wall
of the conduit and the regenerated fibers. On the other hand,
the whole cross-section of the Autograft was full of regenerated
fibers (Figures 6A,B).

Regarding blood vessels in the SilkBridge™ experimental
groups, a quantitative analysis was conducted in order to estimate
their density and size (Figures 6G-I). In particular, blood
vessel with a diameter bigger that 7 pm (and therefore easily
recognizable in toluidine blue-stained sections) were considered.
It has been observed with interest that, in the two regenerative
timepoints examined a large number of newly formed blood
vessels were found in SilkBridge™ (Figures 6G-I). Despite no
significant differences were detected between 12 and 24 weeks
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FIGURE 5 | Morphological and morphoquantitative evaluation of nerve regeneration after 12 and 24 weeks. (A-D) Representative low and high magnification light
photomicrographs of toluidine blue-stained semi-thin cross sections of regenerated nerve using autograft (A,C) or SiIkBridgeTM nerve conduit (B,D) obtained distally
to the graft, at 12 (A,B) and 24 (C,D) weeks after surgery. Scale bar: 20 um. (E-M) Stereological assessment of regenerated nerve fibers of autograft and
SilkBridge™ groups. (E) Nerve cross-sectional area; (F) Density of myelinated fibers; (G) Total number of myelinated nerve fibers; (H): g-ratio (axon diameter/fioer
diameter); (I-M): parameters related to the size: axon diameter, fiber diameter and myelin thickness. Data are expressed as mean + Standard Deviation. Asterisks (*)
denote statistically significant differences between autograft and SilkBridge™ conduit group at each time point (12 and 24 weeks experimental time points);

(*) < 0.05. Group 12 weeks n: 8 (SilkBridge™), 5 (Autograft); Group 24 weeks n: 8 (SilkBridge™), 5 (Autograft).

regenerated tissue, very close to the wall (Figures 6C-D) and in
addition, blood vessels of varying dimensions were also found
between the three layers of the conduit wall (Figures 6E,F). No
vessels of this dimension were found in Autograft groups, only
microvessels and capillaries of small dimensions (Figures 6A,B).

(Figures 6G,H) considering vessels density (¢[1,135] = 7.62,
p=0.063,95% CI: —52.4 - —31.2) and diameter (¢[1,135] = 0.47,
p = 0068, 95% CI: —0.16 - 4.58) a slight tendency to
vessel maturation was observed over time (Figure 6H). Their
localization was particularly found at the periphery of the
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Biomaterial Degradation

The degradation of SilkBridge™was evaluated qualitatively
by high resolution light microscopy and quantitatively by
transmission electron microscopy. The morphological analysis
was performed in order to highlight the interaction between
the conduit, the cells, and the extracellular matrix as well as to
evidence any discontinuity of its original shape and structure;
the stereological analysis was performed to evaluated changes in
electrospun fibers diameter overtime. The 2 week timepoint, the
shortest post-operative timepoint tested in vivo and described
in Alessandrino et al. (2019b), was chosen as control for the
comparison of degradation. This allowed to observe a sample not
yet degraded but bearing some structural modifications caused by
the in vivo environment.

In non-implanted SilkBridge™ the three layers of the
conduit wall (the outer-ES-o, the inner-ES-i and the middle
textile-TEX layer) are well defined and organized (Figure 7A);
at higher magnification more details are detectable: the two
ES layers are homogeneous and packed with TEX in the
middle (Figures 7B,C).

After 2 weeks of nerve repair through SilkBridge™ conduit
the wall structure is still conserved: at low magnification a
thin layer of connective tissue is visible on the ES-o layer
suggesting an integration of the conduit with the surrounding
tissue (Figure 7D); at higher magnification many cells and
extracellular matrix colonized both the ES-o and ES-i layers
(Figures 7E,F). After 12 weeks of implantation, a morphological
integrity of the structure (Figure 7G) can still be appreciated at
low magnification. Interestingly, at higher magnification, large
portions of the ES-o layer appeared still compact, whereas
more boundary regions started losing their compactness with
extracellular matrix growing between the electrospun fibers sub-
layers (Figure 7H). The same is detectable on the ES-i, proving
an onset of degradation with variable intensity, with flaked areas
at different degrees (Figure 7I). After 24 weeks, the ES-o layer
was still continuous, displaying regions of high compactness, and
others with flaked ES-o sub-layers forming two or more arrays of
thinner layers (Figure 7L). At higher magnification, electrospun
fibers at the outer limit of the ES-o layer progressively lost
contact with each other. The extracellular matrix filled the inter-
fiber areas, showing only a slight progression compared to the
12 weeks-time point (Figure 7M). On the contrary, the ES-i layer
underwent greater modification since discontinuities along its
circumferential path were observed in various regions. Moreover,
the initial layer compactness was sensibly lost and individual
electrospun fibers were fully embedded in the extracellular matrix
showing a full integration of the material with the regenerated
tissue (Figure 7N).

The conduit degradation analysis was continued with the
quantification of the electrospun fibers diameter of the inner and
outer ES layers at 2, 12, 24 weeks post implantation (Figure 70).

Results showed a reduction of the SilkBridge™ electrospun
fibers diameter of both inner and outer ES layers overtime. In
particular the inner ES layer had shown a significant difference
between 12 and 24 weeks (£[1,30] = 3.87, p < 0.01) and the outer
ES layer between 2 and 12 weeks (£[1,30] = 3.25, p < 0.03). Those
data are in complete agreement with what was observed in the
morphological analysis (Figure 7P).

DISCUSSION

Despite the intrinsic ability of peripheral nerve to regenerate,
clinical and experimental evidence shows that regeneration is
often unsatisfactory especially following severe nerve injury
(Navarro et al.,, 2007). For lesions with loss of substance, the
nerve autograft represents the surgical gold standard, despite the
secondary effects of this technique (additional surgery, scarring,
donor-site morbidity, and limited source of donor nerves)
(Battiston et al., 2009).

Over the past ten years, advances in tissue engineering have
led to obtain decellularized nerve allografts (Philips et al., 2018;
Chato-Astrain et al., 2020) which allow to maintain the three-
dimensional structure to sustain axonal growth, while being
cleaned of the antigenic component. Recent papers reported
the advantages of this technique and the achievement of some
regenerative parameters obtained with allograft (Lovati et al.,
2018; Chato-Astrain et al., 2020). However, further research is
needed to optimize preparation protocols, improve effectiveness,
especially for the repair of long nerve defects.

In parallel, a wide variety of new synthetic polymers and
biopolymers have been evaluated. Scaffolds of natural origins
are able to provide biocompatibility, biodegradability, non-toxic
degradation products and a minimal foreign body response
induction (Carriel et al, 2014). Authors have reported of
biologically active devices whose lumen has been enriched
through nanostructures and/or stem cells, capable of directing
axonal growth and providing trophic factors and molecules in
support of mechanical cues (Chato-Astrain et al., 2018).

When a simple biomaterial of natural origin, like silk, is
also bioactive, the creation of a conduit equipped with a
multi-layered wall can be a simple but effective response in
a repair intervention of nerve damage with loss of substance
(Alessandrino et al., 2019b).

SilkBridge™ conduit is a tubular device whose wall is made
by silk fibroin, a natural polymer produced by the silkworm
Bombyx mori, that displays an optimum combination of strength
and elasticity to withstand clinical operation stresses, such
as manipulation and suturing during implantation, to resist
deformation caused by biomechanical in vivo stresses, and to
avoid channel collapse since compression can result in damage
to the growing axon (Altman et al, 2003; Rockwood et al,
2011; Catto et al., 2015; Thurber et al., 2015). The wall of
SilkBridge™ is composed by three layers manufactured using
a new combination of electrospinning and textile technologies
that allows combination of micro- (to optimize the mechanical
properties) and sub micro- (to maximize the biological
characteristics of the material) fibrous elements (Alessandrino
et al., 2019a; Alessandrino et al., 2019b).

In a previous work (Alessandrino et al., 2019b), the
mechanical, structural and biological proprieties of SilkBridge™
have been demonstrated. The wall thickness of about 0.5 mm and
the wall porosity > 80% fall in the optimum range of geometric
parameters able to ensure nutrient, oxygen, and metabolite
transport and exchange with the surrounding environment,
thus providing support to the regenerating axon (Kokai et al.,
2009; Nectow et al., 2012; Chiono and Tonda-Turo, 2015). The
conduit presents an optimal capability to resist to compression
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FIGURE 7 | Evaluation of biomaterial degradation. (A-N) Representative high resolution light photomicrographs of toluidine blue-stained semi-thin cross sections
showing the behavior of the SilkBridge™ conduit wall at different time points. (A-C) SilkBridge™ not implanted; (D-F) SilkBridge™ implanted for 2 weeks, (G-I) for
12 weeks and (L-N) for 24 weeks. (A,D,G,L): low magnification showing the three layers of SikBridge. Scale bars: 20 um; (B,E,H,M): magnification of the outer
ES-o layer. Scale bars: 20 um; (C,F,1,N): magnification of the inner ES-i layer. Scale bar: 20 um; (O): representative image of electrospun fibers of the ES layer with
diameter measurements. Scale bar: 0,5 wm. ES-o: ES outer layer; ES-i: ES inner layer; TL: TEX layer. (H,M-asterisks) the ES outer layer that in some cases divides in
two thinner layers; (I,N-arrows) the electrospun fibers dispersion in the ES inner layer. (P) Line graph depicting the quantification of the electrospun fiber diameter
constituting the external ES wall (ES-0) and the internal ES wall (ES-i) of the SilkBridge conduit. Data are expressed as mean + Standard Deviation. Significant
differences within each time point are reported (*)P < 0.05. $ indicates the statistically significant difference in fibers diameter of inner ES layer between 12 and 24
weeks; *Indicates the statistically significant difference in fibers diameter of outer ES layer between 2 and 12 weeks. n:350 fibers analyzed for each experimental

group.
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stresses, being able to resist to both physiological and pathological
compressive stresses (Topp and Boyd, 2006), thus meeting
an indispensable property for clinical application. From the
biological point of view, the conduit has proven to be a good
substrate for Schwann cells growth and proliferation, as well
as for the differentiation and axonal elongation of neurons
in vitro. Moreover, 2 weeks after implantation in vivo the conduit
demonstrated a good integration with the surrounding tissues,
absence of inflammation and scar formation.

In the current study we confirmed the optimal mechanical and
biological properties, as well as the in vivo biocompatibility of
the novel SilkBridge™ conduit, which showed its great potential
to sustain peripheral nerve regeneration at mid (4 weeks) and
longer (12 and 24 weeks) time points in a model of rat median
nerve injury. Indeed, histological analysis at 4 weeks showed the
progression of nerve regeneration process alongside the conduit,
demonstrated by the presence of many myelinated fibers in the
proximal and mid portion of the conduit, and the approaching at
the distal portion, and the good integration with the surrounding
tissue, demonstrated by the whole colonization of both the lumen
and the wall of the conduit by extracellular matrix and different
cell types, the presence of a thin layer of connective tissue
surrounding the outer side of the conduit, the formation of many
blood vessels and the absence of any foreign body reaction.

At longer time points (12 and 24 weeks), the SilkBridgeTM
conduit led to a very good functional and morphological
recovery of the median nerve, similar to that observed with
the reference autograft nerve reconstruction. The functional
recovery, assayed by means of the grasping test and muscle
weight, showed a stably motor performance of the finger flexor
muscles, with no statistically nor clinically relevant difference
in the SilkBridge™ conduit group and in the Autograft group.
The delay of functional recovery of the experimental group
with respect to the control autograft group can be justified
by the different repair technique and it is in line with the
reconstruction through different conduits (Geuna et al., 2016).
Morphological and morphometric analyses reflected the good
performance of functional tests. Indeed, after 24 weeks, nerve
fibers size, maturation, and organization of experimental and
control groups levelled, suggesting a positive outcome of the
regeneration process driven by the SilkBridge™ conduit. To be
noticed, in the case of axon diameter and fiber diameter outcomes
the statistically significant differences between the two groups
that were detected refers to dimensions less than a micrometer,
with no reliable confidence intervals, that could be considered
clinically irrelevant.

Finally, special attention was paid to analyze the behavior
of the silk material once implanted in vivo, with a particular
regard to integration with regenerating tissues and to degradation
over time. In the time points investigated, a large number of
newly formed blood vessels were found in the SilkBridge™
conduit during nerve regeneration and these vessels were
mainly located at the periphery of the regenerated tissue,
very close to the multi-layered wall and also between the
three layers of the wall. The absence of this situation in
the control group, at both experimental times, suggests that

SilkBridge™ through formation of blood vessels may have
created a favorable oxygen-glucose environment in the nerve
conduit, being therefore partly responsible for such a positive
pro-regenerative effect (Wang et al., 2018; Chouhan and Mandal,
2020). A very important feature of tissue design is the rate of
the scaffold degradation, the importance of the balance between
the decomposing time of the biomaterial and the rate of tissue
regeneration. Moreover, in case of silk fibroin, the velocity
and the extent of degradation may be strictly connected with
the structural characteristics of the polymers, the biological
site of implantation, and the presence of different sources of
mechanical and chemical stresses (Taddei et al., 2006). In this
context and given the complex structure of SilkBridge™ with
its multilayer wall, a careful high-resolution optical analysis
and a quantification through ultrastructure images have allowed
to appreciate the first degradation phenomena, which in
SilkBridge™ have been observed at the level of ES-o and ES-
i wall layers. The layers of the conduit wall, consisting of silk
electrospun fibers, were in fact firstly intercalated with new
cellular elements and extracellular matrix, thus losing their
original compactness and subsequently, at long times after
implantation, their electrospun fibers significantly reduced in
the diameter.

Altogether, the present results and the previous ones
(Alessandrino et al., 2019b) represent an important achievement
for the implementation of clinical studies aimed at investigating
the safety and efficacy of the newly designed SF-based nerve
conduit, which is intended as an “off-the-shelf” device to be
used as it is, without the need of adding neurotrophic and/or
angiogenic factors or cells. These very encouraging results
allowed us to proceed quickly towards the submission of a first-
in-human clinical study aimed at evaluating the reconstruction
of digital nerve defects in humans using SilkBridge™ nerve
conduit (ClinicalTrials.gov identifier: NCT03673449). The study
has already started at the Department of Plastic Surgery and
Hand Surgery of the University Hospital of Zurich. Four out of
15 patients have been enrolled and implanted with SilkBridge™
nerve conduit to repair a digital nerve gap.
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ABSTRACT

Erectile dysfunction (ED) following radical prostatectomy is a frequent and debilitating complication. Even
robotic prostatectomy seems to be more accurate in nerve sparing, it can prevent ED in all patients. Positive
results have been published in human using chitosan membrane on the prostatic bed after excision, revealing
better functional results compared to those patients in which the membrane was not applied. Another recent
strategy to solve ED has been a direct corpora cavernosa neurotization using a bilateral sural nerve graft
sutured to femoral nerve. None is known about the effective of chitosan membrane in cavernous plexus
regeneration and either none is known about reinnervation of autonomic organ by means of somatic nerves.
So that in this paper we proposed a pre-clinical study in which a bilateral cavernous nerve injury in rats is
treated by chitosan membrane bridging. Different types of membrane are tested: flat membrane and
nanostructured membrane . On the other side in one group corpora cavernosa in directly neurotized with a
branch of the sciatic nerve. After 4 months morphological and biomolecular analysis are performed to
evaluate nerve recovery and corpora cavernosa reinnervation. Results showed that axons can growth all
along the membrane from proximal to distal stump and that nanostructures facilitate axons polarization.
Morphologically, reduction of muscle component into corpora cavernosa is evident as well as cavern
enlargement compared to control group. In nerve transfer gene expression analyses in the target organ
described expression of pro regenerative molecules. In this paper the mechanism of nerve regeneration
through chitosan membrane is seen and described and a novel somatic to autonomic nerve transfer is
created, further studies are needed to understand which procedure gives the best results in term of

functional recovery.

