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Summary 

Modifications of tubular chitosan nerve guides and their potential to increase peripheral 

nerve regeneration in rat models – implications from novel material properties and 

hydrogel fillers for Schwann cell delivery 

Nina Dietzmeyer 

Peripheral nerve injuries (PNIs) display a worldwide clinical problem, commonly resulting in 

morbidity and disabilities. Although the peripheral nervous system shows, in contrast to the 

central nervous system, an intrinsic regeneration capacity, regeneration outcomes are often poor 

and unsatisfying. Mainly, the severity of the injury, the age of the patient, and the timespan 

between the initial injury and surgical repair have an impact on this intrinsic ability to regenerate. 

Severe PNIs require urgent microsurgical treatment. The gold standard strategy for bridging gaps 

between an injured proximal and distal nerve end is the interposition of an autologous nerve graft 

(ANG), which goes along with invasive donor nerve harvesting. To circumvent this downside, 

few, commonly hollow, artificial nerve grafts are available. Despite clinical approval, 

circumstances like long distance defects, or defected joint-crossing, highly mobile digital nerves, 

make classic artificial nerve grafts fall short, necessitating specific tube properties. 

In study I, we developed a composite artificial chitosan-based nerve graft (CNG), which 

exhibited an increased bendability (corrCNG) and was equipped with an axon guiding chitosan-

film (CNG[F]). We showed that this kind of tube sufficiently accelerated functional recovery in 

the 10 mm rat median nerve model, thereby displaying a promising alternative to ANGs. We 

furthermore demonstrated that the rat median nerve model is an ideal subject to comprehensively 

study the onset, progress, and completeness of peripheral nerve regeneration, while experimental 

animal numbers could be reduced by half through bilateral reconstruction. Study II addressed the 

aim to design a CNG appropriate for allowing recovery of critical defect sizes in the 15 mm rat 

sciatic nerve model. By using a surrounding hyaluronic acid-laminin-hydrogel (HAL) as luminal 

filler for CNG[F]s, we aimed at creating a cell survival promoting milieu for genetically 

engineered Schwann cell (SC) delivery. The composite CNG[F] did not achieve the anticipated 

outcomes as HAL rather suppressed the supportive SC repair phenotype by downregulating 

certain neurotrophic factors (NTFs). 
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My PhD project yielded in the development of a promising candidate for reconstruction of digital 

nerve lesions. The negative results of study II and their troubleshooting and rework display 

fundamental knowledge for future attempts to create composite CNGs for reconnecting long 

distance peripheral nerve defects. 
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Zusammenfassung 

Modifikationen röhrenförmiger Chitosan-Nervenleitschienen und deren Potential 

periphere Nervenregeneration in der Ratte zu verbessern – Auswirkungen neuer 

Materialeigenschaften und Hydrogele auf Schwann-Zell-Transplantation 

Nina Dietzmeyer 

Periphere Nervenverletzungen, welche häufig zu Morbidität und Einschränkungen führen, stellen 

ein weltweites klinisches Problem dar. Obwohl das periphere Nervensystem im Gegensatz zum 

zentralen Nervensystem eine intrinsische Fähigkeit zur Regeneration aufweist, sind die Resultate 

häufig nicht zufriedenstellend. Vor allem der Schweregrad der Verletzung, das Alter des 

Patienten, und die Zeitspanne zwischen initialer Verletzung und chirurgischer Wiederherstellung 

nehmen Einfluss auf die intrinsische Regenerationsfähigkeit. Schwere Nervenverletzungen 

erfordern eine chirurgische Wiederherstellung. Den Goldstandard, um einen Defekt zwischen 

verletzten proximalen und distalen Nervenenden zu überbrücken, stellt derzeit der Einsatz 

autologer Nervenimplantate (ANI) dar. Hierbei wird der Spendernerv invasiv entfernt. Um diesen 

Nachteil zu umgehen, sind wenige, meist hohle, künstliche Nervenleitschienen (NLS) verfügbar. 

Trotz ihrer klinischen Zulassung, schneiden künstliche Nervenleitschienen unter besonderen 

Umständen, wie z.B. der Einsatz in kritischen Defektlängen oder der Einsatz in Gelenk 

überbrückenden, stark bewegten Digitalnervendefekten, schlecht ab, sodass in solchen Fällen 

NLS besondere Eigenschaften aufweisen müssen. 

In Studie I entwickelten wir eine zusammengesetzte, künstliche Chitosan-Nervenleitschiene 

(CNLS) mit erhöhter Biegsamkeit und einem Axon leitenden Chitosan-Film. Wir zeigten, dass 

diese Art CNLS im 10 mm Defekt des Nervus (N.) medianus der Ratte die funktionelle 

Wiederherstellung signifikant beschleunigt und damit eine vielversprechende Alternative zum 

ANI darstellt. Wir demonstrierten außerdem, dass der N. medianus der Ratte das ideale Modell 

darstellt, um Beginn, Verlauf, und Vollständigkeit peripherer Nervenregeneration zu 

determinieren, während Tierversuchszahlen durch eine bilaterale Rekonstruktion um die Hälfte 

reduziert werden können. Studie II adressierte die Entwicklung einer CNLS zur Überbrückung 

kritischer Defektstrecken im 15 mm N. ischiadicus Modell der Ratte. Ein als Lumen-Füller in 

Chitosan-Film erweiterte CNLS eingesetztes Hyaluronsäure-Laminin-Hydrogel (HAL) sollte ein 

Milieu kreieren, in dem transplantierte, genetisch modifizierte Schwann Zellen (SZ) überleben. 
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Die zusammengesetzte CNLS erzielte nicht den erhofften Erfolg, da das HAL durch eine 

Runterregulierung neurotropher Faktoren (NTFs) die regenerationsfördernden Eigenschaften der 

transplantierten SZ vielmehr unterdrückte. 

Aus meinem PhD Projekt resultierte die Entwicklung einer vielversprechenden NLS zur 

Rekonstruktion verletzter Digitalnerven. Die negativen Ergebnisse aus Studie II, sowie deren 

Aufarbeitung und Troubleshooting, repräsentieren grundlegendes Wissen für zukünftige 

Versuche, in denen CNLS für kritische Defektstrecken entwickelt werden sollen. 
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1. Introduction 

1.1. Organization, anatomy and cellular components of the peripheral nervous system 

The nervous system is one of the most complex structured organ systems in the human body. For 

conducting researches with regard to the development of new treatment approaches, a 

fundamental knowledge about the structural and functional context of the nervous system is 

essential. 

The vertebrates’ nervous system can be divided into the central nervous system (CNS) and 

peripheral nervous system (PNS) (López-Cebral et al., 2017). The CNS can be further subdivided 

into the brain, the spinal cord and the optic, olfactory, and auditory systems. Technically, the 

auditory system consists of a central part, reaching from the cochlear nucleus to the primary 

auditory cortex, and a peripheral part, including the outer, middle, and inner ear with the 

vestibulocochlear nerve as part of the PNS (Kollmeier, 2008). In addition to the integration and 

coordination of signals from the periphery, the CNS generates excitatory stimuli to the PNS that 

connects the CNS with the peripheral organs (Tian et al., 2015). The PNS consists of three parts: 

the somatic nervous system (SNS, figure 1), the autonomic nervous system (ANS), and the 

enteric nervous system (ENS). The motoric or efferent part of the SNS is formed by the axon of 

one neuron of which soma is located either in the anterior horn of the spinal cord, in case of 

spinal nerves, or in the motor nuclei of the brainstem, in case of cranial nerves. These motor 

neurons conduct the excitatory signals that reach the spinal cord or brainstem nuclei to the 

skeletal muscles. Likewise, the sensory or afferent part of the SNS is formed by the axon of one 

neuron, but of which soma is not located directly within the CNS, but within a ganglion located 

close to it. For the spinal nerves these ganglia correspond to the dorsal root ganglia. Interestingly, 

for the cranial nerves, there are two other structures, harboring soma of first order sensory 

neurons, namely the trigeminal ganglion, located near the apex of the petrous part of the temporal 

bone, and the mesencephalic nucleus of the trigeminal nerve, located within the brainstem (Capra 

and Wax, 1989; Luo and Li, 1991). Sensory neurons conduct sensation from the periphery to the 

posterior horn of the spinal cord or, in cases of cranial nerves, to sensory nuclei of the trigeminal 

nerve in the brainstem to be further processed (Catala and Kubis, 2013). The ANS, which can be 

subdivided into the sympathetic and parasympathetic system, is responsible for the regulation of 

involuntary body functions sustaining body homeostasis. By innervating smooth muscles of 

viscera and blood vessels as well, as exocrine and endocrine glands, the ANS regulates vegetative 



Introduction 

 

2 

parameters, e.g. breathing, blood flow, heartbeat, body temperature, and digestion (McCorry, 

2007; Catala and Kubis, 2013; Kenney and Ganta, 2014). The ENS is located in the wall of the 

esophagus, stomach, and the intestine. It is also influenced by the sympathetic and 

parasympathetic nervous system, but carries an autonomous function as well. By regulating 

intestinal motility, absorption, secretion, immunological functions, and gastrointestinal blood 

supply, the ENS determines the digestion (Furness et al., 2014; Rao and Gershon, 2016). 

A peripheral nerve accommodates four layers of connective tissue: Endoneurium, perineurium, 

epineurium, and mesoneurium (Gonzalez-Perez et al., 2013; Dahlin and Wiberg, 2017; López-

Cebral et al., 2017). The endoneurium, which surrounds a single nerve fiber is made of 

longitudinally oriented collagen fibrils and contains microvessels. A bundle of nerve fibers is 

covered by the perineurium that is formed by oblique, circular, and longitudinally oriented 

collagen fibrils as well as perineurial cells, which display epitheloid myofibroblasts, providing 

the majority of tensile strength to the peripheral nerve. The epineurium covers the entire nerve 

trunk, but may also separate nerve fascicles by internal extension. By facilitating gliding between 

the fascicles, the epineurium displays a structure important for motion. The mesoneurium 

represents an interface, made of a loose layer of connective tissue, differentiating the epineurium 

from the adjacent tissue, which allows gliding of the whole nerve (Schmidt and Leach, 2003; 

Tian et al., 2015; Antoniadis, 2017). Peripheral nerves underlie an extrinsic and intrinsic blood 

flow (Weerasuriya and Mizisin, 2011). Extrinsic vessels originate from surrounding large arteries 

and veins, reach the epineurium and ramify to support nerve fascicles. Intrinsic vessels, that reach 

the endoneurium, are crucial for processes of regeneration as they provide supportive molecules 

when the blood-nerve barrier (BNB), which is formed by endoneurial microvessels and the 

perineurium, gets disrupted upon injury (Weerasuriya and Mizisin, 2011; López-Cebral et al., 

2017). 

Depending on the composition of fiber qualities, peripheral nerves can be either motor, sensory, 

or mixed nerves. As the conductive unit of the nerve, a nerve fiber is formed by an axon and 

Schwann cells (SCs), which represent the neuroglia of the PNS (Tian et al., 2015). Large nerve 

fibers, with a diameter of > 1.5 µm, are myelinated by membranes of adjacent SCs, which are 

concentrically wrapped around the axon’s segment (Antoniadis, 2017). These wrappings are 

periodically interrupted by the so called nodes of Ranvier permitting fast, saltatory signal 

conduction (Dahlin and Wiberg, 2017; López-Cebral et al., 2017). In contrast to that, small nerve 
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fibers, with a diameter of < 1.5 µm are grouped and enwrapped by the membrane of a single, 

non-myelinating SC, forming the so called Remak bundles (Weerasuriya and Mizisin, 2011). 

This structure leads to a slow signal transmission along the axon (Antoniadis, 2017). 

On the cellular level the nervous system hosts two types of cells: Neurons and neuroglial cells. A 

neuron is composed of two types of neurites, namely an axon, conducting electrical impulses 

away from the cell body, and dendrites, conducting electrical impulses to the cell body. The 

second component of the neuron is displayed by the cell body or soma, which contains a nucleus, 

as well as organelles (Tian et al., 2015; López-Cebral et al., 2017). Dependent on the number of 

dendrites, neurons can be classified into multipolar (= more than two dendrites), bipolar (= one 

dendrite), unipolar (= one extension), and pseudounipolar (= one extension that divides into one 

axonal and one dendritic extension) neurons (Waxenbaum and Varacallo, 2019). Neuroglial cells 

are supporting cells with the ability to divide. In contrast, neurons are usually regarded as post-

mitotic cells, which do not undergo cell division. While astrocytes, oligodendrocytes and 

microglia, which term the resident macrophages of the brain and spinal cord, can be found in the 

CNS, the neuroglia of the PNS is represented by SCs, which myelinate and ensheath nerve fibers 

of the PNS, as mentioned above (Tian et al., 2015). 
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Figure 1. Organization and anatomy of the peripheral nervous system. The spinal cord, as part of the central 

nervous system, includes the grey matter and the surrounding white matter. The peripheral nervous system connects 

the central nervous system with the periphery. Neuron somas of the motoric or efferent part are located in the 

anterior horn of the spinal cord. These motor neurons conduct efferent signals via their axons from the spinal cord 

through the ventral roots to the peripheral skeletal target muscles. Somas of sensory neurons are located in the dorsal 

root ganglia. Sensory neurons conduct afferent signals of sensation from the periphery, e.g. mechanoreceptors of the 

skin and muscle spindles, though the dorsal roots to the posterior horn of the spinal cord. 

 

1.2. Classification of peripheral nerve injuries 

The causes of peripheral nerve injuries (PNIs) are diverse. Besides, vehicle accidents, penetrating 

traumas, and sports related accidents, gun-shot wounds related to violent crimes or combat 

actions may result in PNIs (Kouyoumdjian et al., 2017). During World War II Seddon defined 

three categories of PNIs based on nerve fiber and nerve trunk pathology (figure 2, right side): 

neurapraxia, axonotmesis and neurotmesis (Seddon, 1943). The least severe form of injury, 

neurapraxia, displays an only transient nerve conduction block, which may occur after exposure 

to electricity, irradiation, heat, cold, or after mechanical stress, e.g. compression, concussion or 

traction injuries (Deumens et al., 2010). As all layers of connective tissue and axons remain 

continuous, recovery proves to be fast, spontaneous, and complete (Seddon, 1943; Sunderland, 

1951; Deumens et al., 2010). The next level of PNI, axonotmesis, is characterized by a disruption 

of axons, whereas continuity of all connective tissues remains intact. This type of injury may 
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occur after nerve pinching, crushing, or prolonged pressure. Due to a preservation of the 

endoneurium, the axons can be guided back to their innervation target resulting in complete 

functional recovery without the requirement of surgical treatment (Seddon, 1943; Deumens et al., 

2010; Jessen et al., 2015). Seddon defined the most severe form of PNI, neurotmesis, as complete 

destruction of all axons and connective tissues. In this case, spontaneous recovery is unlikely and, 

if it occurs, often unspecific. This results in the need for surgical intervention (Seddon, 1943; 

Jessen et al., 2015; Dahlin and Wiberg, 2017). 

In 1950 Sunderland invented a more precise classification system based on nerve histology 

(figure 2, left side), in which he kept Seddon’s definitions for neurapraxia and axonotmesis, but 

further subcategorized neurotmesis into three categories (Sunderland, 1951; 1990; Antoniadis, 

2017). In the first, least severe level of neurotmesis, a disruption of axons, as well as their 

endoneurial tubes occurs, whereas perineurium and epineurium remain intact. Due to the lack of 

endoneurial guidance, a possible misdirection of the regrowing axons might lead to functional 

deficits, resulting from incorrect reinnervation. Besides, intrafascicular fibrosis formation may 

lead to an impairment of spontaneous recovery. In the second grade of neurotmesis, only the 

epineurium is preserved. When continuity of the perineurium is disrupted, axons can regrow into 

the interfascicular space, leading to neuroma formation, causing functional impairment and 

possibly neuropathic pain (Antoniadis, 2017). A neuroma is defined as disorganized tissue mass 

consisting of axons, connective tissue, SCs, macrophages, fibroblasts, and myofibroblasts. The 

formation of this so called neuroma-in-continuity is even reinforced by the still intact epineurium, 

which exerts compression forces on the regrowing axons (Mavrogenis et al., 2008). Sunderland’s 

most severe form of PNI equals Seddon’s definition of neurotmesis, as described above. In terms 

of regenerative attempts without surgical intervention, it usually comes to painful neuroma 

formation at the proximal and distal nerve ends, entailing a poor prognosis regarding spontaneous 

functional recovery (Sunderland, 1951; 1990; Dahlin and Wiberg, 2017). 
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Figure 2. Classification of peripheral nerve injuries [based on (Seddon, 1943; Sunderland, 1951)]. While 

Seddon’s classification of neurapraxia, axonotmesis and neurotmesis (right side) is based on nerve fiber and nerve 

trunk pathology, Sunderland’s classification is based on nerve histology, differentiating between axon, endoneurium, 

perineurium, and epineurium (left side). Neurapraxia/ Sunderland grade 1 displays a transient nerve conduction 

block, followed by fast, spontaneous, and complete recovery. Axonotmesis/ Sunderland grade 2 displays a disruption 

of the axon, going along with no need for surgical treatment and complete recovery. Seddon’s neurotmesis, which he 

defined as complete destruction of all axons and connective tissues, was subcategorized into 3 grades by Sunderland. 

Sunderland grade 3 defines a disruption of axon and endoneurium, going along with possible misdirection of 

regrowing axons without surgical intervention. In case of Sunderland grade 4 only the epineurium remains intact, 

possibly leading to neuroma formation without surgical treatment. Sunderland grade 5 defines a destruction of all 

axons and three layers of connective tissue, entailing a poor prognosis when no microsurgical treatment is 

performed. 
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1.3. Processes of degeneration and regeneration after peripheral nerve injury 

When comparing the intrinsic regeneration abilities of the CNS and the PNS, it becomes clear 

that both differ enormously, even though both parts of the nervous system mainly consist of the 

same type of compounds: Axons, myelin and glial cells (Jessen and Mirsky, 2016). Upon injury 

of the central spinal cord, axonal retraction, as well as presence of myelin debris, and absence of 

axonal regeneration are observed phenomena (Plemel et al., 2008; Jessen and Mirsky, 2016). In 

very proximal lesions, including damage of the neuronal cell body, regeneration also fails to 

appear in the PNS (Koliatsos et al., 1994; Antoniadis, 2017). However, in the case of peripheral 

axonal injuries, the PNS shows an intrinsic capacity for regeneration [figure 3 (Brosius Lutz and 

Barres, 2014)]. This advantage of the PNS in comparison to the CNS can be led back to the 

change in the expression profile that occurs with regard to hundreds of genes in neurons and 

thousands of genes in SCs (Faroni et al., 2015; Jessen and Mirsky, 2016; Wieringa et al., 2018). 

 

1.3.1. Processes in the proximal nerve end upon injury 

A transection of a peripheral nerve leads to the division of the nerve into a proximal nerve end, 

containing nerve fibers, which are still viable due to their connection to the neural soma, and a 

distal nerve end, connected to the innervation target (Wieringa et al., 2018). After axonal 

disruption, the axons in the proximal nerve end undergo retrograde degeneration until the last 

preserved node of Ranvier is reached [figure 3B (Antoniadis, 2017)]. In association to that and 

triggered by calcium influx, chromatolytic changes occur within the neuron’s soma (Gaudet et 

al., 2011; Faroni et al., 2015). These changes are characterized by a displacement of the nucleus 

to an eccentric position, a more prominent nucleolus, and the loss of Nissl substance from the 

cytoplasm, indicating an increased expression of genes, which encode for the neuron’s metabolic 

activity. While physiologically the neuron is responsible for cell-cell signaling in the form of 

nerve conduction, it now switches to the generation of structural proteins crucial for axonal 

regeneration (Doron-Mandel et al., 2015; Jessen and Mirsky, 2016; Antoniadis, 2017). Within 24 

h after injury, injured axons form axonal sprouts with growth cones in the proximal nerve end 

(figure 3C). These actin-based structures are rich of endoplasmic reticulum, microfilaments, 

microtubules, mitochondria and lysosomes (Antoniadis, 2017). To find their way to the 

appropriate distal innervation target, growth cones are guided via two mechanisms: concentration 
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gradient-based chemotaxis and haptotaxis. Chemotactic guidance results from neurotrophic 

factors (NTFs), cytokines and chemokines that are secreted by cells in the distal nerve end, as 

described below. Haptotactic guidance describes the binding of the membrane-bound integrins of 

the growth cones to the adhesion sites of surrounding extracellular matrix (ECM) proteins, such 

as collagen, laminin, and fibronectin. Upon binding, the growth cones can pull towards the target 

tissue, as described later (Gonzalez-Perez et al., 2013; Wieringa et al., 2018). 

 

1.3.2. Processes in the distal nerve end upon injury 

The distal nerve end reveals a total anterograde axonal degeneration, the so called Wallerian 

degeneration, which is completed after several weeks post-injury (Gaudet et al., 2011; 

Rotshenker, 2011). Interestingly, Wallerian degeneration does not start immediately after injury. 

In young rats there is a time delay of 24 up to 48 hours, while in primates it takes several days 

until axonal degeneration starts. The axon degeneration is accompanied by disintegration of the 

BNB, which lasts for 4 weeks. Reaching maximal permeability at 4 - 7 days post-injury, the 

compromised BNB allows blood-derived, regeneration supportive factors and cells to enter the 

nerve (Gaudet et al., 2011). Not only neurons in the proximal end change their gene expression. 

Within 48 h also SCs in the distal nerve end start to proliferate and reprogram from the 

myelinating, or ensheathing, phenotype to a repair phenotype [figure 3B (Jessen and Mirsky, 

2016)]. Besides the up-regulation of molecules that are typical for immature SCs, there is also de 

novo expression of several genes, leading to a distinctive SC phenotype performing the repair 

program. First, they reverse their myelin differentiation by down-regulating genes encoding for 

key myelin transcription factors, enzymes of the cholesterol synthesis, structural proteins, myelin 

basic protein, and membrane associated proteins (Jessen and Mirsky, 2016). In the first 5 - 7 days 

upon injury, SCs play a major role in breaking down their own myelin sheaths by activating 

autophagocytosis (Niemi et al., 2013; Jessen and Mirsky, 2016). Myelin removal is essential for 

successful regeneration, as debris does not only hinder the axonal outgrowth mechanically 

(Gaudet et al., 2011), but also contains factors like the myelin-associated glycoprotein that 

impede regeneration (Rotshenker, 2011; Jessen and Mirsky, 2016). Besides, the repair SC is 

characterized by an up-regulation of several cytokines, e.g. tumor necrosis factor alpha, 

interleukin 1 alpha, interleukin 1 beta, leukemia inhibitory factor, and monocyte chemoattractant 

protein 1, which allows the interaction with immune cells (Jessen and Mirsky, 2016). This leads 
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not only to the activation of resident endoneurial macrophages, but also to the accumulation of 

blood-derived monocytes, which differentiate into macrophages [figure 3B (Gaudet et al., 2011)]. 

Therefore, the second phase of debris removal is dominated by macrophage-mediated 

phagocytoses, which divide the myelin sheaths into oval segments that are afterwards digested by 

lysosomes (Gaudet et al., 2011; Jessen and Mirsky, 2016). One week after peripheral nerve injury 

the acute immune response peaks. Pro-inflammatory macrophages of the M1 type dominate the 

macrophage-mediated phagocytoses. Not only SCs, but also macrophages perform a phenotypic 

switch upon injury. After successful clearance, the pro-inflammatory M1 macrophages switch 

into the anti-inflammatory M2 macrophages, exerting pro-healing and regulatory tasks 

(McWhorter et al., 2013; Jessen and Mirsky, 2016). These macrophages also produce NTFs that 

support axonal regeneration, promote the vascularization of the distal nerve end, and remodel the 

ECM in preparation for the regrowing axons (Gaudet et al., 2011; Cattin et al., 2015; Jessen and 

Mirsky, 2016). Also, the repair SCs have an influence on the ECM remodeling as they 

increasingly express its molecules, especially laminins, which support a robust axonal outgrowth 

by binding integrins that enhance the adhesion (Gonzalez-Perez et al., 2013). After all the debris 

is cleared, the repair SCs become elongated and bipolar and align within the basal lamina in 

forms of regeneration tracks, the so-called Bands of Büngner [figure 3C (Antoniadis, 2017)]. 

These tracks display paths along which the newly formed axons can grow with an average rate of 

1-3 mm per day, to finally reach the target tissue [figure 3D (Deumens et al., 2010)]. In addition 

to that, SCs up-regulate genes encoding for NTFs, e.g. glial cell line-derived neurotrophic factor 

(GDNF), brain-derived neurotrophic factor (BDNF), neurotrophin-3, nerve growth factor (NGF), 

vascular endothelial growth factor (VEGF), and pleiotrophin, as well as surface proteins, e.g. 

neurotrophin receptors like p75NTR, and transmembrane proteins mediating cell-cell adhesion 

like N-cadherin, to promote axonal elongation and survival of neurons (Faroni et al., 2015; Jessen 

and Mirsky, 2016). In case of successful reinnervation, muscle atrophy and chromatolytic 

changes of the neural soma will be reversed (Deumens et al., 2010) and the transient SC repair 

phenotype will be switched to a myelinating phenotype, leading to the remyelination of 

regenerated axons (Jessen and Mirsky, 2016). Those axons, which do not reach the distal target, 

or which lost support of the endoneurial tubes, will be retracted (Faroni et al., 2015). Newly 

formed nerve fibers are characterized by thinner myelin sheaths and axons, as well as shorter 

internodal lengths, resulting in a slower nerve conduction velocity [figure 3E (Deumens et al., 

2010; Gaudet et al., 2011)]. The whole SC injury response is controlled by the transcription 
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factor c-Jun, which has been shown to be essential for the activation of the repair program (Jessen 

and Mirsky, 2016). A reduced expression of c-Jun can be seen physiologically in older animals 

(Painter et al., 2014) but also in chronically denervated nerves, in cases of extended injuries and 

delayed surgical nerve repair. This shows that the repair phenotype is transient and not stable, 

displaying the key reason for regeneration failure (Jessen and Mirsky, 2016). 

 

1.3.3. Role of the ECM upon injury 

In processes of nerve regeneration not only cell-cell but also cell-ECM interactions play an 

important role (Sarker et al., 2018b). The ECM is a physiological three-dimensional network 

with a complex molecular structure, which is arranged in the intercellular space. Physiologically 

the ECM is present in the interstitial spaces of all types of tissue, contributing to mechanical 

tissue properties (Gonzalez-Perez et al., 2013; Mouw et al., 2014). In the peripheral nerve the 

ECM is generally found in the basal lamina, which is produced by SCs, and in the endoneurium. 

It mainly consists of proteins, glycoproteins, proteoglycans, and non-proteoglycan 

polysaccharides that are synthetized and secreted by the immersed cells. More precisely, the 

glycoproteins can be subdivided into collagens and non-collagenous molecules. The collagen 

types most relevant for peripheral nerve regeneration are collagen type 1 and collagen type 4. 

Among the non-collagenous molecules laminin and fibronectin are the most important ones. 

Laminins display the major part of proteins in the ECM. Secreted by SCs, the isoforms 2 and 8 

can be found in the basal lamina, participating in cell differentiation, migration and adhesion 

activities. Similar to collagen, fibronectin forms a fibrillary matrix and mediates cell-binding. In 

the nervous system it is also produced and secreted by SCs and fibroblasts (Gonzalez-Perez et al., 

2013). Upon PNI the ECM provides a living environment, which especially promotes SCs 

migration, proliferation and reprogramming (Yannas et al., 2007). Basal lamina tubes of the 

distal nerve end, as one layer of the ECM, remain intact during Wallerian degeneration and 

function as scaffolds, along which the proliferating SCs can align and form the Bands of Büngner 

(Jessen et al., 2015). Besides its supportive effect on SCs, the ECM exerts direct influence on the 

growth cone of regenerating axons. Laminin, collagen, and fibronectin act as membrane-bound 

neurotropic factors, which bind receptors like integrins and lead to the haptotactic guidance of 

regrowing axons (Gonzalez-Perez et al., 2013; Wieringa et al., 2018). 
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Figure 3. Processes of degeneration and regeneration after peripheral nerve injury [based on (Gaudet et al., 

2011)]. (A) An intact axon of a motor neuron is enwrapped by several myelinating Schwann cells [SCs (non-

myelinating Schwann cells are not shown)] and it innervates the peripheral target muscle. Resident, inactivated 

macrophages are located nearby. (B) Upon injury (indicated by flash), the axon gets disrupted and its proximal part 

undergoes retrograde degeneration until the last preserved node of Ranvier is reached. The neuronal cell body 

hypertrophies and the nucleus is displaced to an eccentric position. SCs in the distal nerve end reprogram from a 

myelinating to a repair phenotype to clear myelin debris, to secrete cytokines, which activate resident macrophages, 

and to secrete regeneration supportive neurotrophic factors (NTFs). Activated macrophages help to clear myelin 

debris and secrete NTFs as well. (C) Due to denervation, the target muscle atrophies. When myelin debris is 

removed, SCs form regeneration tracks, the bands of Büngner (indicated by arrow) to guide the axon, which forms a 

growth cone (indicated by triangle) regrowing along the Bands of Büngner. (D) In cases of successful axonal 

guidance back to the target muscle, new neuromuscular junctions are formed and functional motor recovery sets on. 