INTRODUCTION
In developed and industrialized countries, prostate cancer is one of the most frequent. Its incidence increases
progressively with the age of the patient: more than % of men over 75 are affected by this disease. Due to

the growing proportion of elderly people in the world population, this cancer is set to become an increasingly



important public health burden. However, it can also be diagnosed in patients younger than 40-50 years. In
EU countries, the incidence rate of prostate cancer is 55 cases per 100,000 males.

The current treatment of localized prostate cancer is radical prostatectomy with frequent iatrogenic damage
to periprostatic neurovascular bundles that can lead to erectile dysfunction (Porpiglia, Fiori, et al., 2018). One
strategy to protect and promote regeneration of damaged fibres of periprostatic neurovascular bundles after
surgery is the application of flat membranes. The use of a dehydrated human amniotic membrane allograft
wrapped around the periprostatic neurovascular bundles after robot-assisted radical prostatectomy
accelerates normal functional recovery (Patel et al.,, 2015). Our research groups have shown that the
application of a chitosan membrane is safe and able to promote faster recovery (Porpiglia, Bertolo, et al.,
2018; Porpiglia et al., 2019; Muratori et al., 2019 ).

Chitosan is a chitin derivative, obtained from the exoskeleton of crustaceans, which is garnering some
interest in both basic research and clinical settings. Its chemical structure (a polysaccharide composed of D-
glucosamine and N-acetyl-D-glucosamine linked to the B (1-4) bond) makes it an excellent candidate for
applications in medicine due to its biocompatibility, bioavailability and lack of toxicity. For these reasons,
chitosan is effectively used in the periodontal and orthopedic fields (in implantable and injectable form), in
drug delivery systems, as an agent to promote tissue healing, as a pulmonary surfactant additive, as a scaffold
for the regeneration of various tissues (nerve, skin, bone, cartilage), and is also approved by the Food and
Drug Administration (FDA) for clinical use (ref).

Pro-regenerative devices are currently engineered to improve their efficacy. The interaction of glial and
neuronal cells with micro/nano-topographies has been extensively studied by Prof. Geuna's research group
(Gnavi et al., 2015, 2018). Polymeric nano/micro-grooves have been shown to promote neurite orientation
(Wieringa et al., 2012), consolidating aligned neurites and destabilising misaligned ones (Ferrari et al., 2010).
Furthermore, micropatterning of chitosan can induce and regulate Schwann cell growth (Li et al., 2014).
Another strategy to solve erectile disfunction after prostatectomy was the reinnervation of corpora
cavernosa through a bilateral sural nerve graft connected in end-to-side with motor fibers of femoral nerve.
The new techniquereported impressive results about 2 years after surgery (Souza-Trindade JC 2017, Reece
1 2019, Dangerfield D 2023). Despite these good results, nerve grafting is prone to loss of sensory function,
to risk of painful neuromas and, not secondly, the time of recovery is prolonged according to the graft length.
In modern nerve surgery nerve transfers are preferred for irreparable nerve injuries to reanimate skeletal
muscles; their main advantage is to connect the donor nerve close to the target muscle reducing time of
reinnervation (Chuang DCC 2005, Doi K 2018). In literature distal nerve transfer was attempted for bladder
reinnervation as described by Ruggieri 2008, 2011, and Gomez Amaya who used genitofemoral nerve (GF) to
pudendal nerve (PN), coccygeal nerve (CG) to S1 or obturator nerve (ON) to PN pelvic nerve in animal models.
Due to lack of knowledges on the mechanism of cavernous nerve repair through chitosan membrane, in this

paper an animal model of cavernous nerve injury was used to firstly evaluate the effect of flat chitosan



membranes on nerve regeneration. Moreover, micro-structured membranes were also used to understand
whether nanotechnologies can bust regenerative capacity of the device. Nanostructured membranes
showed in vitro their efficacy in promotion of neurite elongation (results not showed here).

Considering the efficacy of nerve transfer in humans, a novel experimental surgical model of nerve transfer
in rat, without the requirement of nerve graft, is presented here and its efficacy is compared to the treatment

with chitosan membrane for the recovery of induced erectile dysfunction.

MATERIALS AND METHODS

Animals and In Vivo Surgery.
Adult male Wistar rats approximately weighing 250-350 g (Envigo Laboratories, Udine, Italy) were used in
the present study, animals were divided into the following experimental groups:

Group 1 (pilot study): two adults male wistar rats were used to evaluate the feasibility and safety of the

surgical procedure and to evaluate the protocol in terms of nerve regeneration.

Group 2: six adults male wistar rats were included in the second study in which different types of Cs
membranes were used to bridge the cavernous nerve gap in a bilateral surgery as follow:

- 4 FLAT membranes;

-4 membranes with GRATING topography;

-4 membranes with SCA topography;

Group 3: on four adults male wistar rats, a bilateral sciatic nerve to corpora cavernosa transfer was
performed.

Group 4: three adult wistar rats were used as negative control (denervation control).Both cavernous nerves
were sectioned as described above, here a bigger nerve gap was performed and distal stump was flipped

distally in order to prevent spontaneous regeneration.

Surgical procedure

Cavernous nerve injury

The surgical interventions were carried out under deep anaesthesia using Tiletamine (052019, Bayer, Milano,
Italy) + Zolazepam (Zoletil) (A101580025, Virbac, Milano, Italy) (40 and 5 mg/kg). After trichotomy, the
abdominal cavity was accessed by making a medial cut at the umbilical level as far as the pelvic region; the
prostatic region was then reached with isolation of the gland itself on whose dorsal lateral walls it was
possible to identify bilaterally the presence of the prostatic ganglion containing motor neurons and the
cavernous nerve, whose fibers are responsible for innervation of the corpora cavernosa and erectile function.
Once the cavernous nerve was isolated (Fig. 1A), a bilateral resection of a 3mm-long nerve segment was

performed.



Chitosan membrane implantation

In rat from group 1 and 2, the two nerve stumps derived from the resection of each nerve were sutured to
the chitosan membrane (Fig. 1B) to allow regeneration of the nerve fibers on the biomaterial. In total, two

membranes were implanted for animal, one on each side.
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Figure 1: The image shows the different stages of the surgical procedure. A: identification of the cavernous
nerve (arrow); B: application of the chitosan membrane after resection of the nerve and application of the
sutures; C: removal of the membrane 30 days after surgery, the integration of the membrane with the
surrounding tissue can be seen.

Nerve transfer surgery

After cavernous nerve injury, a posterior approach to bilateral thighs was performed, the sciatic nerve was
identified bilaterally and traced distally, the branch to anterior tibialis muscle was dissected and transected
as close as possible to the muscle entry point. The freed nerve was dissected proximally. In the proximal part
of the posterior tight a soft tissue tunnel was created to allow the free part of sciatic nerves to be transposed

anteriorly. The free ends were then introduced for few millimeters into corpora cavernosa through a small



incision of the tunica albuginea and secured with an 8-0 stich in both sides. Details regarding surgical

procedure are reported in figure 2.

Figure 2: In a the branch to the tibial anterior is freed until the entry point into the muscle (*) for 3.5 cm. The
nerve is passed from posterior to anterior towards a soft tissue tunnel and sutured (b) into corpora cavernosa
(arrow tips) of the penis (§).

In the days following the surgery, animals were monitored to evaluate the state of health and general well-
being: macroscopically no signs of suffering were highlighted, the surgical wound showed no signs of
infection and accumulation of liquid in the abdominal cavity wasn’t observed.

Samples harvesting

Group 1: after a period of 30 days following the surgical procedure, the regenerated membranes were
harvested. At the time of sampling, the two membranes were isolated from the surrounding tissue and each
membrane was correctly found at the implantation site (Fig 1C).

Group 2, 3, 4:

After a period of 60 days following the surgical procedure, regenerated membranes were sampled as
described above for group 2. Penises from all groups were taken from each rat in order to perform qualitative

and quantitative analyses on the target organ innervated by the cavernous nerves.

Fixation, Immunohistochemistry and Confocal MicroscopyGroup 1: following collection, regenerated

membranes were fixed in 4% paraformaldehyde for approximately three hours and then maintained in PBS
at 4°C until analysis.

Group 2 : the regenerated membranes 3 were treated according to iDISCO technology to be able to three-
dimensionally visualize the course of the regenerated nerve fibers on the chitosan membranes. The 'iDISCO'
technique developed and fine-tuned by Renier et al., (Renier et al., 2014) was used, allowing a 3D
reconstruction of the entire immunolabelled sample. The first step of the iDISCO procedure involves
processing the samples in order to make the tissues optically transparent; achieving transparency is of

paramount importance as it reduces differences in the refractive index of the tissue allowing



immunofluorescence analysis to be performed in order to visualize the course of the labelled structures.
Immunolabelling is a fundamental technique in many areas of biological research and medical diagnosis,
making it possible to study the morphology of. The combined approach of transparency and whole-sample
immunolabelling made it possible to visualize the course of regenerated fibers on smooth and

nanostructured membranes.

iDISCO

Regenerated cavernous nerves on different chitosan membranes were treated with a protocol of iDISCO+,
adapted by Renier et al., 2016, to obtain three dimensional images and a perspective of regeneration.
iDISCO+ is an organic solvent-based tissue clearing technique which allows the immunolabeling of whole
organs and their subsequent high quality three-dimensional acquisition confocal microscopy.

The peculiarity of iDISCO clearing is that it allows a better antibody tissue penetration thanks to the additional
pretreatment step with methanol. Then, samples are immunolabeled with different antibodies and cleared
using dichloromethane for lipid extraction, to limit the shrinking and preserve morphology. At last, the
dibenzyl-etere is used to match the Rl of the sample to the imaging solution (Renier er al 2014).

The iDISCO+ steps are summarized as follows:

1) Dehydration: Samples were treated in sequential solutions of increasing methanol concentration.

2) Bleaching: Sample were depigmented by oxygen water.

3) Rehydration: Samples were treated in sequential solutions of decreasing methanol concentration.
4) Blocking and permeabilization: Samples were treated with solution containing TritonX-100 and

DSMO to facilitate antibody penetration.

5) Antibody labelling: Sample were incubated 14 days with primary antibodies (S100B and PAN
Neurofilament) to recognize cellular target and 7 days with secondary antibodies (Alexa 488 and Alexa 647)
to permit the acquisition at confocal microscope.

6) Clearing: After the dehydration, as describe before, the samples were cleared with dichloromethane
and, at last, transfer in dibenzyl-etere solution.

The samples were then acquired with confocal microscopy (Leica, SP5) in oil-immersion mode with 20x object

and reconstruction of the whole sample was performed.

Processing and analysis of penises

In order to assess the effect of reinnervation on target organ function, penises belonging to rats undergoing
bilateral cavernous nerve injury followed by repair by means of flat and nanostructured chitosan membranes
were taken and processed for morphological and immunofluorescence analysis by means of a specific anti-

smooth muscle marker.



Following collection and fixation, the penile samples were embedded in paraffin: after a series of passages
in alcohols of increasing gradation, they were incubated in Xylol (two passages of 30 minutes) and finally
placed overnight in paraffin in an oven at 60°. The following day the samples were moved to paraffin two for
one hour and finally left at room temperature to allow the paraffin to solidify. Microtome cutting was
performed, resulting in 10 um thick sections.

Some sections were processed by means of Masson's Trichrome staining, which allowed the morphology of
the tissue to be assessed.

Since penile erection is a phenomenon caused by the relaxation of smooth muscle leading to increased blood
flow inside the corpora cavernosa, it was necessary to proceed with the qualitative and quantitative analyses

of this muscular component by means of an anti-SMA antibody.

RESULTS

Macroscopically there were no signs of distress, the surgical wound showed no signs of infection or formation
of fluid in the abdominal cavity, allowing a good general state of health to be maintained in the days following
the operation. In nerve transfer group one of the rats presented a transitory palsy of muscles innervated by
sciatic nerve, but recovered in 2 weeks. No others complications were observed during the post-operative

period.

Group 1. Bilateral cavernous nerve injury repaired with a flat cs membrane. Experimental time-point: 1

month
Morphological analysis using confocal microscopy allowed the identification of numerous nuclei labelled with
a nuclear intercalant (DAPI) and nerve fibers labelled by means of the PAN neurofilament antibody that

showed the course of the fibers on the membranes (Fig. 3).




Figure 3: The image shows the presence of identifiable nerve fibers in green (positive for the marker pan
neurofilament) and their course on the chitosan membrane and numerous nuclei of cells that colonized the
membrane, identified in blue (DAPI).

Group 2 : Bilateral cavernous nerve injury repaired with a flat/SCA/grating cs membranes. Experimental time-

point: 2 month

As shown in the images (Fig.4,5,6) the regenerated nerve fibers are easily identifiable on the different
membranes analyzed.

Fig 4 shows the course of the nerve fibers on the FLAT Cs membrane in which fascicles of nerve fibers are
easily identifiable along the entire membrane. At higher magnification itis possible to assess the morphology
of the nerve fascicles consisting of axons that can be seen in green and numerous Schwann cells that can be

seen in red (Fig.4 A-D).

Figure 4: Chitosan membrane explant 2 months after cavernous nerve repair surgery. The image shows the
presence of identifiable nerve fibres in green (positive for the pan-neurofilament marker) and their course on
the chitosan membrane, which has no microstructure (FLAT) and numerous S100 marker positive glial cells in
red. The first image shows the whole explant that was processed, using the i-Disco technique, to visualise



nerve regeneration and the boxes (A-D) indicate the proximal, intermediate and distal points at which
enlargements were made.

The morphological analysis carried out on the membrane with GRATING microstructure shows numerous
fascicles oriented from the proximal to the distal point located mainly on the upper and lower margins of the
membrane (Fig. 5, reconstruction), however, it is possible to assess the presence of numerous fascicles

crossing the entire membrane surface.
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Figure 5: Chitosan membrane explant 2 months after cavernous nerve repair surgery. The image shows the
presence of identifiable nerve fibres in green (positive for the pan-neurofilament marker) and their course on
the chitosan membrane, which shows a microstructure with parallel lines (grating layout) and numerous glial
cells positive for the S100 marker in red. The first image shows the whole explant that was processed, using
the i-Disco technique, to visualise nerve regeneration and the boxes (A-D) indicate the proximal, intermediate
and distal points where enlargements were made.

Finally, immunolabelling of the whole specimen performed on the SCA membrane made it possible to identify
the presence of regenerated nerve fibers with proximal-distal orientation also on this type of topography
(Fig. 6, reconstruction). At higher magnification regenerated fascicles are easily identifiable (Fig. 6 A-D),

especially image D shows nerve fibers that have reached the distal edge of the membrane.
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Figure 6: Chitosan membrane explant 2 months after cavernous nerve repair surgery. The image shows the
presence of identifiable nerve fibres in green (positive for the pan-neurofilament marker) and their course on
the chitosan membrane, which shows a ziz-zag microstructure (SCA layout) and numerous glial cells positive
for the S100 marker in red. The first image shows the whole explant that was processed, using the i-Disc
technique, to visualise nerve regeneration and the boxes (A-D) indicate the proximal, intermediate and distal
points where enlargements were made.

TARGET ORGAN ANALYSIS

Figure 7 shows the results obtained from the analysis by means of Masson's Trichrome staining, which made
it possible to assess the morphology of the penile tissue. The morphological analysis performed on the
control tissue showed the typical morphology of the penis, in which the presence of cavernous tissue
responsible for the erectile function of the organ is identified. Clearly distinguishable are the caverns (Fig.7,
asterisks) representing the areas where physiologically blood accumulates to allow erection, the presence of
a strong connective tissue component viewable in blue and the smooth muscle component viewable in red

both around the caverns and between the connective tissue component (Fig.7 A).



Penile specimens subjected to injury and repaired with chitosan membranes show a very different labelling
with a strong diffuse red component and a decrease in connective tissue (blue). The caverns appear defined

although the muscular component is less identifiable (Fig.7 B,C,D).

Figure 7: Representative images of cross-sections of penis subjected to Masson's Trichrome. (A) Control (B)
penis corresponding to cavernous nerve repaired with FLAT chitosan membrane; (C) penis corresponding to
cavernous nerve repaired with Grating chitosan membrane; (D) penis corresponding to cavernous nerve
repaired with SCA chitosan membrane. The enlargements highlight the region of the corpora cavernosa (*).

To further investigate the muscular component of the target organ, it was necessary to proceed with the
gualitative and quantitative analysis of this muscular component by means of an anti-SMA antibody. The

qualitative analysis performed by confocal microscopy showed the presence of smooth muscle in both the



control and the injured and repaired samples. Quantitative analysis of the muscle component labelled with

the anti-SMA antibody showed a slight decrease in the regenerated samples compared to the controls (Fig.8).
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Figure 8: Representative images of cross-sections of penis labelled with anti-SMA antibody and relative
quantification of the muscle component.

Group 4
The harvested branch of the sciatic nerve from the muscle entry point to the more proximal site in which the
branch can be dissected was 3.5 cm long. While organ harvesting no breakdown of the suture was noted.

Gene expression analyses on target organ are still ongoing.



DISCUSSION:

In this study, an effective model of nerve injury to the cavernous nerve in the rat was developed in order to
further study nerve regeneration able of restoring erectile function. This is to mimic as much as possible what
happens following iatrogenic damage to the periprostatic plexus following radical removal of the prostate in
men.

Reconstruction of cavernous nerve in living model by means autograft has been tested already with
promising results, despite good results obtained, it is not possible to translate in humans due to the different
anatomy of prostate innervation, in fact autograft reconstruction of cavernous plexus dramatically failed
(Davis JW 2009). On the other hand, human experience with chitosan membranes used to cover the bed of
autonomic plexus revealed their capacity to induce erectile recovery. Due to the absence of clear evidence
of nerve regeneration along the implanted device, a pre-clinical study has been designed to depict, from a
morphological point of view, nerve regeneration among chitosan membrane. Our results revealed axon
growth along the membrane after four weeks, explaining what is also happened in patients.

One of the main drawbacks related to flat membranes is the absence of edges that may drive axons during
elongation. Moreover, has been demonstrated the advantage induced by micro/nano-topographies in axons
regrowth. The protocol for the production of nanostructured membranes was developed and published by
Scaccini et al. (Scaccini L., et al., Int J Mol Sci. 22:7901, 2021) and those devices were implanted and tested
in this study. It appears that axons follow the shape of microstructures along the membrane. No differences
are evident and further greater samples are required to define differences between membranes type. The
target organ was also analyzed; antiSMA antibody draw well the edges of each cavern, giving the possibility
to measure their area. After 2 months a slight reduction in cavern volume in reconstructed group can be
noted, further time points are required to figure out variation in volumes among the period of reinnervation.

Certainly, a slight reduction of cavern is expected following denervation.

To further reinforce our findings a greater number of samples is required in each group to be able to perform
morphological and gene expression analysis both on nerves and target organs. In future a functional analysis
will be included to confirm the effectiveness of axons regrowth. .

Nerve transfer for autonomic driven organs have been proposed since late ‘90s by the pioneering research
from Xiao and colleagues (Xiao CG 1999) who tried to reinnervate bladder through proximal root transfer.
Considering the contrasting results obtained, in humans, with this transfer, different authors proposed the
so-called distal nerve transfer, moving the donor nerve closer to the target. The first results obtained on
bladder through GF to PN or CG to S1 have been positive on animal models (Ruggieri MR 2008, Gomez-Amaya
S 2015). Interestingly, the authors noted the presence of nicotinic receptors in the reinnervated detrusor
muscle, that is a prerogative of skeletal muscle fibers, highlighting the plasticity of muscles to different

innervations. Despite these procedures were not translated in humans, two different groups attempted the



reinnervation of corpora cavernosa through femoral nerve bridge by a bilateral sural nerve graft. They
obtained impressive results in term of erectile dysfunction recovery. In our mind the cited procedure could
present many drawbacks: both sural nerves are required, nerve coaptation was obtained through and end
to side suture, a kind of suture that presents well known limits and moreover the length of the graft could
limit the quality of recovery. Moving by these considerations we started from an animal model to theorized
the feasibility of a nerve transfer procedure for corpora cavernosa reinnervation, sparing a nerve graft. The
choice was made on the branch of sciatic nerve for tibialis anterior in order to choose only a pure motor
nerve, simulating what was done in humans, maintaining the sensory innervation of the rear limbs,
preventing painful neuromas and self-amputation. This choice made the procedure even more difficult, a
posterior to anterior tunnel is required, but no valid options were present in rats. What is expected in future
is to describe corpora cavernosa reinnervation through functional, biomolecular and morphological analysis
and all this represents the main limitation of this paper in which only surgical technique and survival rate at
4 months is presented. Moreover, this technique should be compared in terms of erectile dysfunction
recovery, to the cavernous nerve reconstruction by means of chitosan membrane. The advantage of the here
described technique is that completely bypass the injured nerve, fact that is closer to what happens in
humans after radical prostatectomy, where no nerve stumps are available for reconstruction. Considering
what is already done in humans, a nerve transfer for corpora cavernosa could be planned and compared to

nerve transfer obtained through nerve grafting.

CONCLUSIONS

Cavernous nerve injury model on rat is a feasible model to test the efficacy of chitosan membrane. The
devices are still in place after 2 months and axons can elongate among them. According to our pilot study we
can argue that microstructured membranes are able to guide axons regrowth as well as flat membranes, but
the use of these nanostructured chitosan membranes is useful for the oriented growth of regenerating fibers.
Further studies are required to identify any advantage bring by microstructures.

Moreover, this pilot study demonstrates the feasibility of a nerve transfer in animal model for corpora
cavernosa reinnervation. No complications were noted so that a more comprehensive study with more
animals dived in different groups could be planned to better understand the effectiveness of this novel

method for reinnervation of autonomic driven organs.
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Abstract: As a consequence of trauma or surgical interventions on peripheral nerves, scar tissue
can form, interfering with the capacity of the nerve to regenerate properly. Scar tissue may also
lead to traction neuropathies, with functional dysfunction and pain for the patient. The search for
effective antiadhesion products to prevent scar tissue formation has, therefore, become an important
clinical challenge. In this review, we perform extensive research on the PubMed database, retrieving
experimental papers on the prevention of peripheral nerve scarring. Different parameters have been
considered and discussed, including the animal and nerve models used and the experimental methods
employed to simulate and evaluate scar formation. An overview of the different types of antiadhesion
devices and strategies investigated in experimental models is also provided. To successfully evaluate
the efficacy of new antiscarring agents, it is necessary to have reliable animal models mimicking the
complications of peripheral nerve scarring and also standard and quantitative parameters to evaluate
perineural scars. So far, there are no standardized methods used in experimental research, and it is,
therefore, difficult to compare the results of the different antiadhesion devices.

Keywords: scar tissue; peripheral nerve regeneration; antiadhesion devices; animal models

1. Introduction

Scar tissue around the nerve can arise as a consequence of traumatic injuries and
surgical procedures on peripheral nerves. This condition easily worsens the capacity of the
peripheral nerve to regenerate and can give rise to traction neuropathies. Nerve tethering
in the surgical scar is still the main cause of symptoms related to perineural scarring [1].

Traction neuropathies can be the consequence of elective procedures, including nerve
decompression, primary nerve repair, and so on. For instance, 7-20% of patients subjected
to primary median nerve release report pain and symptom recurrence [2,3]. Thus, periph-
eral nerve injuries compromise the quality of life of affected people, with a consequent
important socioeconomic impact [4-6].

This condition is difficult to manage; according to different reports, compression
symptoms persist after 40-90% of revision procedures, and 20% of patients actually require
a third operation [7]. Moreover, 5% of nerve sutures have been estimated to induce a pain
syndrome [8].

A primary role in this pathological condition has been attributed to the formation of
scar tissue around the injured nerve. In particular, extrinsic nerve scarring occurs at the
periphery of the epineurium, while intrinsic nerve scarring occurs within the nerve and
can surround neural structures at all levels (both perineurium and endoneurium) [9]. To
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overcome scar tissue formation, a lot of different antiadhesion devices have been tested,
developed, and introduced in clinical practice.

Since the late 1990s, researchers have tried to develop experimental models to investi-
gate the efficacy of different antiadhesion devices. Several types of devices have been tested
so far, but the methods employed to produce, simulate, and evaluate postsurgical scars are
completely inhomogeneous and not reproducible [10]. This makes it difficult to compare
the efficacy of the different antiadherence strategies in order to optimize clinical treatment.

The aim of this review is to illustrate the different methods adopted in experimental re-
search to simulate and evaluate postsurgical scars. Finally, an overview of the antiadhesion
devices tested so far in preclinical research is also provided.

2. Materials and Methods

An extensive research on PubMed was performed, employing the following search
string: “peripheral nerves AND fibrosis OR perineural scar OR scar neuropathy OR
traction neuropathy AND prevention”, limited to English, other animals, and between 1
January 1995 and 31 December 2020. Furthermore, the reference list of each article was
screened in order to find any additional original articles. Selection by title, abstract, and
text was then performed; a total of 60 papers were retrieved. We did our best to include all
articles available; nevertheless, inadvertently, we could have missed some papers, and we
apologize in advance to their authors.

3. Scar Simulation: Animal and Nerve Choice

The choice of an appropriate animal model for preclinical research depends on dif-
ferent factors, including the aim and duration of the study, the anatomy and physiology
of the animal model, the size of the medical device that needs to be tested, and, of course,
the similarity with human clinical characteristics of the disease/condition. Finally, the cost
and care of the animal model (housing, feeding, and caring) can also be considered.

For the study of peripheral nerve scarring, the most employed animal model is the rat
model, followed by mouse and rabbit used in a limited number of studies (see Tables 1-6).
This can be due to the lower cost of rats compared to rabbits, the easier caregiving, and the
faster scar formation in smaller rather than bigger animals. On the other hand, mice (and
their nerves) are very small and, therefore, more difficult to manage. Additionally, different
rat/rabbit/mouse strains have been used. No research with other animal species (sheep,
pigs, monkeys, cats, or dogs) has been found, in contrast with studies on peripheral nerve
regeneration, where sheep as an animal model is often used to test regeneration across
long distances [11,12].

Moreover, the choice of nerve model can be guided by several factors, including nerve
size and the surrounding tissues. Most researchers use the sciatic nerve because it can be
easily dissected, and there are no surrounding vascular and nervous structures that can
impair the efficacy of the study. Only a few papers have used other nerve models such as
the ulnar [13,14], peroneal [15], and median nerves [16].

4. Scar simulation: Experimental Methods to Induce Scar Formation

The main aim of most of the research dealing with scar formation is to test the efficacy
of antiadhesion devices. Only very few papers [17-21] are focused on the standardization
of a scarring method without testing any antiadhesion device (Table 1). These papers are
very important in this field because a shared, effective, reliable, and reproducible protocol
to induce and evaluate the amount of scar tissue is needed to compare the efficacy of
different antiadhesion devices; so far, this is not available [18,20-22].
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Table 1. No antiscarring agents tested.

Reference

Method to Induce
Scar Formation

Animal and Nerve
Model

Analyses

Results

Lemke et al., 2017 [21]

Application of
“glutaraldehyde glue”
on the nerve and
surrounding muscle
or scratching

’

Female
Sprague-Dawley
Rat

Sciatic nerve

Functional evaluation
(CatWalk, SFI) (once

a week)

Gross evaluation
(Petersen’s classification)
(3 weeks)

Histology on nerve and
surrounding tissue (H&E,
Masson’s trichrome and
Luxol fast blue,
chromotrop-aniline-blue)
(3 weeks)

THC (2F11, S100, CD-68,
CD-3, CD-8) (3 weeks)
Electrophysiological
evaluation (3 weeks)

Severe intra- and
perineural scarring,
vigorous nerve
inflammation and
nerve degeneration
and functional deficit.

Crosio et al., 2014 [20]

Burning or scratching

Male Mouse
Sciatic nerve

Biomechanical analysis
(3 weeks)

Histology on nerve and
surrounding tissue
(Picrosirius staining)

(3 weeks)

Both methods
produced fibrotic
reactions with no
differences in
biomechanical results
between the two
methods; histology
showed a different
distribution pattern of
the scar tissue.

Okuhara Y et al.,
2014 [19]

Irradiation of the
nerve with
X-radiation

Female
LEW/CrlICrlj Rat
Sciatic nerve

Functional evaluation
(SFI) (4, 8,12, 16, 20, and
24 weeks)
Electrophysiological
evaluation (24 weeks)
Gross evaluation
(qualitative) (24 weeks)
Histology on nerve and
surrounding tissue
(Masson’s trichrome and
Toluidine Blue for
morphometric analysis)
(24 weeks)

Scar formation around
the radiated nerve. No
differences in SFI
between groups, but
axonal degeneration in
the irradiated nerve.

Zanjani et al., 2013 [18]

Laceration, crush,
mince, and burn of
the surrounding
muscles

Female Wistar Rat
Sciatic nerve

Functional evaluation
(Toe Out Angle) (weekly
up to 4 weeks)

Gross Evaluation
(Petersen’s classification)
(1,2, 3, 4 weeks)
Histology on nerve and
surrounding tissue
(Masson’s trichrome) (1,
2, 3, 4 weeks)

Scar tissue formation
surrounding the
sciatic nerve in gross
examination and
histological analysis;
no differences in
functional assessment
compared to control.
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Table 1. Cont.

Reference Method to Induce Animal and Nerve Analvses Results
Scar Formation Model y
- Gross evaluation

(classification based on
Fontana’s bands and ) )
Sakurai’s classification) Adhesion of peripheral
(6,14, 22, 30, or nerve to surrounding
38 weeks) tissues results in

Nerve bed . - Electrophysiological fibrosis in the nerve.

cauterization and Male Japanese White evaluation (6, 14, 22,30, Compound muscle

Abe et al., 2005 [17] Rabbit or 38 weeks) action potentials were

suturing the nerve in

Sciatic nerve
place

Nerve fascicle blood
flow (6, 14, 22, 30, or
38 weeks)

reduced in amplitude,
and blood flow was
significantly decreased

at adhesion sites in

- Histology on nerve and
Group IIb.

surrounding tissue
(Toluidine Blue) (6, 14,
22,30, or 38 weeks)

SFI (Sciatic functional index), IHC (Immunohistochemistry), 2F11 (antibody labelling neurofilament), S100 (antibody labelling Schwann
cells), CD-68 (Cluster of Differentiation 68, antibody labelling macrophages), CD-3 (Cluster of Differentiation 3, antibody labelling T cells),
CD-8 (Cluster of Differentiation 8, antibody labelling cytotoxic T cells).