(E) After successful target reinnervation, the neuronal cell body chromatolytic changes, as well as the target muscle 

atrophy, are reversed. Initially, the regenerated axon and newly formed myelin sheaths are thinner than in healthy 

conditions and the distances between the Nodes of Ranvier are shorter, resulting in slower nerve conduction. 

 

1.4. Individual and socio-economic impact of peripheral nerve injuries 

Peripheral nerve injuries represent a worldwide clinical problem (López-Cebral et al., 2017). 

During the performance of trauma surgeries, PNIs are revealed in about 2.8% of all cases 

(Boecker et al., 2019; Kornfeld et al., 2019). With an incidence rate of 1 in 1000 individuals per 
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year, more than 700,000 Europeans are affected yearly. Only in the USA $150 billion health-care 

expense has to be spent every year. As patients are mostly middle aged and employed, indirect 

expenditures have to be expected and added to this sum, due to the patients’ disability to continue 

work routine (López-Cebral et al., 2017). However, the incidence of PNIs is frequently 

underestimated, as the published literature is lacking large clinical reports, thereby limiting the 

knowledge about actual incidence numbers. With 72.6%, cases of PNIs in the upper limb 

outweigh cases of PNI in the lower limb (21.4%) and the face (6%). When considering gender 

differences, about 80% of the affected patients are males. Most frequently, single nerve lesions 

occur, while multiple injuries, involving two or more nerves, only account for about 20% of the 

cases. Among isolated nerve injuries, the ulnar, median, radial, fibular, and sciatic nerves, as well 

as the brachial plexus are most commonly injured. There are diverse traumatic causes for PNIs, 

such as vehicle accidents, penetrating traumas, gunshot wounds, and falls (Kouyoumdjian et al., 

2017). But diseases or a collateral effect of surgical interventions, e.g. in pelvic surgery, may also 

cause PNIs (López-Cebral et al., 2017). After an injury of a peripheral nerve, the most important 

success is a complete recovery of gross as well as fine motor functions (Fugleholm et al., 2000; 

Valero-Cabre et al., 2001). However, the success rate is strongly dependent on a number of 

factors. Mainly, the severity of the injury, the age of the patient, and the timespan between the 

initial injury and surgical repair influence the capacity for regeneration (Hoke, 2006; Daly et al., 

2012; Faroni et al., 2015). Especially in multi trauma patients, life-saving treatments have highest 

priority, so that nerve reconstruction may be postponed up to several weeks (Dahlin, 2008; 

Evriviades et al., 2011; Moore et al., 2015b). Nevertheless, even under optimal circumstances, 

full functional recovery can never be guaranteed. Consequences of unsatisfying functional 

outcomes, which are linked to numbness or severe pain, are grave. Sick leaves and longer 

rehabilitation periods are causing further costs for the society, leading to serious socio-economic 

consequences (Gu et al., 2011; Dahlin and Wiberg, 2017; Miller et al., 2017). Besides playing a 

role for society, PNIs may hinder patients to perform activities of daily routine, leading to a 

reduced overall quality of life. Affected people may develop a life-long dependence on the aid of 

their relatives, indicating also psychological effects on the individual patients (Faroni et al., 2015; 

Wojtkiewicz et al., 2015). Interestingly, patients with distal one-sided nerve lesions experience 

fewer negative psychological effects when compared to patients suffering from more proximal 

upper extremity peripheral nerve disorders. Underlying psychological mechanisms are rather 

complex. However, there is a positive correlation between depression and higher levels of 
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disabilities and dissatisfaction with treatment. Also presence of pain leads to greater reduction of 

the patients’ quality of life (Adogwa et al., 2013; Wojtkiewicz et al., 2015). 

 

1.5. Clinically approved surgical approaches towards peripheral nerve repair 

The self-regenerative capacity of the PNS, as described above, only occurs in cases of an intact 

remaining basal lamina. This implies that the complete disruption of all layers of connective 

tissue needs to be treated by surgical intervention (Sunderland, 1990; Gaudet et al., 2011). The 

first concisely described reconstruction of a transected nerve can be dated back to 1608, when 

Gabriele Ferrara performed suturing of the nerve ends, primarily contributing to the development 

of peripheral nerve surgery (Artico et al., 1996). In 1964 the principles of peripheral nerve repair 

reached the next milestone, as an operative microscope was used for the first time, dramatically 

improving regeneration outcomes (Uluc et al., 2009; Rasulić, 2018). Up to now, different 

surgical treatment options are available, as described below. However, the surgeon´s decision 

making on timing and type of intervention is very complex and depends on several factors, such 

as cause, localization, and severity of the injury (Assmus, 2017). 

 

1.5.1. Direct end-to-end coaptation 

The current method of choice for the repair of PNIs is the application of a primary end-to-end 

suture (Dahlin and Wiberg, 2017), which should ideally be performed immediately or within 2 

days after injury (Dahlin, 2008). Prior to performing the epineurial repair, several precautions 

have to be undertaken. Not only the wound has to be tidied in order to avoid development of 

severe infections, but also the nerve ends need to be adequately trimmed to create viable tissue 

for regeneration (Dahlin, 2008). This resection might display the limiting factor for using direct 

end-to-end reconnection, as this treatment strategy is only applicable for < 3 cm gap length 

between the nerve ends to not cause any regeneration impeding tension (Houschyar et al., 2016; 

Dahlin and Wiberg, 2017). In the further course of the surgery, nerve fibers need to be 

congruently aligned and longitudinal intraneural blood vessels need to be clearly identified to 

avoid malrotation of the nerve ends (Dahlin, 2008; Dahlin and Wiberg, 2017). Despite the 

requirement of surgical loupes or microscopes, outcomes for mixed nerves seem to be less 

promising (Nadi and Midha, 2018). 
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1.5.2. Autologous grafts 

Whenever a tension-free end-to-end coaptation is not achievable, the nerve defect needs to be 

bridged by interposed material. The current gold standard to bridge nerve defects up to 5 cm in 

length is represented by the use of autologous nerve grafts (ANGs) (Siemers and Houschyar, 

2017; Wieringa et al., 2018). This treatment option includes the harvest and transplantation of a 

donor nerve from the affected patient (Daly et al., 2012). For this procedure, preferably sensory 

branches of a nerve are harvested, mostly common the sural nerve, located in the humans’ lower 

leg (Dahlin, 2008). The best outcomes for ANG repair can be achieved, when axon sizes, 

numbers, and distributions of donor and recipient nerves match (Li et al., 2017; Siemers and 

Houschyar, 2017). Therefore, other nerves, e.g. the medial antebrachial cutaneous nerve in the 

forearm and the terminal branch of the posterior interosseous nerve might also be used, for 

example for digital nerve repair (Dahlin, 2008). Although ANGs mimic the physiological nerve 

structure best, their use goes along with several downsides. The required polysurgery leads to 

donor site morbidity, resulting in a loss of sensitivity, and it implies a higher risk of infection and 

cosmetic deficits. In addition to that, the insertion of ANGs buries the potential of neuroma 

formation and persistent pain at the donor site, while 20% of the treated patients do not recover 

full functionality (Dahlin, 2008; Belanger et al., 2016; Siemers and Houschyar, 2017; Kornfeld et 

al., 2019). 

Especially due to their nontoxic degradation products, biological tissues are popular grafting 

materials. Besides ANGs, other biological materials harvested from donor tissue of the patient’s 

body, e.g. arteries, veins, and muscles, can be used for peripheral nerve defect bridging, 

providing tissue compositions similar to the original nerve structure. Most promising results were 

demonstrated by the use of so-called muscle-in-vein grafts, where a piece of skeletal muscle is 

inserted into a vein (Brunelli et al., 1993). In a retrospective clinical study, Manoli et al. surveyed 

46 patients with 53 PNIs of 1 - 6 cm lengths and reported no significant differences when 

comparing muscle-in-vein grafts with direct end-to-end repair and ANGs (Manoli et al., 2014). 

 

1.5.3. Artificial nerve grafts 

In cases of multiple nerve lesions, the limited availability of donor tissue for autologous grafting 

comes close to its limits (Kornfeld et al., 2019). Consequently, research is being done in the field 
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of developing artificial nerve grafts that might circumvent the downsides of harvesting 

autologous grafting material. A long list of considerations has to be made prior to designing the 

ideal artificial nerve guidance channel (NGC). Besides the whole manufacturing process, 

transparency, biodegradability, and nontoxicity must be given the highest priority (Moore et al., 

2015a; Wang et al., 2017). NGCs, which are approved for clinical use by the Food and Drug 

Administration (FDA) of the United States (US) and own a CE (Conformité Européene) Marking 

by the European Conformity, are invariably biodegradable. Up to now, 10 commercially 

available “off-the-shelf” nerve tubes, including one processed nerve allograft, have the FDA 

permission for clinical peripheral nerve repair (Kornfeld et al., 2019). Data with regard to CE 

marking is less transparent, but a comprehensive review from 2018 reveals 9 products of artificial 

NGCs with CE marking. The most frequently used grafts, either synthetic or biological, are 

treated in the following paragraphs. 

 

1.5.4. Processed nerve allografts 

A nerve graft derived from a genetically non-identical donor of the same species is defined as a 

nerve allograft. Transplanting cadaveric nerves from one human patient to another implies the 

provision of the elements of the physiological nerve structure, which are needed for successful 

regeneration (Wang et al., 2016). But at the same time, transferring genetically different donor 

SCs goes along with confronting the hosts` immune system with an antigenic component (Moore 

et al., 2015a; López-Cebral et al., 2017; Kornfeld et al., 2019). Besides applying successful 

immunosuppressive regimes since 1980 (Moore et al., 2015a), researchers started to develop 

elaborate protocols for decellularization, processing the cadaveric nerve to a non-immunogenic 

tube, but preserving the endoneurial structures (Jones et al., 2016; Siemers and Houschyar, 

2017). The AxoGen Avance® was approved in 2007 and is the only FDA approved processed 

human nerve allograft. Available clinical data revealed recovery of sensory and / or motor 

function in 87% of 132 nerve injuries with defect sizes of 5 – 50 mm (Brooks et al., 2012). Also 

recent results from the Ranger I study, dealing with small diameter defects of digital nerves, 

support the data of Brooks et al. (Rinker et al., 2017). Regain of sensory function was observed 

in 86% of the included cases (Rinker et al., 2017), thus making processed nerve allografts a good 

candidate for bridging PNIs. However, a minor risk of disease transmission from donor to 

recipient is still under debate (He et al., 2015; Siemers and Houschyar, 2017). The import from 
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the US is not only expensive, but also raises concerns about the American donor selection 

criteria, which does not always match the European regulations (Boriani et al., 2017). 

 

1.5.5. Collagen-based nerve grafts 

Collagen, besides chitosan and poly (DL-lactide-ε-caprolactone), belongs to the most frequently 

used materials for artificial nerve grafting (Kornfeld et al., 2019). In the ECM collagen is present 

as the main structural protein, making it the most abundant protein in the human body (Di Lullo 

et al., 2002). The collagen, used to produce NGCs, is mostly derived from bovine and porcine 

slaughter by-products (López-Cebral et al., 2017). As a natural component of the ECM, collagen 

goes along with low antigenicity and immunogenicity. Besides, it has been proven to recruit 

macrophages and make them polarize into the pro-regenerative, anti-inflammatory M2 

macrophages, promoting the regeneration process (Chen et al., 2015; Lv et al., 2017). The FDA 

approval of the first collagen nerve guides began in the early 2000s, so that up to now, a broad 

range of collagen based products is on the market, namely NeuraGen®, NeuroWrap™ (Integra 

Life Sciences Corp., Plainsboro, NJ, USA), Neuroflex®, NeuroMatrix®, and NeuroMend® 

[Collagen Matrix Inc., Oakland, NJ, USA (Deumens et al., 2010; Kehoe et al., 2012; Gu et al., 

2014; Yi et al., 2019)]. Already early clinical data from 2008 presented good to excellent sensory 

recovery in the digital nerves for 8 out of the 9 patients, with none of the patients developing 

intra- or postoperative complications after 1 year follow-up (Bushnell et al., 2008). Boeckstyns et 

al. supported the previous data by comparing the use of collagen conduits to direct end-to-end 

sutures. After 2 years follow-up there were no significant differences between the two groups 

with regard to sensory recovery, discomfort, and motor recovery. Additionally, the surgery time 

for repair with the artificial collagen nerve grafts was significantly shorter when compared to the 

use of a direct end-to-end suture. This can be led back to the fact that hollow nerve grafts are only 

fixed with one suture at each nerve end. In contrast to that, more sutures are needed for end-to-

end suturing (Boeckstyns et al., 2013). 

 

1.5.6. Poly (DL-lactide-ε-caprolactone)-based nerve grafts 

Poly (DL-lactide-ε-caprolactone) is a biodegradable copolymer composed of caprolactone 

monomers and lactic acid. In contrast to natural-origin biopolymers, synthetic biopolymers are 
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more homogenous and reveal more standardized properties, as well as entail characteristics that 

withstand better the processing procedures (López-Cebral et al., 2017). Neurotube® (Neuroregen 

L.C.C, Bel Air, MD, USA) and Neurolac® (Polyganics BV, Rozenburglaan, Netherlands) are the 

two commercially available poly (DL-lactide-ε-caprolactone)-derived NGCs with FDA approval. 

However, clinical data present controversial results. Neurotube® was included in a randomized 

study, which compared this artificial device to direct end-to-end repair (defects < 8 mm) or 

ANGs (defects ≥ 8 mm) as controls, revealing superiority of the Neurotube® device with regard 

to sensation (Weber et al., 2000). Supporting the results of this initial study, Bertleff et al. carried 

out an initial randomized multicenter trial in 2005, which evaluated sensory recovery of 34 nerve 

lesions up to 20 mm. Lesions were reconstructed with either direct end-to-end coaptation or by 

inserting a Neurolac® tube. After 1 year follow-up, the study revealed equal sensory recovery in 

both groups. Despite observing complications, the authors did not relate them to the poly (DL-

lactide-ε-caprolactone)-based devices (Bertleff et al., 2005). Different outcomes were presented 

in 2011, when Chiriac et al. surveyed the Neurolac® device in 28 nerve lesions with an average 

defect size of 11.03 mm compared to the healthy control side over an average observation period 

of 21.9 months. The study revealed a high rate of complications, including fistulizations nearby a 

joint, as well as neuroma formation (Chiriac et al., 2012). Failure of digital nerve reconstruction 

due to a foreign body reaction after reconstruction with Neurolac® was also accounted in a case 

report (Hernandez-Cortes et al., 2010), questioning the safety and potential of poly (DL-lactide-ε-

caprolactone)-based nerve grafts for clinical use. 

 

1.5.7. Chitosan-based nerve grafts 

In the last years, researches on bioartificial nerve grafts for peripheral nerve regeneration, carried 

out in our working group, were focused on the in vitro and in vivo evaluation of chitosan-based 

nerve grafts (Haastert-Talini et al., 2013; Meyer et al., 2016a; Meyer et al., 2016b; Stößel et al., 

2018; Dietzmeyer et al., 2019b). Chitosan is a derivate from Chitin, a naturally occurring long-

chain polymer of N-Acetylglucosamine. As one of the most abundant polysaccharides, Chitin can 

be easily harvested from the shell of arthropods and can be partially deacetylated to chitosan 

(Freier et al., 2005; Crompton et al., 2007). The manufacturing procedure determines the variable 

degree of acetylation, which is known to influence proliferation, activity, and survival of SCs 

(Carvalho et al., 2017), as well as overall in vivo axonal regeneration and degradation time 
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(Haastert-Talini et al., 2013). As a result, a final degree of 5% acetylation has been found to 

support axonal regeneration best and to maintain the mechanical stability throughout the 

regeneration period (Haastert-Talini et al., 2013). In contrast to acid-based materials, e.g. the 

above mentioned poly (DL-lactide-ε-caprolactone), fully nontoxic degradation products of 

chitosan do not cause a pH decrease and foreign body reaction (Meek and Coert, 2008). On the 

contrary, chitosan metabolites were shown to exhibit neuroprotective effects (Gong et al., 2009). 

Similar to collagen, it has been shown that chitosan is able to differentiate chitosan-adherent 

monocytes into pro-healing M2 macrophages, explaining the pro-regenerative effect of chitosan 

(Stenberg et al., 2017). First clinical case reports, in which 30 and 35 mm median nerve defects 

were bridged with chitosan/ polyglycolic acid nerve grafts, showed promising results with 

appropriate recovery of sensory and motor functions (Fan et al., 2008; Gu et al., 2011). The first 

and only chitosan-based nerve graft product Reaxon® (Medovent GmbH, Mainz, Germany), 

which can be manufactured in different sizes and diameters, attained the FDA approval in 2015. 

Chitosan displays an attractive polymer, not only restricted to fields of peripheral nerve 

regeneration. As reviewed elsewhere, chitosan also fulfills other functions, e.g. functions as 

implantable and injectable orthopedic and periodontal systems, drug delivery systems, wound 

healing agents, lung surfactant supplements, and tissue engineering scaffolds for tissue repair of 

skin, cartilage, thus displaying an auspicious biomaterial (Gnavi et al., 2013; Boecker et al., 

2019). 

 

1.6. Luminal filler materials to enhance tubular artificial nerve grafts 

By means of successful researches on the development of artificial nerve grafts, few biomaterials 

made their way into clinical practice as described above. However, all of these FDA approved 

bioartificial nerve guidance channels are available for bridging nerve defects of up to 3 cm 

(Kornfeld et al., 2019). As their application falls short in supporting axonal regeneration across 

larger gaps, bioartificial NGCs are still less frequently used for their repair when compared to 

biological nerve grafts (Siemers and Houschyar, 2017). To design artificial NGCs suitable for the 

repair of critical defect sizes, research focuses on diverse luminal fillers, which may be inserted 

into the otherwise hollow tubes in order to improve regeneration outcomes (figure 4). In this 

context, the term tissue-engineering is commonly used, which originally describes the artificial 

production of biological tissues by means of controlled cell cultivation. The following paragraph 
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will give insights into experimental research on novel filler materials, e.g. supportive hydrogels, 

linear guidance structures, cells, and growth factors, thought to bio-emulate the original nerve 

structure. 

 

1.6.1. Hydrogels 

As reviewed by several colleagues, glycoproteins of the ECM, such as collagen or laminin, have 

already been used quite early to serve as luminal fillers and experimental trials have shown their 

axonal regeneration promoting potential (Dalamagkas et al., 2016; Boni et al., 2018; Wieringa et 

al., 2018). The usage of ECM components within NGCs aims at reproducing the situation after 

PNI. As already mentioned in section 1.3.3., the ECM plays a crucial role for providing cell 

binding motifs to interact with regeneration supporting cells (Gonzalez-Perez et al., 2017). 

Besides, filling hollow NGCs with gel-like materials, is thought to increase cell attachment by 

enlarging the scaffold`s surface area (Tian et al., 2015). Preserving the ECM components` 

original mechanical properties goes along with a certain degree of instability (Sarker et al., 

2018a), so that up to now, they are preferably embedded into hydrogels. Hydrogels are defined as 

network of hydrophilic polymer chains, which cause the characteristic high water content 

(Aurand et al., 2012; Hoffman, 2012). An adaptation of the mechanical characteristics increases 

stability of the hydrogel, enabling the uptake and release of soluble molecules or cells (Nagai et 

al., 2006; Censi et al., 2012; Koutsopoulos and Zhang, 2012). Filling an empty blood vessel with 

a self-assembling peptide hydrogel promoted axonal regeneration in the 10 mm rat sciatic nerve 

model (Zhan et al., 2013). With their low stiffness (Wieringa et al., 2018; Hsu et al., 2019) 

hydrogels represent ideal luminal fillers, which do not decrease mobility or cause discomfort in 

contrast to other rigid filler materials. 

 

1.6.2. Solid linear guidance structures 

In addition to innovative hydrogels, more simple linear guidance structures of diverse sources are 

experimentally used to expand the conduits` surface area for cell attachment as well as to guide 

the regrowing axons through the NGC back to their target tissue (Wieringa et al., 2018; Houshyar 

et al., 2019). 
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Figure 4. Luminal filler materials to enhance tubular artificial nerve grafts. The application of artificial nerve 

grafts is limited to peripheral nerve injuries with defect sizes up to 3 cm. For improving the performance of artificial 

nerve grafts, researchers experimentally develop luminal enhancement strategies. The use of natural extracellular 

matrix (ECM) components provides cell-binding motifs, thereby interacting with regeneration supportive cells. 

Hydrogels exhibit adapted mechanical properties, thereby allowing the uptake and release of regeneration supporting 

molecules. In addition to that, their components may be aligned to guide axonal regrowth. Solid linear guidance 

structures display simple approaches towards expanding the conduits` surface area for cell attachment. They 

mechanically guide the regrowing axons back to their target tissue. Cells play a crucial role in the processes of 

degeneration and regeneration. By releasing regeneration supportive molecules, transplanted cells might enhance the 

regeneration outcome. Regeneration accelerating neurotrophic factors are not only secreted by endogenous or 

transplanted cells, but may also be used solely as luminal fillers, thereby triggering cell migration, adhesion, 

proliferation, growth, survival, and differentiation. 

 

Longitudinal chitosan-films can be inserted into otherwise hollow chitosan-based nerve grafts 

(CNGs) to create two-chambered CNGs. These composite grafts have experimentally been 

shown to increase the potential of otherwise hollow chitosan nerve grafts in the 15 mm rat sciatic 

and 10 mm rat median nerve model (Meyer et al., 2016a; Dietzmeyer et al., 2019b). One 

engineered NGC with an intraluminal guidance structure is currently under development for 

clinical use (Bozkurt et al., 2007). Neuromaix is a two component NGC with an outer hollow 
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porcine collagen type I tube and an inner sponge-like collagen type I structure, successfully 

supporting structural and functional regeneration in experimental in vivo studies in the rat (van 

Neerven et al., 2017). 

 

1.6.3. Cell transplantation 

A lot of research effort is put into development of drug delivery systems, serving as filler 

materials for NGCs. Therefore, cell transplantation into these fillings, becomes more and more 

attractive. Due to their crucial role during the regeneration process, especially SCs are intensively 

investigated candidates for experimental cell transplantation and have early on demonstrated their 

regeneration supportive characteristics (Ansselin et al., 1997; Sinis et al., 2005; Meyer et al., 

2016b; Gonzalez-Perez et al., 2018). Besides their elongation, which provides mechanical 

guidance for the regrowing axons (Antoniadis, 2017), SCs release different neurotrophic and 

neurotropic factors, accelerating functional recovery (Muheremu and Ao, 2015; Belanger et al., 

2016). Nevertheless, it has to be taken into account that SC transplantation entails several 

burdens for their clinical approval. Primary SCs are only limitedly available and their use leads to 

donor site morbidity similar to the gold standard nerve graft, the ANG. Additionally, their 

antigenicity demands an autologous cell origin or an adequate immunosuppressive therapy after 

transplantation to avoid possible immunoreaction, clearly restricting their potential for translation 

into clinics (Jones et al., 2016; Gonzalez-Perez et al., 2018; Houshyar et al., 2019). 

 

1.6.4. Growth factor delivery 

Growth factors (GFs) are morphogenetic proteins, which are naturally secreted by cells. They 

either directly interact with adjacent cells or are sequestered by the ECM and thereafter presented 

to cell surface receptors. By specifically binding to receptors, GFs stimulate cell signaling 

pathways, thereby triggering cell migration, adhesion, proliferation, growth, survival, and 

differentiation. Therefore, GFs play a crucial role for the regeneration process (Grazul-Bilska et 

al., 2003; Atanasova and Whitty, 2012). GFs, interacting with developing and mature neurons, 

are called NTFs, as already referred to in section 1.3.1. As written in the following paragraph, the 

beneficial effects of NTFs are widely studied in the field of peripheral nerve regeneration. 
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NGF, as one member, was embedded into conduits of polyelectrolyte alginate/chitosan coated 

with poly (lactide-co-glycolide) and controlled delivery of the bioactive NTF in low nanogram 

doses could be shown over 15 days (Pfister et al., 2008). Another group showed that vein 

conduits enriched with a chitosan-β-glycerophosphate-NGF hydrogel revealed improved in vivo 

recovery, when compared to hollow vein grafts (Chao et al., 2016). Enriching chitosan conduits 

with laminin and GDNF, which is known to accelerate axonal regeneration and prevent muscle 

atrophy (Chen et al., 2001), revealed beneficial effects on sensory recovery in the 10 mm rat 

sciatic nerve injury model (Patel et al., 2007). BDNF is crucially needed for successful nerve 

regeneration and remyelination after injury in rodents (Zhang et al., 2000). BDNF, continuously 

released through calcium alginate prolonged-release-capsules within autologous fascia tubes, 

significantly accelerated peripheral nerve regeneration and reduced neuropathic pain in the 20 

mm rat sciatic nerve model (Vogelin et al., 2006). Fibroblast growth factor-2 (FGF-2) is a 

member of the fibroblast growth factor family, which hosts 22 members in humans [FGF-1 – 

FGF-23, except the murine FGF-15 (Jones, 2012)]. They are known to promote angiogenesis, as 

well as survival and regeneration of neurons (Burgess and Maciag, 1989; Grothe et al., 2006). In 

our own collaborative work, SCs are genetically modified to overexpress FGF-2. The application 

of these cells could overcome the impairment of axonal regrowth caused by a mechanically 

inhibitory Neural and Vascular gel (Meyer et al., 2016b). 

As arising from these studies, appropriate release systems are required to further increase the 

potential of GFs as therapeutic agents. Besides, the native protein form of growth factors displays 

a burden on clinical translation as well. It goes along with instability, a short half-time, and rapid 

cellular internalization (Mitchell et al., 2016). Few GFs, e.g. human growth hormone 

(Humatrope®) to treat children with growth disturbance (Tai et al., 2013), and platelet-derived 

growth factor-BB (Regranex®) to treat lower extremity diabetic neuropathic ulcers (Fang and 

Galiano, 2008), made their way into clinics. However, more researches on optimal GF release, 

especially with regard to peripheral nerve repair, have to be carried out in the future. 

 

1.7. Animal models for peripheral nerve injury and reconstruction 

Annually, the Federal Ministry of Food and Agriculture publishes statistical data on the use of 

experimental animals. In 2017 approximately 2.8 million animals were used for scientific 
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purposes. Rodents constituted 80%, while fishes accounted for 12%, rabbits for 5%, and birds for 

2% of all used experimental animals. This means that large animal models, like monkeys, dogs, 

cats, pigs, and sheep, were only used for approximately 1% of all animal experiments in 2017 

(Federal Ministry of Food and Agriculture, 2018). As emerging from the following sections these 

numbers are also reflected with regard to in vivo experiments on peripheral nerve regeneration. 

 

1.7.1. Large animal models 

Peripheral nerve trauma often reveals injuries with defect sizes larger than 3 cm in human 

patients. Although critical defect sizes of up to 6 and 7 cm were successfully repaired by means 

of ANGs and allografts in rats (Saheb-Al-Zamani et al., 2013) and rabbits (Koller et al., 1997), 

the method of choice for studying larger defect sizes is represented by larger animal models, 

which are thought to be more translational to human medicine. However, no standard animal 

model for large peripheral nerve surgery has been established yet. Up to now researchers have 

referred to different species, e.g. sheep, pigs, dogs, cats, and primates. While the ulnar nerve is 

used in primates (Mackinnon and Dellon, 1990; Auba et al., 2006) and pigs (Atchabahian et al., 

1998; Brenner et al., 2004), the peroneal nerve is reconstructed in dog models (Ide et al., 1998; 

Matsumoto et al., 2000). Experimental studies in sheep report either the transection and repair of 

the median, tibial or the peroneal nerve (Matsuyama et al., 2000; Forden et al., 2011; Radtke et 

al., 2011). Cats as experimental animals are commonly used for studies in the field of ear, nose 

and throat surgery (Kretzmer et al., 2004). However, the sciatic nerve of cats may also be used to 

study biomaterials in terms of peripheral nerve repair (Suzuki et al., 1999; Sufan et al., 2001). 

 

1.7.2. Small animal models 

Small animal models are not compulsorily suitable to generate large sized peripheral nerve 

defects. Besides, different dynamics of nerve regeneration due to the big size differences between 

humans and especially rodent models are under debate (Kirk, 2003; Hoke, 2006; Kaplan et al., 

2015). Nevertheless, small animal models, e.g. rabbits and rodents, are widely used to study 

peripheral nerve regeneration (Rochkind and Nevo, 2014; Georgiou et al., 2015; Stößel et al., 

2017; Dietzmeyer et al., 2019b). Among the small animals, the rat is the most popular in vivo 

model (Ronchi et al., 2019). High availability, as well as moderate housing costs and simple 
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handling, display advantages, making the model attractive for scientific purposes (Fitzgerald, 

1983; Ronchi et al., 2019). The following sections will expand on two types of rat peripheral 

nerve injury and repair models, which were used for both animal studies of my PhD project, later 

described. 