The methods used to induce scar formation are several (Figure 1), but two of these are
more frequently used. The first one consists of a direct injury (mechanical, epiperineurec-
tomy, suture and repair, thermal, chemical, or physical) applied to the nerve surface. The
second one consists of inducing an injury in the surrounding muscular bed by means of
electrocoagulation, triggering the process of fibrosis from the surrounding tissue. Some
researchers have induced a global injury to the nerve and surrounding tissues by scratching
both nerve and muscles with irradiation or chemical injuries. Furthermore, the envelop-
ment of the nerve in a silastic tube in order to let the scar tissue rise has been proposed.

SCAR SIMULATION
Methods to induce scar formation

&~

NERVE SURFACE
INJURY

- suture and repair

A

GLOBAL INJURY
(nerve + surrounding
tissue injury)

SURROUNDING
MUSCULAR BED
INJURY

- electrocoagulation

- epi-perineurectomy irradiation

- mechanical - chemical injury
- physical -

- chemical injury

- thermal

Figure 1. Representative scheme showing the different strategies to simulate scar formation in
preclinical models.

Some of the earlier papers [23-25] performed a two-stage procedure (first stage in-
jury, second stage neurolysis and antiadhesion application), which is a more traumatic
experience for animals, without evidence of increased efficacy compared to a one-stage
procedure. With respect to the 3Rs statement [26], a single-stage experiment can have the
same efficacy as a two-stage one.
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5. Scar Evaluation: Methods to Evaluate Scar Formation in Experimental Models

Different procedures can be used to evaluate scar formation, including gross exam-
ination of the scar tissue, microscopical analysis of the nerve and surrounding tissue,
functional tests, and electrophysiological and biomechanical evaluations (Figure 2). All of
these evaluation methods are combined differently by authors. It must also be noted that
the time points analyzed are very different among the studies, ranging from few days to
several months from the induction of scar formation; the research also differs according to
the employed animal model.

FUNCTIONAL
ANALYSIS

MACROSCOPICAL — BIOMECHANICAL

EVALUATION - SCIATIC NERVE ANALYSIS
Footprint analysis Measurement of the force
Assessment of the * SFI required to overcome the
enrolment of the - MEDIAN NERVE adhesion conjunctions between
surrounding tissues * Grasping test the nerve, scar tissue and
(different surrounding tissues (different
classifications) not standardized methods)
SCAR EVALUATION
Methods to analyze
: ELECTROPHYSIOLOGY
scar formation , =
- Latency, signal amplitude and
speed conduction evaluation
MICROSCOPICAL - Spontaneous firing frequency
ANALYSIS evaluation
OTHER ANALYSIS
o DIERE ELISA
T(!.fASLI';JAEVE TISSUE - RNA and protein analysis
- - Classical stainings - Assessment of autonomy

ANALYSIS = i i .

(classical stainings) - b";"r;:gg;t:;h:)?gzw - Hydro.xyprollne aqd collagen assays

QUANTITATIVE organization (Brown’s - Functional analysis of blood-nerve

ANALYSIS scale) and perineural barrier

(different methods
of classification)

Figure 2. Representative scheme showing the different methods of evaluating scar formation in
preclinical models. SFI (sciatic functional index), ELISA (enzyme-linked immunosorbent assay).

5.1. Macroscopical Analysis

Gross evaluation is the first fundamental step to macroscopically grade scar tissue; it
aims to assess the enrolment of the surrounding tissues (including skin, muscles, and deep
tissues) in the compression of the nerve and the collaboration with the newborn perineural
scar tissue.

Different classifications have been proposed by different authors to evaluate the degree
of scar formation. The most used and complete classification is the numeric grade scheme
defined by Petersen [27]. This classification allows us to evaluate closure of skin and muscle
fascia (Grade 1: skin or muscle fascia entirely closed; Grade 2: skin or muscle fascia partially
open; Grade 3: skin or muscle fascia completely open) and to evaluate nerve adherence
(Grade 1: no dissection or mild blunt dissection; Grade 2: some vigorous blunt dissection
required; Grade 3: sharp dissection required). Another adopted grading scheme is the
4-point qualitative scale that evaluates the perineural adhesions and type of dissection
required to achieve complete neurolysis, as follows: absent or thin adhesions—delicate
blunt (score 0); mild adhesion—vigorous blunt (score 1); moderate adhesion—delicate
sharp (score 2); severe adhesion—difficult sharp (score 3) [13,14,23,28].

Abe [17] proposed a classification of nerve adhesion based on Fontana’s band (an
optical manifestation of axonal undulations characteristic of peripheral nerves). They
classify nerve adhesion as Group I (nonadhesion group) when the bands appear and Group
11 if they are not visible. Additionally, Group Il is divided into Group Ila when a thickening
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of the epineurium and perineurium is observed (but not endoneurial fibrosis) and Group
IIb when endoneurial fibrosis is observed.

Finally, some authors have reported the presence or absence and qualitative observa-
tions of scar tissue around the nerve without grading it.

5.2. Microscopical Analysis: Histological Staining and Immunohistochemistry

Microscopical analysis is employed by most authors and consists mainly of the use of
different histological stainings to visualize and describe the different structures involved
(not only the scar tissue but also the nerve and surrounding tissues, such as muscle), both
qualitatively and quantitatively (see Tables 1-6).

5.2.1. Analysis of the Scar Tissue

The most employed method to highlight scar tissue is Masson’s trichrome staining
because it specifically marks collagen in green/blue and can be easily distinguished from
other structures such as muscle fibers (stained in red), cytoplasm (light red or pink), and
cell nuclei (dark brown to black).

Haematoxylin and eosin (H&E) is the most widely used staining for histological
purposes because it provides a general overview of the tissue, and it is mainly used to
distinguish nerves from surrounding tissues. It is the combination of two histological
stains: hematoxylin, which stains cell nuclei in blue/dark-purple, and eosin, which stains
cytoplasm in pink, and other structures, including extracellular matrix and collagen, in
shades of pink.

Picrosirius red is often used since it selectively highlights collagen fibers [29]; indeed,
this dye allows us to visualize collagen fibers in red (specific for collagen types I and III),
while the other structures are stained in yellow (nuclei, cytoplasm, muscular fibers, red
blood cells). The Gordon and Sweet technique, used to reveal reticulinic acid, a collagenous
tissue marker, has also been adopted, as well as chromotrop-aniline-blue, which stains
collagen in blue and muscle fibers in red.

Besides a qualitative analysis of scar tissue formation, histological staining allows
us to also perform quantitative analyses. One of the most used parameters to measure
scar tissue is the scar tissue formation index, calculated by dividing the mean thickness
of the scar tissue by the mean thickness of the nerve tissue [18,27,28,30—41]. Sakurai’s
classification of neural fibrosis [42] allows us to describe the extension of the perineural
scar from epineurium to endoneurium (Grade 1: the nerve is normal; Grade 2: extraneural
type; Grade 3: intraneural, epineural type; Grade 4: intraneural, perineural type; Grade 5:
intraneural, endoneurial type; Grade 6: dispersive type) [17].

The number of fibroblasts/fibrocytes is another parameter that is often used, and it
allows us to classify the specimens into Grade 1—less than 100 fibroblasts; Grade 2—100-150
fibroblasts; Grade 3—more than 150 fibroblasts [30,32,34,41,43,44].

The classification of Ornelas [45] has also been adopted [46,47], and it allows us to
classify extraneural and intraneural fibrosis; extraneural fibrosis is classified into Grade
1—absent or minimal fibrosis; Grade 2—moderate fibrosis; Grade 3—major fibrosis. In-
traneural fibrosis is classified into Grade 1—the presence of fibrous tissue between the
nerve fibers; Grade 2—fibrous tissue partially blocking the passage of nerve fibers; Grade
3—fibrous tissue completely interrupting the passage of nerve fibers.

Dam-Hieu [28] calculated the thickness of the dense scar surrounding the nerve. The
largest thickness of the scar ring (ST) was measured. This value was then normalized
by dividing it by the nerve diameter (ND). The authors call this value the fibrotic index
(fibrotic index = 2 ST/ND).

Other quantitative or semiquantitative analyses have also been proposed, such as
the average thickness of collagen in the epineurium [14,48], the count of fibroblasts and
inflammatory cells [36,38,46], the thickness of the epifascicular epineurium, the amount of
connective tissue in the interfascicular and epifascicular epineurium [49], and the percent-
age of area of staining (PAS) calculation by outlining the intraneural tissue [50-53].
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5.2.2. Analysis of the Nerve Tissue

To investigate the nerve tissue specifically, Luxol fast blue, P-phenylenediamine, silver
staining, the Weil method, and toluidine blue were used to describe axon distribution and
highlight the myelin sheath. In particular, toluidine blue staining offers the possibility
of performing morphoquantitative analyses to estimate the number of myelinated fibers,
axon density, fiber and axon diameter, myelin thickness, and g-ratios (axon-diameter/fiber-
diameter), which can be correlated with functional recovery [5,54].

Moreover, the longitudinal histomorphological organization of the axon at the nerve
repair site can be evaluated according to the scale developed by Brown et al. [55] and
adopted by several authors [31,35,36,38,56]: Grade 1—failure, no continuity of the axons
from the proximal to the distal ends; Grade 2—poor organization (interlacing or whirling
appearance of the nerve fibers); Grade 3—fair organization (focal whirling appearance, focal
parallel alignment); Grade 4—good organization, approaching normal (mostly parallel,
without a whirling or wavy appearance); Grade 5—excellent organization of the repair site,
indistinguishable from the norm.

Finally, some authors have added immunohistochemistry to classical staining meth-
ods. This method is efficient in describing nerve regeneration quality with antibodies,
which specifically mark Schwann cells (anti-5100, to mark the myelin sheath) [21,36], nerve
cones (anti-GAP 43) [37], or antineurofilament [21,57]. Immunohistochemistry has been
also adopted to study perineural scars by using antibodies against TGF- markers of
macrophages [58], CD68 for activated macrophages [21,37,57,59], anti-CCR?7 for proinflam-
matory M1 macrophages [57], CD3, CDS8 [21], and collagen I [60]. Additionally, antibodies
against decorin, aggrecan, laminina 2, collagen IV, and fibronectin have been used [61].
Finally, Murakami [62] performed immunohistochemistry analysis on dorsal root ganglia
using the inflammation marker CGRP and tissue stress ATF3 antibodies.

5.3. Functional Analysis

Some studies performed functional analyses, even though these analyses are not
precise for scar quantification and we are not sure that they can be directly correlated to
the amount of scarring observed around the nerve.

Most of the studies dealing with peripheral scarring use the sciatic nerve model, foot
print analysis, and the Sciatic Function Index (SFI) as the most adopted tests [63]. Other
parameters evaluated are allodynia by means of von Frey filaments [62] and walking
patterns induced by pain with the CatWalk system [21,51,62].

The only study that used the median nerve model tested the function of the nerve by
means of the grasping test [16].

5.4. Electrophysiological Study

Electrophysiology is another test that can be used in order to analyze the formation of
scars around the nerve. Indeed, compression around a nerve causes pathophysiological
changes that can be registered with this assessment.

The electrophysiological analysis is based on compound motor action potential
(CMAP). Different aspects of electrical activity can be registered, such as latency, sig-
nal amplitude, and speed conduction. These parameters correlate with nerve conduction;
the more the scar is present, the more these parameters are altered.

Another assessment that is useful to evaluate is the frequency of spontaneous firing
because it has been demonstrated to be related to nerve suffering: the more frequent the
firing is, the more the nerve is suffering [64].

Zuijdendorp [22] and its colleagues performed the evaluation by means of magne-
toneurography of first peak amplitude, peak—peak amplitude, area, and conduction velocity
over the nerve segment between the stimulation and the recording site.

Recently, the combination of electrodiagnostic evaluation, with the commonly used
grasping test (reflex-based gross motor function) and the staircase test (skilled forelimb
reaching), has been found to produce results with high translatability [65].
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5.5. Biomechanical Analysis

Biomechanical analysis gives an objective evaluation of scar tissue formation and
consists of measuring the force required to overcome the adhesion conjunctions between
the nerve, scar tissue, and surrounding tissues. Different methods have been proposed, but
the results obtained represent, with variability according to the precision of the utilized
instruments, a quantitative expression of newborn scar tissue.

Dumanian [66] and his colleagues were the first to describe a method and device to
measure the strength of nerve adhesion to surrounding muscles. They used a standard alli-
gator clamp placed on the nerve and a force transducer connected, in turn, to a micrometer.
The micrometer was distracted in 1 mm increments. The measurement is continued until
final failure of the nerve or nerve pullout from the clamp.

Another method is to mount the nerve proximal stump on a digital force gauge using
a suture connected to the load cell; then, the nerve is subjected to traction at a rate of 2
cm/min (or 1 cm/s) [24] until its complete detachment from the neural bed; the ultimate
strength is recorded [57,67-69].

A different way consists of transecting both the proximal and distal ends of the nerve;
the proximal end is then interconnected to a force transducer, which is connected, in turn,
to a motorized drive with a constant extension rate of 29 mm/min. The force required to
pull the nerve segment out of its tissue bed is recorded [10,22].

In another paper, after nerve and surrounding tissue removal from the animal, the
distal end of the nerve was held by a clamp to the cross-head of an Instron machine. The
subsequent cross-head movement (at a rate of 10 mm/min) then gradually peeled the
nerve away from the adhesion site, and the maximum peeling force was recorded [15].

Finally, some recent papers have described a simple and cheap method that consists
of connecting the nerve to a plastic can that is gradually filled with water at a constant
flow of 100 mL/min. The adhesion force is obtained from the grams of water at the break
moment [20,70,71].

5.6. Other Analysis

Other types of analyses have also been described, such as enzyme-linked immunosor-
bent assays (ELISAs) to evaluate neurothophic factor concentration [62], RNA and protein
analysis [61], assessment of autotomy [37], functional analysis of the blood-nerve barrier
and the perineurial barrier [69], and hydroxyproline and collagen assays [60].

In vitro culture of rat skin fibroblasts to test the efficacy of drug administration has
also been described [58].

Histological staining can also be used to describe muscle tissue organization in order to
evaluate atrophy and fibrous degeneration of the innervated muscles [13,49,57]. Moreover,
atrophy is often investigated by measuring muscle wet weight. Finally, transmission
electron microscopy has been adopted to describe the ultrastructure of nerve tissue and
surrounding tissues [30,39,48,60,72].

6. How to Prevent Scar Formation? An Overview on Different Antiadhesion Devices

Every surgical practice on peripheral nerves is followed by postsurgical scar tissue
formation. In order to limit this event, surgeons apply different procedures such as local or
free tissue transfer and antiadherent items of different origins. There are many different
kinds of antiadhesion devices, composed of different materials with different ways of
application, but there is no evidence of their efficacies. Below is an overview of the different
antiadhesion devices tested so far in experimental models.

6.1. Polysaccharide-Based Devices

Different polysaccharides were used as antiscarring agents, and the available preclini-
cal studies on the polysaccharides-based devices are reported in Table 2.
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Table 2. Polysaccharide-based antiscarring agents.

Method to Induce Scar

Animal and Nerve

Reference Formation Agent Model Analyses Results
Electrophysiological evaluation (1, 2,
. 3, 6 weeks) Longer latency, not significant, in the
Section .Of transvers Macroscopic evaluation (adhesion control group. Lower adhesion score
Hachinota et al., 2020 [73] Zii?silﬁiinrf:(;/ian Alginic acid-based gel ~ Japanese White Rabbit scoring system modified from values in the treatment group at 2-3-6
v nerve bed. suture of formulation Median nerve Pa}latmsky one's) ) weeks, more scar tissue in the control
e a;ment Histology on tissues exc1sed. after group. More severe perineural
pal g electrophysiological evaluation fibrosis in the control group.
(H&E staining)
Functional evaluation (SFI) (4, 8,
12 weeks)
Gross Evaluation (Petersen’s
classification) (4, 8, 12 weeks) Both chitosan and HA inhibited
Chitosan conduit (CC); Electrophysiological evaluation extraneural scarring, promoted nerve

Lietal., 2018 [48]

Crush injury

hyaluronic acid (HA);
CC+HA

Sprague-Dawley
RatSciatic nerve

(12 weeks)

Histology on nerve and surrounding
tissue (H&E, Masson’s trichrome and
Toluidine Blue) (4, 8, 12 weeks)
Ultrastructural evaluation (TEM) (4,
8, 12 weeks)

regeneration, increased nerve
conduction velocity, and improved
the recovery of nerve function.

Mekaj et al., 2017 [36]

Section + suture

HA

Male European Rabbit
Sciatic nerve

Gross evaluation (Petersen’s
classification) (12 weeks)

Muscle wet weight (12 weeks)
Histology on nerve and surrounding
tissue (H&E, Masson’s trichrome)
(12 weeks)

Nerve THC (5100) (12 weeks)

Reduction scar around the nerve, both
macroscopically and microscopically.
Increased nerve diameter. Higher
gastrocnemius mass. Improved
microstructural organization. Higher
expression of S100.
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Table 2. Cont.

Method to Induce Scar

Animal and Nerve

Reference Formation Agent Model Analyses Results
) ) ) Reduction in scar tissue after
Carboxymethylcellulose  ~py)\p Biomechanical analysis (3 weeks) CMC-PEO gel application. The
Tos et al., 2016 [71] Burning (CMC)-polyethylene Sciatic nerve Hlstology on nerve ar'ld' surrounding  qyalitative histological analysis
oxide (PEO) gel tissue (Picrosirius staining) (3 weeks)  gypported the biomechanical findings
depicting the pattern of scar tissue.
Electrophysiological evaluation (1, 2,
3 months)
Biomechanical analysis (1, 2, Electrophysiology showed
Enwrapping with CMC-phosphatidyl- Male Lewis RatSciatic 3 months) significantly quicker recovery; mean
Urano et al., 2016 [68] silicon tube (nerve ethanolamine nerve Muscle wet weight (1, 2, 3 months) wet muscle weight was constantly
compression) (PE) Histology on nerve and higher; the axon area at one month
morphometric analysis (Toluidine was twice as large as control.
Blue) (1, 2, 3 months)
High incidence of amputations (about
100%, no sig. diff.). Reduction in
Autotomy assessment (daily, until microscopical analysis of neuroma in
Zch week) ) chitosan; significant reduction of scar
Male Wistar Rat HIStOIOIf_;I}éI%nl\r/‘[erve a,nd s.ulllrroundmg around nerve; increased mast cells
Marcol et al., 2011 [37] Section + suture Chitosan Sciati tlssu'e ( , Masson’s trichrome and 4 macrophages in
clatic nerve Toluidine Blue) (20 weeks) chitosan.Application of the
Nerve IHC (CD-68, GAP43) microcrystalic chitosan gel is easy and
(20 weeks) requires no special equipment but
does not influence the features of
neuropathic pain.
Gross evaluation (Petersen’s Macroscopical scar reduction.
Spracue—Dawlev Rat cle.1551f1cat10n) (3, 6,9, 12 weeks) ) Reduction of inflammation cells and
Park et al., 2011 [38] Section + suture HA-CMC prag Y Histology on nerve and surrounding  ¢jh,roblasts. Reduction of scar

Sciatic nerve

tissue (H&E, Masson’s trichrome) (3,
6,9, 12 weeks)

formation index. Better axonal
organization.
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Table 2. Cont.

Method to Induce Scar

Reference .
Formation

Agent

Animal and Nerve
Model

Analyses

Results

Tissue aggression
(cauterization of muscle

bed)

Hernandez-Cortés et al.,
2010 [74]

Oxidized regenerated
cellulose

Male Sprague-Dawley
RatSciatic nerve

Histology on nerve and surrounding
tissue (H&E, Masson’s trichrome,
PAS, or Syrius red) (3 and 6 weeks)

No statistical differences in intra- and
perineural scars, which demonstrate
no antifibrogenic effect of oxidized
regenerated cellulose. Inflammatory
phenomena and foreign body
granulomatous reactions were more
frequently detected in oxidized
regenerated cellulose-treated samples.

Burning muscle + epi-
and perineurium
removal

Yamamoto et al., 2010 [67]

CMC-PE

HA

Lewis Rat
Sciatic nerve

Gross evaluation (evaluation of
healing of skin and fascia—Grade
1-3) (6 weeks)

Biomechanical analysis (6 weeks)
Histology on nerve and surrounding
tissue (H&E Masson’s trichrome) (1,
2,3,4,5,6 weeks)
Electrophysiology (2,7, 20, and

42 days)

Muscle wet weight (2,7, 20, and

42 days)

CMC-PE hydrogel offered superior
efficacy to 1% HA and caused no
delay in wound healing. Reduction of
macroscopical scar, reduction of scar
in biomechanical testing.
Electrophysiological and muscle
weight analyses demonstrated the
effectiveness of CMC-PE treatment
after extensive internal neurolysis.

Magill et al., 2009 [72] Section + suture

HA-CMC (Seprafilm)

Male Lewis Rat
Sciatic nerve

Functional evaluation (SFI)
(biweekly until day 32)

Histology on nerve and surrounding
tissue and morphometric analysis
(Toluidine Blue) (18, 32, 42 days)
Ultrastructural evaluation (TEM) (18,
32, 42 days)

Qualitatively less perineural scar
tissue was observed using Seprafilm.
No functional or histological
deleterious effects were detected with
Seprafilm placed on intact nerves or
cut and repaired nerves.

Zuijdendorp et al., 2008

[22] Crush injury

Regenerating agents
(sulfated
glycosaminoglycan)

Female Wistar
RatSciatic nerve

Biomechanical analysis (6 weeks)
Magnetoneurography (5 weeks)
Footprint analysis (1, 7, 14, 17, 21, 24,
28, 35 and 42 days)

Reduction of biomechanical
resistance. No differences in
magnetoneurography and functional
analysis were detected.
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Table 2. Cont.

Reference

Method to Induce Scar
Formation

Agent

Animal and Nerve
Model

Analyses

Results

Dam-Hieu et al., 2005 [28]

Abrasive injury/section
+ suture

Auto cross-linked
polysaccharide (ACP)
with different viscosity

Male Sprague-Dawley
Rat
Sciatic nerve

Gross evaluation (4-point qualitative
Scale) (4 weeks)

Histology on nerve and surrounding
tissue (H&E, Masson’s trichrome,
Gordon and Sweets stain and
Toluidine Blue) (4 weeks)

Significant reduction of scar tissue
formation was observed through
macro and micro analyses.

Histology on nerve and surrounding
tissue (H&E Masson’s trichrome) (1,
2,3,4,5,6 weeks)

Strong inhibition of perineurial

Ohsumi et al., 2005 [69] Burning Alginate sol Le.w ' Rat Functional analysis of the gra‘nulatl'on, recovering 9f the
Sciatic nerve blood—nerve barrier and the perineurial barrier function,
perineurial barrier (6 weeks) antiadhesive effect.
Biomechanical analysis (6 weeks)
Smit et al., 2004 [10] Section + suture HA Female Wistar Rat Biomechanical analysis (6 weeks) Significant biomechanical reduction

Sciatic nerve

of adhesion after HA application.

Ikeda et al., 2003 [24]

Burning muscular bed +
suture

HA (after 6 weeks)

White Japanese
RabbitSciatic nerve

Electrophysiological evaluation

(6 weeks)

Histology on nerve and surrounding
tissue (Masson’s trichrome)

(6 weeks)

Biomechanical analysis (6 weeks)

Significant latency reduction.
Qualitative reduction of scar in
microscopical analysis. No significant
reduction in biomechanical analysis.
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Table 2. Cont.

Reference

Method to Induce Scar
Formation

Animal and Nerve

Agent Model

Analyses

Results

Ozgenel et al., 2003 [35]

Section + suture

Male Sprague-Dawley
HA Rat
Sciatic nerve

Functional evaluation (SFI) (every
two weeks until week 12)

Gross evaluation (Petersen’s
classification) (4, 12 weeks)
Electrophysiological evaluation
(12 weeks)

Wet muscle weight (12 weeks)
Histology on nerve and surrounding
tissue (Masson’s trichrome 4, 12
weeks, H&E, Weil method for
morphometric analysis) (12 weeks)

Significant reduction in scarring,
better conduction velocities, increased
axon and fiber diameter, and faster
functional recovery.

Adanali et al., 2003 [49]

Section + suture

White New Zealand
HA-CMC Rabbit
Sciatic nerve

Gross evaluation (qualitative)

(3 months)

Electrophysiological evaluation

(3 months)

Histology on muscle (H&E,
Masson’s trichrome) (3 months)
Histology on nerve and surrounding
tissue (H&E, Masson’s trichrome,
Toluidine Blue) (3 months)

Macroscopically reduction of scar
tissue around the nerve. Increased
quality of myelin sheets and the
number of axons.

SFI (Sciatic functional index), TEM (Transmission Electron Microscope), IHC (Immunohistochemistry).
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6.1.1. Hyaluronic acid

Hyaluronic acid is a glycosaminoglycan that is widely found in the body of all living
organisms as it is an important extracellular matrix component. Since it does not exhibit
species or tissue specificity and is biodegradable in vivo, it is often used as an ideal bioma-
terial. It has been demonstrated that hyaluronic acid reduces epineural and extraneural
scar formation [36,38,67]. Additionally, biomechanical reduction of scar tissue has been
documented [10], together with an improvement of latency [24].

6.1.2. Carboxymethylcellulose

Carboxymethylcellulose is another biocompatible polysaccharide that acts as a phys-
ical barrier and can reduce scar formation in the central nervous system; it has been
demonstrated that carboxymethylcellulose, in association with phosphatidylethanolamine,
reduces peripheral nerve scarring and biomechanical resistance [67,71]. It has also been
used in association with hyaluronic acid; additionally, in this case, it reduces scar formation,
reduces inflammation cells and fibroblasts, and leads to better axonal organization [38,72],
together with an increase in the quality of myelin sheets and the number of axons [49].

6.1.3. Chitosan

Chitosan is a polysaccharide obtained by partial deacetylation of chitin. It has well-
known advantageous properties, such as lack of toxicity and biocompatibility, biodegrad-
ability, and antimicrobial properties. Various forms of chitosan can be produced and
microcrystallic chitosan gel applied to the proximal stump of a transected sciatic nerve
has been shown to reduce the incidence and size of the neuroma and the formation of
extraneural fibrosis [37]. It has also been used in the form of conduit in association with
hyaluronic acid, and it has been demonstrated to reduce nerve scarring and promote nerve
regeneration and recovery [48].

6.1.4. Other polysaccharides

Few papers have tested other polysaccharides, such as oxidized regenerated cel-
lulose [74], regenerating agent OTR4120 [22], cross-linked polysaccharides [28], or algi-
nate [69,74].

Oxidized regenerated cellulose is a chemically altered form of cellulose used mainly
as a hemostatic agent. It has been shown to not give an advantage to the prevention of
nerve fibrosis; on the contrary, it interferes with healing by increasing inflammatory phe-
nomena and granulomatous reactions [74]. Other polysaccharides have demonstrated their
efficacy in the reduction of scarring through biomechanical and macro- and microscopical
testing [22,28,69,74].

6.2. Collagen-Based Devices

The available preclinical studies on collagen-based devices are reported in Table 3.
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Table 3. Collagen-based antiscarring agents.

Method to Induce Scar

Animal and Nerve

Reference Formation Agent Model Analyses Results
Functional evaluation (grasping test)
Collagen sheath derived (every two months) Axon diameter was higher in the
from an acellular Female Wistar Rat treated group. No significant

Colonna et al., 2019 [16]

Section + suture

hypoallergenic dermal
matrix (OrACELL)

Median nerve

Histology on nerve and surrounding
tissue and morphometric analysis
(Toluidine Blue) (7 months)

differences in the functional test
were observed.

Lee et al., 2014 [76]

Section + suture

Collagen-based film
(NeuraGen)

Male Wistar Rat
Sciatic nerve

Electrophysiological evaluation

(12 weeks)

Wet muscle weight (12 weeks)
Histology on nerve and surrounding
tissue and morphometric analysis
(Toluidine Blue) (12 weeks)

Reduction of scar in microscopical
analysis, although the
scar-decreasing effect of
bioabsorbable nerve wrap did

not translate into a better motor
nerve recovery.

Mathieu et al., 2012 [47]

Section + suture

Collagen membrane
and vein wrapping

Female Wistar Rat
Sciatic nerve

Gross evaluation (Petersen’s
classification) (12 weeks)

Histology on nerve and surrounding
tissue (Masson’s
trichrome—extraneural and
intraneural fibrosis, foreign

body reaction)

The collagen membrane was
effective in reducing neural scar
formation. Autologous vein
wrapping also showed a favorable
effect in this indication despite less
successful histological outcomes.

Kim et al., 2010 [75]

Section + suture

Collagen wrap

Sprague-Dawley Rat
Sciatic nerve

Gross evaluation (Petersen’s
classification) (3 months)

Histology on nerve and surrounding
tissue and morphometric analysis
(Toluidine Blue) (3 months)

Significant reduction of inner
epineurium thickness in the
treated group.
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Table 3. Cont.

Method to Induce Scar

Animal and Nerve

Reference Formation Agent Model Analyses Results
Gross evaluation (4-point qualitative
s Male W R Scale) (3 months) Sionif 4 b N
ection + suture or ale Wistar Rat Histology on nerve, surrounding ignificant reduction of fibrosis. No
Isla etal., 2003 [13] repair with silastic tube ADCON/TN Ulnar nerve tissue and muscle (H&E, Masson’s differences in terms of fiber density.
trichrome) (3 months)
Gross evaluation (4-point qualitative
. Scale) (4 and 8 weeks) Significant reduction of composite
Scratch; a second ADCON/TN (applied Sprague Histology on nerve and surrounding sc%re (macroscopical evaluat}i)on) No
Palatinsky et al., 1997 [23]  neurolysis performed 4  after the second Dawley Rat tissue (H&E, Masson’s trichrome, statistical difference in ’
weeks later neurolysis) Sciatic nerve phenylenediamine staining) (4 and axons diameter.
8 weeks)
Gross Evaluation (Petersen’s
classification) (4 and 6 weeks)
) Electrophysiological evaluation (4
El)atzls?\i Eﬂf‘dgis’ Lewis’s Albino Rat ar}d 6 weeks) ) Significant reduction of scar tissue;
Petersen et al., 1996 [27] jury ADCON/TN Histology on nerve and surrounding 1,5 differences in

muscle and nerve,
section + suture

Sciatic nerve

tissue (H&E, silver stain, van
Gieson’s stain, Toluidine blue for
morphometric analysis) (4 and

6 weeks)

morphometrical analysis.
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The use of ADCON-T/N, a bioabsorbable gel composed of a polyglycan ester in
a phosphate-buffered saline solution, showed a significant reduction of scar formation
with no residual implant material [13,23,27]. Additionally, the use of collagen-based film
wrapped around the suture stitches showed a reduction in epineural and perineural scar
tissue formation [47,75,76]. Finally, a recent study showed that a collagen sheath derived
from an acellular hypoallergenic dermal matrix wrapped around the suture leads to better
nerve regeneration in terms of axon diameter [16].