 

1.7.2.1. The rat sciatic nerve model 

The rat sciatic nerve model is the most commonly used model for peripheral nerve reconstruction 

(Tos et al., 2009; Angius et al., 2012; Gordon and Borschel, 2016). The mixed sciatic nerve 

contains sensory as well as motor fibers and consists of mainly 3 branches: the tibial nerve, the 

common peroneal nerve, and the caudal sural cutaneous nerve (Swett et al., 1986; Swett et al., 

1991). Via dorsolateral operation route the sciatic nerve is easily accessible over a relatively short 

distance, so that nerve defects, exceeding 4 cm, can be created (Saheb-Al-Zamani et al., 2013; 

Kornfeld et al., 2019). As the sciatic nerve is the biggest nerve of the body, surgery can be 

facilitated (Ronchi et al., 2019). In this well established model, reinnervation of target muscles as 

signs of motor recovery can be analyzed by electrodiagnostic measurements of compound muscle 

action potentials (CMAPs). Other functional tests to evaluate recovery of motor function are 

estimation of the static sciatic index (SSI), calculated by measured distances between the toes, 

which are altered after denervation, and estimation of the static functional index, mainly based on 

the same principle as the SSI. Sensory recovery is assessed by mechanical or thermal algesimetry 

tests (Varejao et al., 2001; Cobianchi et al., 2013; Navarro, 2016). But the use of the rat sciatic 

nerve model also goes along with downsides. The artificially created injury leads to paralysis of 

the hind limb, which may be followed by autotomy behavior, as well as joint contractures (Carr 

et al., 1992; Navarro et al., 1994; Ronchi et al., 2019). These circumstances can result in an 

exclusion of the respective animals from functional testing, decreasing the power of the study 

(Ronchi et al., 2019). Therefore, the rat median nerve forelimb model has gained more interest in 

the recent years, as described below. 

 

1.7.2.2. The rat median nerve model 

The rat median nerve fulfills only motor function in contrast to the human median nerve. The 

smaller sized nerve only allows to create nerve defects of smaller gap lengths up to 10 mm. When 
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compared to the rat sciatic nerve, microsurgical transection and reparation procedures are more 

complicated in the rat median nerve model, due to issues of scale. With the help of a battery of 

functional tests, the onset, progression and completeness of motor recovery can be precisely 

determined, allowing comprehensive regeneration analysis (Stößel et al., 2017). Similar to the 

sciatic nerve model, electrodiagnostic measurements of evoked CMAPs in the target muscles can 

be recorded (Korte et al., 2011; Navarro, 2016; Stößel et al., 2017). The staircase test, in which 

the animals grab sugar pellets, displays recovery of fine motor skills (Montoya et al., 1991; 

Galtrey and Fawcett, 2007; Stößel et al., 2017), while the grasping test represents recovery of 

gross motor function (Papalia et al., 2003; Stößel et al., 2017). Complete transection of the 

median nerve leads to partial but not complete impairment of the upper limb function. Full 

sensory and part of the motor function is still preserved due to the intact radial and ulnar nerve 

(Sinis et al., 2006). The absence of joint contractures, and only rare occurrence of ulcers or 

autotomy behavior are further advantages of the median injury model (Ronchi et al., 2019). A 

decision on the appropriate animal model always requires considerations of translatability. The 

fine finger movement between rodents and humans are similar, so that the rat median nerve 

injury model might be comparable to human digital nerve lesions (Whishaw et al., 1992). 

Furthermore, the median nerve is located in a highly mobile region just like the joint-crossing 

human digital nerves. 

 

1.8. Aims of the study 

In the following two chapters, this PhD thesis introduces two comprehensive original research 

studies, study I and study II, pursuing different aims. However, the common objective of all 

studies is the development of a composite artificial nerve graft with the capacity of revealing 

continuous good to excellent functional outcomes, thereby keeping up with gold standard ANGs 

and eliminating the need for invasive donor tissue harvesting (Siemers and Houschyar, 2017; 

Wieringa et al., 2018). The basic artificial nerve graft for study I and II was displayed by the 

classic hollow chitosan nerve graft (CNG), which is already clinically available as Reaxon® 

Nerve Guide (Neubrech et al., 2018). 

In study I, the first aim was to evolve a chitosan-based nerve graft for successfully reconstructing 

digital nerve lesions, keeping in mind that joint-crossing digital nerve grafts need to fulfill special 
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demands. The CNG would have to exhibit a higher flexibility on the one hand, but on the other 

hand, collapse resistance needed to be preserved (de Ruiter et al., 2009). We united these 

previously published characteristics with the guidance of axonal regrowth by means of a 

longitudinally inserted chitosan-film (Meyer et al., 2016a). The performance of these grafts was 

surveyed in the 10 mm rat median nerve model, which has previously been described to precisely 

determine the onset, progression, and completeness of functional recovery (Stößel et al., 2017). 

By using this model, we aimed at detecting already small progression differences of successful 

target innervation (Korte et al., 2011), fine motor skills (Montoya et al., 1991), and grip force 

recovery (Tupper and Wallace, 1980) between the experimental groups, which may be revealed 

in cases of only slight modifications of tubular nerve implants. 

While digital nerve lesions are restricted to sensory nerves and often result in smaller defect sizes 

with considerably short recovery times (Boesch et al., 2017), a suitable artificial nerve guide, for 

bridging nerve lesions with massive tissue loss, has not been established yet. For this reason, the 

second aim of study II was to enhance the classic CNG with luminal fillers, which are able to 

biomimic the original nerve structure (Sarker et al., 2018b), thereby representing an alternative to 

ANGs. Besides the mechanical, axon guiding chitosan-film, genetically modified SCs should 

accelerate functional recovery. Based on former studies, we were aware of SC apoptosis when 

only combined with the chitosan-film (Meyer et al., 2016a). Consequently, the third aim, pursued 

in study II, was to create a hydrogel-based carrier system that promotes survival of transplanted 

cells. 
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2. Study I 

Two-chambered chitosan nerve guides with increased bendability support recovery of 
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2.1. Abstract 

Tension-free surgical reconstruction of transected digital nerves in humans is regularly performed 

using autologous nerve grafts (ANGs) or bioartificial nerve grafts. Nerve grafts with increased 

bendability are needed to protect regenerating nerves in highly mobile extremity parts. We have 

recently demonstrated increased bendability and regeneration supporting properties of chitosan 

nerve guides with a corrugated outer wall (corrCNGs) in the common rat sciatic nerve model 

(model of low-mobility). Here, we further modified the hollow corrCNGs into two-chambered 

nerve guides by inserting a perforated longitudinal chitosan-film (corrCNG[F]s) and 

comprehensively monitored functional recovery in the advanced rat median nerve model. In 16 

adult female Lewis rats, we bilaterally reconstructed 10 mm median nerve gaps with either 

ANGs, standard chitosan nerve guides (CNGs), chitosan-film enhanced CNGs (CNG[F]s), or 

corrCNG[F]s (n = 8, per group). Over 16 weeks, functional recovery of each forelimb was 

separately surveyed using the grasping test (reflex-based motor task), the staircase test (skilled 

forelimb reaching task), and non-invasive electrophysiological recordings from the thenar 

muscles. Finally, regenerated tissue harvested from the distal part of the nerve grafts was 

paraffin-embedded and cross-sections were analyzed regarding the number of Neurofilament 

200-immunopositive axons and the area of newly formed blood vessels. Nerve tissue harvested 

distal to the grafts was epon-embedded and semi-thin cross-sections underwent morphometrical 

analyses (e.g. number of myelinated axons, axon and fiber diameters, and myelin thicknesses). 

Functional recovery was fastest and most complete in the ANG group (100% recovery rate 

regarding all parameters), but corrCNG[F]s accelerated the recovery of all functions evaluated in 

comparison to the other nerve guides investigated. Furthermore, corrCNG[F]s supported recovery 

of reflex-based grasping (87.5 %) and skilled forelimb reaching (100%) to eventually 

significantly higher rates than the other nerve guides (grasping test: CNGs: 75%, CNG[F]s: 

62.5%; staircase test: CNGs: 66.7%, CNG[F]s: 83.3%). Histological and nerve morphometrical 

evaluations, in accordance to the functional results, demonstrated best outcome in the ANG group 

and highest myelin thicknesses in the corrCNG[F] group as compared to the CNG and CNG[F] 

groups. We thus clearly demonstrate that corrCNG[F]s represent promising innovative nerve 

grafts for nerve repair in mobile body parts such as digits. 

Keywords: Bendable nerve guides, chitosan, rat median nerve, functional recovery, nerve 

histomorphometry 
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2.2. Introduction 

Traumatic injuries of peripheral nerves represent a frequent reason for morbidity and life-long 

physical restrictions. Worldwide, about 2.8% of all trauma patients suffer from peripheral nerve 

injuries (Noble et al., 1998). In many cases, these injuries lead to life-long dependency on aid and 

substantial reduction of quality of life (Noble et al., 1998). Around the world, more than one 

million people are affected per year (Asplund et al., 2009). Recovery of peripheral nerve injuries 

often remains incomplete and progresses slowly. Additionally, only less than 50% of the patients 

regain good to excellent motor functions (Grinsell and Keating, 2014). In clinical routine, 

peripheral nerve injuries most often affect the upper limbs (Kouyoumdjian, 2006; Deumens et al., 

2010) and in 6.4% of all hand injuries, the joint-crossing digital nerves are affected (Renner et 

al., 2004). 

When nerve ends cannot be surgically reconnected by tension-free end-to-end-suture, insertion of 

autologous nerve grafts (ANGs) still represents the gold standard therapy. However, the usage of 

ANGs comes along with several downsides such as donor side morbidity, limited availability of 

donor tissue, and prolonged surgery time followed by increased surgery costs (Hallgren et al., 

2013; Faroni et al., 2015). 

To circumvent these downsides, we have previously contributed to the development of 

bioartificial nerve guidance conduits made out of chitosan (Haastert-Talini et al., 2013). In 2015, 

these nerve guides have been made available for the reconstruction of peripheral nerve gaps in 

human patients with a maximum distance of 2.6 cm (Reaxon® Nerve Guides; Medovent GmbH, 

Germany). In animal studies, the suitability of those chitosan nerve guides to support peripheral 

nerve regeneration across limited and critical gap lengths has been proven not only for acute 

(Haastert-Talini et al., 2013; Gonzalez-Perez et al., 2015; Shapira et al., 2015; Meyer et al., 

2016b), but also for delayed (Stenberg et al., 2017) repair of rat sciatic nerves. The rat sciatic 

nerve injury and repair model is most commonly used to evaluate new developments for 

peripheral nerve guidance and regeneration support (Angius et al., 2012; Geuna, 2015). When 

using this model, however, nerve reconstruction is usually performed in an extremity region with 

minimized mobility, e.g. along the femur bone. In order to address the need for nerve grafts with 

increased flexibility/bendability in connection with preserved collapse stability for nerve 

reconstruction in highly mobile regions such as digital joints, we recently modified the original 

standard chitosan nerve guides (CNGs) into chitosan nerve guides with a wavy wall structure at 
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the outside, the so-called corrugated chitosan nerve guide (corrCNG). These corrCNGs have 

demonstrated similar support as standard hollow CNGs with regard to axonal and functional 

peripheral nerve regeneration in 15 mm rat sciatic nerve gaps, both after acute and delayed repair 

(Stößel et al., 2018b). We have previously shown that longitudinal insertion of a perforated 

chitosan film into hollow CNGs and applying such two-chambered nerve guides (CNG[F]s) for 

15 mm rat sciatic nerve gap reconstruction could significantly increase recovery of motor 

function. However, ANG implantation still resulted in best recovery rates (Meyer et al., 2016a). 

To further increase the regeneration support given by corrCNGs, we also enhanced them into 

two-chambered nerve guides by inserting a perforated longitudinal chitosan film (corrCNG[F]) in 

the current study. 

Using the recently advanced rat median nerve injury and repair model (Stößel et al., 2017), we 

here investigated the regeneration supporting properties of corrCNG[F]s in comparison to ANGs, 

CNGs and CNG[F]s after reconstruction of 10 mm nerve gaps. While implantation of ANGs still 

showed fast and most complete functional recovery, we clearly demonstrate that corrCNG[F]s 

accelerated and for some skilled-forelimb reaching also significantly increased the recovery of all 

functions evaluated in comparison to the other bioartificial nerve guides investigated. Results 

from immunohistological and histomorphometrical evaluation of the distal graft and nerve distal 

to it under-line the superiority of corrCNG[F]s compared to the other artificial nerve guidance 

channels tested here. 

 

2.3. Materials and Methods 

2.3.1. Experimental design 

In this study, we bilaterally reconstructed 10 mm median nerve gaps of 16 female Lewis rats with 

either gold standard autologous nerve grafts (ANGs: control group; n = 8), standard hollow 

chitosan nerve guides (CNGs; n = 8), two-chambered chitosan-film enhanced chitosan nerve 

grafts (CNG[F]s; n = 8), or two-chambered corrugated chitosan-film enhanced chitosan nerve 

guides (corrCNG[F]s; n = 8). This procedure resulted in a 50% reduction of animal numbers for 

the study, because two reconstruction conditions could be studied in one animal. During 16 

weeks of investigation, functional recovery of each paw was separately surveyed using the 

grasping test (every second week), the staircase test and non-invasive electrophysiological 
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recordings from the thenar muscles (every fourth week). Evaluation was finalized by 

histomorphometrical analyses of the regenerated nerve tissue within the grafts and distal to it at 

16 weeks post-surgery. 

 

2.3.2. Manufacturing of classic, corrugated and corrugated chitosan-film enhanced chitosan 

nerve guides 

Medical grade chitosan derived from Pandalus borealis shrimp shells was processed by Chitinor 

AS (Norway). All types of chitosan nerve guides were manufactured by Medovent GmbH 

(Germany) under ISO 13485 regulations using a patented extrusion process with either standard 

tubular molds or molds with a corrugated design. All nerve guides were prepared in a length of 

14 mm, an inner diameter of 1.6 mm, and a final degree of acetylation (DA) of ~5%. A DA of 

~5% has previously been proven to be most supportive for peripheral nerve regeneration in the 

rat sciatic nerve model (Haastert-Talini et al., 2013).Chitosan-films for chitosan-film enhanced 

chitosan nerve grafts (CNG[F]s) and for corrugated chitosan-film enhanced chitosan nerve guides 

(corrCNG[F]s) were manually produced as described earlier (Meyer et al., 2016a). Briefly, 

rectangular pieces (length 10 mm, width: 5 mm) of chitosan-films were perforated (along the 

midline of the longer axis, diameter of perforation: 0.3 mm, distance in between: 2 mm) and 

subsequently Z-shape-folded (opposite kinked edges, width of outer edges: 1.7 mm) before they 

were inserted into the lumen of hollow standard CNGs or corrCNGs leading to 2 mm spaces on 

each side of the tubes. 

Sterilization of all types of CNGs was performed by beta irradiation (11 kGy, 10 MeV) by BGS 

Beta-Gamma-Service GmbH & Co. KG (Wiehl, Germany) (Stößel et al., 2018a). All chitosan 

nerve guides used for median nerve repair were rinsed in 0.9% sodium chloride solution (NaCl 

0.9%, B. Braun Melsungen GmbH, Germany) for at least 20 min prior to implantation. 

 

2.3.3. Animals and surgical procedure 

This study was carried out in accordance with the principles of the Basel Declaration and 

recommendations of Directive 2010/63/EU: TierSchG 13.07.2013, BGBl I Nr. 36 12.07.2013, p. 

2182 + TierSchVersV. The protocol was approved by the animal care committee of Lower-

Saxony, Germany (approval code: 33.12-42502-04-15/1761; approval date: April 10th, 2015). 
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Sixteen young adult female Lewis rats (LEW/OrlRj, mean body weight at the day of surgery: 

217.8 g ± 1.73 g) were obtained from Janvier Labs SAS (Genest Saint Isle (Le), France) at an age 

of 13 weeks and housed in groups of 4 under standardized housing conditions (22.2°C; humidity 

55.5%; light/ dark cycle 14 h/ 10 h). Food and water was provided ad libitum except during 

staircase test phases, when animals were fed restrictively with 12 g food per animal and day. As 

earlier described (Stößel et al., 2017) body weight was controlled every other day (tolerable 

weight loss up to 15%). A time interval of 72 h was kept between the end of restrictive feeding 

and eventual anesthesia. Female rats were used because they are generally smaller than male rats 

(weight difference 100-150 g) and in order to guarantee only minimal size increase during the 16 

weeks observation time. Weight increase in Lewis rats follows a flatter curve in female than in 

male individuals and is already reaching the plateau at an age of 12 weeks in female animals 

when male rats are still growing.  The use of female animals in this study therefore ensured easy 

handling for the grasping test, when animals were grasped around their trunk with one hand 

pending to be quickly held only on their tail during the test procedure. The flatter growth curve of 

female rats further ensured that while already being optimally sized at training onset for the 

staircase test (not able to turn around or grab pellets with the contralateral paw), tentative weight 

gain was limited during the observation period. Thus, the staircase test apparatuses did not 

become too narrow for the still slightly growing young adult animals.  

Animals were habituated to the functional testing procedures (grasping test and staircase test, 

three weeks prior to surgery and pre-surgically healthy baseline reference values of all animals 

were recorded as described in the related sections below. 

All surgeries (performed on rats with an age of 19 weeks) and electrodiagnostic recordings were 

performed under deep anesthesia (intraperitoneal injection of chloral hydrate, 370 mg/kg, Sigma-

Aldrich Chemie GmbH, Germany) and aseptic conditions. To minimize the decrease of body 

temperature animals were placed on a heating pad and rectal body temperature was measured 

before and after surgery in order to ensure that it did not fall below 36.5 °C. After surgery the 

animals were blanketed with several layers of tissue paper in order to avoid further cooling. 

Sufficient analgesia during surgery / electrodiagnostic evaluation and the two following days was 

induced by subcutaneous injection of Butorphanol (0.5 mg/kg, Turbogesic®; Pfizer GmbH, 

Germany). 
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For nerve transection surgery, a 1 cm incision was performed parallel to the humerus in the 

axillary region to approach the median nerve. In addition to general anesthesia (see above), drops 

of bupivacaine (0.25%, Carbostesin®; AstraZeneca GmbH, Germany) and lidocaine (2%, 

Xylocain®; AstraZeneca GmbH, Germany) were locally applied on the prospective transection 

sites of the exposed nerve some minutes before nerve transection in order to ensure sufficient 

analgesia. 

In case of ANG repair, the median nerve was first transected at the distal location (proximal to 

the point where the median nerve is crossed by the brachial artery), followed by the second 

transection 10 mm proximal to this point. The nerve piece was then reversed and rotated 180° 

before suturing it between the two nerve ends. Each end was sutured by 2 epineural 9-0 stitches. 

In CNG, CNG[F] and corrCNG[F] groups, the second transection was performed 7 mm proximal 

to the distal transection with removal of the nerve piece and its further procession for 

histomorphometrical analyses (healthy control). After application of either nerve guide, both 

nerve ends were introduced into the nerve graft and sutured with one epineural 9-0 stich 

generating an overlap of 2 mm at each nerve end and a 10 mm median nerve gap.  

Wound closure was performed by using first 3-4 resorbable sutures on the muscle layers (3-0 

Polysorb, UL-215, Syneture, USA) followed by 3-4 non-resorbable mattress sutures 4-0 

Ethilon™Ⅱ, EH7791H, Ethicon, Scotland) for skin suture. 

 

2.3.4. Grasping Test – Evaluation of reflex-based paw-usage ability 

To evaluate the recovery of finger flexion progressing to restoration of grip force, reflex-based 

movement (Tupper and Wallace, 1980) was assessed every second week from the fourth week 

post-surgery onward. 

Briefly, the paw-usage ability was video recorded and grip force was measured as described 

previously (Stößel et al., 2017). 

During testing the animals were carefully grasped around their trunk to support them while 

bringing them close to the test apparatus. For the concrete test procedure the hand around the 

trunk was removed and the animals were held only by their tail root (1-1.5 cm from the fur) for 5-

15 sec. Test periods > 5 sec were only needed when finger flexion was not possible and the 

experimenter had to take some more time for deciding to end the trial. 
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For scoring, 3 categories of grasping behavior were set: Category 1 – no finger flexion while 

touching the grasping bar; Category 2 – ability to grasp the bar (closing digits around it) but not 

able to hold it while being slowly withdrawn; Category 3 – ability to grasp and pull the bar with a 

detectable force (gross motor skills). Since the scoring was performed in accordance to our 

previous open access report we kindly refer the reader to it for an illustration (Stößel et al., 2017). 

 

2.3.5. Staircase Test – Evaluation of skilled forelimb reaching ability 

Prior to surgery (for the recording of healthy baseline reference values) and at pre-defined time 

points after surgery, the animals were (re-)habituated to the testing procedure and restrictively fed 

for 7 consecutive days. Therefore food was restricted to 12 g per animal and day and body weight 

was controlled every other day. The tolerable weight loss was up to 15%. 

On the next 3 days (for pre-surgery values) or on the last 3 days (for post-surgical values), the 

mean maximum number of pellets retrieved per animal/ paw was determined for each individual 

paw (Stößel et al., 2017). Therefore, the rats sat within the staircase apparatuses on the plinth in 

the middle not being able to turn around and only reaching the left/ right stairs with the respective 

paw. Each of the stairs is composed of 7 steps, and was equipped with 3 sugar pellets each (AIN-

76A Rodent Tablet 45 mg IRR, Lot number: 12SEP17RTD1, TestDiet™, USA). After a 15 min 

testing-period, remaining sugar pellets on the stairs and also sugar pellets on the ground 

(representing failed attempts) were summed up. Post-surgically, the test was performed at 4, 8, 

12, and 16 weeks. 

Forelimbs were classified as successfully participating as soon as more than 3 pellets were 

retrieved, because over time and with further slightly increasing body size, the animals could 

reach 3 pellets on the first step with their tongue and mouth. 
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2.3.6. Non-invasive electrodiagnostic recordings – Evaluation of thenar muscle reinnervation 

Healthy baseline reference values of non-invasive electrodiagnostic measurements were recorded 

from the anesthetized animals, right before surgery. Post-surgical recordings were performed 

every fourth week. 

Under deep anesthesia (body temperature was controlled and approximately 36.6 ± 0.3°C), 

animals were placed in supine position and single stimulating electric impulses (100 µs, 1 Hz) 

were induced by transcutaneous monopolar needle electrodes. Stimulation intensity was 

constantly increased up to 30% supramaximal level. The reconstructed median nerve was either 

stimulated proximal to the injury site in the axillary region or distal to the graft at the elbow. 

Evocable compound muscle action potentials (CMAPs) were recorded transcutaneously from the 

thenar muscles (Stößel et al., 2017).Despite possible co-stimulation of the ulnar nerve in the 

axillary region, CMAP recordings from the thenar muscles only result from the median nerve 

stimulation, because of the anatomical situation and trajectory of the median nerve (Stößel et al., 

2017). 

Semi-automatical evaluation of the amplitudes caused by the evocable CMAPs (manual setting of 

baseline to negative peak of M-wave) was performed by using a Dantec® Keypoint® Focus 

device (Natus Europe GmbH, Germany). If no evocable CMAP or CMAPs with no clear negative 

M-wave peak could be detected, a zero value was included into the statistical analysis. 

 

2.3.7. Nerve immunohistochemistry in the distal nerve grafts – Quantification of axonal profiles  

At 16 weeks post-surgery, all animals were sacrificed in deep anesthesia in carbon dioxide 

atmosphere followed by cervical dislocation. The regenerated nerve tissue was removed from the 

lumen of the nerve guides, together with the central chitosan-film, in case of chitosan-film 

enhanced nerve guides. The tissue was fixed overnight (4% paraformaldehyde in phosphate 

buffered saline (PBS, Dulbecco, Biochrom GmbH, Germany), 4°C, Sigma-Aldrich Chemie 

GmbH, Germany) before paraffin-embedding was performed. 

From the distal portion of ANG grafts or at 3.7 mm proximal to the distal suture of tissue 

harvested from the nerve guides, series of 80 blind-coded cross-sections (7 µm) were prepared. 

Selected sections were Hematoxylin and Eosin stained (HE) in order to generate an overview of 

the composition of the regenerated tissue and to quantify median blood vessel areas (see section 



Study I 

 

36 

2.3.8.). Consecutive sections were stained for neurofilament 200 (NF200) (Meyer et al., 2016a; 

Stenberg et al., 2017). For anti-NF200 staining, sections were incubated in blocking solution (3% 

milk powder (Bio Magermilch Pulver, Heirler Cenovis GmbH, Germany), 0.5% Triton-X 100 

(Roche Diagnostics GmbH, Germany) in PBS) prior to incubation with primary rabbit anti-

NF200 antibody (against phosphorylated NFeH, N4142, 1:500, Sigma-Aldrich GmbH, Germany, 

4°C overnight) followed by incubation with Alexa-488-conjugated secondary goat anti-rabbit 

antibody (A11034, 1:1000, Invitrogen AG, Germany, 1 h at room temperature). The antibodies 

were diluted in blocking solution and the incubation steps separated by 3-times washing in PBS. 

After nuclear counter staining with 4′, 6-Diamidin-2-phenylindol (DAPI, 1:2000 in PBS, Sigma-

Aldrich GmbH), sections were mounted using Mowiol (Calbiochem GmbH, Germany). 

Representative photomicrographs of NF 200-stained as well as HE-stained sections were created 

as multiple image alignments (MIA) using a BX51 microscope (Olympus GmbH, Germany). 

NF 200-immunopositive axonal profiles were quantified with the help of ImageJ version 1.48 

(National Institutes of Health, USA). Therefore, areas containing NF 200-immunopositive axons 

were used to determine the regions of interest (ROI), which were needed to quantify the particle 

number later. By using a threshold strategy, NF 200-photomicrographs were converted to binary 

images. Threshold pixel values reached from minimum 71 to maximum 172. This allowed 

distinguishing between individual nerve fibers. Afterwards NF 200-immunopositive axonal 

profiles within the ROI were detected by using the particle analysis function of ImageJ. To avoid 

the detection of background noises, only particles with a size bigger than 0.001 Pixel2 were 

counted. 

 

2.3.8. Quantification of median blood vessel area in the distal nerve grafts 

Virtual slides of HE-stained sections were created with the help of macroscopic tissue slide 

scanner (Axio Scan.Z1, Carl Zeiss Microscopy GmbH, Germany). Tissue sections were scanned 

at 40 x magnification. Cross sectional areas (µm²) of blood vessels within complete sections were 

quantified with the help of ZEN Imaging Software version 2.5, blue edition (Carl Zeiss 

Microscopy GmbH, Germany). Therefore blood vessels within HE-photomicrographs were 

identified and their inner border, meaning the endothelial layer adjacent to the lumen, was 

contoured by using the Graphics tool and its area was quantified. Only blood vessels with visible 
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erythrocytes within their lumen or, if no erythrocytes could be detected, with an intact endothelial 

layer were included into the evaluation. 

 

2.3.9. Nerve histomorphometry distal to the nerve grafts 

Segments of the nerve, which were harvested directly distal to the nerve grafts, were fixed in 

Karnovsky solution, flushed in sucrose-sodium cacodylate buffer. Post-fixation was performed in 

1% osmium tetroxide for 1.5 h before myelin sheaths were stained with 1% potassium 

dichromate and hematoxylin (Korte et al., 2011). Afterwards the samples were embedded into 

Epon and semi-thin cross-sections (1 µm) were prepared. To enhance the myelin staining a 

toluidine blue staining was performed. Finally, sections were mounted by using Mowiol. 

Histomorphometrical evaluation was performed as described before (Stößel et al., 2017). Two 

sections of each reconstructed median nerve (n = 8 per group) were randomly selected and were 

evaluated at light microscopic level (BX50 microscope Olympus GmbH, Germany; 100 x 

magnification) equipped with a prior controller (MBF Bioscience, USA). Total fiber numbers 

were determined using a two-dimensional procedure (optical fractionator; grid size: 150x150 

µm²; counting frame size 30x30µm²) by means of Stereo Investigator version 11.04 (MBF 

Bioscience). Therefore, systematic random sampling (Geuna, 2000) was applied to pick 12 – 16 

sampling fields, depending on the size of the cross sectional area. In each of these sampling fields 

a two-dimensional dissector procedure was performed. Here, only the “tops” of fibers, meaning 

the first part of the fiber`s border that touched the edge of the counting frame, were counted to 

overcome the “edge effect” (Geuna, 2000). 

In 4 photomicrographs (100x magnification) of each section, which were randomly selected, 

assessment of axon and fiber diameters and myelin thicknesses (G-ratio plug-in, 

http://gratio.efil.de/, ImageJ version 1.48, National Institutes of Health, USA) was performed in, 

with an examination of 10 axons per picture, 80 axons per specimen and 640 axons per group. 