6.3. Autologous Devices

Different autologous devices were used as antiadhesion devices, and the results of the
preclinical studies are reported in Table 4.

Table 4. Autologous tissues used as antiscarring agents.

Method to Animal and
Reference I;:\duce Scar Agent Nerve Model Analyses Results
ormation
Fiomeih)anical analysis No significant difference
. 4 weeks in biomechanical analysis.
%11??%?0 etal., Burning Fat Graft gg;ﬁfél;ier\ll\gouse Hlstology_ onnerve and Reduction of scar
surrounding tissue observed through
(Picrosyrius red) (4 weeks)  microscopical analysis
Gross evaluation
(Petersen’s classification) (4,
Female 8 weeks) Buccal mucosa graft
Histology on nerve and decreases postoperative
Baltu et al., 2017 Epineurectomy Buccal mucosa Sprague-Dawley surrounding tissue (H&E, adhesion and scar tissue
[46] graft Rat Masson’s

Sciatic nerve

trichrome—extraneural
scar tissue and
inflammation) (4, 8 weeks)

formation. Higher
inflammation at 4 weeks.

Murakami et al.,

2014 [62]

Ligature on
sciatic nerve

Vein Wrapping

Male Wistar Rat
Sciatic nerve

Gross evaluation
(qualitative evaluation) (14
days and 5 months)
Functional evaluation (von
Frey filaments at 1, 4, 7, 14,
21, 28 days; CatWalk
system, first 2 weeks)

IHC on L4-L5 DRG (CGRP,
ATEF3) (14 days)

Histology on nerve and
surrounding tissue (H&E,
Toluidine Blue) (14 days
and 5 months)

ELISA assay on nerve
tissue (NGF, VEGEF, and
HGEF) (1, 3,7, 14, 28 days).

Significant allodynia
reduction. Significant
increase in VEGF and
HGE. Reduction of
immunoreactive cells in
dorsal root ganglia.

Meng et al., 2011

[39]

Section + suture

Amniotic
membrane

Male
Sprague-Dawley
Rat

Sciatic nerve

Functional evaluation (SFI)
(weekly)

Gross evaluation
(Petersen’s classification)
Electrophysiological tests
(every 4 weeks until
Week 12)

Histology on nerve and
surrounding tissue
(Picrosyrius red, toluidine
blue for morphometrical
analysis) (4, 8, 12 weeks)
Ultrastructural evaluation
(TEM) (4, 8, 12 weeks)

Significant reduction of
scar index. No functional
and morphological
differences were
observed.




J. Clin. Med. 2021, 10, 1613

18 of 29

Table 4. Cont.

Method to .
Reference Induce Scar Agent &Aer;r;ula\ldaorégl Analyses Results
Formation
Gross evaluation (4-point
%uﬂgig::; Scale) Four-point evaluation
: ‘o White New Histol d system was significant in
Kim et al., 2010 . Amniotic . istology on nerve an
[14] Section + suture membrane Zealand Rabbit surrounding tissue the treatment group.
Ulnar nerve (Masson'’s trichrome— Significant reduction of
morphometrical analysis) scar thickness.
(3 months)
Gross evaluation
Male (P%tersen’s 1c(la;ssiﬁcatior’l) (4  Significant reduction in
Ozgenel et al., : Amniotic Sprague-Dawley and 12 weeks scarring was observed
2004 [40] Epineurectomy membrane + HA  Rat Histology on nerve and through microscopical
Sciatic nerve surrounding tissue (H&E) analysis.
(4 and 12 weeks)
Functional evaluation (SFI)
(4, 8,12, 24, and 48 weeks)
Gross Evaluation
(qualitative evaluation) (4, Significant improvement
Vein wrapping S Dawl 8,12,24, and 48 Weeks) in functional analysis.
Xu et al., 2000 Silastic tube (after 8 months Rg{ague_ awiey Electrophysiological tests Electromyography and

5 around the nerve  from nerve e (4,8,12,24, and 48 weeks)  microscopical analysis
compression) Sciatic nerve Histology on nerve and showed no significant
surrounding tissue (H&E, scar reduction.
Masson'’s trichrome, silver
staining, toluidine blue) (4,
8,12, 24, and 48 weeks)
Significant reduction of
Biomechanical analysis nerve stiffness in .
(2 months) ‘;nome.cfhamcal gnalysm. ;
i Sprague-Dawley Histology on nerve and nsignificant reduction o
Dumanian et al., Epineurectomy Fat graft Rat &y scar thickness in

1999 [66]

Sciatic nerve

surrounding tissue
(Masson’s trichrome)
(2 months)

microscopical analysis.
Higher but not significant
incidence of neuropathy
in fat-graft group.

SFI (Sciatic functional index), TEM (Transmission Electron Microscope), IHC (Immunohistochemistry), H&E (Hematoxylin Eosin staining),
CGRP (Calcitonin gene related peptide), ATF3 (Activating transcription factor 3), VEGF (vascular endothelial growth factor), HGF

(Hepatocyte growth factor), NGF (Nerve growth factor).

6.3.1. Amniotic Membrane

The amniotic membrane is the inner layer of fetal membranes; it is composed of

an inner layer of epithelial cells on a thick basement membrane. It is nonimmunogenic,
and it has been demonstrated to reduce inflammation, inhibit vascularization, combat
infection, and reduce scarring. It is widely used in multiple fields of surgery and medicine,
including skin substitute, wound care, urethral reconstruction, and repair of corneal and
other tissues [77]. Its use in reducing peripheral nerve scarring has been demonstrated in
different papers [14,39,40].

6.3.2. Fat Grafting

In the last decade, adipose tissue has been widely studied in the field of regenerative
medicine due to the presence of adipose-tissue-derived mesenchymal stem cells (which
can differentiate into different cellular lineages) and its endocrine activity (release of
adipocytokines, cytokines, transcriptional and growth factors). It is easy to access and
harvest with painless procedures. The use of fat grafting in the prevention of peripheral
scar tissue formation has had different results: it produces nerve stiffness reduction in
biomechanical testing [66], but no significant differences were reported when compared to
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other antiadhesion devices. Moreover, in microscopical analysis, it appears to be able to
reduce scar thickness [70].

6.3.3. Vein Wrapping and Buccal Mucosa Graft

Another autologous tissue that has been tested for scar formation prevention is vein
tissue, which is harvested from the same animal (femoral vein) and wrapped in a spiral
pattern around the nerve [25] or harvested from the abdominal portion of the donor
animal vena cava and wrapped around the ligated nerve [62]. In both cases, it has been
demonstrated to reduce scar formation and improve nerve function recovery.

Finally, the use of a buccal mucosa graft has also been proposed as an antiadherent
device since it is composed of nonkeratinized epithelium with underlying connective tissue
and includes type I and III collagen. It has been shown that when wrapped around the
nerve, it decreases adhesion and scar tissue formation but leads to higher inflammation in
the early postoperative period [46].

6.4. Drugs

Several drugs have been tested; the preclinical results are reported in Table 5. Most of them
(aprotinin, tacrolimus, mannose-6-phosphate, doxorubicin, mitomycin C, citicoline, cytidine-
59-diphosphocholine-choline) were locally placed around the nerve [30-33,36,41,51,56]; others
were intraepineurially injected (chondroitinase ABC) [61], intraperitoneally injected (citicoline
and verapamil) [60,78], or intragastrically injected (tacrolimus) [58]. It has been shown that
tacrolimus, an immunosuppressive drug used mainly after allogenic organ transplant, promotes
nerve regeneration [79,80] and scar tissue reduction [36,58]. Moreover, the application of other
drugs is correlated with scar formation reduction either in macro- or microscopical analysis. In
addition, the improvement of axon quality has been reported in some papers, together with
enhanced functional results.

Table 5. Drugs used as antiscarring agents.

Method to

Reference Induce Scar Agent 1\'? nimal ar&dl Analyses Results
Formation erve mode
- Gross evaluation
Pet ’s classificati
Els fvreseel?s;, classification) Scar reduction around the
Muscle wet weight nerve, bOth,
(12 weeks) macroscopically and
Histology on nerve and microscopically.
Mekajetal, 2017 g .0 e  Tacrolimus ya;ggi]tiuropean surroungdying tissue (H&E, %_rfcrﬁased nerve diameter.
[36] (FK506) Sciatic nerve Masson’s trichrome) igher gastrocnemius
Fibroblast and mass. Improved
inflammatory cell counts microstructural
(12 weeks) organization. Higher
Nerve IHC (5100) expression of 5100.
(12 weeks)
Electrophysiology
(1 month)
RNA (neuron-glial antigen ical .
2, phosphacan, brevican, Surgical decompression
Decompression versican, aggrecan, and ?lone. does not reverse the
Y ’, unctional changes to the
and . Ig/[ale Dawl decorin) and protein nerve, whereas the
Zhu et al., 2017 Silicone tube Zh];)él %g(ivltgelize Rlia)lt‘aa%*llcliel_\/lai:zv & expression (dgcqrin, administration of
[61] around the nerve  * o or C57BL/6 Mouse aggrecan, laminina 2, chondroitinase-ABC, in
. D collagen IV, and fibronectin)  addition to
compression Sciatic nerve i
injury) (1 month) decompression, resulted

Nerve IHC (decorin,
aggrecan, laminina 2,

collagen IV, and fibronectin)

(1 month)

in functional
improvement.
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Table 5. Cont.

Method to .
Reference Induce Scar Agent 1\‘? nimal ar&dl Analyses Results
Formation erve mode
Gross evaluation M icall
(Petersen’s classification) acroscopically,
8 .weeks) m1tomyc1r.1 C, and
Vural et al., 2016 Abrasi Mitomycin C/ Male Wistar Rat Histology on nerve and dglﬁnqrublgm decreased
[41] rasion Daunorubicin Sciatic nerve surrounding tissue (H&E ah’ esion. Scar tissue
and Massors thickness and
trichrome—fibroblast fibroblast/fibrocyte cell
count) (8 weeks) number were reduced.
Gross evaluation
(qttliaii;ativeke\;aluation) ¢4 The collagen content of
an weeks nerve scar was
. Nerve IHC (collagen I) (4 apparently less than that
Xue et al., 2016 : Verapamil Sprague-Dawley and 12 weeks) of the control group;
[60] Section + suture {)clalcll(um channel ga'tat' er Ultrastructural evaluation more cytoplasmic vesicles
ockers) claticnerve (TEM) (4 and 12 weeks) in the fibroblasts of the
Hydroxyproline and treated group were
collagen assay (4 and observed.
12 weeks)
Functional evaluation (SFI)
(4, 8, 12 weeks)
Electromyography
(12 weeks) ) Improvement of SFL
Gross evaluation Significant reduction in
Kaplan et al Female Wistar (Petersen’s classification) scarring. Significant
p v Section + suture Citicoline Albino Rat (12 weeks) increase in myelinated
2014 [78] Sciatic nerve Histology on nerve and axons in C900 and
surrounding tissue reduction of scar in the
(Masson’s trichrome and treated group.
Toluidine Blue for
morphometrical analysis)
(12 weeks)
Nerve IHC (TGEFE-B) .
(4 weeks) FK506 hfas a valid effect
Male Histology on nerve and on scar formation
Que et al., 2013 . Tacrolimus Sprague-Dawley 4 . reduction in sciatic
2 Section + suture (FK506) Bt surrounding tissue nerve-iniured rat b
i (Masson'’s trichrome) . jut y
Sciatic nerve inducing fibroblast
(4 weeks) tosi
In vitro analysis apoprosis.
Electrophysiological The percentage of
. . evaluation (6 and 12 weeks) scarring was npt
Tr1atmc.1crl1010ne Functional evaluation ilgtrxflcantlytglfgergnt
acetonide etween methods in
- C57 Black-6 (CatWalk) (1, 3, 6,9, and 12 4 1 .
Ngeow etal., Section + suture Interleukin-10 (IL Mouse weeks microscopical analysis.

2011 [50]

10), mannose-6-

Sciatic nerve

Histology on nerve and

Reduction of compound

phosphate surrounding tissue action potential in
(MéP) (Picrosirius staining) (6 and ~ triamcinolone and M6P
12 weeks) 200 was observed
through EMG.
Electrophysiological
evaluation (6 and 12 weeks) .
Histology on nerve and Larger compound action
N tal M 6 €57 Biacke6 mi surrounding tissue lfDOte?,tlal land better.
geow etal., . annose-6- ack-6 mice ORI e unctional recovery in
2011 [51] Section + suture phosphate Seiatic nerve (Picrosirius staining) (6 and carly evaluation.

12 weeks)
Functional evaluation

(CatWalk) (1, 3, 6,9 and
12 weeks

Reduction in collagen
staining.
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Table 5. Cont.

Method to .
Reference Induce Scar Agent 1\‘? nimal ar&dl Analyses Results
Formation erve mode
Functional evaluation (SFI)
(4, 8,12 weeks)
CDP-choline, Gross evaluation Treatment with
Secti ‘ cytidine, choline,  Female (Petersen’s classification) CDP-choline or
Aslan et al., 2011 (ii(iégé;ts:o?rg or . Sprague-Dawley (12 weeks) cytidine—choline reduced
[56] days later) cytidine—choline Rat Hlstology onnerve and sear formation and
y (during nerve Sciatic nerve surrounding tissue (H&E, decreased nerve
repair) Weil method for adherence.
morphometrical analysis)
(12 weeks)
Gross evaluation
(Petersen’s classification)
) (12 weeks) Topical application of
Albayrak et al., . . Male Wistar Histology on nerve and doxorubicin effectively
Abrasion Doxorubicin Albino Rat ; : .
2010 [30] Sciatic nerve surrounding tissue reduced epineural scar
(Toluidine Blue) (12 weeks)  formation.
Ultrastructural evaluation
(TEM) (12 weeks)
) ) Compound action
Electrophysiological potential and area of
arTalysis (6 weeks) staining for collagen not
C57 Black-6 HlStOlOgg. onnerve and significantly different
Atkins et al., 2007 . . surrounding tissue compared to controls.
(53] Section + suture IL-10 MouseSciatic (Picrosirius staining and Higher number of
nerve g ¢ -
Toluidine Blue for ) myelinated fibers
morphometrical analysis) compared to control but
(6 weeks) no difference with the
other groups.
Functional evaluation (SFI)
(4, 8,12 weeks) Rats tljeated with
Electrophysiological citicoline showed
analysis (4, 12 weeks) 51gn1.f1cantly better SFI
Femal Gross evaluation and limpfrovement at12
emale / - weeks o
(Petersen’s classification)
Cc)éay et al., 2007 Section + suture Citicoline IS{plt*ague-Dawley (4 weeks) electromyography.
[31] Sai e ner Histology on nerve and Nerves were surrounded
ciatic nerve surrounding tissue lloy only a very thin,
(Masson'’s trichrome, H&E, ‘ﬁcent glehmbéani %nd d
Weil method for s fowe t t'm t".’lr ands
morphometrical analysis) ° connecg[:. ve ﬁssue
(4, 12 weeks) surrounding the nerve.
Gross evaluation
(Petersen’s classification) Macroscopical and
%flrvxgeizks) d microscopical reduction
Ilbay et al., 2005 . . Male Wistar Rat 1stology on nerve an of perineural adhesions
[32]y Scratch Mitomycin C Sciatic nerve surrounding tissue (H&E, in fhe treated groups;
Masson’s trichrome— lower number of
fibroblasts/fibrocytes fibroblast/fibrocytes.
count) (4 weeks)
Functional analysis (sciatic
nerve function) (weekly)
Ext ! Gross evaluation Scar reduction after
G xternal | Male (Petersen’s classification) (4, aprotinin application. No
orgulu et al., neurolysis, A .. g Dawl 6 weeks) diff X
1998 [33] abrasive iniur protinin prague-Dawley v ifferences in
- anastomos%s M RatSciatic nerve Histology on nerve and neurological tests were

surrounding tissue
(Masson’s trichrome) (4,
6 weeks)

observed.
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6.5. Others

Many other devices/techniques have been investigated as antiscarring agents, and the
preclinical results of these devices are reported in Table 6. A very recent study compared
the efficacy of two novel biodegradable wraps made of synthetic 1% oxidized polyvinyl
alcohol (OxPVA) and a leukocyte-fibrin-platelet membrane (LFPm) with the commercial
product NeuraWrap, demonstrating their effectiveness in sustaining nerve regeneration,
together with an absence of scar tissue/neuroma formation and significant inflammatory
infiltrate [81].

Table 6. Other antiscarring agents.

Reference ilt\ldcfltllég (si,ct:r Agent Animal and Analyses Results
formation Nerve model

Motor functional (rotarod)

and mechanical sensitivity AA in E8002 has an
Polylactic acid (von Frey) evaluation antiadhesional effect by
(PLA)-based (before surgery and 2, 4, enhancing fibrinolysis.
biodegradable Male gweeks a{tert): Adhesion formation was

; : three-layered ross evaluation lower in the group
12<0112<(L]1%15]€t al, Burning membr. zz/n o ?{glt'ague—Dawley (Petersen’s classification) (6  containing AA. Motor

(E8002) with or Sciatic nerve weeks) function and mechanical
without Histology on nerve and sensitivity were not

L-ascorbic acid
(AA)

surrounding tissue
(aldehyde fuchsin
Masson—Goldner staining)
(6 weeks)

impaired after surgery,
and no differences were
detected among groups.

Wraps made of a

Functional analysis (sciatic
function index assessment)

LFPm wraps were
completely resorbed,
while residues of OXPVA

szmthgti; (2 and 12 weeks) and NeuraWrap were
1% oxidized Gross evaluation (12 weeks)  gpserved. Functional
polyvinyl alcohol Histology on nerve and recovery was achieved in
Stocco et al., 2019 . (OxPVA) and a Sprague-Dawley surrounding tissue (H&E, all groups. Additionally,
’ Section + suture leukocyte-fbrin- rats - 1 - !
[81] Sciatic nerve IHC and Toluidine blue) at the morphol()glca]
platelet (12 weeks) level, scar tissue
membrane Ultrastructural analysis formation and
(LFPm) 4 (TEM) (12 weeks) - inflammatory infiltrate
IC\(I)mPa‘l;\e[ to Neural collagen deposition  ere not observed. Both
euroVvrap evaluation (12 weeks) myelinic and unmyelinic
axons were observed.
Gross evaluation
(Petersen’s classification)
(6 weeks)
Biomechanical examination holosical .
Polylactide (6 weeks) Morphological properties
. ) (PLA)-poly(e- ) Electrophysiological of. axons were preserv.ed
Shmtafu etal, Burning Caprolactone) Le.w1.s Rat evaluation (6 weeks) with PLA-PCL Con.dl'ut'
2018 [57] . Sciatic nerve Muscl t weight and HA was less effective for
PCL conduit and _uscie wet welg nerve protection from
HA histology (6 weeks) P
Nerve [HC adhesion.
(antineurofilament,
anti-CD68, and anti-CCR7)
(6 weeks)
Electrophysiology
(12 weeks) s .
Ankaferd blood Male Histology on nerve and Slfglniﬁcant 1néprovecr1qent
Servet et al., 2016 . Ny Sprague-Dawle surrounding tissue (H&E, orlalency and speec m
[50] Section + suture  stopper (ABS) Rgt g Y Masson’s trichrome, and the ABS group. Other

hemostatic agent

Sciatic nerve

Luxol fast blue) (24 weeks)
Nerve IHC (CD68)

(24 weeks)

results were not
statistically different.
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Table 6. Cont.

Method to .
: Animal and
Reference induce scar Agent Analyses Results
formation Nerve model
Electrophysiological
evaluation (6 weeks)
Histology on nerve and PLA film has the
surrounding tissue (H&E, potential to prevent
Okui et al., 2010 Neurolysis and PLA Male Lewis Rat Masson’s trichrome) (1,2,4, adhesion even after
[83] burning Sciatic nerve 6 weeks) . internal neurolysis, and it
Muscle wet weight (2, 4, is a useful substitute for
6 weeks) perineurium.
Analysis of the blood-nerve
barrier (2 days)
. . No differences in the
Electrophysiological percentage of collagen
evaluation (7 weeks) staining area were
Male Hlstologgl onnerve and observed. Compound
Atkins et al., 2006 . TGEF-Bland Sprague-Dawle surrounding tissue action potential ratios
[52] Section + suture TGE-p2 Rgt & Y (Picrosirius staining and significantly smaller;
Sciatic nerve Toluidine Blue for ) increased number of
morphometrical analysis) myelinated fibers distally
(7 weeks) (no differences between
TGF-p1 and TGF-B2)
Functional analysis (sciatic
nerve function) (weekly)
' Gross evaluation Significant reduction of
Neurolysm vs. Low-dose Male (Petersen’s classification) scar tissue in radiation +
Gorgulu sciatchlng Vvs. radiation therapy =~ Sprague-Dawley (6 weeks) SUTBETY groups. tNO
etal., 2003 [34] SULUIe vs. (24 h after Rat Histology on nerve and Increase in scar tissue,
radiation surgery) Sciatic nerve surrounding tissue formation after radiation
treatment gery P in normal nerves was
(Masson’s trichrome— observed
fibroblast/fibrocytes count) ’
(6 weeks)
Electrophysiological
gfél;aé;(;rllu(gtgieks) No significant differences
Absorbable Whi (qualitative blet‘Neenhgrc?ullas in |
Ikeda et al., 2002 Burni oxidized ite Japanese evaluation—observation of ~ €'ectrophysiologica
[84] urnmng regenerated Rabbit Fontana’s bands) (6 weeks) ~ €valuation. High

cellulose sheet

Sciatic nerve

Histology on nerve and
surrounding tissue

(Masson’s trichrome)
(6 weeks)

adhesion between nerve
and surrounding tissue in
the damage group.

Ip et al., 2000 [15]

Section + suture

Early
mobilization

Albino Rabbit
Peroneal nerve

Biomechanical examination
(stretch test and peel test)
(3 weeks)

No difference in the
biomechanical features of
the adhesions

therapy [34] and early mobilization [15] have also been proposed.

A biodegradable polylactide (PLA) honeycomb film [83] and a nerve conduit com-
posed of PLA and poly(e-caprolactone) (PCL) and enriched with hyaluronic acid [57]
have been shown to prevent nerve adhesion. Additionally, a novel multilayer membrane
made of PLA-based biodegradable polymer (E8002) containing L-ascorbic acid has been
demonstrating to reduce scar formation compared to the same membrane without ascorbic
acid [82]. Atkins et al. [52] proposed the local administration of neutralizing antibodies to
TGEF-B1 and TGF-[32, showing a significant reduction in intraneural scar formation. The use
of Ankaferd blood stopper resulted in better healing and better results in the histopatho-
logical evaluations [59], and the use of an absorbable oxidized regenerated cellulose sheet
showed the prevention of adhesion in a histological study [84]. Finally, low-dose radiation
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7. Discussion

Traction neuropathies are diffused and frequent consequences of injuries or surgical
procedures on peripheral nerves [2,7]. Surgeons and researchers have been trying to
prevent scar tissue formation, especially by applying antiadhesion devices on the surgical
site. Before human implantation, preclinical studies are of crucial importance for assessing
the effectiveness of antiadhesion strategies; however, the results reported in the literature
are not easily comparable due to the many different methods to induced scar formation as
well as quantitatively evaluate the amount of scar tissue and its impact on peripheral nerve
regeneration and function. The reason is connected to the absence of a shared, effective,
reliable, reproducible, and standardized protocol to induce and test the scar tissue around
the peripheral nerves [18,20-22].

The purpose of this review was, therefore, to resume and show the different strategies
adopted in the last few years to simulate and evaluate scar tissue formation.

Different kinds of injuries have been proposed by researchers to simulate perineural
scar tissue formation: nerve injury, injury to surrounding tissues, global injury by means of
chemical or physical agents, and so on. Some authors have designed studies to simulate
and evaluate perineural scars [17-22], but these works are incomplete because they have
not considered all the aspects of induction and the evaluation methods available. Our
review reveals that the widest protocol used to induce scar tissue is represented by section
and suture of the nerve. This partially represents what really happens in clinical settings
and results in a partial injury. In our opinion, an injury to the perineural tissue should
always be associated in clinical settings by means of burning or chemical injury to the
nerve. None of the papers have combined this kind of injury. It would, therefore, be very
interesting and useful to test the combination of these methods in an experimental model
that better mimics the clinic. Furthermore, researchers should consider that a different
pattern of scar tissue arises if the nerve is transected or not. Without a nerve section and
suture or without a crush injury, no internal scar will form, especially when there has been
only a short period between the surgery and the analysis. In this way, no or only minimal
impairment of nerve function will be present.

This aspect links to the other main aspect of this review: so many different types of
analysis were performed to quantitatively or qualitatively assess the perineural scar and
its reduction. We strongly encourage the use of quantitative analysis. Gross evaluation is
certainly a fundamental step to macroscopically grading the scar, and the adoption of a
numerical grading scheme is necessary to quantify (or semiquantify) the amount of scar
tissue. Different grading schemes have been adopted [13,14,17,23,27,28] and most of the
authors have used these schemes to score scar tissue during macroscopical inspection.
Nevertheless, other authors have described only the presence or absence of scar tissue, and,
sometimes, they qualitatively describe the scar tissue by relying on subjective observations.

Microscopical evaluation is usually conducted both on the nerve and scar tissue.
Beyond the type of staining used, the quantitative evaluation of the perineural scar is
very important. First of all, a staining solution that is able to visualize collagen fibers
specifically (such as Masson’s Trichrome, Sirius Red) is preferred to the classical H&E and
methylene blue stainings. Quantification of scar tissue is proposed in different ways, but
the most adopted is the calculation of the scar tissue formation index (by dividing the mean
thickness of the scar tissue by the mean thickness of the nerve tissue) [18,28,30-34,36—41].
Moreover, in these cases, some other authors have used different parameters to quantify
(or semiquantify) the scar tissue histologically; sometimes, the structure of scar tissue is
only qualitatively described. Some authors have added immunohistochemistry to con-
ventional staining. Very interesting are the attempts to detect scar tissue using antibodies
against macrophages and lymphocytes, but it is difficult to obtain a quantification of these
findings [21,37,59].

Biomechanical analysis provides another quantitative parameter and consists of mea-
suring the peak force required to pull the nerve from the muscular bed. Different tools have
been adopted, and, in general, they consist of applying a continuous force to the nerve until
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the complete detachment of the nerve from the surrounding tissue. This should be the other
main method that is useful to demonstrate the strength of the scar tissue in preclinical anal-
ysis. In addition, the structure and function of the nerve must be assessed. Quantification of
different parameters (number of fibers, axon and fiber diameter, myelin thickness) are im-
portant to assess the degree of nerve regeneration and can be related to electrophysiological
parameters and functional evaluations, often assessed in studies dealing with peripheral
nerve scarring. In our thoughts, morphological and functional impairments correlate more
to a direct nerve injury than an experimental perineural scar. Hence, morphometry and
electrophysiology should be associated, especially when nerve injury and repair have been
performed or when scar neuropathy has lasted for several months.

Different animal models have been proposed, each one with pros and cons. Mice are
easy to house and allow quick and easy surgery. The sciatic nerve allows the performance of
all the main analyses described above. Otherwise, in this model of nerve repair, functional
and electrophysiological tests are more difficult to perform due to the smallness of the
animal itself. Conversely, rats allow the testing of both the sciatic nerve and the median
nerve; the size of these nerves is feasible for nerve repair and electrodiagnostic tests.
Furthermore, functional evaluation on the median nerve can be carried out, especially
when a direct nerve injury is performed.

Due to the limitations of the present models, no definitive conclusion can be derived
about the efficacy of antiadhesion devices. In most of the experiments, every treated group
showed scar reduction according to the evaluation methods. The most employed antiadhe-
sion devices were polysaccharide-based and collagen-based ones. Their effectiveness was,
in most cases, well known in spine surgery, tendon surgery, or abdominal surgery. It is
similar for biological barriers: vein wrapping has been described to protect nerve sutures
in the past [25,85], with good clinical outcomes. Fat grafts were previously adopted in
spine surgery with controversial results; in peripheral nerves, it seems to be effective, and
promising results were obtained with Coleman’s lipoaspirate [70]. From our review, it has
emerged that the application of amniotic membrane can be promising, considering the
increased chance of tissue storage [14,39,40]. This requirement can also be considered a
limit for this technique. Drugs and other devices can also be promising, but currently, no
clinical experience exists.

This preclinical literature review suggests that we reconsider the whole argument of
traction neuropathies. This pathology was classified by Millesi [86] in intra- and extraneural
scar, but more extensive classification would be effective to better understand the correct
treatment. Perineural scarring arises after closed trauma and nerve decompression or can
be associated with a repaired nerve. The intraneural involvement is different in each case,
and different approaches should be considered. When an intraneural scar is present, it
should be treated as a neuroma in continuity. In contrast, when the perineural scar is the
main concern, other procedures should be performed. According to our clinical practice
and the results obtained in these experimental models, vein wrapping can be a feasible
procedure to prevent intraneural and epineural adhesion after nerve suture. Otherwise, in
a secondary peripheral nerve decompression, the application of an antiadhesion device,
either in the form of gel or film composed of polysaccharide or collagen, could be adequate
as well as autologous lipoaspirate, local adipose flap, synovial flap, or amniotic membrane
wrapping. The choice, at state of the art, is up to the individual surgeon’s experience and
availability since no clear evidence exists.

To better understand traction neuropathies, a more extensive classification should be
designed by considering the extension of the scar, the amount of fibrous tissue (both pre-
and intraoperative by means of a quantitative scale, as proposed by Petersen [27]), and
previous surgery on the nerve (suture, traction injury, nerve decompression). On these,
prognostic criteria would be found and a more fitted treatment protocol developed.

In our experience and considering the literature, to completely evaluate scar tissue
formation around a nerve, we require a scored macroscopical analysis, a quantitative
microscopical analysis conducted with a staining solution that is able to collagen fibers
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visualize specifically (such as Masson’s Trichrome, Sirus Red) in order to clearly measure
the thickness and extension of scar tissue, and a computed biomechanical analysis with
the appropriate microinstruments. The structure, organization, and function of the nerve
should also accompany scar tissue data, but these are not always mandatory since they
depend on the type of nerve injury induced.