Axon and fiber diameter were calculated based on the assumption of a circular shape. 
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2.3.10. Statistical analysis 

Statistical analyses were applied to the data obtained in this study by using GraphPad Prism 

version 6.07 (GraphPad Software, USA). To detect significant differences, we resorted to two-

way ANOVA followed by Tukey’s multiple comparisons and Kruskal-Wallis test followed by 

Dunn’s multiple comparisons. For statistical analysis of the qualitative outcome of the functional 

evaluation, we calculated the proportion of animals per group displaying evocable CMAPs or 

successful participation in either the grasping or the staircase test as percentages (0–100%) and 

compared them pair-wise with the Chi-Square test. The P value was set to p < 0.05 as 

significance level. All results are displayed as mean ± SEM or median ± range as indicated. 

 

2.4. Results 

2.4.1. Overall qualitative assessment of functional recovery 

For full clarity, it needs to be stressed again that in this study 10 mm median nerve gaps were 

bilaterally reconstructed in 16 female Lewis rats and that the numbers given for specimen 

analysed per group  consequently refers to median nerves repaired with the respective approach(n 

= 8 for each group) instead of the number of animals studied. 

Table 1 summarizes the qualitative results from the functional evaluation performed. For each 

evaluated parameter a more detailed description of the obtained results follows. 

Forelimbs were evaluated as successfully participating in the grasping test when displaying 

recovery of function of category 3 (ability to grasp and pull the bar with detectable force, see also 

Fig. 1). Forelimbs were evaluated as successfully participating in the staircase test when they 

retrieved > 3 pellets, because the 3 pellets initially placed on the first step could be reached with 

their tongue and mouth. With regard to electrodiagnostic measurements forelimbs were evaluated 

as successful, when evocable CMAPs, recorded from the thenar muscle, were detected. 

As depicted in Table 1, the electrodiagnostic measurements showed similar results for the ANG 

and corrCNG[F] group as early as 8 weeks post-surgery, while performance in the other groups 

was still significantly inferior (P < 0.05, Chi-Square test). At 12 weeks post-surgery ANG and 

corrCNG[F] reconstructed forelimb groups showed the same level of performance in the grasping 

and the staircase test which was again significantly superior to the performance of the other 
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groups evaluated (P < 0.05, Chi-Square test). The total best performance could be ranked number 

1 for ANG reconstructed forelimbs (100% in all three tests applied), number 2 for corrCNG[F] 

(100% in electrodiagnostic testing and skilled fore-limb reaching test, 87.5% in reflexed-based 

motor task) and number 3 for CNG and CNG[F]. 

 

2.4.2. Grasping test - Evaluation of reflex-based paw-usage ability 

The reflex-based grasping test (Fig. 1) was categorized as described above (Category 1 – no 

finger flexion while touching the grasping bar; Category 2 – ability to grasp the bar (closing 

digits around the bar) but not to hold it while being slowly withdrawn; Category 3 – ability to 

grasp and pull the bar with a detectable force (gross motor skills)). 

Generally, recovery of gross motor function was fastest in the ANG group achieving 100% 

recovery 8 weeks post-surgery. At 4 weeks post-surgery, no ANG-treated forelimb showed finger 

flexion while 2 weeks later all animals were able to grab the bar. At this time point, 3 out of 8 

forelimbs in the ANG group were able to apply a certain force to the grasping frame. At 8 weeks 

post-surgery, all ANG group forelimbs regained their gross motor function. Finger flexion 

(category 2) was possible in week 8 by 37.5% (3/8) of forelimbs of the CNG and corrCNG[F] 

groups, while the first 12.5% (2/8) of forelimbs of the CNG[F] group showed finger flexion at 10 

weeks post-surgery. At 12 weeks after surgical intervention, 37.5% of forelimbs in the CNG 

group, 50% (4/8) in the CNG[F], and 75% (6/8) of the forelimbs that received median nerve 

reconstruction with corrCNG[F] had recovered the ability to encompass the grasping bar, to close 

the digits around it and to pull is with some force (category 3). 

Over time, the animals showed less motivation to participate in this test, which induced little 

fluctuations in the performances from 8 weeks post-surgery onward. Therefore, the total best 

performance of each animal was considered additionally (Fig.1, see also Tab.1). 

Looking at the total best performances, none of the nerve guide groups achieved recovery of 

gross motor skills in all forelimbs in contrast to the ANG group. The ability to grasp and pull the 

bar with a recordable force (category 3) recovered in 75% of the CNG group, whereby the 

residual 25% remained without finger flexion (category 1). 62.5% of the CNG[F]- reconstructed 

forelimbs regained gross motor function. 25% of this group had the ability for finger flexion 

(category 2), while one reconstructed forelimb (12.5%) remained without finger flexion (category 



Study I 

 

40 

1). Among the artificial nerve guide groups regeneration was most complete in the corrCNG[F] 

group (87.5%, category 3). The residual 12.5% were able to flex their fingers (category 2). 

 

 

Figure 1. Percentage of the individual paw usage abilities based on video-recorded reflex-based grasping test 

performed every 2 weeks over 16 weeks post-surgery. Pulling the bar with a force is the most complete ability to 

be recovered (Category 3). This recovery of gross motor function is achieved by all forelimbs of the ANG group (A). 

Among the artificial nerve guides corrCNG[F]s (D) led to the highest recovery rate. No statistical evaluation was 

applied. Values are given as percentages in relation to all evaluated forelimbs per group. (A) ANG, autologous nerve 

graft; (B) CNG, chitosan nerve guide; (C) CNG[F], chitosan-film enhanced chitosan nerve guide; (D) corrCNG[F], 

corrugated chitosan-film enhanced chitosan nerve guide: n = 8. 
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Table 1. Summary of functional recovery based on successful participation in the grasping and the staircase test and on evocable compound muscle action potentials 

(CMAPs) recorded from the thenar muscle upon electric stimulation of the reconstructed median nerve. 

  4 weeks post-surgery 8 weeks post-surgery 12 weeks post-surgery 16 weeks post-surgery total best 

  Forelimbs/ 

group 
[%] 

Forelimbs/ 

group 
[%] 

Forelimbs/ 

group 
[%] 

Forelimbs/ 

group 
[%] 

Forelimbs/ 

group 
[%] 

Grasping 

testa 

ANG 0/8 0.0% 8/8 100.0%  6/8 75.0% #,◆ 6/8 75.0% #,◆ 8/8 100.0%  

CNG 0/8 0.0% 1/8 12.5%◆,* 3/8 37.5%  3/8 37.5%  6/8 75.0% 

CNG[F] 0/8 0.0% 0/8 0.0% 4/8 50.0%  3/8 37.5%  5/8 62.5% 

corrCNG[F] 0/8 0.0% 0/8 0.0% 6/8 75.0% #,◆ 5/8 62.5% #,◆ 7/8 87.5% ◆ 

Staircase 
testb 

ANG 1/6 16.7%  6/6 100.0%  6/6 100.0% #,◆ 6/6 100.0% #,◆ 6/6 100.0% #,◆ 

CNG 0/6 0.0% 1/6 16.7% 4/6 66.7% ◆ 4/6 66.7% 4/6 66.7% 

CNG[F] 0/6 0.0% 1/6 16.7% 3/6 50.0% 5/6 83.3% # 5/6 83.3% # 

corrCNG[F] 0/6 0.0% 1/6 16.7% 6/6 100.0% #,◆ 6/6 100.0% #,◆ 6/6 100.0% #,◆ 

Electro-

diagnostic 
recordingsc 

ANG 8/8 100.0% ◆,* 8/8 100.0% #,◆ 8/8 100.0% 8/8 100.0% 8/8 100.0% 

CNG 8/8 100.0% ◆,* 7/8 87.5% 8/8 100.0% 8/8 100.0% 8/8 100.0% 

CNG[F] 5/8 62.5% 7/8 87.5% 8/8 100.0% 8/8 100.0% 8/8 100.0% 

corrCNG[F] 6/8 75.0% 8/8 100.0% #,◆ 8/8 100.0% 8/8 100.0% 8/8 100.0% 

The process of recovery started with evocable CMAPs upon electrodiagnostic measurements, followed by participation in the staircase test and at latest participation in the 

grasping test was detected. At the end of the study, all animals showed recordable CMAPs. Full recovery of gross motor function (grasping test) in 100% of the tested forelimbs 

was only achieved by the ANG group, while full recovery of fine motor skills (staircase test) in all tested forelimbs was present in the ANG and corrCNG[F] groups. ANG, 

autologous nerve graft; CNG, chitosan nerve guide; CNG[F], chitosan-film enhanced chitosan nerve guide; corrCNG[F], corrugated chitosan-film enhanced chitosan nerve guide. 

Values are given as total numbers (forelimbs successfully participating per group) as well as percentages (%). a Forelimbs were evaluated as successfully participating when 

displaying recovery of function of category 3 (ability to grasp and pull the bar with a detectable force). b Forelimbs were evaluated as successfully participating, when they 

retrieved >3 pellets because 3 pellets on the first step could be reached with their tongue and mouth. c Forelimbs were evaluated as successfully, when evocable CMAPs, recorded 

from the thenar muscle were detected. Statistical differences were calculated with the Chi-Square test between single group pairs at the same time point (● p < 0.05 ANG vs all 

nerve guide groups, # p < 0.05 vs CNG, ♦ p < 0.05 vs CNG[F], * p < 0.05 vs corrCNG[F]). 
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2.4.3. Staircase test – Evaluation of skilled forelimb reaching ability 

Healthy baseline reference values for each individual paw, which were calculated as mean 

maximum number of pellets retrieved in the last 3 days of training, display that animals were able 

to retrieve a median of 7.84 pellets per paw at the end of the training period (data not shown). 

Eight forelimbs of 5 animals (left and right forelimbs of 3 animals, left forelimbs of 2 animals) 

had to be excluded from evaluation, since these animals only achieved a median of 0.84 retrieved 

pellets pre-surgically and their participation in the test did not improve post-surgically due to lack 

of motivation. This resulted in a number of n = 6 animals per group evaluated in the staircase test 

(Fig. 2). 

 

 

Figure 2. Quantitative results of the staircase test showing recovery of skilled forelimb reaching revealed by 

individual success rates in pellet retrieval over 16 weeks post-surgery. The success rates of ANG-reconstructed 

forelimbs significantly increased 16 weeks after reconstruction when compared to the 4-week time point. 

CorrCNG[F]-reconstructed forelimbs recovered to the same extend as forelimbs of the ANG group, while not all 

forelimbs of the CNG and CNG[F] groups achieved pre-surgical performance levels. Two-way ANOVA showed an 

effect of the parameters 4 vs. 16 weeks post-surgery [F(3,80) = 12.9, p < 0.0001] and groups [F(3,80) = 5.59, p = 

0.0016] but there was no interaction. Tukey’s multiple comparisons were applied to detect significant differences (∗p 

< 0.05 vs. 4 weeks post-surgery within the same group). Values are displayed as median ± range and displayed as 

percentages in relation to pre-surgical healthy nerve mean values shown as baseline at 100%. ANG, autologous 

nerve graft; CNG, chitosan nerve guide; CNG[F], chitosan-film enhanced chitosan nerve guide; corrCNG[F], 

corrugated chitosan-film enhanced chitosan nerve guide: n = 6). 
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To exclude individual paw preference and behavioral influences, post-surgical outcomes are 

presented as percentages from healthy individual reference values, which were calculated as 100 

% (Fig. 2). 

At 4 weeks post-surgery two ANG-reconstructed forelimbs participated in the test, but only one 

of the two ANG-treated forelimbs participated successfully (retrieving >3 pellets, see also Tab.1). 

At 8 weeks post-surgery one forelimb of each nerve guide group performed successfully (see also 

Tab.1), whereby 3 additional forelimbs in the corrCNG[F] group started to participate. At this 

time point, all ANG-reconstructed forelimbs participated successfully (retrieving >3 pellets, 

individual success rates reached from 84.3% to 399.4%, median success rate: 105.5% of the 

maximum pellets retrieved in healthy state). At 12 weeks post-surgery, 4 forelimbs of the CNG 

group and 3 forelimbs of the CNG[F] group participated successfully and 2 additional animals of 

the CNG[F] group evidently started to participate. At the same time, all forelimbs of the 

corrCNG[F] group (median individual success rate: 128.1%) showed successful participation. 

While the number of paws that successfully participated in the staircase test did not further 

increase in the CNG group (4/6 forelimbs), one animal of the CNG[F] group was not able to 

reliably regain fine motor skills until 16 weeks after surgery. After 16 weeks of observation the 

median maximum number of pellets retrieved vs. healthy state exceeded the 100% healthy 

baseline in the ANG, CNG and corrCNG[F] groups (ANG: 131.35; CNG: 118.25; corrCNG[F]: 

132.10). Animals of the CNG group reached a median maximum number of 98.00% of healthy 

values. Despite the pre-surgical performance of the animals had reached a plateau after the 7 days 

training period, the finding, that healthy baseline reference values were far exceeded in part, can 

be attributed to the fact, that the process of learning was still ongoing during the observation 

period and not completed pre-surgically (Stößel et al., 2017). Also it cannot be excluded that the 

lesion and use of the temporarily impaired limb did recapitulate the learning process towards a 

better performance after recovery. 

 

2.4.4. Non-invasive electrodiagnostic recordings – Evaluation of thenar muscle reinnervation 

CMAP amplitude areas resulting from stimulation distal to the graft were recorded in order to 

estimate the number of axons participating in thenar muscle reinnervation (Fig. 3). Healthy 

baseline reference values for each paw were determined right before surgery (healthy mean: 

4.595 ± 0.267 ms * mV). 
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At 4 weeks, most reconstructed forelimbs of all groups showed evocable signals (ANG: 8/8, 

CNG: 8/8, CNG[F]: 5/8, corrCNG[F]: 6/8, see also Tab. 1). There were no significant differences 

in the CMAP amplitude areas when comparing all groups (Two-way ANOVA). While CMAP 

amplitude area in the ANG group was highest (1.085 ms * mV) it was smallest in the CNG[F] 

group (0.561 ms * mV). In comparison to the 4-week time point, medians only slightly increased 

within the next 4 weeks in all groups (ANG: 1.595 ms * mV, CNG: 1.208 ms * mV, CNG[F]: 

0.826 ms * mV, corrCNG[F]: 1.111 ms * mV). At that time point, stimulation in only one 

forelimb each in the CNG as well as in the CNG[F] group did not result in a recordable CMAP. 

In the ANG group, CMAP amplitude areas significantly increased at 12 weeks post-surgery 

(3.931 ms * mV) when compared to 4 and 8 weeks post-surgery (P < 0.001, two-way ANOVA). 

At this time point, ANG reconstructed forelimbs delivered significantly higher CAMP amplitude 

areas than the artificial nerve guide groups (CNG: 1.601 ms * mV, CNG[F]: 1.328 ms * mV, 

corrCNG[F]:1.123 ms * mV) with none of the forelimbs remaining unresponsive to stimulation 

(P < 0.001, two-way ANOVA). 16 weeks after surgical intervention, CMAP amplitude areas of 

the CNG[F] and the corrCNG[F] group further increased while CNG reconstructed forelimbs still 

performed significantly less compared to the ANG group (P < 0.01, two-way ANOVA). 
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Figure 3. Evocable CMAPs amplitude areas as evaluated during electrodiagnostic recordings from the thenar 

muscle over 16 weeks observation period. ANG-reconstructed forelimbs showed significant improvement after 12 

weeks post-surgery and significantly higher amplitudes compared to the nerve guide groups. Among the artificial 

nerve guide groups, no significant increase could be detected after the 16-week observation period. CNG-

reconstructed forelimbs, however, revealed a significantly lower amplitude area in comparison to ANGs. The 

continuous horizontal line displays the pre-surgically recorded healthy nerve mean value (n = 32 forelimbs). Two-

way ANOVA showed an effect of the parameters 12 vs. 4 and 8, as well as 16 vs. 4 and 8 weeks post-surgery [F(3, 

112) = 19.35, p < 0.0001], groups [F(3,112) = 18.54, p < 0.0001), and the interaction between both parameters 

[F(9,12) = 3.534, p = 0.0007]. Tukey’s multiple comparisons were applied to detect significant differences (∗∗∗p < 

0.001 vs. 4 weeks post-surgery within the same group; #p < 0.05, ###p < 0.001 vs. 8 weeks post-surgery within the 

same group; $$p < 0.01, $$$p < 0.001 vs. ANG). Values are given as median ± range (n = 8). ANG, autologous 

nerve graft; CNG, chitosan nerve guide; CNG[F], chitosan-film enhanced chitosan nerve guide; corrCNG[F], 

corrugated chitosan-film enhanced chitosan nerve guide. 

 

2.4.5. Macroscopic evaluation of the regenerated tissue upon explantation 

To generate an overview of tissue regeneration between the proximal and the distal nerve end, 

ANGs as well as regrown tissue inside the diverse nerve guides were first surveyed 

macroscopically at 16 weeks post-surgery (Fig. 4). Reconstruction of the nerves with ANGs and 

corrCNG[F]s resulted in full-distance regenerated tissue in all animals of the group. Two 

reconstructed median nerves of the CNG group revealed no connections between the nerve ends 

and in one graft only a very thin connection was detectable, which was too thin for paraffin 

embedding. For the latter sample the nerve distal to the graft was, however, processed for nerve 



Study I 

 

46 

morphometry (see 2.4.7.). Also, implantation of CNG[F]s led to one forelimb without any 

regenerated tissue. 

 

 

Figure 4. Representative pictures of the macroscopic appearance of the sutured grafts right before 

explantation (A, B, E, F) and of the explanted regenerated tissue at 16 weeks post-surgery (C, D, G, H). For 

treatment of 10 mm median nerve gaps either ANGs (A, C), hollow standard CNGs (B, D), CNG[F]s (E, G), or 

corrCNG[F]s (F, H) were inserted and sutured at the corresponding nerve end (p = proximal, d = distal). In ANG- 

and CNG-reconstructed forelimbs one nerve strand was formed. On the other hand, CNG[F]s and corrCNG[F]s led 

to two thinner nerve strands, generally divided from each other by the z-folded chitosan-film. Perforations within the 

chitosan-films allowed for growth of macroscopically visible, eventually blood supplied, connections between the 

two nerve strands (indicated by ∗). 

 

While reconstruction with ANGs and CNGs respectively led to one thick connection between the 

proximal and distal nerve ends, reconstruction with either type of chitosan-film enhanced 

chitosan nerve guides (CNG[F], corrCNG[F]) resulted in the formation of two thinner tissue 

cables, one on each side of the film, connecting the two nerve ends. At the level of chitosan-film 

perforations, tissue which grew through the perforations could be detected. These tissue bridges 

formed a connection between the two regenerated tissue cables. 
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2.4.6. Nerve immunohistochemistry in the distal nerve grafts – Quantification of axon profiles 

For histological evaluation of the regenerated tissue within the nerve grafts, not all samples could 

be used. This was related to very thin or even missing connections between the proximal and 

distal nerve ends, so that no tissue could be processed for immunocytochemistry. Therefore, 

regenerated tissue from n = 8 ANG- and corrCNG[F]-treated forelimbs, n = 5 CNG-treated 

forelimbs and n = 7 CNG[F]-treated forelimbs were incorporated into the evaluation. Cross-

sections were prepared at the distal end of the ANG grafts and at 3.7 mm proximal to the distal 

suture site within the nerve grafts. These cross-sections were stained for hematoxylin and eosin 

(HE) to demonstrate the composition of the regenerated tissue (Fig 5, B, D, F) and to analyze the 

area of blood vessel within the regenerated tissue inside the nerve guides (see section 2.4.7.). 

HE stained cross-sections show single strands of regenerated tissue in the ANG and CNG (Fig. 5 

B) groups, while two strands, one at each side of the chitosan-film, were formed in the CNG[F] 

(Fig. 5 D) and corrCNG[F] (Fig. 5 E) groups. HE stained sections eventually also illustrated, that 

film-perforations contained regrown tissue as well (Fig. 5 F, indicated by arrow). Consecutive 

sections of those, that underwent HE staining, were stained for NF 200-neurofilament and 

counter-stained with DAPI. This enabled the immunodetection of regenerated axonal profiles in 

the distal nerve grafts. Representative photomicrographs (Fig. 5 A, C, E) show the presence of 

NF 200-immunopositive axons within the regenerated tissue strands. In chitosan-film enhanced 

nerve guides, axonal profiles were detectable at both sides of the chitosan-film (Fig. 5 C, D, 

indicated by *), but eventually also in tissue bridges connecting the two nerve strands, (Fig. 5 C, 

indicated by #). 

As ANGs and CNGs led to regeneration of thicker tissue cables, we further investigated if this 

was associated with a higher number of regrown axons within the distal graft in comparison to 

CNG[F]s and corrCNG[F]s. Therefore, quantification of NF 200-immunopositive axonal profiles 

was performed (Fig. 6). Median nerve reconstruction with ANGs revealed the highest number of 

NF200-immunopositive axonal profiles (3981 ± 393.9). Numbers of NF200-immunopositive 

axonal profiles was smaller in the distal CNGs (2139.1 ± 165.5), CNG[F]s (1993.4 ± 185.4) and 

corrCNG[F]s (2285.2 ± 425.2) , but no significant differences could be detected between all 

groups (Kruskal-Wallis test). Among the bioartificial nerve guide groups, the highest number of 

NF 200-immunopositive axonal profiles was detected in distal nerve graft samples from 

corrCNG[F] reconstructed forelimbs. 
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Figure 5. Representative photomicrographs of consecutive cross-sections through the regenerated tissue 

within the distal nerve graft at 16 weeks post-surgery. Immunohistological staining (A, C, E) against NF200 

(green) and DAPI nuclear counter staining (blue) display immunodetection of all regenerated axonal profiles. HE 

staining (B, D, F) displays an overview of the composition of the regenerated tissue. Thicker and single-strand tissue 

connections between proximal and distal nerve ends were found in the ANG and CNG groups. Axonal staining 

proofed that on each side of the chitosan-film the regenerated tissue contained NF200-positive axons. Arrow is 

indicating the tissue bridge, which was formed inside the chitosan-film perforation and connected the two nerve 

cables (chitosan-film indicated by ∗, NF200-positive axonal profiles within the tissue bridge indicated by #). CNG, 

standard chitosan nerve guide; CNG[F], chitosan-film enhanced CNG; corrCNG[F], corrugated chitosan-film 

enhanced chitosan nerve guide. 



Study I 

 

49 

 

Figure 6. Quantification of NF200-immunopositive axonal profiles at midgraft-level at 16 weeks post-surgery. 

ANG reconstructions revealed the highest numbers of NF200-positive axonal profiles among all tested implants. 

CorrCNG[F]s showed slightly increased numbers of immunopositive axonal profiles, when compared to the other 

artificial nerve guides tested. Kruskal–Wallis test [H(3, N = 28) = 7.74, p = 0.0517] followed by Dunn’s multiple 

comparisons were applied. No significant differences were detected. Values are given as mean ± SEM. ANG, 

autologous nerve graft; corrCNG[F], corrugated chitosan-film enhanced chitosan nerve guide: n = 8; CNG, chitosan 

nerve guide: n = 5; CNG[F], chitosan-film enhanced chitosan nerve guide: n = 7. 

 

2.4.7. Quantification of blood vessel area in the distal chitosan nerve grafts 

In previous studies we have postulated that introducing the chitosan-films into the chitosan nerve 

guides may increase the vascularization of the regenerated tissue (Stenberg et al., 2017; Stößel et 

al., 2018b). To analyze this in some more detail, we quantified the mean area of clearly 

identifiable blood vessels in the HE sections obtained from the chitosan nerve guide groups (n = 

5 CNG, n = 7 CNG[F], n = 8 corrCNG[F]). As depicted in Figure 7, the evaluation of the mean 

blood vessel area did not reveal any significant differences between the experimental groups 

(Kruskal-Wallis test). The data point out, however, that larger mean blood vessel areas (e.g. > 

100 µm2) have a higher probability to be formed when chitosan nerve guides contain a chitosan-

film. 
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Figure 7. Quantitative results of the mean blood vessel area within the distal nerve graft at 16 weeks post-

surgery. No significant differences could be detected among the experimental groups. Kruskal–Wallis test [H(2, N = 

20) = 0.929, p = 0.6456) followed by Dunn’s multiple comparisons were applied to detect significant differences. 

Values are given as median ± range. CNG, chitosan nerve guide: n = 5; CNG[F], chitosan-film enhanced chitosan 

nerve guide: n = 7; corrCNG[F], corrugated chitosan-film enhanced chitosan nerve guide: n = 8. 

 

2.4.8. Nerve histomorphometry distal to the nerve grafts 

For stereological and morphometrical assessment of regenerated myelinated axons, semi-thin 

cross-sections were prepared from distal nerve segments of reconstructed median nerves at 16 

weeks post-surgery (Fig. 8). Two samples of the CNG group with no evident regrown tissue 

detected during macroscopic inspection (see section 2.4.5.) were excluded from evaluation (n = 

6). In the CNG[F] group also one sample was excluded due to lack of regeneration (n = 7). 

Regarding the numbers of myelinated fibers (Fig. 9 A), axon diameters (Fig. 9 B), fiber diameters 

(Fig. 9 C) and myelin thicknesses (Fig. 9 D), samples resulting from ANG reconstructed 

forelimbs were superior over all bioartificial nerve guide groups tested. While no significant 

differences could be detected when comparing numbers of myelinated fibers of ANGs with 

CNGs and corrCNG[F]s, CNG[F]s revealed significantly lower numbers of myelinated fibers (P 

< 0.05, Kruskal-Wallis test). 
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Figure 8. Representative pictures of toluidine blue-stained semi-thin cross-sections of distal nerve segments at 

16 weeks post-surgery. Images show healthy nerve segments (A) serving as control compared to distal nerve 

segments of reconstructed median nerves (B–F). (B) Example of no axonal regeneration from the CNG[F] group. 

Examples of regenerated nerve samples from the ANG group (C), CNG group (D), CNG[F] group (E), and 

corrCNG[F] group (F). White scale bars display 10 μm. 
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Figure 9. Quantitative results of the nerve morphometrical analyses of distal nerve segments of reconstructed 

median nerves at 16 weeks post-surgery. Bar graphs are representing the total numbers of myelinated fibers (A), 

axon diameters (B), fiber diameters (C), and myelin thicknesses (D). Samples from ANG-reconstructed forelimbs 

were superior to the artificial nerve guides concerning all tested parameters. Only single events of statistically 

significant differences could be detected. CNG[F]s and corrCNG[F]s led to significantly lower axon diameters when 

compared to the ANG group. Additionally, CNG[F]s led to significantly thinner nerve fibers and myelin sheaths 

when compared to samples from ANG-reconstructed forelimbs. Horizontal continuous lines display healthy nerve 

mean values (n = 6). Kruskal–Wallis test [(A) H(3, N = 29) = 10.19; (B) H(3, N = 29) = 11.24; (C) H(3, N = 29) = 

15.03; (D) H(3, N = 29) = 12.34] with Dunn’s multiple comparisons were applied to detect significant differences 

(∗p < 0.05, ∗∗p < 0.01 vs. ANG at the same time point). Values are given as mean ± SEM. ANG, autologous nerve 

graft; corrCNG[F], corrugated chitosan-film enhanced chitosan nerve guide: n = 8; CNG, chitosan nerve guide: n = 

6; CNG[F], chitosan-film enhanced chitosan nerve guide: n = 7. 

 

When looking at the axon diameters and fiber diameters, CNG(F)s and corrCNG[F]s showed 

significantly smaller diameters in both parameters when compared to the ANG group (P < 0.05 

for axon diameter of CNG[F], corrCNG[F] and fiber diameter of corrCNG[F], p < 0.01 for fiber 

diameter of CNG[F], Kruskal-Wallis test). However, only CNG[F]s showed significantly thinner 

myelin sheaths when compared to ANGs (P < 0.01, Kruskal-Wallis test), whereas reconstruction 

with corrCNG[F]s revealed the thickest myelin sheaths among the nerve guide groups. Major 
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variations or significant differences in g-ratio values (data not shown), however, were not 

detected among all groups (ANG: 0.67 ± 0.01; CNG: 0.68 ± 0.03; CNG[F] 0.68 ± 0.02; 

corrCNG[F] 0.66 ± 0.01). 

 

2.5. Discussion 

In connection with peripheral nerve injuries the application of autologous nerve grafts (ANGs) 

still represents the gold standard (Daly et al., 2012). As this method goes along with various 

downsides (Siemionow et al., 2010; Hallgren et al., 2013; Kuffler, 2014), researchers still try to 

substitute or replace the use of ANGs by alternative bioartificial nerve guide based treatment 

strategies (Gu et al., 2014; Faroni et al., 2015).  