Finally, this review reports on the different antiadhesion devices that have been
experimentally tested so far. Due to the high variability of scar induction and evaluation
methods described, it is not possible to compare the results obtained in terms of scar
reduction and efficacy of the antiadhesion devices employed.
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4.DISCUSSION AND CONCLUSION

Successful treatment of peripheral nerve injuries is, up to now, uncertain and numerous complications can
arise even if an appropriate treatment is planned and execute. It means debilitating consequences for
patients who may suffer from incomplete sensory or motor recovery to unbearable pain.

Over years novel procedures have been introduced and expanded in clinical practice. For example, nerve
transfers have become even more employed both in primary and secondary reconstruction, processed nerve
allografts showed promising results for sensory and mixed nerve reconstruction and new procedures have
been introduced for the treatment of painful neuromas. Moreover, nerve conduits found their place in nerve
reconstruction, limiting their employment in sensory nerve gaps up to 3 cm.

Following these premises, the evolution of knowledges in basic research and in clinical practice moved us to
further investigate aspects to ameliorate nerve reconstruction. Objective of this research program has been
to investigate biological mechanisms and new techniques to improve all steps of nerve repair. Both clinical

and experimental studies have been presented.

Biological processes of nerve regeneration.

The basis of treatment is to understand, as much as possible, the pathophysiological mechanism
underlying axons elongation and nerve repair. Through the experiments presented in chapter 3.1, a new role
of fibroblasts in nerve regeneration has been described. Since then, NRG1 was thought to be released only
by SCs during nerve regeneration. Our researches clarify that fibroblasts are the main actors responsible for
NRG1 release. Our study was focused on a short nerve gap model, but it is reasonable to imagine the same
in primary nerve repair. Furthermore, endothelial cells also have been analyzed, reporting their important
role for SCs migration into the nerve gap to reach the distal stump. Our findings add one more brick in the
undisclosed puzzle of nerve repair, suggesting to use fibroblasts as novel enrichment in nerve gap. On the
other hand, it is required to understand which is the limit over that fibroblasts induce pathological scar
leading to neuroma in continuity. Following our findings some authors experimented a fibrin-collagen
hydrogel to promote nerve regeneration. They registered, in short term analysis, an upregulation of NRG1
release, confirming what we described (El Soury 2023). Further investigations could be useful to understand

if filling conduits with fibroblast may be helpful to bridge long nerve gaps.

Strategies of somatic and autonomic nerve repair: conduits, allografts and membranes
Nerve conduits in peripheral nerve repair have been extensively studied. As stated by Rbia in 2017
(Rbia 2017) the role of tubes is clearly defined. What is under research now are technologies to go beyond

their own limits. As anticipated in chapter 1, conduits can be synthetized through biocompatible molecules.

34



Our group took part to the development of a chitosan conduit, named commercially Reaxon® (Haastert-
Talini 2013, Shapira 2016). This device presents the intrinsic limit reported in literature so that, over years,
attempts of amelioration of its efficacy have been done. For example, micro conduits have been created into
chitosan conduit using nanotechnologies to implement SCs migration. This implementation showed a
recovery comparable to autograft in vivo and amazing support for neurite elongation in vitro (Jiang 2023,
Zhou 2023). Previously, the same tube was filled by muscle fibers showing comparable results to autograft
either in acute and delayed nerve gap reconstruction on animal model (Ronchi 2018, Crosio 2019). Despite
good results obtained in pre-clinical papers, recently more than one clinical report showed drawbacks about
chitosan and collagen conduits. Usually it was noted that tubes did not degrade, they were associated to
perineural scar and were responsible of partial joint stiffness due to their intrinsic rigidity (Rein 2023).
Moreover, a recent Cochrane review about the use of nerve conduits highlighted that patients may
experience adverse events with use of currently available tubes more than with standard repair techniques,
and the need for revision surgery may also be greater when a nerve guide was used (Thomson 2022). These
results should not demonize nerve conduits, but should be a suggestion for basic researchers to improve
material properties such as biodegradation time or elasticity. In chapter 3.6 of this thesis a novel nerve
conduit was presented. The biocompatibility and biomechanical properties of silk fibroin-based conduit were
tested in vitro revealing proliferation of motor neurons and neurites lengthening compared to control
substrate (Alessandrino 2019). Those preliminary results were further confirmed by the paper presented in
this thesis. As for most of nerve conduits, functional results have been comparable to autograft at each time
point. But one of the most interesting aspect, more fascinating from a surgical point of view, was the capacity
of the tube not to collapse and its smoothness: these two characteristics are not common in commercially
available nerve conduits and of great interest in clinical application, especially when the tube has to bridge a
finger joint, where motion is fundamental to prevent complications. The results obtained in the animal model
should be confirmed in human clinical trial.

Decellularized nerve allografts are a special type of nerve conduits. Their role in nerve reconstruction
is still debated (Frostadottir 2023). Numerous papers showed very good results in nerve recovery with the
use of decellularized nerve allograft both in sensory and mixed nerves (Isaacs 2017, Safa 2019). Despite these
reports, in which frequently the company who produces graft is involved, recent negative results on its
efficacy in the treatment of large mixed nerve gaps have been published (Huddleston 2021). Pre-clinical
papers reported results of rat nerve reconstruction using human allograft (Giusti 2019), that is namely a
xenograft. Considering so, in chapter 3.2 is presented our experience with decellularized nerve xenograft,
with pig nerves as donor. As stated above, the employed chemical decellularization method is affordable also
in pig nerve. Very few immunogenic components were present in morphological analysis. In vivo study
demonstrated that four weeks after injury, regenerating fibers have colonized the graft suggesting a

promising use for repairing severe nerve lesions. Morphological analyses were able to identify both myelinic
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and amyelinc fibers in all xenograft samples and all along the graft. The main advantage induced by
processed xenograft regards the source of the nerve, that can be easily obtained from food industry. The
main drawback still consists in the creation of an appropriate cycle of sterilization and conservation of the
graft.

Not only tubes have been proposed to reconstruct nerve gap. Most of the early papers about nerve
bridging tested membranes, especially to investigate the efficacy of the material to sustain and induce nerve
regeneration (Amado 2008, Simoes 2010). Our research group conducted an experiment using a modified
crosslinked chitosan-based membrane to repair a median nerve gap. Chitosan (CS) was crosslinked with
dibasic sodium phosphate (DSP) alone (CS/DSP) or in association with the y-glycidoxypropyltrimethoxysilane
(CS/GPTMS_ DSP). These two substances were selected to improve the regeneration capacity of the device,
based on the in vitro results previously obtained. This is the example of device engineering in which the flat
membrane was functionalized through other molecules (Fregnan 2016).

In the following years, attempt to repair motor nerves were then diverted on the use of conduits instead of
membranes because of the tube is a better guide for the nerve to grow having a closed environment in which
growth factors have the possibility to drive the axons distally, limiting un-useful collateral sprouting.
Membranes where then proposed to reinnervate plexual nerve structures, where a not unique proximal and
distal nerve stumps are available. Flat chitosan membranes were in fact applied on prostatic plexus after
nerve sparing radical prostatectomy in order to promote axons regeneration (Porpiglia 2019). Despite the
promising results obtained in humans, was not clear the exact regenerative potential of membrane in this
field. This is why part of this thesis was focused on this. The study presented in chapter 3.7 includes a section
in which flat membranes were used to bridge a gap of cavernous nerve. Moreover, the actual knowledges in
nanotechnologies allow scientists to create micro and nano-patterns on scaffold. This was done in our study
in which the chitosan membranes have been modified with different micro pathways. Our results
demonstrate the effectiveness of scaffold modification in which axons elongation both in vitro and in vivo
followed the membrane pattern. Confirmation of our findings in long term pre-clinical study are required,
merging morphological and functional evidences. However, our results further confirm the effectiveness of

scaffold improvement through nanotechnologies as tested elsewhere (de Ruiter 2009, Thomson 2022).

Strategies of nerve repair: Nerve transfer

With the last research all the group have been introduced on a novel aspect of peripheral nerve
repair: autonomic nerve system reconstruction. Criticisms are related to the plexual anatomy of the nerves
that driven autonomic organs, furthermore the function of targets are frequently associated to a balance
between two systems that is dissimilar to what happens in muscle control, so that is more difficult to simulate
and evaluate in animal models the efficacy of nerve reconstruction. About autonomic nerve system injuries,

two types of lesion can be identified: spinal cord injuries and pelvic nerve injuries. As described in chapter
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3.3, proximal root transfer (L4 to L6) failed to reanimate bladder control despite the positive morpho-
functional results obtained in animal models (Wang 2007, Tuite 2016, Peters 2014). In pre-clinical studies,
very interesting results were obtained by distal nerve transfer using motor and mixed nerve in pelvic area to
reinnervate bladder (Ruggieri 2008, Ruggieri 2011). This novel approach follows, more than root transfers,
nerve transfer principles, moving the donor nerve closer to the target organ. Considering the un-successful
experience reported in literature with cavernous nerve reconstruction with autograft or vein graft (Davis
2009, Kung 2015), a nerve transfer for corpora cavernosa has been proposed to treat erectile dysfunction
secondary to cavernous nerve injury. What we described in chapter 3.7 is a double motor nerve transfer to
neurotize directly corpora cavernosa, basing the project on the case series from Souza Trindade 2017 and
Reece 2019, as discussed previously. The motor nerve transfer seemed to be feasible in rat without
breakdown of the suture after 4 months. The efficacy of this procedure is studied up to now through genes
expression of target organ, but will be interesting in future associate functional evaluation to compare this
procedure to results obtained through chitosan membranes and, moreover, to understand what happens
morpho-functionally inside the corpora cavernosa. It is unknow yet what happens when somatic fibers
encounter an autonomic organ. The only papers who investigated plasticity following somatic to autonomic
transfer revealed changing in cholinergic receptor expression in detrusor muscles moving from muscarinic to
nicotinic ones (Gomez-Amaya SM 2015). The analysis of gene expression, actually on going, could show
changing in BDNF, GDNF, VEGF, NOS and GAP 43 expression that could be associated to organ and nerve
plasticity. If experimental results would be positive, showing reinnervation of corpora cavernosa, translation
on humans will be quite easy, considering the case series already published. In humans, possible donors could
be the obturator nerve with its branches to gracilis muscle or others muscles of the medial thigh: these nerves

can be easily dissected and muscles are expandable with low functional impairment.

Complications after nerve repair: scar and neuroma

Complications following nerve repair are frequent and it is not clear how to prevent and treat them.
First, adhesions after trauma or surgical procedures may cause traction neuropathies. In this thesis an
extensive literature review with the aim to identify a way to simulate scar neuropathies was presented. In-
fact a shared pre- clinical model is essential to compare different strategies to solve this problem. What
emerged from our research is a great heterogeneity of way to induce and evaluate perineural scar. What
emerged is the requirement of a macroscopical and microscopical analysis to better express the amount of
scar tissue around the injured nerve. The combination of these two evaluation methods allows to
guantitatively compare the efficacy of anti-adhesion devices that will be tested on animal models. Up to now,
none of the papers included in the review are able to combine these types of evaluation. Furthermore, it is
impossible to compare the efficacy of the devices that have been tested for the reason expressed above.

Most of them are effective on animal models, but comparison between theme is not possible. Translating
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this research in human is difficult, no guidelines have been published in treatment of scar neuropathy and
there is no a device that one works better than other nowadays. Our feeling and our clinical approach is to
use a device associated with a local flap when a nerve in freed from scar tissue due to a recurrence and the
nerve is left in site. Recently, we introduced vein wrapping of the scarred segment after neurolysis to
interpose a biological barrier between epineurium and soft tissue bed as proposed by Murakami (Murakami
2014). This procedure uses a cheap biological barrier that can be easily found in the operating field without
donor site morbidity. Moreover, is an autologous barrier, reducing the requirement to put an external device.
On the other site, the use of nerve barrier is increasing and associated to good functional results (Hones
2023).

Painful neuroma is the other devastating complication that affects nerve injuries. Considering the
disability that may cause painful neuromas, we conducted two clinical researches on this topic. It is unknown,
so far, how to prevent and treat with success such pathology. As reported in chapter 3.4 different techniques
have been described in order to prevent painful neuroma formation after a nerve injury. Specifically, in that
paper it has been asked to expert hand surgeons which technique they prefer to prevent terminal painful
neuromas in finger amputation. Emerged that none of the cited techniques is superior to the others and
none of them is able to prevent, for sure, symptoms onset. The most significant message that arise is the
importance of soft tissue debridement to reduce pro inflammatory environment around nerve stumps.
Whereas, execution of the proposed procedure on nerve stumps seems not to be able to prevent this
devastating complication at all. This paper is focused only on prevention of terminal neuromas of the finger
in primary amputation. Painful neuromas are prone to recurrences and their treatment is even more
complex, especially when a mixed nerve is affected. In the last 15 years targeted muscle reinnervation (TMR)
and peripheral nerve regenerative interface (RPNI) have been proposed with success (Kurlander 2020, Senger
2023). Criticism still persists, especially treating patients with long lasting pain. In these patients, neural
plasticity in spinal cord and cerebral cortex induces molecular changes that make pain independent from
peripheral nerves activation (Smith 2023). When this occurs, surgical procedures are un-successful and
sometimes is impossible to predict positive or negative response, even with pain reduction following local
anesthetic block. In our clinical practice unpredictable results were obtained with TMR in patients affected
by painful neuromas lasting more than 6 months, but we believe that type of trauma, patients’ characteristics
and other non-clarified and understood conditions may influence the result.

Chapter 3.5 discuss in part this problem. The main intent of the research was to improve nerve
debridement to maximize nerve recovery. In the case series presented, through intraoperative ultrasound
usually nerve resection was extend by 1 cm more than macroscopical guided resection. Unfortunately,
greater resection did not correspond always to better results. The most interesting aspect is relapsing of
painful neuroma in those patients who were treated for this problem. Time from trauma, as stated above,

may interfere also with recovery due to central plasticity, but seems to be not the only factor involved. In
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fact, in our series, patients who had pain from the beginning, relapsed painful neuromas depite the great
nerve resection. This could be a sign that painful neuromas are independent by quality of nerve stumps, as
we can assess nowadays. Maybe patients’ characteristics, not only nerve characteristics, type of trauma and
local tissues could be more responsible for this complex condition. When neuroma relapses after graft
reconstruction, TMR and RPNI should be consider as further treatment.

As emerged from the last two discussed papers, one of the main problems in nerve reconstruction is
painful neuromas. Here some biological and psychological aspects not yet identified are involved and
responsible for symptoms other than molecular mechanism strictly related to the neuroma. In this field the

animal models used to simulate neuromas are not adequate and can’t simulate what happens in humans.

Conclusions

In conclusion, researches presented in this thesis showed novel aspects about pathophysiological
mechanisms involved in nerve regeneration, enhancing the role of NRG1, that could be used in future to
improve nerve regeneration. For nerve gap, xenograft, as presented, is a potential device that could be able
to change approach in nerve reconstruction. What is still a problem, to assess efficacy of novel nerve
conduits, is to have a model for long nerve gap, that is lacking actually. Autonomic organ reinnervation, less
studied field, has been also explored in this thesis. Using actual techniques for nerve repair, such as nerve
transfer, it is possible to imagine new strategies to restore bladder, cavernous body and bowel function.
Moreover, discover how somatic nerves can reinnervate autonomic organs is extremely fascinating,
considering also cerebral plasticity associated to this process. That said, we are far from a complete
understanding of mechanism that drive nerve repair and more knowledges are required to improve

treatment strategies, especially in complications such as scar neuropathies and painful neuromas.
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