For studying the properties of novel bioartificial nerve grafts, nerve transection models are 

commonly used. Complete nerve transection injuries are characterized by structural changes, 

including axonal and myelin breakdown (Deumens et al., 2010). As such the model has distinct 

differences to other peripheral nerve injury models, e.g. loose ligation models of the rat sciatic 

nerve. Nerve ligation models are studied in the context of the development of neuropathic pain in 

which early events at the lesion sites are characterized by edema and inflammatory infiltration 

(e.g., Pacini et al., 2010; Di Cesare Mannelli et al., 2016). One leading event after nerve 

transection injury, besides axonal and myelin breakdown, is also recruitment of macrophages that 

help in myelin clearance during Wallerian degeneration over 3-6 weeks after the injury (Gaudet 

et al., 2011; Faroni et al., 2015; Jessen and Mirsky, 2016). Since morphological changes after 

median nerve transection injury have been described elsewhere before (e.g., Ronchi et al., 2016), 

we were not focusing on these events in the current study. Here, besides thorough functional 

analyses, we focused on end-point histological analysis of the regenerated nerve tissue after 16 

weeks post-surgery. At this late time point, edema or continued inflammatory infiltrations would 

only be expected in case of immune responses against the artificial nerve grafts or their 

degradation products. This was, however, never detected in other studies evaluating chitosan 

based nerve guides before (e.g., Haastert-Talini et al., 2013; Stößel et al., 2018a; Stößel et al., 

2018b). We further did not study effects of any complementary treatment to protect peripheral 

nerve arrangement and to prevent development of neuropathic pain, like e.g. daily oral 

administration of rosemary extracts (Pacini et al., 2010; Di Cesare Mannelli et al., 2016), because 
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the rat median nerve transection and repair model has not been reported before to induce 

neuropathic pain.  

In this study we compared ANGs and three different types of chitosan-based nerve guide grafts 

regarding their support for peripheral nerve regeneration after acute repair of 10 mm median 

nerve defects. The nerve guides evaluated consisted of standard hollow chitosan nerve guides 

(CNGs, (Haastert-Talini et al., 2013)), chitosan-film enhanced chitosan nerve guides (CNG[F]s, 

(Meyer et al., 2016a)) or corrugated chitosan-film enhanced chitosan nerve guides 

(corrCNG[F]s). The corrugated structure of the outer wall of hollow chitosan nerve guides is 

thought to make them most suitable for bridging peripheral nerve gaps in highly mobile locations 

(Stößel et al., 2018b). Highly mobile locations are for example human digits, in which digital 

nerves, originating from the median nerve, are even traveling across joints. Previous studies have 

demonstrated that by inserting a z-folded chitosan-film and creating a two-chambered chitosan 

nerve guide (CNG[F]), the support of functional recovery after immediate and delayed critical 

defect length rat sciatic nerve repair could even be increased in comparison to standard CNGs 

(Meyer et al., 2016a; Stenberg et al., 2017). Consequently, in this current study, we have 

evaluated corrCNG[F]s for their regeneration supporting properties in the rat median nerve 

model. We suppose the rat median nerve model to be more translational than the classic rat 

sciatic nerve model (Stößel et al., 2018b) with regard to the repair of human digital nerve 

injuries, which are displaying the majority of clinically relevant peripheral nerve injuries 

(McAllister et al., 1996; Renner et al., 2004). 

Clinically most important for patients suffering from peripheral nerve injury is the recovery of 

fine and gross motor function (Fugleholm et al., 2000; Valero-Cabre et al., 2001), which can still 

not be guaranteed even after nerve reconstruction with the use of ANGs (Deumens et al., 2010; 

Isaacs, 2010). The median nerve model used in the current study allows to define rather precisely 

the onset of different level motor functional recovery and to evaluate the final recovery level of 

the different motor functions (Stößel et al., 2017). For a good comparison of results and like in 

many other studies in the field and in accordance to our previous work (Stößel et al., 2017) we 

used female young adult rats (15 weeks at beginning of adaptation to test conditions) in the 

current study. 

Our results demonstrate that median nerve reconstruction in the rat with corrCNG[F]s achieved 

functional results comparable to the results obtained after reconstruction with ANGs. Even 
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though the functional recovery was fastest and most complete (100% recovery rate) in the ANG 

group already 8 weeks post-surgery, corrCNG[F]s significantly accelerated the recovery of fine 

and gross motor functions when compared to CNGs and CNG[F]s. Final recovery levels for 

skilled forelimb reaching ability were even significantly superior in the corrCNG[F] group when 

compared to the two other nerve guide groups evaluated. 

While this overall conclusion could easily be drawn from the results presented, this discussion 

will focus on a more detailed analysis of the evaluation methods used and the particular results 

they provided. 

The reflex-based grasping test, which is used to analyze the recovery of gross motor function 

(Tupper and Wallace, 1980) was performed every second week in the current study. This is the 

simplest test in our test battery and certainly the less stress-full for the animals, because it does 

not require any specific preparation and is performed with the awaken animal. Therefore, in our 

preceding study (Stößel et al., 2017), the grasping test was performed weekly and was found to 

thereby discover rather precisely the onset of reflex-based gross motor functional recovery. But 

the weekly testing procedure also resulted in a reduced motivation of the animals to participate in 

the test (Stößel et al., 2017). This observation has also been described before (Bertelli and Mira, 

1995), and therefore, to keep motivation to participate, we decided to perform the test only every 

second week in the current study. Still we were facing minor undulation in the recovery rate of 

gross motor function (ANG group between 8 and 10 weeks post-surgery; and either nerve guide 

groups between 14 and 16 weeks post-surgery), but were also able to detect differences in the 

recovery time and recovery rates among the groups. The grasping test confirmed that ANG 

reconstruction was most supportive for recovery of gross motor function, since exclusively the 

ANG group showed a 100% recovery rate in this test. Comparing the total best results among the 

nerve guide groups, use of corrCNG[F]s for reconstruction led to the highest percentage of 

forelimbs (87.5%) being able to apply a certain force to the bar (category 3), which is the most 

complete ability to be recovered (Stößel et al., 2017). Notably, superiority of the corrCNG[F] 

grafts over the other nerve guides is also indicated by the observation, that none of the 

corrCNG[F] reconstructed forelimbs remained without ability of finger flexion (category 2) in 

contrast to the CNG group (2 animals without finger flexion) and the CNG[F] group (1 animal 

without finger flexion). 
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The staircase test was performed for comprehensive evaluation of recovery of fine motor skills 

(Montoya et al., 1991). The test requires a preparatory period of restrictive feeding and can 

therefore only be applied on a monthly basis. The power of this test is again highly affected by 

the motivation of the animals to participate (Nikkhah et al., 1998; Galtrey and Fawcett, 2007). 

While in our previous study only one out of 16 animals demonstrated un-willingness to 

participate already during the pre-surgical habituation and training period (Stößel et al., 2017), in 

the current study, three animals were not at all sufficiently participating and two additional 

animals were only participating with their right forelimb. This situation was reducing the power 

of the test since it reduced the evaluated group size from initially 8 to only 6 animals. Lewis rats 

had been described before to probably display less motivation to participate, but to also provide a 

potentially reduced learning ability (Nikkhah et al., 1998; Galtrey and Fawcett, 2007). On the 

other hand, some of the remaining animals in all evaluated groups achieved success rates highly 

above their pre-surgical values during the recovery period. Thus, this displays an ongoing process 

of learning after pre-surgical training and during the post-surgical observation period (Stößel et 

al., 2017). Although, there is certainly more to consider when applying the staircase test 

paradigm for median nerve injury and repair studies, we again found it useful in depicting 

another type of motor functional recovery than the grasping test and in elucidating differences 

among our evaluated groups. Complete recovery of fine motor skills (100% recovery rate) was 

achieved in the ANG as well as by the corrCNG[F] group, while not all forelimbs of the CNG 

and CNG[F] groups achieved pre-surgical performance levels and some of them did not recover 

skilled forelimb reaching abilities at all. 

When assembling the overall motor abilities recovered as assessed by us in the advanced rat 

median nerve model, one could even detect some striking results in single animals that need a 

more reflected view on the underlying axonal regeneration. One of the ANG-reconstructed 

forelimbs successfully participated in the staircase test already 4 weeks post-surgery (retrieving > 

3 pellets), while demonstrating no finger flexion in the grasping test at the same time. The same 

phenomenon also occurred in one animal of the CNG[F] group at 8 weeks post-surgery. Looking 

at these results one should assume that axons were correctly directed to the target muscles, since 

fine motor skills require accurate reinnervation (Galtrey and Fawcett, 2007). Furthermore, 

successful pellet retrieval requires the ability for finger flexion, resulting in the assumption that 

the absence of finger flexion in the grasping test may be again explained by a lack of motivation 
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of the animals (Nikkhah et al., 1998; Galtrey and Fawcett, 2007). This observation can obviously 

not be related to the nerve graft applied for reconstruction and has therefore negatively biased the 

results from the grasping test. One should also consider that even a certain number of misdirected 

axons would lead to the ability for reflexed-based gross motor grasping function, because for this 

the amount of reinnervating axons is more important than the accuracy of reinnervation (Galtrey 

and Fawcett, 2007). 

The previous considerations lead over to the discussion of the electrodiagnostic measurements 

applied in the current study. Similar to the staircase test, these measurements were performed on 

a monthly basis, because we have been experiencing low tolerability of repetitive anesthesia in a 

previous study (Korte et al., 2011). Also, the obtainable data by recording and analyzing 

evocable compound muscle action potential (CMAP) amplitude areas are providing a quantitative 

estimation on the degree of motor reinnervation, but no indication on its consequences on 

forelimb usage abilities. In our previous study we demonstrated that electrodiagnostic recordings 

from the thenar muscles are a valuable tool to elucidate the early onset of motor axon 

regeneration, which is somehow predictive for the time period needed until motor skills will also 

start to return (Stößel et al., 2017). We had a similar observation in the current study. At 4 weeks 

post-surgery, evoked CMAPs were recordable in 100% of ANG and CNG reconstructed 

forelimbs when still no finger flexion was detected with the grasping test and only one ANG-

forelimb and none CNG-forelimb successfully participated in the staircase test. The same 

findings could be detected in the two other groups where the majority of the reconstructed nerves 

(CNG[F]: 62.5%; corrCNG[F]: 75.0%) transmitted evocable CMAPs to the thenar muscles, but 

none of the forelimbs achieved category 2 (ability for finger flexion) in the grasping test or 

successfully participated in the staircase test. Occurrence of 100% of reconstructed forelimbs 

showing evocable thenar muscle CMAPs revealed a timeline among the groups with the ANG-

group and CNG-group being the first (4 weeks post-surgery), the corrCNG[F] group the second 

(8 weeks post-surgery), and the CNG[F] group followed 12 weeks post-surgery.  

Electrodiagnostic recordings provide a two-fold estimation of functional recovery. First, the pure 

evidence of muscle reinnervation as detected by recording of evoked CMAPs, and second, the 

estimation of the quality of reinnervation as it can be retrieved from analyzing the CMAP 

amplitude area. The CMAP amplitude area correlates with the number of functioning axons 

(Cuddon, 2002). Although, in the current study, the CNG group showed the earliest onset of 
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motor reinnervation among the bioartificial nerve guide groups, the CMAP amplitude area was 

still significantly smaller after 16 weeks post-surgery when compared to the ANG group, which 

achieved the overall highest median amplitude area among all nerve grafts tested. At this time 

point median CMAP amplitude areas were not anymore significantly different to the ANG values 

in the CNG[F] and corrCNG[F] groups.  

Extrapolating these results now to usage abilities and evidently recovered motor skills, is, 

however, also not fully possible. Although the median CMAP amplitude area recorded in the 

CNG[F]s ranged slightly above that one recorded from the corrCNG[F] reconstructed forelimbs, 

motor skills returned to a higher rate in the second group. This indicates again that CMAP 

amplitude recovery is not necessarily accompanied by precise regeneration of all motor axons 

(Archibald et al., 1991; Fugleholm et al., 2000; Valero-Cabre et al., 2001; Navarro and Udina, 

2009; Pfister et al., 2011). Additionally, it demonstrates that also stimulation of finally 

misdirected axons contributes to the value of CMAP amplitude areas and these axons do not 

compulsorily lead to regeneration of especially fine motor skills (Galtrey and Fawcett, 2007).  

Those electrodiagnostic measurements, as performed in our current study, should only be one 

tool to evaluate functional recovery of the rat median nerve, as must also be concluded from the 

macroscopic inspection of the nerve grafts upon explantation and the subsequent 

histomorphometrical analysis. The latter is also irreplaceable for a comprehensive evaluation of 

nerve repair approaches. 

Upon explantation of the nerve grafts, we could macroscopically detect visible tissue connections 

between the proximal and the distal nerve end in all ANG and corrCNG[F] grafts, while 

surprisingly two nerve guides from the CNG group and one from the CNG[F] group did not 

contain sufficient amount of tissue. Although during establishment of the advanced median nerve 

model we did not find evidences that false positive recordings could occur from electrodiagnostic 

measurements (Stößel et al., 2017), we need to reconsider this possibility. In the current study, all 

forelimbs of the CNG and the CNG[F] group presented with evocable CMAPs in 

electrodiagnostic evaluation. Analysis of CMAP amplitude areas could again be judged to be of 

major value, since we at least detected that the false positive CMAPs displayed an area below the 

group median and histomorphometric analysis of distal nerve segments did not detect regrown 

axons. 
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Histomorphometrical analysis finally serves not only to reveal more quantitative data indicative 

also for the quality of axonal regeneration, but could also provide insight into tissue compositions 

related to good functional recovery. 

As observed in previous studies (Meyer et al., 2016a; Stenberg et al., 2017), tissue regeneration 

through chitosan-film enhanced chitosan nerve guides results in growth of two nerve strands 

separated by the chitosan-film. As we have shown previously and here again, these nerve strands 

are eventually connected via tissue bridges that have formed within the perforations in the film. 

In the current study we were even able to detect NF 200-immunopositive axons inside these 

tissue bridges.  

Quantification of the number of NF200-immunopositive axonal profiles within the distal grafts 

revealed no significant differences within the groups, although the highest mean value was 

detected in the ANG group and the corrCNG[F] group showed slightly higher values than the two 

other nerve guide groups. These findings already correlate to our results from the motor skills 

analyses. We have previously postulated that chitosan-film enhanced nerve guides would attract a 

higher degree of neovascularization and that this may directly correlate to better functional 

outcome (Meyer et al., 2016a; Stenberg et al., 2017). Early revascularization is an important 

factor for successful regeneration as it is supposed to prevent apoptosis of Schwann cells, 

fibrosis, and failure of regeneration (Penkert et al., 1988). In addition, blood-derived 

macrophages are known to support peripheral nerve regeneration by producing growth factors 

and adhesion molecules (Fansa et al., 2001; Haastert-Talini et al., 2013; Mokarram et al., 2017; 

Stenberg et al., 2017). In the current study we determined the median blood vessel area in the 

distal nerve guides in order to elucidate potential differences in neovascularization among the 

different nerve guide types. And indeed, although not significant again, in the corrCNG[F] group, 

with the best functional outcome among the nerve guide groups, we found in 50% of the samples 

mean blood vessel areas above the group mean, while in the CNG[F] group and CNG group these 

are only 43% and 40%, respectively. 

It is noteworthy that immunohistological evaluation of the number of NF-200-immunopositive 

axonal profiles in the distal grafts resulted in reduced numbers of detected axons in comparison to 

the histomorphometrical analysis performed distal to the grafts.  Among all investigated groups, 

more regenerated and myelinated nerve fibers were detected in the nerve specimen distal to the 

grafts than within the grafts. This could be found to be in contradiction to the assumption that not 
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all nerve fibers that sprout proximally, should reach their distal target and that the number of 

detectable axons will therefore get smaller at more distal locations. One should, however, 

consider that immunohistological staining and quantification in fluorescence microscopy may 

miss a certain amount especially of small regenerated axons, due to thresholds that have to be set 

manually. Therefore, a more reliable axon count will always result from nerve morphometrical 

analysis. 

Nerve morphometry finally performed in specimen harvested distal to the grafts revealed that less 

axons regenerated in the nerve guide groups than in the ANG group, with CNG[F] samples 

showing significantly less axons. As shown before (Sinis et al., 2005; Haastert-Talini et al., 2013; 

Ronchi et al., 2017; Stößel et al., 2017), ANG-reconstruction results in higher numbers of 

myelinated fibers in comparison to the artificial nerve guides and even compared to the healthy 

nerve. Healthy nerve values for numbers of myelinated fibers were exceeded by the ANG, CNG 

and corrCNG[F] group, a phenomenon that has been described before in different models (Meyer 

et al., 2016a; Stenberg et al., 2017; Stößel et al., 2017). Probably the second most indicative 

nerve morphometrical parameter for functional recovery, which has been analyzed in the current 

study, is the myelin thickness. The myelin thickness determines the nerve conduction velocity 

(Valero-Cabre and Navarro, 2002; Korte et al., 2011) and could therefore have a direct impact on 

fine motor reaching skills. Axons from CNG[F]-group samples displayed significantly thinner 

myelin sheaths than those from the ANG-group, while the other nerve guide groups showed no 

significant differences. Samples from the corrCNG[F]-group displayed slightly thicker myelin 

sheaths of their axons among the bioartificial nerve graft groups. These finding underline that 

corrCNG[F] supported functional regeneration of the reconstructed median nerve to a higher 

extend than the other chitosan nerve guides evaluated. 

In conclusion, we demonstrated that the use of corrCNG[F]s represents a promising approach for 

reconstruction of small nerves in a mobile extremity location. The results of the current study are 

translational for the repair of digital nerves in humans since different nerve guides where 

comprehensively tested against the gold standard autologous nerve graft and the clinically 

approved classic hollow chitosan nerve guide. 
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3.1. Abstract 

In the current study we investigated the suitability of a novel hyaluronic acid-laminin-hydrogel 

(HAL) as luminal filler and carrier system for co-transplanted cells within a composite chitosan-

based nerve graft (CNG) in rat critical nerve defect model. The HAL was meant to improve the 

performance of our artificial nerve guides by giving additional structural and molecular support 

to regrowing axons. We filled hollow CNGs or two-chambered nerve guides with an inserted 

longitudinal chitosan film (CNG[F]s), with cell-free HAL or cell-free hyaluronic acid or 

additionally suspended either naïve Schwann cells (SCs) or fibroblast growth factor-2 

overexpressing Schwann cells (FGF2-SCs) within the gels. We subjected female Lewis rats to 

immediate 15 mm sciatic nerve gap reconstruction and comprehensively compared axonal and 

functional regeneration parameters with the gold standard autologous nerve graft (ANG) repair. 

Motor recovery was surveyed by means of electrodiagnostic measurements at 60, 90, and 120 

days post-reconstruction. Upon explantation after 120 days, lower limb target muscles were 

harvested for calculation of muscle weight ratios. Semi-thin cross-sections of nerve segments 

distal to the grafts were evaluated histomorphometrically. After 120 days of recovery, only ANG 

treatment led to full motor recovery. Surprisingly, regeneration outcomes revealed no 

regeneration supportive effect of HAL alone and even an impairment of peripheral nerve 

regeneration when combined with SCs and FGF2-SCs. Furthermore, complementary in vitro 

studies, conducted to elucidate the reason for this unexpected negative result, revealed that SCs 

and FGF2-SCs suspended within the hydrogel relatively downregulated gene expression of 

regeneration supporting neurotrophic factors. In conclusion, cell-free HAL, in its current 

formulation, did not qualify for optimizing regeneration outcome through CNG[F]s. In addition, 

we demonstrate that our HAL, when used as carrier system for co-transplanted Schwann cells 

changed their gene expression profile and deteriorated the pro-regenerative milieu within the 

nerve guides. 

Keywords: cellular drug delivery system, Schwann cells (SCs), sciatic nerve regeneration, 

fibroblast growth factor-2, chitosan 
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3.2. Introduction 

Injuries of peripheral nerves (PNI) annually affect more than one million people worldwide 

(Asplund et al., 2009). Resulting in partial or complete paralyses of the innervated muscles, 

traumatic PNI may even lead to persisting severe pain and/ or numbness. A reduced quality of 

life, overall performance, and lifelong dependency on support are serious consequences for the 

affected patients (Noble et al., 1998; Eriksson et al., 2011). Despite modern microsurgical 

treatment techniques only a maximum of about 50% of the patients regain good to excellent 

motor function. The mostly young - middle aged patients are not able to reenter their full work 

routine. Thus, the socioeconomic impact of peripheral nerve injuries is not negligible (Grinsell 

and Keating, 2014). 

Until now, the gold standard microsurgical treatment approach is the use of autologous nerve 

grafts (ANGs) (Deumens et al., 2010). Besides not guaranteeing full functional recovery, e.g. as a 

result of incorrect target reinnervation, the use of ANGs goes along with several other downsides, 

such as donor site morbidity, the need for poly-surgery and a limited availability of donor tissue 

especially for extended injuries of the brachial plexus (Daly et al., 2012). To circumvent these 

downsides, several off-the-shelf artificial nerve grafts are available for clinical use (Dietzmeyer et 

al., 2019a). However, artificial nerve grafts are only approved as grafting material for gap lengths 

up to 3 cm (Bell and Haycock, 2012; Kehoe et al., 2012; Dietzmeyer et al., 2019a; Kornfeld et 

al., 2019). 

The development of novel treatment strategies for bridging longer peripheral nerve defects still 

remain a major challenge in human medicine. Therefore, researchers aim at designing 

bioartificial nerve grafts that best mimic the natural milieu of the original nerve structure in order 

to provide regeneration supportive cues (Fairbairn et al., 2015; Dalamagkas et al., 2016; 

Lackington et al., 2017; Dietzmeyer et al., 2019a). Schwann cells (SCs) are key players in the 

process of degeneration and regeneration upon complete transection injury of a peripheral nerve 

(neurotmesis) (Deumens et al., 2010; Gaudet et al., 2011). Reprogrammed to a repair phenotype, 

Schwann cells are able to downregulate the expression of myelin genes and, on the other hand, to 

up- or downregulate gene expression of neurotrophic factors, which upon their release serve as 

chemoattractant and support-proteins for the regrowing axons (Jessen and Mirsky, 2016). 

Another key component during regeneration after PNI is the extracellular matrix (ECM). As a 

three-dimensional matrix it drives regeneration and promotes axonal growth and guidance 
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through gathering activating elements for the regeneration associated signaling pathways 

(Gonzalez-Perez et al., 2013). Furthermore, whenever the basal lamina of the endoneurial tubes, 

as part of the ECM in the peripheral nerve, does not remain intact to guide the axons back to the 

target tissue, SCs increase the production of ECM molecules forming the basal lamina and the 

Bands of Büngner for undertaking the guidance of the axonal growth cone (Gonzalez-Perez et al., 

2013; Jessen et al., 2015). 

In the recent past, we demonstrated that chitosan-based hollow nerve guidance channels (CNGs) 

allow effective regeneration in rat models when bridging 10 mm rat sciatic nerve gaps (Haastert-

Talini et al., 2013; Shapira et al., 2016). Hollow nerve guides (CNGs) did even allow functional 

repair across 15 mm critical length sciatic nerve gaps in a considerably high percentage of rats 

(Gonzalez-Perez et al., 2015). The performance of the nerve guides in the repair of acute and 

delayed nerve repair was even increased by transforming them into two-chambered tubular grafts 

with the introduction of a longitudinal chitosan-film (CNG[F]s) (Meyer et al., 2016a; Stenberg et 

al., 2017). Although these developments have been promising, there is an emerging consensus 

that for becoming a reliable substitute for autologous nerve grafting in long gap repair, a 

permissive scaffold should have enhanced properties for axonal guidance and for neurotrophic 

support (Dietzmeyer et al., 2019a). Co-transplanted SCs of primary origin or genetically 

modified to overexpress neurotropic factors (Haastert et al., 2006a; Haastert et al., 2006b) and 

growth permissive substrates such as hydrogels could be a solution to this. In one of our previous 

studies, we have therefore already filled CNGs with another hydrogel with a different 

composition of high molecular weight hyaluronic acid and laminin in a non-modified form or 

enriched with either primary, naïve SCs or genetically modified SCs overexpressing neurotrophic 

factors (Meyer et al., 2016b). Surprising to us, the attempt to fill the nerve guide with the specific 

hydrogel, did not provide a growth permissive environment in vivo, but it rather impaired the 

regeneration process and only the co-transplantation of fibroblast growth factor-2 (FGF-2) 

overexpressing SCs (FGF2-SCs) partially resolved this problem (Meyer et al., 2016b). In another 

previous approach, we have seeded naïve SCs or FGF2-SCs into CNG[F]s, without adding any 

hydrogel, and again used them for repairing critical length sciatic nerve defects in the rat (Meyer 

et al., 2016a). In this approach, however, the FGF2-SCs had no additional regeneration 

supporting effect and we concluded that they would have needed to be surrounded by an 

appropriate matrix at the time of implantation (Meyer et al., 2016a). 
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In the current study, we hypothesized that another novel hyaluronic acid-laminin-hydrogel (HAL) 

could serve as luminal filler for CNGs or CNG[F]s and as carrier system for co-transplanted SCs 

or FGF2-SCs. The novel HAL has been modified from another previous study, in which a similar 

hydrogel, differing in the concentration of hyaluronic acid, was filled into a collagen-based nerve 

guidance channel and enabled axonal regeneration across a 15mm Wistar rat sciatic nerve gap, 

while the empty channel failed to do so (Rochkind and Nevo, 2014). 

To test our hypothesis, we have comprehensively evaluated in vivo the potential of CNGs or 

CNG[F]s filled with only hydrogel, in this case hyaluronic acid (HA) or HAL, or filled with SCs 

or FGF-SCs carrying hydrogel to support axonal regeneration across a critical defect size of 15 

mm in the rat sciatic nerve and to subsequently allow functional motor recovery. A total of eight 

artificial nerve graft treated animal groups were compared to one group that was treated with the 

gold standard, reversed nerve autograft. 

Our comprehensive in vivo evaluation revealed that cell-free HA or HAL have an equal potential 

to support regeneration through hollow CNGs and that regeneration outcome is improved when 

applying CNG[F]s. Interestingly, we detected that adding cells to the system, did dramatically 

reduce the regeneration outcome, especially when using HAL as a cell carrier system. In order to 

elucidate what might be the reason for this, we further present some in vitro and gene expression 

analyses. 

 

3.3. Materials and Methods 

3.3.1. Primary (naïve) neonatal rat Schwann cells (SCs) 

Primary neonatal rat SCs were cultured according to previously published work (Haastert et al., 

2005). Roughly summarized, we used Wistar RjHan:WI rat pups (P1-3, in-house breeding) to 

obtain the sciatic nerves. The nerves were enzymatically digested for 50 min and afterwards 

mechanically dissociated. Isolated cells were cultured for 24 hours in culture medium 

[Dulbecco's Modified Eagle's Medium (DMEM), 0.1 mM Forskolin, 1% Pen/strep, 2 mM L-

glutamine, 1 mM sodium pyruvate, and 10% fetal calf serum (FCS); all from Thermo Fisher 

Scientific, Waltham, MA, USA]. After 24 hours half of the medium was refreshed and 1 mM of 

arabinoside-c (Sigma-Aldrich, St. Louis, MO, USA) was added for 2 days to prevent excessive 

fibroblast contamination. SCs were purified via immunopanning (Haastert et al., 2005) until > 



Study II 

 

70 

90% purity of the neonatal SC cultures were achieved. After reaching this degree of purity, 2 µM 

Forskolin (Thermo Fisher Scientific) were added to support SC proliferation. Passaged SCs at 

passages 8-10 were used as naïve control cells in the in vitro and in vivo studies as described 

below. 

 

3.3.2. Non-viral genetic engineering of Schwann cells 

AMAXA nucleofection technique (Amaxa device II; Lonza, Cologne, Germany) was used for the 

transfection of SCs. The plasmids, encoding for the low molecular weight FGF-2 (pCAGGS-

FGF-218kDa-Flag; NCBI GenBank accession NM_019305.2, 533–994 bp) were constructed as 

described previously (Ratzka et al., 2011). 2.5 x 106 neonatal SCs at passages 8-10 were 

prepared for each transfection procedure by suspending them in 90 µl basic transfection solution 

(basic glial cell nucleofection kit; Lonza, Cologne, Germany). Then, 5 µg of the plasmid DNA 

were added. For nucleofection AMAXA-specific cuvettes and the program T20 were used. 

Afterwards, the reaction was stopped by adding 900 µl RPMI medium (Gibco, Darmstadt, 

Germany) enriched with 10% Fetal Calf Serum (FCS) (Gibco). Schwann cell survival was 

determined by using trypan blue staining (Sigma-Aldrich) and a Neubauer chamber system (Carl 

Roth & Co GmbH, Karlsruhe, Germany). The genetically engineered FGF2-SCs were further 

processed for the in vitro and in vivo experiments as described below. 

 

3.3.3. SDS-polyacrylamid gel electrophoresis and Western blot analyses 

Western blot analyses were performed according to our previous work (Meyer et al., 2016a; 

Meyer et al., 2016b) in order to detect endogenous FGF-2 expression as well as Flag tagged 

FGF-2 expression in naïve as well as genetically engineered SCs (passages 9-11). The samples of 

transfected and non-transfected SCs were prepared in RIPA lysis buffer [137 mM NaCl (Thermo 

Fisher Scientific), 20 mM Tris-HCl (Sigma-Aldrich) pH 7, 525 mM β-glycerolphosphate (Sigma-

Aldrich), 2 mM EDTA (Sigma-Aldrich), 1 mM sodium orthovanadate (Sigma-Aldrich), 1% 

sodium desoxycholate (Sigma-Aldrich), and 1% Triton-X-100 (Sigma-Aldrich)] containing 

phosphatase inhibitor (Roche, Basel, Switzerland) and protease inhibitor (Roche). Sonification 

was performed for 15 min and protein concentration was determined using Bicinchoninic acid 

(BCA) assay (Thermo Fisher Scientific). For endogenous FGF-2 Western Blot 30 µg of total 



Study II 

 

71 

protein lysates and for FGF-218kDa-Flag Western Blot 10µg of total protein lysates were 

dissolved in 1x Laemmli buffer 1970 (5×, 0.25 M Tris HCl pH 8.0, 25% glycerol, 7.5% SDS, 

0.25 mg/ml bromphenol blue, 12.5% v/v 2-mercaptoethanol; all Sigma-Aldrich). Protein 

separation was performed using a 15% gel in SDS poly-acrylamide gel electrophoresis. Separated 

proteins were blotted to a nitrocellulose membrane (RPN68D; Amersham Bioscience, Freiburg, 

Germany) by electrophoresis (Ratzka et al., 2012). Endogenous FGF-2 and FGF-218kDa-Flag 

were detected in the ECL system (Intas Science Imaging, Göttingen, Germany) using rabbit anti-

FGF-2 (1:750, SC-79; Santa Cruz Biotech., Heidelberg, Germany) as primary antibody and 

secondary α-rabbit horseradish peroxidase (HRP)-coupled antibody [1:4,000, Amersham 

NA934V, GE Healthcare) or anti-Flag (1:1,000, F18-04; Sigma-Aldrich) as primary antibody and 

secondary α-mouse horseradish peroxidase (HRP)-coupled antibody [1:4,000, Amersham 

NA931, GE Healthcare, (Th, Greyer), Hamburg, Germany]. The signals were visualized with a 

chemiluminescent substrate solution (PierceTM, Thermo Fisher Scientific). 

 

3.3.4. Preparation of 0.2% hyaluronic acid (HA) and 0.2% hyaluronic acid-laminin-hydrogel 

(HAL) 

A synthetic laminin peptide consisting of 16 amino acids (containing two sequences of two 

pentapeptides found in laminin; synthesized at Bachem, Switzerland) and shown to guide 

neuronal migration, differentiation, regeneration and survival, was diluted with 1 ml of double 

distilled water (DDW) in sterile conditions and filtered through a 0.45 micron filter paper. Then, 

1 ml of sterile solution of human recombinant superoxide dismutase 1 (SOD1; PRO-286, 

ProSpec, Israel) was added to the solution. Finally, 2 ml syringes containing 1% highly purified, 

high molecular weight (2.4-3.6 million daltons) hyaluronic acid (HA; EUFLEXXA®, Ferring 

Pharmaceuticals-Bio-Technology General Ltd., Israel) were diluted with phosphate buffered 

saline (PBS) and added to the solution, according to prepare a HA concentration of 0.4%. Pure 

hyaluronic acid was provided for control experiments in a concentration of 1% in PBS. The HAL 

as well as the pure HA were prepared in Israel and afterwards shipped to Germany. The 

hyaluronic acid-laminin-hydrogel was kept at 4 °C until use, including during shipment. Prior to 

in vivo or in vitro use, 1% HA was mixed with PBS to a concentration of 0.4% HA and then this 

was mixed 1:1 with serum-free N-2 medium to a concentration of 0.2% HA. According to the 
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previously described procedure, 0.4% HAL mixed 1:1 with serum-free N-2 medium to a 

concentration of 0.2% HAL prior to further use. 

 

3.3.5. Real-time quantitative reverse transcription polymerase chain reaction (Real-time qRT-

PCR) 

Naïve as well as FGF2-SCs (see 3.3.1. and 3.3.2.) at passages 10-12 were cultured within culture 

medium (see section 3.3.1.) serving as positive control or within 0.2% of HA or 0.2% of HAL 

(see section 3.3.4.). For each condition, 350.000 cells per well were seeded into 2 poly-l-lysine 

(PLL)-coated wells of a six-well plate (Nunc, Thermo Fisher Scientific). For PLL coating, the 

bottom of the culture flasks was covered with PLL for 30min at 37 °C. After removing the PLL 

flasks were washed 2 times with Ampuwa® (Fresenius Kabi, Bad Homburg, Germany). After 3 

days in vitro, the supernatant was removed and cells were lysed, homogenized and total RNA 

was extracted according to the manufacturer’s protocol (RNeasy Plus Mini Kit, Qiagen, Hilden, 

Germany). For harvesting an appropriate amount of RNA, three different culture trials were 

needed for FGF2-SCs, while five culture trials were needed for SCs.  

The RNA was eluted in 15 µl of RNase free water (Qiagen) and completely used for cDNA 

synthesis with the iScript Kit (BioRad, Hercules, CA, USA). For qRT-PCR the following primer 

sequences were used: fibroblast growth factor-2 (FGF-2)-F: 5’-

GAACCGGTACCTGGCTATGA-3’; FGF-2-R: 5’-CCAGGCGTTCAAAGAAGAAA-3’; brain-

derived neurotrophic factor (BDNF)-F: 5’-GGACATATCCATGACCAGAAAGAA-3’; BDNF-

R: 5’-GCAACAACCACAACATTATCGAG-3’; glial cell-derived neurotrophic factor (GDNF)-

F: 5’-CCAGAGAATTCCAGAGGGAAAGGT-3’; GDNF-R: 5’-TCAGTTCCTCCTTGGTTTC 

GTAGC-3’; nerve growth factor (NGF)-F: 5’-ACCTCTTCGGACACTCTGGA-3’; NGF-R: 5’-

GTCCGTGGCTGTGGTCTTAT-3’. 

Quantitative RT-PCR was performed according to Rumpel et al. (Rumpel et al., 2013) with 

Power SYBR-Green PCR Master Mix (Applied Biosystems, Foster City, CA, USA) on a 

StepOnePlus instrument (Applied Biosystems). Calculation of fold changes in cDNA levels was 

performed by using the 2(-ΔΔCt) method and normalized to the housekeeping gene 

peptidylprolyl isomerase A (Ppia)-F: 5’-TGTGCCAGGGTGGTGACTT-3’; Ppia-R: 5’-

TCAAATTTCTCTCCGTAGATGGACTT-3’. The amount of cDNA achieved, was sufficient for 



Study II 

 

73 

pooling cDNA for n = 3 independent qRT-PCR runs per cell type and culture condition. For 

naïve SC cultured in HAL, however, the low proliferation as well as high apoptosis (figure 5) led 

to an amount of cDNA, which was only sufficient for pooling cDNA for n = 2 independent 

analyses. 

 

3.3.6. In vitro analysis of immunocompatibility between recipient spleen and lymph node cells 

and donor Schwann cells via [3H]thymidine incorporation assay 

Since sufficient numbers of neonatal rat Schwann cells for this study were not obtainable from 

Lewis LEW/OrlRj breeds in reasonable time (small liter sizes and low proliferation rate of 

primary cells), we decided to use neonatal Schwann cells from Wistar RjHan:WI breeds. The 

transfer of genetically modified SCs derived from Wistar RjHan:WI rats within CNGs into the 

recipient LEW/OrlRj rats displays, however, an allogenic transplantation, which comprises the 

risk of an immunoreaction and transplant rejection. 

With the supplementary material to this study, we provide data on our evaluation of the 

probability for an immunoreaction to occur. Briefly, we performed in vitro proliferation assays of 

recipient Lewis LEW/OrlRj rat lymphocytes, derived from either the spleen (Spl) or the cervical 

lymph nodes (LN), cultivated with either donor Lewis LEW/OrlRj rat (Lew) SCs, serving as 

negative control, Wistar RjHan:WI rat (Wi) SCs, serving as experimental group, and Sprague 

Dawley RjHan:SD rat (SprD) SCs, serving as additional experimental group. And with this we 

could demonstrate that the probability to induce a host-versus-graft response with transplanting 

RjHan:WI-derived cells into LEW/OrlRj rats is close to zero (supplementary figure 1). 

 

3.3.7. Manufacturing of classic chitosan nerve guides (CNGs) and chitosan-film enhanced 

chitosan nerve guides (CNG[F]s) 

Certified medical grade chitosan was derived from Pandalus borealis shrimp shells (Altakitin 

S.A., Lisboa, Portugal). CNG were produced with an inner diameter of 2.1 mm and a length of 19 

mm as described before (Meyer et al., 2016a; Stenberg et al., 2017; Stößel et al., 2018b) at 

Medovent GmbH (Mainz, Germany). All manufacturing steps were carried out under ISO 13485 

requirements and specifications. For the production of the chitosan-films (CF), 0.54 g medical 

grade chitosan (Medovent GmbH) was mixed with 35.78 ml of 0.5% acetic acid. After stirring 
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the chitosan-solution for 30 min, it was poured in a glass petri dish and dried for 3 to 4 days 

under the hood. The films were fixated with 68.8 ml 93.5% methanol and 3.9 ml 25% ammonia 

for 2 h. After removing the fixation solution, films were dried overnight and underwent UV-

sterilization on the following day. Then, they were cut into rectangular pieces with 15 mm length 

and 5 mm width. CF were longitudinally z-folded and processed according to our previous 

publication (Meyer et al., 2016a). Briefly, their middle line was perforated with a sharp needle, 

creating 6 holes with 2 mm distance to each other. After inserting the CF concentrically into the 

chitosan tubes, the final CNG[F] were sterilized by beta irradiation (11 kGy, 10 MeV) by BGS 

Beta-Gamma-Service GmbH & Co. KG (Wiehl, Germany) (Stößel et al., 2018a). 0.9% sodium 

chloride solution (NaCl 0.9%, B. Braun Melsungen AG, Melsungen, Germany) was used to rinse 

all CNG and CNG[F] for 20 min before they were implanted. 

 

3.3.8. Preparation of genetically engineered (FGF2-SCs) and naïve (SCs) Schwann cells for 

transplantation within composite chitosan nerve grafts 

Three days before surgical procedure Neonatal rat SCs were genetically modified via non-viral 

transfection as described above (see 3.3.2.). After transfection FGF2-SCs were seeded into PLL 

coated culture flasks (Nunc, Thermo Fisher Scientific) for 24 h to recover from transfection. 

Then, culture medium was changed to serum free-N-2 medium for again 24 h. For comparability, 

non-transfected cells were collected from their flasks, re-seeded and cultured for 24 h under 

serum-free conditions as well. 

At the day of nerve reconstruction surgery, either 1 x 106 FGF2-SCs or naïve SCs were mixed 

with 70 µl 0.2% HAL and kept on ice until filled into tubular nerve grafts (see 3.3.9.). 

To determine the protein expression of either naïve or FGF2-SCs, at the time nerve graft 

preparation, sister batches of 1 x 106 detached naïve/ FGF2-SC, were collected, centrifuged and 

their pellets washed with PBS (Biochrom GmbH, Berlin, Germany). After another step of 

centrifugation, the pellets were stored at -80 °C for Western blot analysis (see 3.3.3.). 
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3.3.9. Experimental design 

The differently composed bioartificial nerve grafts were comprehensively evaluated during an 

observation period of 120 days. Due to logistic limitations the whole in vivo experiment was 

divided into two consecutive parts that followed an identic schedule but allowed to handle and 

observe smaller groups at a time (table 1). For functional evaluation (see 3.3.11.1.), 

electrodiagnostic measurements were performed 60, 90 and 120 days after reconstruction 

surgery. After the last final measurements, animals were sacrificed and tissues for endpoint 

analyses were harvested (see 3.3.11.2. and 3.3.12.). 

 

Table 1. Summary of the experimental groups included into the in vivo experiment. 

Group 1st surgery 2nd surgery Total 

ANG n = 4 n = 2 n = 6 

CNG+HA / n = 5 n = 5 

CNG+HAL n = 4 n = 4 n = 8 

CNG+HAL+SC n = 4 n = 4 n = 8 

CNG+HAL+FGF2-SC n = 4 n = 4 n = 8 

CNG[F]+HA / n = 5 n = 5 

CNG[F]+HAL n = 4 n = 4 n = 8 

CNG[F]+HAL+SC n = 4 n = 4 n = 8 

CNG[F]+ HAL+FGF2-SC n = 4 n = 4 n = 8 

The total experiment was divided into two parts. The table shows the respective numbers (n) of reconstructed sciatic 

nerves per part-experiment (1st surgery, 2nd surgery) per experimental group (left column) as well as total numbers of 

reconstructed sciatic nerves per experimental group (n, right column). 

 

3.3.10. Animals and surgical procedure 

Animal experiments were conducted in accordance with the German animal protection law and 

with the European Communities Council Directive 2010/63/EU for the protection of animals 

used for experimental purposes. All experiments were approved by the Local Institutional Animal 

Care and Research Advisory and the animal care committee of Lower-Saxony, Germany 

(approval code: 33.12 42502-04-16/2320; approval date: 30.11.2016). Here, we used 64 adult 

female Lewis rats (LEW/OrlRj; average weight at the day of surgery: 195.1 ± 1.2 g) obtained 

from Janvier Labs SAS (Genest Saint Isle (Le), France) at an age of 12 weeks. In groups of four 
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animals, they were housed under standard conditions (room temperature 22.2 °C; humidity 

55.5%; light/ dark cycle of 14 h/ 10 h). Food and water was provided ad libitum. Two weeks 

before surgery, until completion of the study, the rats were orally treated with amytriptiline 

hydrochloride (13.5 mg/kg/day, Amitriptylin-neuraxpharm®, Neuraxpharm Arzneimittel GmbH, 

Germany) by adding it to their drinking water in order to prevent events of automutilation 

(Navarro et al., 1994). The animals’ health states were controlled every 2-3 days. 

Surgical interventions as well as non-invasive electrodiagnostic recordings were carried out under 

aseptic conditions including adequate anesthesia and analgesia. For deep anesthesia, chloral 

hydrate (370 mg/kg, Sigma-Aldrich) was injected intraperitoneally. During anesthesia, the 

animals were placed on a heating pad and their rectal body temperature regularly controlled not 

to fall below 36.5 °C. 

At five minutes prior to nerve transection, a local topical application of bupivacaine (0.25%, 

Carbostesin®, AstraZeneca GmbH, Wedel, Germany) and lidocaine (2%, Xylocain®, 

AstraZeneca GmbH, Germany) on the sciatic nerves was performed to ensure sufficient 

analgesia. In addition to that, butorphanol (0.5 mg/kg, Torbugesic®, Pfizer, New York City, NY, 

USA) was injected subcutaneously at the day of surgery, the following two days and before 

electrodiagnostic recordings. 

In accordance to studies previously carried out by our group (Haastert-Talini et al., 2013; Meyer 

et al., 2016a; Meyer et al., 2016b), the left sciatic nerve was exposed at mid-thigh level. The first 

nerve transection was performed 5 mm distal to the aponeurosis of the gluteus muscle by using a 

pair of micro-scissors.  

For reconstruction using ANGs, the second nerve transection was performed 15 mm further distal 

to the first transection site. After reversing and rotating it around by 180°, the nerve piece was 

sutured by three epineural 9-0-stitches each to the proximal and the distal nerve end.  

Four tubular nerve graft repair (groups listed in table 1) the second nerve transection was 

performed 13 mm distal to the initial one and the nerve piece was removed. 

Prior to filling the artificial nerve grafts with the corresponding cell-free or cell-carrying luminal 

filler (see 3.3.4., respectively), CNGs and CNG[F]s were stored in 0.9% sodium chloride rinsing 

solution (NaCl 0.9%, B. Braun Melsungen AG) for at least 20 min. The filling was performed 

immediately before suturing the respective nerve grafts into the nerve defect. Therefore 60 µl of 
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the respective luminal filler (HA, HAL, HAL+SC, or HAL+FGF2-SC) were pipetted into the 

grafts’ lumen. For filling CNG[F]s, 30 µl of filling volume were pipetted into either chamber of 

the nerve guides. 

The appropriately prepared tubular nerve grafts were transferred into the nerve defect and sutured 

to the nerve ends with one epineural 9-0-stitch at each end. An overlap of 2 mm at each site was 

generated a 15 mm sciatic nerve gap bridged with the grafts. 

Wounds were closed with 3-4 resorbable sutures of the femoral biceps muscle (3-0 Polysorb, UL-

215, Covidien, Dublin, Ireland) followed by skin suture with 3–4 non-resorbable mattress sutures 

(4-0 Ethilon™II, EH7791H, Ethicon, Somerville, NJ, USA). 

 

3.3.11. Assessment of functional recovery 

3.3.11.1. Motor recovery: Repeated transcutaneous electrodiagnostic recordings 

Non-invasive electrodiagnostic recordings were performed at 60, 90, and 120 days after surgery 

as previously described by our group (Haastert-Talini et al., 2013). Briefly, deeply anesthetized 

animals were placed in prone position on a heating pad that was only switched of for the short 

period of actual recording to again keep their body temperature ≤36.5 °C. Monopolar needle 

electrodes were inserted transcutaneously and the nerves were stimulated with the help of a 

Dantec® Keypoint® Focus device (Natus Europe GmbH, Planegg, Germany) by transmitting 

single electrical impulses (100 µs, 1 Hz). The stimulation intensity was gradually increased up to 

30% supramaximal level. The reconstructed sciatic nerve was either stimulated proximal to the 

transplanted graft at the sciatic notch or distal to it in the popliteal fossa. Evoked compound 

muscle action potentials (CMAPs) were recorded from the tibialis anterior muscle (TA) and the 

plantar muscles (PL) at the reconstructed left side of the animals (experimental values) or the 

contralateral healthy right side (reference values). CMAP amplitude (baseline to negative peak of 

the M-wave) areas were calculated. Then functional axon loss was calculated as previously 

described (Korte et al., 2011). Both parameters, CMAP amplitude areas, as well as axon losses, 

were calculated and included into statistical analyses for lesioned sides of all animals. In cases, 

when animals did not recover evocable CMAPs, the amplitude area was set to 0 and the axon loss 

to 100% for statistical analysis, respectively. Healthy baseline reference values for CMAP 

amplitude areas of the non-lesioned right hind limb were collected from those animals showing 
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evocable CMAPs at 120 days post-surgery in the TA or PL muscles of the lesioned left side. 

Accordingly, mean TA CMAP amplitude area was calculated from 27 animals, and the mean PL 

CMAP amplitude area was calculated from 15 animals (see section 3.4.2.). 

 

3.3.11.2. Muscle-weight ratio 

After completion of the observation period, animals were transferred into carbon dioxide 

atmosphere for inducing deep anesthesia and killed by cervical dislocation. Both lower limb 

muscles (TA and gastrocnemius (GC) muscle) were explanted from the lesioned left and healthy 

control right side. The muscles were weighed and muscle weight (g) of the lesioned side was 

divided by the muscle weight (g) of the healthy control side for calculation of muscle weight 

ratios (MWRs). 

 

3.3.12. Nerve histomorphometry 

In general, histomorphometry of the nerves was performed as described earlier (Stößel et al., 

2017). The regenerated tissue within the lumen of the nerve guides including the central chitosan-

film, for CNG[F]s, as well as segments of the distal nerve (5 mm in length in continuation of the 

nerve graft) were explanted for morphometrical analyses. Control tissue samples (n = 6) were 

dissected in corresponding locations from contralateral healthy nerves. 

Distal nerve segments were fixed in Karnovsky solution (2% PFA, 2.5% glutaraldehyde in 0.2 M 

sodium cacodylate buffer, pH 7.3) for 24 h (Korte et al., 2011). Afterwards, the samples were 

transferred to 0.1 M sodium cacodylate buffer containing 7.5% sucrose and post-fixation was 

carried out in 1% osmium tetroxide for 1.5 h. For myelin sheaths staining, the samples were 

immersed in 1% potassium dichromate (for 24 h), 25% ethanol (for 24 h), and finally 

hematoxylin (0.5% in 70% ethanol, for 24 h). After Epon-embedding, semi-thin cross-sections (1 

µm thickness) were prepared and toluidine blue staining was additionally performed to enhance 

myelin sheaths staining. Sections were mounted with Mowiol (Merck Millipore, MA, USA). 

According to our previous work (Stößel et al., 2017), semi-thin nerve cross-sections were 

evaluated using a BX50 microscope (Olympus Europa SE & Co. KG, Hamburg, Germany), that 

was expanded with a prior controller (MBF Bioscience, Williston, VT, USA). Analyses were 
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performed in two randomly selected sections by using the Stereo Investigator version 11.04 

(MBF Bioscience, USA). The cross-sectional area (in 20x magnification), the total number of 

myelinated fibers (in 100x magnification) and the nerve fiber density were analyzed with a two-

dimensional procedure (optical fractionator; grid size: 150 × 150 µm2; counting frame size: 30 × 

30 µm2; counting of “fiber tops” as suggested by colleagues (Geuna et al., 2000). Samples from 

all animals were included into stereological evaluation. If there was no axonal recovery by the 

end of the study, the total number of myelinated fibers and the nerve fiber density (number of 

myelinated fibers/mm2) were set to 0 for statistical analysis. 

For analysis of nerve morphometry, photomicrographs of four randomly selected areas of each 

cross-section (in 100x magnification) were taken for evaluation of axon and fiber diameters, 

myelin thicknesses, and g-ratios. Animals with no axonal regeneration after 120 days as 

determined in the stereological evaluation, had to be excluded from this analysis resulting in ≤ 3 

analyzed samples per group as follows: CNG+HA (n = 1), CNG+HAL (n = 2), CNG+HAL+SC 

(n = 0), CNG[F]+HAL+SC (n = 2), CNG+HAL+FGF2-SC (n = 1), CNG[F]+HAL+FGF2-SC (n 

= 1). For the analyses, g-ratio plug-in (http://gratio.efil.de/) in ImageJ version 1.48 (National 

Institutes of Health, USA) was used. Ten axons per picture were included into evaluation, so that 

80 axons per animal were evaluated in total. For calculation of axon and fiber diameters, we 

made the assumption that they are circularly shaped. 

 

3.3.13. Statistical analyses 

GraphPad Prism version 6.07 (GraphPad Software, San Diego, CA, USA) was used to perform 

statistical analyses of the data recorded in this study. In order to detect significant differences, 

one-way ANOVA followed by Dunnett’s multiple comparisons (real-time qRT-PCR), two-way 

ANOVA followed by Tukey’s multiple comparisons (electrodiagnostic measurements) or 

Kruskal-Wallis test followed by Dunn’s multiple comparisons (muscle weight ratios, 

histomorphometrical analyses) were applied. The P value for statistically significance was set to 

p < 0.05. All results are presented as median ± range, percentages, mean ± SEM, mean ± SD, or 

single values (in cases of n = 1 or n = 2) as indicated in the respective tables or figures. For the 

statistical analyses of electrodiagnostic measurements (CMAP amplitude area, axon loss) all 

animals were included. Those animals, which did not show evocable compound muscle action 
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potentials values for CMAP amplitude area were set to 0 and values for axon loss were set to 100. 

For the statistical analyses of histomorphometrical analyses (axon diameter, fiber diameter, g-

ratio, myelin thickness) those animals, which showed no regenerated axons in the distal stump 

(total number of myelinated fibers = 0; nerve fiber density = 0 axons/mm²) had to be excluded 

from further morphometrical analyses. 

 

3.4. Results 

3.4.1. SDS-polyacrylamid gel electrophoresis and Western blot analyses 

For evaluation of protein level expression of naïve as well as FGF2-SCs, Western Blot analyses 

were performed 48 hours after regular culture or transfection (figure 1). Endogenous strong 

expression of two FGF-2 isoforms (18 kDa, 23 kDa) could be detected in FGF2-SCs (figure 1 A).  

 

 

Figure 1. Results of Western blot analyses of cell lysates from naïve or genetically engineered Schwann cells. 

Detection of endogenous FGF-2 expression (A, B) and Flag-tagged FGF-218kDA overexpression (C) and by Western 

blotting of cell lysates derived from naïve Schwann cells (SCs) and genetically engineered FGF-2-overexpressing 

Schwann cells (FGF2-SCs) cultured for 24h in specific SC medium and another 24 h in serum-free N2-medium. 

Endogenous FGF-218 kDa and FGF-223 kDa were detected in lysates of FGF2-SCs, showing a strong signal for both 

isoforms. In naïve SCs all isoforms of FGF-2 (18 kDA, 21 kDa, 23kDa) were detected with a strong signal only 

detected for FGF-218 kDa. FGF-218kDA-Flag was detected in lysates derived from FGF2-SCs, while lysates of naïve 

SCs did not result in any detection. Each n = 4 (indicated by column 1-4). 
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In naïve SCs we detected all three isoforms of FGF-2 (18 kDa, 21 kDa, 23kDa). 18 kDa FGF-2 

revealed a strong signal, while 21 and 23 kDa FGF-2 was expressed at a lower level (figure 1 

B).Successful overexpression of FGF-218kDa-Flag was proven by showing strong bands in 

Western blot analyses from cell lysates obtained from FGF2-SCs used in either of the two 

consecutive in vivo experiments (figure 1 C). Application of protein extract from non-transfected 

naïve SCs did not result in any detectable band (figure 1 C). 

 

3.4.2. Repeated transcutaneous electrodiagnostic recordings 

Functional motor recovery was assessed by applying non-invasive electrodiagnostic recordings, 

which were periodically performed every 30 days from 60 days post-surgery onwards. 

Compound muscle action potentials (CMAPs) of the anterior tibial muscle (TA; see table 2) and 

of the plantar muscles (PL; see table 3) were recorded for calculating CMAP amplitude areas as 

well as axon loss. Healthy baseline reference values were derived from the right uninjured paw of 

animals with evocable CMAPs on the lesioned site (healthy mean: TA: 45.81 ± 3.12 ms * mV, n 

= 27; PL: 1.601 ± 0.392 ms * mV, n = 15, see 3.10.1. for details on calculation). 

Table 2 is listing the results from CMAP recordings from the TA muscle as described in detail 

below.  

Successful reinnervation of the TA muscle was fastest and most complete in the ANG treated 

animals, which demonstrated 100% recovery rate (percentage of animals per group 

demonstrating evocable CMAPs) already 60 days post-surgery. At this time point, also the first 

animals of the CNG+HAL (25%) and the CNG[F]+HAL (12.5%) group showed evocable 

CMAPs. No signs of motor recovery were found in the other artificial nerve guide groups.  

90 days post-surgery the rate of functional motor recovery as observed in the ANG (100%) and 

CNG+HAL (25%) groups was not changed, while it did increase in the CNG[F]+HAL-group to 

25%. Interestingly, another cell-free transplantation condition, CNG[F]+HA, demonstrated 80% 

TA motor recovery rate at this time. Reconstruction of the nerve defects and additional cell 

transplantation did result in low recovery rates such as 28.6% in the CNG[F]+HAL+SC group 

and 12.5% in CNG[F]+HAL+FGF2-SC treated animals. It is noteworthy that the cell-

transplantation approach using hollow nerve guides as well as adding HA alone into hollow nerve 
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guides did not result in detectable motor recovery (0% recovery rate in the CNG+HAL+SC, 

CNG+HAL+FGF2-SC, and CNG+HA groups).  

After 120 days still none of the artificial nerve guide groups revealed complete functional motor 

recovery. The recovery rate in the CNG+HAL-group was still 25% (not improved over time), 

while the CNG-HA group did finally include one animal representing 20% TA recovery rate. The 

highest recovery rates among the artificial nerve guide groups were achieved by the CNG[F]+HA 

(80%, not changed to 90 days post-surgery) and the CNG[F]+HAL (87.5%, increased from 90 

days post-surgery) groups. Groups transplanted with cell-carrying HAL in two-chambered nerve 

guides, showed a further increase of their recovery rates up to 42.9% in the CNG[F]+HAL+SC-

group and 37.5 % in the CNG[F]+HAL+FGF2-SC-group. 

The cell-transplantation approach using hollow nerve guides, did still not result in detectable 

motor recovery (0% for CNG+HAL+SC and CNG+HAL +FGF2-SC groups). 

Considering the TA-CMAP amplitude area, which can be directly correlated to the amount of 

functional axons (table 2, third column) reinnervating the target tissue, ANG treated animals 

performed significantly better from 90 days post-surgery onwards when compared to the artificial 

nerve guide groups at the same time point, and reached healthy baseline reference values at 120 

days post-surgery. 

At 120 days post-surgery the mean amplitude in the CNG[F]+HA-group was still about one-third 

of that of ANG-treated animals, statistical analysis did, however, not reveal significant difference 

to the ANG-group anymore, while showing a significantly larger TA-CMAP amplitude area in 

comparison to the CNG+HAL+SC and CNG+HAL+FGF2-SC groups (indicated by $ in table 2).  

Regarding the calculated loss of functional axons (right column “axon loss” in table 2), ANG 

treated animals significantly improved from 90 days onwards revealing a significantly lower 

axon loss when compared to the artificial nerve guide groups at that time point. At 120 days only 

the CNG[F]+HA group revealed no significant differences when compared to ANG treated 

animals while animals of all other artificial nerve guide groups showed a significantly higher 

axon loss when compared to the gold standard. 
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Table 2. Results from electrodiagnostic recordings from the tibialis anterior muscle (TA). 

  

 Group Animals  

per group 

CMAP amplitude area 

(ms * mV) 

Axon loss  

(%) 

60 days  

post-surgery 

ANG 6/6 (100%) 16.94 ± 4.15 55.94 ± 8.42 

CNG+HA 0/5 (0%) 0.00 ± 0.00 100 ± 0.00 

CNG+HAL 2/8 (25%) 3.64 ± 2.63 90.02 ±7.76 

CNG+HAL +SC 0/8 (0%) 0.00 ± 0.00 100 ± 0.00 

CNG+HAL+FGF2-SC 0/8 (0%) 0.00 ± 0.00 100 ± 0.00 

CNG[F]+HA 0/5 (0%) 0.00 ± 0.00 100 ± 0.00 

CNG[F]+HAL 1/8 (12.5%) 0.00 ± 0.00 100 ± 0.00 

CNG[F]+HAL+SC 0/8 (0%) 0.00 ± 0.00 100 ± 0.00 

CNG[F]+HAL+FGF2-SC 0/8 (0%) 0.00 ± 0.00 100 ± 0.00 

90 days  

post-surgery 

ANG 6/6 (100%) 32.62 ± 4.03 -0.93 ± 9.20* 

CNG+HA 0/5 (0%) 0.00 ± 0.00### 100 ± 0.00### 

CNG+HAL 2/8 (25%) 7.60± 5.54## 75.53 ± 18.78### 

CNG+HAL +SC 0/8 (0%) 0.00 ± 0.00### 100 ± 0.00### 

CNG+HAL+FGF2-SC 0/8 (0%) 0.00 ± 0.00### 100 ± 0.00### 

CNG[F]+HA 4/5 (80%) 9.93 ± 3.21 73.98 ± 8.40### 

CNG[F]+HAL 2/8 (25%) 9.21 ± 3.18## 71.48 ± 10.80### 

CNG[F]+HAL+SC 2/7 (28.6%) 7.07 ± 4.68## 77.93 ± 15.25### 

CNG[F]+HAL+FGF2-SC 1/8 (12.5%) 9.93 ± 3.21### 92.85 ± 7.15### 

120 days  

post-surgery 

ANG 6/6 (100%) 46.19 ± 4.53*** -1.22 ± 9.16* 

CNG+HA 1/5 (20%) 4.70 ± 4.70### 89.93 ± 10.07### 

CNG+HAL 2/8 (25%) 12.81 ± 8.45### 71.96 ± 18.55### 

CNG+HAL +SC 0/8 (0%) 0.00 ± 0.00###,$ 100 ± 0.00### 

CNG+HAL+FGF2-SC 0/8 (0%) 0.00 ± 0.00###,$ 100 ± 0.00### 

CNG[F]+HA 4/5 (80%) 23.84 ± 6.24 48.89 ± 13.38 

CNG[F]+HAL 7/8 (87.5%) 16.84 ± 6.39### 61.75 ± 10.08## 

CNG[F]+HAL+SC 3/7 (42.9%) 17.72 ± 8.99### 60.94 ± 19.90## 

CNG[F]+HAL+FGF2-SC 3/8 (37.5%) 23.84 ± 6.24### 90.80 ± 10.07### 
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Table 3. Results from electrodiagnostic recordings from the plantar muscles (PL). 

Recovery rates (2nd column, total numbers (percentage), CMAP amplitude areas (3rd column) and axon losses (4th 

column) were derived from noninvasive electrodiagnostic recordings from the tibialis anterior (TA) muscle (Table 

2) and the plantar muscles (PL) (Table 3) 60, 90 and 120 days after reconstruction. 

Column 2: numbers of animals displaying evocable CMAPs are shown as numbers/total number of animals in the 

group; in brackets the related percentage is indicated. 

Column 3 and 4: Significant differences (p < 0.05) were detected by 2way ANOVA, followed by Tukey’s multiple 

comparisons (* p < 0.05, *** p < 0.001 vs. ANG 60 d; # p < 0.05, ## p < 0.01, ### p < 0.001 vs. ANG at the same time 

point; $ p < 0.05 vs. CNG[F] + HA). Results are presented as mean ± SEM. 

 Group Animals  

per group 

CMAP amplitude area 

(ms * mV) 

Axon loss  

(%) 

60 days  

post-surgery 

ANG 5/6 (83.3%) 0.25 ± 0.16 88.92 ± 4.40 

CNG+HA 0/5 (0%) 0.00 ± 0.00 100 ± 0.00 

CNG+HAL 0/8 (0%) 0.00 ± 0.00 100 ± 0.00 

CNG+HAL +SC 0/8 (0%) 0.00 ± 0.00 100 ± 0.00 

CNG+HAL+FGF2-SC 0/8 (0%) 0.00 ± 0.00 100 ± 0.00 

CNG[F]+HA 0/5 (0%) 0.00 ± 0.00 100 ± 0.00 

CNG[F]+HAL 0/8 (0%) 0.00 ± 0.00 100 ± 0.00 

CNG[F]+HAL+SC 0/8 (0%) 0.00 ± 0.00 100 ± 0.00 

CNG[F]+HAL+FGF2-SC 0/8 (0%) 0.00 ± 0.00 100 ± 0.00 

90 days  

post-surgery 

ANG 6/6 (100%) 1.62 ± 0.72*** 23.76 ± 30.65 

CNG+HA 0/5 (0%) 0.00 ± 0.00### 100 ± 0.00# 

CNG+HAL 1/8 (12.5%) 0.21 ± 0.21### 88.80 ± 11.20# 

CNG+HAL +SC 0/8 (0%) 0.00 ± 0.00### 100 ± 0.00## 

CNG+HAL+FGF2-SC 0/8 (0%) 0.00 ± 0.00### 100 ± 0.00## 

CNG[F]+HA 0/5 (0%) 0.00 ± 0.00### 100 ± 0.00# 

CNG[F]+HAL 2/8 (25%) 0.03 ± 0.02### 100 ± 0.00## 

CNG[F]+HAL+SC 1/7 (14.3%) 0.11 ± 0.11### 94.24 ± 5.76# 

CNG[F]+HAL+FGF2-SC 0/8 (0%) 0.00 ± 0.00### 100 ± 0.00## 

120 days  

post-surgery 

ANG 6/6 (100%) 1.37 ± 0.32* -1.21 ± 30.34*** 

CNG+HA 0/5 (0%) 0.00 ± 0.00### 100 ± 0.00### 

CNG+HAL 2/8 (25%) 0.42± 0.28# 69.54 ± 23.20## 

CNG+HAL +SC 0/8 (0%) 0.00 ± 0.00### 100 ± 0.00### 

CNG+HAL+FGF2-SC 0/8 (0%) 0.00 ± 0.00### 100 ± 0.00### 

CNG[F]+HA 2/5 (40%) 0.18 ± 0.12# 91.54 ± 5.66### 

CNG[F]+HAL 2/8 (25%) 0.23 ± 0.19## 91.54 ± 5.66### 

CNG[F]+HAL+SC 2/7 (28.6%) 0.45 ± 0.38 62.68 ± 34.04# 

CNG[F]+HAL+FGF2-SC 0/8 (0%) 0.00 ± 0.00### 100 ± 0.00### 
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Table 3 is listing the results from CMAP recordings from the PL muscles, which are located more 

distal than the TA muscle, and even lower recovery rates have been recorded for this target area 

of the reconstructed sciatic nerves. Overall the best conditions already detected in 

electrodiagnostic analysis of motor recovery of the TA muscle did also support PL muscle 

reinnervation as described in detail below. ANG application was superior to all other groups 

reaching a recovery rate of 100% at 90 days after reconstruction surgery. First animals of the 

CNG+HAL (12.5%), CNG[F]+HAL (25%) and CNG[F]+HAL+SC (14.3%) showed 

reinnervation of the PL muscles at 90 days post-surgery. After 120 days post-surgery, the 

CNG[F]+HA group additionally revealed animals with evocable CMAPs (40%). However, 

animals of the CNG+HA, CNG+HAL+SC, CNG+HAL+FGF2-SC and CNG[F]+HAL+FGF2-SC 

groups remained without any signs of functional motor recovery in the PL muscles. 

Looking at the PL-CMAP amplitude area (table 3, third column), ANG treated animals 

performed significantly better when compared to the artificial nerve guide groups from 90 days 

onwards, reaching healthy baseline reference values at this time point (CMAP amplitude area: 

1.601 ± 0.392 ms * mV). 

Similar results apply to the calculation of axon loss (table 3, right column), with ANG treated 

animals achieving a significantly lower axon loss from 90 days post-surgery onwards when 

compared to all other artificial nerve guide groups. 

 

3.4.3. Motor recovery: Muscle weight ratios 

After finishing the observation period of 120 days, animals were sacrificed and the two biggest 

muscles from the lower limb, the TA muscle as well as the gastrocnemius muscle (GC), were 

harvested. Muscle-weight ratios (MWRs) between the treated and healthy hindlimb were 

calculated in order to determine the degree of successful target reinnervation additionally to the 

electrodiagnostic measurements. 

As depicted in figure 2, similar results for MWRs of TA (figure 2 A) and GC (figure 2 B) 

muscles were obtained. The highest MWRs were achieved by the ANG group revealing 

significantly higher MWRs when compared to the CNG+HAL, CNG+HAL+SC and 

CNG+HAL+FGF2-SC groups. CNG+HA was the only group treated with hollow nerve guides 

revealing no statistically significant difference compared to the ANG group. 
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Among the artificial nerve guide groups, highest MWRs were obtained by the CNG[F]+HA (TA 

muscle) and the CNG[F]+HAL (GC muscle) groups. No significant differences could be 

detected, however, when comparing the animals that have been treated with artificial nerve 

guides among each other 

 

 

Figure 2. Bar graphs depicting the muscle weight ratios (MWRs) of tibialis anterior (A, TA muscle) and 

gastrocnemius (B, GC muscle) muscles at 120 days after reconstruction surgery. Kruskal-Wallis test with 

Dunn's multiple comparisons were applied to detect significant differences (* p < 0.05, ** p < 0.01, *** p < 0.001 

vs. ANG). Results are presented as mean ± SEM. 

 

3.4.4. Macroscopic evaluation of the regenerated tissue within the nerve grafts 

Upon harvest of distal nerve tissue for histomorphometrical analysis at 120 days post-surgery, we 

macroscopically examined if tissue regenerated through the nerve grafts (figure 3) and finally 

connected the proximal and the distal nerve ends again. As summarized in table 4, we categorized 

the degree of regeneration related to the visible appearance of the regenerated tissue. Category 1, 

substantial/2 cables (table 4, second column), refers to the event that either a single-stranded 

tissue connection of ≥ 0.5 mm in diameter or a two-stranded tissue connection was formed 
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between the former nerve ends. The second event was only possible if CNG[F]s were used. Also 

implanted ANGs were included in this category. Category 2, thin (table 4, third column), refers to 

the event that in either graft type a single-stranded tissue connection of ≤ 0.5 mm in diameter was 

formed. Category 3, very thin (table 4, fourth column), refers to the event that in either graft type 

a single-stranded tissue connection was formed that was not much thicker than a hair. Finally, in 

category 4, no regenerated tissue (table 4, right column), the nerve gap was not bridged by any 

visible tissue. 

 

 

Figure 3. Macroscopical appearance of the regenerated tissue between the proximal and the distal nerve end 

upon tissue harvest 120 days after reconstruction. (A) Macroscopic appearance of an autologous nerve graft 

(ANG), this registered in category 1 = substantial tissue regeneration. (B) Another example for category 1 

regeneration, here from the CNG+HAL-group. (C) An example of category 3 tissue regeneration, a hair thin 

connection between the two nerve ends, here from the CNG+HAL+FGF2-SC-group. (D) Tissue regeneration 

through two-chambered CNG[F]s in some cases resulted in the formation of 2 tissue cables also registered in 

category. The example is derived from the CNG[F]+HAL group and additionally demonstrates vascularized tissue 

bridges that have grown through the perforations in the chitosan-film (arrows). 

 

In cases of ANG treated animals, category 1 regeneration was found in 100% of the rats. In the 

CNG+HA group, 60% of the animals showed regenerated tissue of category 1 (one animal) or 2 

(two animals), while 40% did not reveal any regeneration (category 4). Only one (12.5%) of the 

CNG+HAL treated animals remained without any visible regeneration (category 4). However, 

most of the animals (62.5%) only revealed a very thin tissue connection between the nerve ends 
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(5 animals, category 3), while 2 animals showed a category 1 regeneration. In contrast to the 

CNG+HAL group, there were no animals in the CNG+HAL+SC and the CNG+HAL+FGF2-SC 

groups showing substantial tissue regeneration (category 1). 75% of the animals in the 

CNG+HAL+FGF2-SC group did not show any signs of regeneration (category 4). 

 

Table 4. Characterization of the regenerated tissue within the nerve grafts 120 days after reconstruction. 

Group Category 1: 

Substantial / 

2 cables 

Category 2: 

Thin 

Category 3: 

Very thin 

Category 4: 

No regenerated tissue 

ANG 6/6 (100%) 0/8 (0%) 0/8 (0%) 0/8 (0%) 

CNG+HA 1/5 (20%) 2/5 (40%) 0/8 (0%) 2/5 (40%) 

CNG+HAL 2/8 (25%) 0/8 (0%) 5/8 (62.5%) 1/8 (12.5%) 

CNG+HAL +SC 0/8 (0%) 3/8 (37.5%) 4/8 (50%) 1/8 (12.5%) 

CNG+HAL+FGF2-SC 0/8 (0%) 0/8 (0%) 2/8 (25%) 6/8 (75%) 

CNG[F]+HA 4/5 (80%) 1/5 (20%) 0/8 (0%) 0/8 (0%) 

CNG[F]+HAL 7/8 (87.5%) 0/8 (0%) 0/8 (0%) 1/8 (12.5%) 

CNG[F]+HAL+SC 3/7 (42.9%) 2/7 (28.6%) 2/7 (28.6%) 0/8 (0%) 

CNG[F]+HAL+FGF2-SC 3/8 (37.5%) 5/8 (62.5%) 0/8 (0%) 0/8 (0%) 

Contents of regrown tissue within the nerve grafts were examined macroscopically and categorized into formation of 

substantial tissue/ 2 tissue cables (2nd column, category 1), thin (3rd column, category 2), very thin (4th column, 

category 3), and no regenerated tissue (5th column, category 5). Numbers of animals displaying tissue recovery 

within a respective category are shown as numbers/total number of animals in the group; in brackets the related 

percentage is indicated. 

 

In the groups receiving two-chambered nerve grafts, most animals showed regenerated tissue of 

categories 1,2, and 3, except one animal of the CNG[F]+HAL group (12.5%) ending up in 

category 4. 80% of the CNG[F]+HA and 87.5% of the CNG[F]+HAL groups regenerated 2 tissue 

cables (category 1) through the grafts. In the CNG[F]+HAL+SC group categories 1,2, and 3 of 
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regenerated tissue were observed, namely category 1 in 42.9% of the animals (3/7) and category 

2 and category 3 each in 28.6% (2 of 7 animals). In the CNG[F]+HAL+FGF2-SC group animals 

regenerated 2 tissue cables in 37.5% (3/8) of the animals (category 1), but most regeneration 

ended up in category 3 (62.5%, 5/8). Upon harvest, visible blood supply could be detected in 

groups, receiving two-chambered nerve grafts. The blood vessels formed within the perforations 

of the film. 

 

3.4.5. Nerve histomorphometry 

Healthy nerve segments as well as nerve segments harvested distal to the grafts from differently 

reconstructed rat sciatic nerves were processed into semi-thin cross-sections (figure 4) for 

stereological and histomorphometrical analyses of the regenerated myelinated axons at 120 days 

after reconstruction surgery as shown in table 5. All samples were included into the stereological 

analysis (Healthy nerve: n = 6, ANG: n = 6, CNG/ CNG[F]+HA: n = 5, CNG[F]+HAL+SC: n = 

7, all other groups: n = 8). Samples that revealed no axonal regeneration upon stereological 

analyses had to be excluded from further histomorphometrical analyses (Healthy nerve: n = 6, 

ANG: n = 6, CNG+HA, CNG+HAL+FGF2-SC, CNG[F]+HAL+FGF2-SC: n = 1, CNG+HAL, 

CNG[F]+HAL+SC: n = 2, CNG[F]+HA: n = 3, CNG[F]+HAL: n = 6, CNG+HAL+SC: n = 0). 

Table 5 is listing the results from nerve histomorphometry. With regard to the total number of 

myelinated fibers (table 5, 2nd column) and the nerve fiber density (table 5, 3rd column), ANG 

treatment was superior to all experimental groups. Significant differences between ANG treated 

animals and the CNG+HA, CNG+HAL, CNG+HAL+SC and CNG+HAL+FGF2-SC groups 

could be detected concerning the total number of myelinated fibers. The ANG group also 

revealed a significantly higher nerve fiber density when compared to the CNG+HAL+SC and 

CNG+HAL+FGF2-SC groups. No significant differences were detected among the animals 

treated with different combinations of artificial nerve guides. However, the highest numbers of 

myelinated fibers as well as the highest nerve fiber densities among the artificial nerve grafts 

were detectable in samples from the CNG[F]+HAL group. 
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Figure 4. Representative pictures of toluidine blue-stained semi-thin cross-sections of distal nerve segments 

120 days after reconstruction surgery. Images show healthy nerve segments (A) serving as control compared to 

distal nerve segments of reconstructed sciatic nerves (B - F). Examples for no axonal regeneration from (C) 

CNG+HAL-group and (D) the CNG+ HAL+FGF2-SC-group. Examples of samples demonstrating axonal 

regeneration from (B) the ANG group, (E) the CNG[F]+GRG-group, and (F) the CNG[F]+HAL+FGF2-SC-group. 

White scale bars display 10 µm. 
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Table 5. Results from histomorphometrical analyses of distal nerve segments from healthy or reconstructed sciatic nerves at 120 days post-surgery. 

Group Total number of 

myelinated fibers 

Nerve fiber density 

[number/mm²] 

Axon diameter 

[µm] 

Fiber diameter 

[µm] 

g-ratio Myelin thickness 

[µm] 

Healthy nerve (n=6) 6340 ± 162.0 11095 ± 828.8 6.12 ± 0.19 9.24 ± 0.31 0.66 ± 0.01 1.56 ± 0.07 

ANG (n=6) 5760 ± 743.6 5133 ± 629.6 3.88 ± 0.10 5.38 ± 0.16 0.71 ± 0.01 0.75 ± 0.05 

CNG+HA  192.5 ± 189.4* (n=5) 462.1 ± 457.0 (n=5) 3.01 (n=1) 4.35 (n=1) 0.69 (n=1) 0.67 (n=1) 

CNG+HAL 781.3 ± 508.7* (n=8) 1118 ± 762.7 (n=8) 
3.69 

2.89       (n=2) 

5.43 

4.38         (n=2) 

0.67 

0.65          (n=2) 

0.87  

0.74           (n=2) 

CNG+HAL+SC 4.7 ± 4.7*** (n=8) 14.69 ±14.69**(n=8) n.d. (n=0) n.d. (n=0) n.d. (n=0) n.d. (n=0) 

CNG+HAL+FGF2-SC 267.2 ± 267.2** (n=8) 169.6 ± 169.6** (n=8) 2.79 (n=1) 3.99 (n=1) 0.69 (n=1) 0.60 (n=1) 

CNG[F]+HA 780 ± 308.4 (n=5) 1457 ± 584.7 (n=5) 2.80 ± 0.22 (n=3) 4.02 ± 0.23 (n=3) 0.68 ± 0.02 (n=3) 0.61 ± 0.02 (n=3) 

CNG[F]+HAL 1020 ± 508.7 (n=8) 1840 ±511.3 (n=8) 2.96 ± 0.21 (n=6) 4.18 ± 0.28 (n=6) 0.70 ± 0.01 (n=6) 0.61 ± 0.04 (n=6) 

CNG[F]+HAL+SC 223.2 ± 160.0 (n=7) 252.9 ± 107.2 (n=7) 
3.10  

3.01            (n=2) 

4.11  

4.10           (n=2) 

0.74 

0.72           (n=2) 

0.51 

0.55            (n=2) 

CNG[F]+HAL+FGF2-SC 337.5 ± 247.0 (n=8) 314.4 ± 169.6 (n=8) 2.94 (n=1) 4.05 (n=1) 0.71 (n=1) 0.56 (n=1) 

Total numbers of myelinated fibers (2nd column), nerve fiber densities (3rd column) as well as axon diameters (4th column), fiber diameters (5th column), g-ratios (6th column), and 

myelin thicknesses (7th column) are displayed. Since regeneration occurred in less than 3 animals per group in the CNG+HA, CNG+HAL, CNG+HAL+SC, CNG+HAL+FGF2-

SC, and the CNG[F]+ HAL+FGF2-SC groups (see n-values), statistical analyses of histomorphometrical analyses was not applicable. When applicable, significant differences (p < 

0.05) were detected by Kuskal-Wallis test followed by Dunn’s multiple comparison (* p < 0.05, ** p < 0.01 vs. ANG). Results are presented as mean ± SEM (in cases of n ≥ 3), as 

mean ± SD (in cases of n = 2), or as single values (in cases of n = 1). 



Study II 

 

92 

As axonal regeneration towards the distal nerve segment failed in many animals, a lot of samples 

had to be excluded from evaluation of nerve morphometry. Only ANG (n = 6), CNG[F]+HA (n = 

3) and CNG[F]+HAL (n = 6) treated animals could be included into statistical analyses of the 

morphometrical parameters (table 5, column 4-7). No significant differences were detected 

regarding axon diameters, fiber diameters, g-ratios and myelin thicknesses. None of the surveyed 

groups recovered to healthy reference values. The highest axon and fiber diameters as well as 

myelin thicknesses were achieved in ANG treated animals. Reconstruction with CNG[F]+HAL 

performed slightly better when compared to CNG[F]+HA concerning all tested parameters. 

 

3.4.6. Real-time quantitative reverse transcription polymerase chain reaction (Real-time qRT-

PCR) 

cDNA of naïve SCs as well as FGF2-SCs was subjected to Real-time qRT-PCR. In order to 

evaluate the regeneration supportive properties of SCs cultured in either specific SC medium (see 

section 3.3.1.), HA or HAL (see section 3.3.4.), we analyzed the expression of genes encoding for 

the neurotrophic factors BDNF, GDNF, NGF, and FGF2. Representative photomicrographs show 

that already after culturing naïve SCs within the HAL for 3 days, a high rate of apoptosis can be 

observed (figure 5). qRT-PCR results do, however, only reveal one single event of statistical 

significance (figure 6). In both cell types, SCs and FGF2-SCs, gdnf and ngf are highest expressed 

in the positive control and reveal the lowest expression in the HAL cultured cells without 

significant differences (figure 6 B+C, F+G). Interestingly, bdnf shows a higher expression in both 

cell types cultured in HA and HAL when compared to the positive control (figure 6 A, E). Fgf-2 

is similarly expressed in the positive control and in the HAL cultured SCs and is showing a 

slightly lower expression in SCs and FGF2-SCs cultured in HA (figure 6 D, H). 
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Figure 5. Representative pictures of phase-contrast microscopy of Schwann cells (SC). SCs were seeded in 

either SC specific culture medium (K+, A), hyaluronic acid (HA, B), and hyaluronic acid-laminin-hydrogel (HAL, 

C). Three days after seeding, cells cultured in K+ (A) and HA (B), showed a typical bipolar morphology. 

Proliferation of the initially seeded 350.000 cells led to a dense cell layer on the well ground. In HAL condition (C) 

SC however revealed a different morphology and higher apoptosis rate (cell detritus is indicated by arrows). Scale 

bar displays 100 µm. 

 

 

Figure 6. Gene expression changes in naïve Schwann cells (SC, A-D) and FGF-2-overexpressing Schwann cells 

(FGF2-SC, E-H). Gene expression of bdnf, gdnf, ngf, and fgf-2 was quantified by qRT-PCR of cDNA of SCs and 

FGF2-SCs cultured in either specific SC medium (K+), hyaluronic acid (HA), or hyaluronic acid-laminin-hydrogel 

(HAL). Bdnf is significantly higher expressed in HA cultured FGF2-SCs when compared to K+ cultured FGF2-SCs 

(E). Relative amounts of transcripts to the housekeeping gene ppia are shown as mean ± SD. One-way ANOVA 

followed by Dunnett’s multiple comparison were applied to detect significant differences (* p < 0.05 vs. K+). Naïve 

SCs in HAL: n = 2, rest: n = 3. 
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3.5. Discussion 

As outlined before, in this study we aimed to comprehensively evaluate the feasibility to use a 

novel hyaluronic acid-laminin-hydrogel (HAL) as luminal filler for hollow (CNGs) or two-

chambered (CNG[F]s) chitosan-based nerve guides. The hydrogel filler was supposed to enhance 

the regeneration support by providing a three-dimensional structure and hydrated milieu for the 

regrowing axons. Additionally, we aimed to evaluate, if HAL can serve as carrier system for co-

transplanted naïve (SCs) or neurotrophic factor delivering (FGF2-SCs) Schwann cells. The study 

was performed in the 15 mm critical defect length rat sciatic nerve model, which allows state-of-

the-art analysis of axonal regeneration and motor functional recovery (Navarro, 2016). The novel 

HAL-hydrogel, applied in this study, consisted of hyaluronic acid and a synthetic laminin 

peptide, containing the sequences of two pentapeptides, found to be functionally crucial in 

laminin. Another ingredient was human recombinant superoxide dismutase 1, thought to protect 

against oxidative stress and known to have a synergic affect when combined with HA. Such kind 

of hydrogel is expected to additionally hydrate the regenerating tissue (Rochkind and Nevo, 

2014) and to create a three-dimensional matrix for improving regeneration through otherwise 

hollow tubular implants. In this current study, we put an additional focus on the possibility to 

increase the regeneration supporting activity of co-transplanted Schwann cells when suspending 

them in HAL. 

When evaluating the regeneration promoting potential of nerve graft developments, it is 

important to compare any artificial and tissue engineered nerve guide approaches to the gold 

standard treatment (Navarro, 2016). Reversed autologous nerve grafts were used as gold standard 

control in our study and proved once again to be the only graft type, applied that could lead to 

recovery of motor function in all animals (100% recovery rate) for the TA muscle at 60 days 

post-surgery and for the PL muscles at 90 days post-surgery, as surveyed by means of 

electrodiagnostic measurements. Motor recovery was progressing more slowly and eventually 

remained incomplete until the end of the observation period in all experimental groups compared 

to the ANG control. When comparing the performance among the chitosan-based nerve guide 

groups investigated, two-chambered CNG[F]s generally performed better than hollow CNGs. 

This underlines our previous findings that chitosan-films effectively guide axonal regrowth, 

thereby accelerating and improving functional recovery (Meyer et al., 2016a; Stenberg et al., 

2017; Dietzmeyer et al., 2019b). While for the TA muscle, the highest recovery rate was detected 
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in the CNG[F]+HAL-group (in 87.5% of the animals), the highest recovery rate for the PL 

muscle was detected in the CNG[F]+HA-group and ranged only at 40% (2 of 5 animals). The PL 

muscles are innervated by the lateral branch of the tibial nerve, one of the three branches of the 

sciatic nerve. In contrast to that, the tibial muscle is innervated by the deep peroneal nerve, a 

branch from the common peroneal nerve, displaying the second branch of the sciatic nerve 

(Schmalbruch, 1986; Swett et al., 1986). Besides this difference, the PL muscles are found more 

distally to the TA muscle, resulting in a longer distance along which the regrowing axons have to 

find their way back to the target tissue. The nerve repair approaches, used in the current study, 

did, besides the ANG gold standard approach, not sufficiently support reinnervation of the PL 

muscles after 120 days. When having a closer look at the differences in motor recovery and 

comparing the use of HA or HAL as pure luminal fillers for the nerve guides versus their use as a 

carrier system for co-transplanted SCs or FGF2-SCs, it is rather obvious that the additional 

supplementation of cells reduced the regeneration outcome in the current study. 

A failure of reinnervation leads to persistent and aggravating atrophy of the target muscles, 

which, as performed in the current study, can be evaluated by means of muscle weight ratios 

(MWRs) (Evans et al., 1995; Navarro, 2016). The results from calculating the MWRs of two 

lower limb muscles, TA and GC, underscore the findings of our electrodiagnostic measurements 

that none of the experimental groups achieved the values of the gold standard treatment. Among 

the experimental groups, highest MWRs were detected in the CNG[F]+HA-group for the TA 

muscle and in the CNG[F]+HAL-group for the GC muscle. Again, this is a hint that co-

transplantation of any Schwann cell type did rather impair than support regeneration. 

CMAP amplitude areas, which display the amount of reinnervating axons (Cuddon, 2002), and 

MWRs, which display the degree of muscle atrophy or recovery (Evans et al., 1995), can be 

directly correlated. The TA muscle was surveyed in electrodiagnostic measurements as well as by 

MWR calculation, leading to slightly different results in the respective tests for identical animals. 

In electrodiagnostic recordings the gold standard treatment group performed significantly better 

when compared to all experimental groups, while only TA muscle-MWRs of the CNG+HAL-, 

the CNG+HAL+SC-, and the CNG+HAL+FGF2-SC-group significantly differed from those of 

the ANG-group animals. This is resulting from the fact that CMAP amplitude areas had to be set 

to 0 for all animals, showing no evocable CMAP, while MWRs always include positive values 



Study II 

 

96 

even in cases of strong muscle atrophy, occurring after denervation and aggravating in cases of 

failed reinnervation. 

Macroscopic evaluations of the regenerated tissue within the CNG- or CNG[F]-grafts were 

carried out after the end of the 120 days observation period. We could, in accordance to our 

previous studies, show that in CNG[F]s the regenerated tissue was very well vascularized through 

the perforations of the film (Meyer et al., 2016a; Stenberg et al., 2017; Dietzmeyer et al., 2019b). 

The detected improved functional motor recovery in animals, treated with the two-chambered 

CNG[F]s, is very likely attributed to a better vascularization of the regrown tissue. Appropriate 

and timely blood vessel formation is known to play a crucial role in peripheral nerve regeneration 

(Penkert et al., 1988). Besides, CNG[F]s offer an additional mechanical longitudinal guidance 

structure for regrowing axons, which the CNGs are lacking. 

Nerve segments, harvested distal to the grafts, were processed for histomorphometrical analyses. 

As expected, and also observed in previous other studies (Meyer et al., 2016a; Stößel et al., 

2018b), stereological as well as nerve morphometrical values of ANG treated animals did not 

reach healthy values, but this treatment did outperform all experimental conditions evaluated. By 

this investigation only single events of statistical significance could be detected. Statistical 

differences in nerve fiber densities, however, point again towards impaired regeneration for a co-

transplantation of Schwann cells in the HAL carrier (e.g. comparison of ANG-samples versus 

CNG+HAL+SC- and CNG+HAL+FGF2-SC-samples). 

The validity of nerve morphometrical analysis in the current study and the calculation of axon 

diameter, fiber diameter, g-ratio, and myelin thickness need to be considered critically. Samples 

from animals with no regenerated axons in the distal nerve, needed to be excluded from the 

statistical analysis, which resulted in n-values < 3 for the groups with poor axonal regeneration 

(CNG+HA, CNG+HAL+FGF2-SC, CNG[F]+HAL+FGF2-SC: n = 1; CNG+HAL, 

CNG[F]+HAL+SC: n = 2; CNG+HAL+SC: n = 0). Unfortunately, the only samples, which could 

be fully included into the statistical analysis, were derived from healthy nerves and ANGs, thus 

drastically reducing the power of this analysis for estimating the efficacy of our artificial nerve 

grafting approaches. 

From the current study it can be generally concluded that HA and HAL have a comparable 

potential to allow axonal regeneration and functional motor recovery when used as luminal 
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hydrogel fillers for CNGs or CNG[F]s. But it also has to be considered, that the regeneration 

outcome, e.g. for CNG+HA or CNG+HAL with a TA-CMAP-recovery rate of 20% and 25%, 

respectively, was not as good as observed in a previous study (Stößel et al., 2018b). The specific 

previous study was also performed in LEW/OrlRj rats, and we have had achieved a TA-CMAP 

recovery rate of 37.5% (in 3/8 animals) when repairing the 15 mm sciatic nerve gap with CNGs 

only filled with saline upon implantation (Stößel et al., 2018b). We have also evaluated CNG[F]s 

in a previous study, but back then we applied the critical defect lengths sciatic nerve repair model 

to RjHan:WI rats (Meyer et al., 2016a). In this specific study the TA-CMAP recovery rate 

through CNG[F]s, only filled with saline upon implantation, was 85.7% (Meyer et al., 2016a), 

which is exactly the same rate as detected in the current study in the CNG[F]-HAL group.  

Therefore, we must conclude that HAL in its current formulation and how we applied it in the 

current study, was not resulting in an overall improvement of the regeneration support that is 

anyway provided by the chitosan-based CNG or CNG[F] nerve guides, used for critical gap 

lengths rat sciatic nerve repair. In the current study, the HAL was used in a final concentration of 

0.2%. This concentration showed the most suitable viscosity to be transferred into the tubes 

safely, neither producing air pockets, nor leading to leakage from the tubes. However, by diluting 

the gel with cell culture medium, degradation properties may have been influenced. For offering 

ideal uptake and releasing mechanisms, the degradation properties of hydrogels should generally 

be controlled as much as possible. New studies show that controlled degradation can be used to 

allow the formation of growth factor gradients, thus attracting the regrowing axons and thereby 

successfully leading them back to the distal target tissue (Hsu et al., 2019). The use of hydrogels 

based on laminin and hyaluronic acid has been proposed before to enhance peripheral nerve 

repair (Madison et al., 1987; Wang et al., 1998; Verdu et al., 2002; Rochkind and Nevo, 2014; 

Meyer et al., 2016b; Li et al., 2018). In the current study, however, the randomly distributed 

components in the diluted HAL might not have been sufficiently supportive for axonal guidance. 

In future attempts, a better alignment of hydrogel components should be aimed at. That would 

ideally allow the alignment of invading Schwann cells to more easily form guidance tracks for 

regrowing axons (Georgiou et al., 2013; Du et al., 2017; Gonzalez-Perez et al., 2018). 

This finally leads us to the discussion of the properties of HAL, when used as a cell-carrier-

system for co-transplantation of Schwann cells in the current study. Upon nerve injury, local 

Schwann cells undergo reprogramming, which is characterized by suppression of myelin 
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differentiation and at the same time activation of a repair phenotype (Jessen and Mirsky, 2016). 

Consequently, myelin genes are downregulated, while markers for immature Schwann cells are 

upregulated, trophic factors and cytokines released, surface proteins expressed, and autophagy of 

myelin debris is activated as well (Jessen and Mirsky, 2016). Finally, repair phenotype Schwann 

cells form the Bands of Büngner functioning as regeneration tracks for axonal guidance (Jessen 

and Mirsky, 2016). In order to facilitate that all this will also take place inside of transplanted 

artificial nerve guides, it seems reasonable to suspend naïve or genetically modified Schwann 

cells, already overexpressing a neurotrophic factor, in a hydrogel, as evaluated in the current 

study. 

Although transplantation of SCs as well as FGF2-SCs did demonstrate regeneration supporting 

properties in some of our own previous studies (Haastert et al., 2006a; Meyer et al., 2016b), in 

the current study the approach did not show any regeneration support. Instead, co-transplantation 

of SCs or FGF2-SCs rather reduced the recovery outcome in comparison to the application of 

cell-free hydrogel. This outcome was surprising to us and we aimed to get some insight into the 

mechanism probably responsible for this. 

During preparation of the cell-transplantation approach, we had already ensured that 

transplantation of Schwann cells harvested from neonatal Wistar RjHan:WI rats into adult 

LEW/OrlRj recipient rats would not result in a host-versus-graft reaction. We also do not think 

that the concentration of the co-transplanted cells was not well suitable, since we oriented 

towards our previous studies, where the application of 1 x 106 cells / nerve guide was adequate 

for successfully supporting regeneration (Meyer et al., 2016b). 

Therefore, we hypothesized instead that when suspended in HAL, SCs and FGF2-SCs changed 

their gene expression profile and did consequently not sufficiently contribute to a pro-

regenerative milieu within the nerve guides. For testing this hypothesis, we monitored the 

appearance of SCs and FGF2-SCs under different culture conditions in vitro and further analyzed 

their gene expression profiles of selected neurotrophic factors under the same conditions by 

means of qRT-PCR. Our results demonstrate that when cultured for 3 days in HA or HAL, SCs 

and FGF2-SCs show a reduced cell density in comparison of cell cultures initiated with the same 

seeding density on control culture surface. Furthermore, culturing naïve SCs or genetically 

engineered FGF2-SCs within the hydrogel resulted into a relative downregulation of genes for 

expressing regeneration supportive neurotrophic factors such as NGF and GDNF in both cell 
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types. This indicates that HAL as well as HA could have negatively affected the secretion of 

regeneration supporting proteins into the cell-carrier system. Thereby, the grafted cells may also 

have changed the milieu inside the nerve guide towards an environment that reduced invasion of 

host repair Schwann cells and regrowing axons that would follow them. Also, when the survival 

of the co-transplanted cells was not secured by the surrounding milieu, they may have undergone 

apoptosis and their detritus material might have displayed a hindrance for the regrowing axons 

(Meyer et al., 2016a). 

 

3.6. Conclusion 

The design of bioartificial nerve grafts with the aim to imitate structure and properties of 

physiological nerve tissue as provided with autologous nerve grafts, is under continuous progress. 

The study presented here, was designed in the positive anticipation that the combination of CNGs 

or CNG[F]s with HAL and FGF2-SCs, which have individually proven before to exert beneficial 

impacts on the process of peripheral nerve regeneration across critical lengths defects, would 

significantly improve and accelerate functional motor recovery. The results of our comprehensive 

in vivo and in vitro analyses, however, clearly revealed that neither HAL as a pure luminal filler, 

nor in combination with co-transplanted Schwann cells could add-on to the very good 

regeneration supporting properties of CNGs and particularly CNG[F]s. Moreover, we detected a 

negative interference between the suspended cells and the proposed cell-carrier system in our co-

transplantation approach. In future studies, the administration of extracellular matrix components 

should be more specifically tuned towards either supporting invasion of host repair Schwann cells 

and facilitating axonal regrows, e.g. boosting the host repair system, or towards optimization of a 

cell-carrier system for grafting supportive cells. 
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3.8. Supplementary material 

3.8.1. Materials and methods: In vitro analysis of immunocompatibility between recipient 

spleen and lymph node cells and donor Schwann cells via [3H]thymidine incorporation 

assay 

Since sufficient numbers of neonatal rat Schwann cells for this study were not obtainable from 

Lewis LEW/OrlRj breeds in reasonable time (small liter sizes and low proliferation rate of 

primary cells), we decided to use neonatal Schwann cells from Wistar RjHan:WI breeds. The 

transfer of genetically modified SCs derived from Wistar RjHan:WI rats within CNGs into the 

recipient LEW/OrlRj rats displays, however, an allogenic transplantation, which comprises the 

risk of an immunoreaction and transplant rejection. 

With the supplementary material to this study, we provide data on our evaluation of the 

probability for an immunoreaction to occur. Briefly, we performed in vitro proliferation assays of 

recipient Lewis LEW/OrlRj rat lymphocytes, derived from either the spleen (Spl) or the cervical 

lymph nodes (LN), cultivated with either donor Lewis LEW/OrlRj rat (Lew) SCs, serving as 

negative control, Wistar RjHan:WI rat (Wi) SCs, serving as experimental group, and Sprague 

Dawley RjHan:SD rat (SprD) SCs, serving as additional experimental group. And with this we 

could demonstrate that the probability to induce a host-versus-graft response with transplanting 

RjHan:WI-derived cells into LEW/OrlRj rats is close to zero (supplementary figure 1). 

 

3.8.2. Materials and methods: Preparation of donor Lewis LEW/OrlRj, Wistar RjHan:WI, and 

Sprague Dawley RjHan:SD rat Schwann cells 

Lew, Wi, and SprD SCs were harvested and cultured as described in section 3.1. SCs at passages 

at 10-12 were prepared to conduct the following experiment. SCs were counted and 5.000 SCs 
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were seeded into each well of a 96 well plate (Nunc, Thermo Fisher Scientific). For each strain 9 

wells of a 96 well plate (Nunc, Thermo Fisher Scientific) à 5000 SCs were seeded. 3 of the 9 

wells per strain remained with solely SCs, to other 3 wells 2*105 Spl or LN cells were added. 

Cells were incubated for 5 days at 37°C with 5% CO2. On day 4 0.5–1 µCi [3H]thymidine per 

well was added for another 16 hours. 

 

3.8.3. Materials and methods: Preparation of recipient Lewis LEW/OrlRj rat lymphocytes 

Two female adult Lewis rats were transferred into carbon dioxide atmosphere for inducing in 

deep anesthesia and killed by cervical dislocation. The spleen, as well as the cervical lymph 

nodes were explanted and chopped up. Afterwards the pieces of the spleen, as well as the pieces 

of the lymph nodes were separately meshed through a strainer. Afterwards, a lysis buffer on 

NH4Cl basis was used to remove erythrocytes. Spleen and lymph node cells were counted and a 

total amount of 2*105 cells was added to each well seeded with SCs as described in section 3.8.2. 

 

3.8.4. Materials and methods: Proliferation of spleen or lymph node cells – [3H]thymidine 

incorporation assay 

For detecting the proliferation rate of stimulated Lew Spl or LM lymphocytes with either Lew, 

Wi, or SprD SCs, 0.5–1 µCi [3H]thymidine per well was added on day 4. After 16 hours the 

[3H]thymidine incorporation was assessed after szintilisation using a β-counter (LKB Wallac, 

Turku, Finland). 

 

3.8.5. Results: In vitro analysis of immunocompatibility between recipient spleen and lymph 

node cells and donor Schwann cells via [3H]thymidine incorporation assay 

[3H]thymidine incorporation values of wells seeded with solely Lew, Wi, or SprD SCs were 

subtracted from respective values obtained from wells seeded with Lew, Wi, or SprD SCs and 

Spl or LN cells from adult Lew rats to obtain the values shown in supplementary figure 1. 

Additionally, baseline reference values for solely Lew Spl and LN cell proliferation were 

obtained. 
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The stimulation of Lew Spl cells with Lew SCs resulted in 6985,67 ± 1427.88 counts per minute 

(CPM), followed by the stimulation with Wi SCs, leading to 10969.67 ± 4896.01 CPM. The 

highest proliferation of Spl cells was induced by the SprD SCs with 20035.50 ± 16556.90 CPM. 

Values for all 3 groups exceed the baseline values, obtained for Spl cell proliferation without any 

SC induced stimulation. An overall lower [3H]thymidine incorporation was observed for the 

stimulated Lew LN cells when compared to the Lew Spl cells. Interestingly, stimulation of Lew 

LN cells with Lew (-1468.17 ± 1572.37) as well as Wi SCs (136.34 ± 1015.88) resulted in lower 

proliferation rates when compared to the LN cell proliferation without any SC induced 

stimulation (1095.00 CPM). The incubation of Lew LN cells with SprD SCs led to the highest 

[3H]thymidine incorporation with 2866.00 ± 4399.61 CPM. The moderately induced 

proliferation of either Lew Spl or LN cells by Wi SCs allows, in accordance with the animal care 

committee of Lower-Saxony, Germany, the conclusion that the transplantation of Wi SCs into 

Lew rats will probably not lead to any immune reaction or transplant rejection in vivo. 

 

 

Supplementary Figure 1. Proliferation of recipient Lewis (Lew) spleen (Spl) or lymph node (LN) cells. Dot plot 

displaying [3H]thymidine incorporation of Lew spleen and lymph node cells after 5 days in vitro with donor 

Schwann cells (SCs) of either Lew, Wistar (Wi), or Sprague Dawley (SprD) rats. Black horizontal line displays the 

mean solely Lew LN cell proliferation. Grey horizontal line displays the mean solely Lew Spl cell proliferation. 

While Lew Spl cells are barely stimulated by Lew SCs, Lew LN cells are not stimulated at all. Culturing Lew Spl 

cells with Wi SCs, results in minor proliferation, while culturing Lew LN cells with Wi SCs does not lead to any 

stimulation. SprD SCs trigger a high proliferation in Lew Spl cells and a minor proliferation in Lew LN cells. No 

statistical analysis (n = 2). 
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4. Discussion 

As introduced, the peripheral nervous system exerts an intrinsic regeneration capacity and 

microsurgical treatment strategies are well developed (Lee and Wolfe, 2000; Gaudet et al., 2011; 

Tian et al., 2015). However, not even the application of the gold standard treatment, the 

autologous nerve graft (ANG), guarantees full functional restoration (Carvalho et al., 2019), 

illustrating that the optimal nerve reconstruction method is not fully developed. In the following 

sections the original research studies I and II are discussed separately. Concluding the project and 

giving an outlook, the last section of the discussion deals with perspectives for future studies. 

Current researches aim at designing and improving artificial nerve grafts, which would ideally 

not require the harvest of donor tissue, as in cases of gold standard treatment (Dietzmeyer et al., 

2019a). Our working group contributed in a large part to the translation of the experimentally 

persuasive CNG, which entered the market as medical off-the-shelf product, Reaxon® nerve 

guide, in 2015 (Haastert-Talini et al., 2013; Meyer et al., 2016a; Boecker et al., 2019). Even 

though clinical studies are still scarce, primary publications show the potential of chitosan-based 

nerve grafts for the field of peripheral nerve regeneration. In a first randomized clinical setting 

that surveyed a total amount of 74 patients, the Reaxon® nerve guide was used as a protecting 

device, which was positioned around the classic direct end-to-end coaptation. The application of 

the chitosan device, surrounding the suture, significantly increased recovery of sensory function, 

when compared to the unprotected end-to-end suture. Furthermore, no signs of adverse events 

were observed (Neubrech et al., 2018). 

For clinical research in humans on the potential of innovative artificial nerve grafts, digital nerve 

lesions display an ideal study subject. As 72.6% of all peripheral nerve injuries affect the upper 

limb, digital nerve lesions occur in the majority of them (Kouyoumdjian et al., 2017). Besides 

their high frequency, injuries of the digital nerves allow an easy assessment of sensory recovery 

by means of 2-Point-Discrimination, of which results can be directly transferred to the sensory 

functionality of the affected nerve. The follow-up period is considered as relatively short, as 

recovery of smaller defect sizes progresses faster (Boesch et al., 2017). Artificial nerve guidance 

channels (NGCs), irrespective of their insertion target, must fulfil general criteria. They should be 

manufactured in a tubular design to enclose the proximal and distal nerve end and should be 

available in different lengths and diameters. Too small diameters would lead to compression of 

the regrowing nerve tissue, while too large diameters would enable the infiltration of scar tissue 
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(Moore et al., 2015a; Houshyar et al., 2019). The ideally transparent NGCs should allow the 

surgeon to control for blood cloths within the lumen, to avoid mechanical hindrance of the 

regrowing axons (Wang et al., 2017), and allow an easy positioning of the sutures (Moore et al., 

2015a). When talking about products for medical use, it has to be taken into account that 

sterilization should be possible without harming the conduit. In addition to that, the material 

should be biodegradable into nontoxic by-products, causing a minimal inflammatory response. 

Degradation should occur in a controlled rate that matches the axonal regeneration, meaning that 

the graft should maintain its shape and strength throughout the regeneration period and not 

degrade too fast. Scar tissue formation and insufficient mechanical support is thereby avoided 

(Moore et al., 2015a; Houshyar et al., 2019). Early clinical attempts towards bridging nerve 

defects have used NGCs made of silicone, a synthetic non-degradable material. Despite the 

achievement of excellent motor and sensory recovery 3 years after repair of 3 – 5 mm gaps 

(Lundborg et al., 1991; Lundborg et al., 1994), the non-degradability of the silicone conduits led 

to a chronic fibrous foreign body reaction demanding a second removal surgery (Pinho et al., 

2016; Siemers and Houschyar, 2017). When considering reconstruction of digital nerve lesions, 

additional demands must be fulfilled. The digital nerves are located in a highly mobile region of 

the body, namely across the digital joints. Grafts, which are applied in such mobile areas, must 

exhibit a specific flexibility to follow joint movements, which avoids feelings of discomfort. On 

the other hand, collapse resistance of the grafts must be preserved in order to not compress the 

regenerating nerve tissue (Dietzmeyer et al., 2019b). Our working group faced the demand for 

these specific properties by designing an innovative CNG with an adapted, wavy, corrugated 

outer wall (corrCNG). Indeed, corrCNGs have previously been shown to support peripheral nerve 

regeneration in the 15 mm rat sciatic nerve model to the same extent as classic CNGs. The 

fabrication of the wavy-wall structure led to an increase in flexibility of the classic CNG, while 

collapse resistance remained unaltered (Stößel et al., 2018). 

When it comes to the aim of improving hollow tubular nerve implants, preclinical researches 

equip the artificial nerve grafts with diverse biomaterials (Sarker et al., 2018b; Dietzmeyer et al., 

2019a). The simplest form of luminal fillers is represented by longitudinally inserted structures, 

which mechanically guide regrowing axons back to their target tissue (Wieringa et al., 2018; 

Houshyar et al., 2019). Otherwise hollow artificial nerve grafts, experimentally equipped with 

longitudinal axon guiding structures, e.g. sponges (Wlaszczuk et al., 2016), microchannels (Hu et 
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al., 2009), and aligned small scale fibers (Xue et al., 2012), revealed successful in vivo 

regeneration in different animal models. In 2017 the first clinical study, observing a collagen-

sponge equipped collagen nerve graft, was conducted and revealed safety for the use of 

composite collagen Neuromaix device in human sural nerve gaps (Bozkurt et al., 2017). Another 

example of a solid longitudinal guidance structure is the perforated chitosan-film. In presence of 

the film, the classic CNG is divided into two-chambers, allowing the formation of two 

regenerating nerve cables. These two-chambered, chitosan-film enhanced chitosan nerve grafts 

(CNG[F]s) have been shown to further improve the outcomes of the classic CNG in the 15 mm 

rat sciatic nerve model (Meyer et al., 2016a). 

Based on these 2 foregoing promising enhancements, namely the corrugated outer wall and the 

chitosan-film (Meyer et al., 2016a; Stößel et al., 2018), we combined the properties of the 

corrCNG and the chitosan-film to design corrCNG[F]s, exhibiting an increased bendability as 

well as an additional axonal guidance structure. The innovative corrCNG[F] was 

comprehensively evaluated in study I regarding its suitability for reconstruction of digital nerve 

lesions (Dietzmeyer et al., 2019b). We could show that this combination significantly accelerated 

the recovery of fine as well as gross motor functions in the 10 mm rat median nerve model 

(Dietzmeyer et al., 2019b). 

Small animal models, especially rats and mice, are nowadays favored when conducting animal 

experiments. Besides their easy handling, housing costs are relatively low (Fitzgerald, 1983; 

Ronchi et al., 2019). In the field of peripheral nerve regeneration the rat sciatic nerve model is the 

most frequently used animal model (Angius et al., 2012; Gordon and Borschel, 2016). As the 

sciatic nerve displays the largest nerve in the rat’s body, its easy accessibility simplifies the 

microsurgical procedure (Ronchi et al., 2019). For our purpose to evaluate the suitability of 

corrCNG[F]s for digital nerve reconstruction, we chose the more translational rat median nerve 

model (Stößel et al., 2017; Ronchi et al., 2019). In contrast to humans, the median nerve of the 

rat contains only motor fibers, innervating solely the finger flexors. This function of the rat’s 

median nerve allows bilateral reconstruction, due to minor impairment of the animals’ welfare 

(Papalia et al., 2003; Sinis et al., 2005; Geuna et al., 2007). The bilateral reconstruction leads to a 

reduction to half of the total number of animals needed, thereby considering the ethical concept 

of replacement, reduction, and refinement (Tannenbaum and Bennett, 2015). 
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For human patients, affected by peripheral nerve lesions, not only the completeness, but also the 

onset and process of recovery of fine and gross motor function display important parameters, 

which have to be considered during outcome measurements. The battery of motor functional test, 

we applied in this study I, has previously been published in our working group (Stößel et al., 

2017). Every 4 weeks we applied electrodiagnostic recordings, indicating target reinnervation 

(Korte et al., 2011), the staircase test, indicating fine motor skills recovery (Galtrey and Fawcett, 

2007), and the grasping test, displaying gross motor function recovery (Tupper and Wallace, 

1980). This method was capable of precisely determining onset, process, and completeness of the 

respective functions (Stößel et al., 2017), thereby allowing to detect minor differences regarding 

the functional outcome. This tool is especially helpful, when only slightly modified nerve grafts 

are compared to each other. In this study full recovery of fine motor skills was achieved by the 

group treated with the gold standard, as well as by the group treated with the corrCNG[F]s after 

finishing the observation period (Dietzmeyer et al., 2019b). When having a closer look at the 

progress of recovery, it becomes clear that fine motor recovery in the ANG group was already 

completed after 8 weeks post-surgery, while this was the case after 12 weeks in the corrCNG[F] 

group. Insertion of classic CNGs as well as CNG[F]s did not lead to full restoration of fine motor 

functions. The grasping test shows clearly that ANG treatment is still superior to all tested 

chitosan-based nerve grafts (gross motor function recovery in 100% of animals in the ANG 

group), stressing that still today ANG treatment is considered as gold standard. After undergoing 

Wallerian degeneration, ANGs abundantly provide SCs, NTFs, as well as an extracellular 

scaffold of endoneurial tubes, providing mechanical guidance, thereby mimicking at best the 

physiological nerve structure (Dahlin, 2008; Houshyar et al., 2019). However, corrCNG[F]s 

revealed recovery of gross motor functions in 87.5% of the animals, still performing significantly 

better than classic CNGs and CNG[F]s. The functional superiority of the corrCNG[F] treated 

forelimbs in study I could be explained by histomorphometrical analyses of distal nerve segments 

after 16 weeks. Among the experimental groups, corrCNG[F] treatment revealed the thickest 

myelin sheaths leading to a faster nerve conduction velocity. This elucidates, that corrCNG[F]s 

are promising candidates for reconstruction of digital nerves in human patients. In addition to 

that, it can be concluded that valid statements about the potential of nerve grafts to enhance 

functional outcome after peripheral nerve injury, require comprehensive analyses, including 

functional testing as well as endpoint analyses in the form of histomorphometry as also carried 

out by others (Dietzmeyer et al., 2019b). 



Discussion 

 

110 

Interestingly, in the course of data processing for study I, the grasping test revealed fluctuations 

within one group between the different time points. 12 weeks post-surgery, e.g., 75% of the 

corrCNG[F] treated forearms showed regained gross motor function, while 16 weeks post-

surgery the percentage of participating animals decreased to 62.5% (Dietzmeyer et al., 2019b). 

This decline is not justified by pathological changes, e.g. nerve compression. The reason for these 

fluctuations can be found in the motivation of the animals. In slowed down video recordings of 

the animals during the test procedure, it becomes clear that the animals’ motivation to participate 

in the test decreased after 8 weeks post-surgery. These findings stress that the rats’ strain should 

be considered carefully when planning animal experiments. In our study, we subjected rats of the 

strain Lewis to the experimental procedure. These rats show, however, less responsiveness to the 

behavioral tests (Webb et al., 2003). This is an important factor, which has to be considered for 

the staircase test as well. Due to the bilateral transection and reconstruction, paw usage abilities 

of both forelimbs are evaluated in the staircase test. We observed, as also reported elsewhere, that 

rats show dexterity and left-handedness like human beings (Whishaw and Coles, 1996). Despite 

comprehensive training of the animals before subjecting them to surgery, some animals were not 

willing to use their left or right forepaw, so that systematic random sampling was needed for 

allocating animals to the experimental groups. A lack of motivation further led to the exclusion of 

2 forearms per each group from the staircase test. Thus, it is important to consider the influence 

of the animals’ behavior on the statistical power of the study beforehand. Nevertheless, this 

comprehensive study I can be rated as complete and well conducted. The process until a new 

medical product enters the market is however, with a duration of approximately 10 to 15 years, 

very time consuming and expensive (Morgan et al., 2011). Good candidates for a faster FDA 

approval and thereby shorter way into clinics are represented by the starting material of already 

commercially available NGCs (López-Cebral et al., 2017). Therefore, our study results go along 

with a high probability for clinical translation, as the source of materials, chitosan, is already on 

the market as Reaxon® nerve guide since 2015 (Boecker et al., 2019). 

Reaxon® nerve guides, like the other clinically available artificial nerve grafts, are only 

applicable up to 3 cm gap length (Kornfeld et al., 2019), showing that there is still potential to 

increase their functionality. This limitation must be faced, whenever multi trauma patients are 

taken to clinic. Multi trauma patients, e.g. after vehicle accidents, are often presented with 

massive loss of nerve tissue and infected wounds. Upon surgical procedure the proximal and the 
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distal nerve end need to be trimmed adequately, because regeneration is only possible through 

viable nerve ends (Dahlin and Wiberg, 2017), as blood supply is crucially needed for peripheral 

nerve regeneration (Penkert et al., 1988). This may produce large gaps between both nerve ends, 

which contraindicate the use of clinically available artificial nerve grafts. In these cases, donor 

nerve tissue is harvested invasively for autologous nerve grafting. 

Within the scope of study II, we pursued a completely different aim, namely the development of 

a composite artificial nerve graft, suitable for the application in critical gap sizes. The range of 

experimental luminal fillers to enrich hollow nerve guidance channels is broad. Despite the 

diversity of experimental luminal fillers, researchers agree on graft characteristics, which should 

at best mimic the natural milieu, needed for peripheral nerve regeneration, as seen in cases of 

ANG treatment (Sarker et al., 2018b). Schwann cells (SCs) play a key role in the processes of 

Wallerian degeneration and regeneration (Deumens et al., 2010). The SC injury response leads to 

their reprogramming from a myelinating to a repair SC by suppression of myelin differentiation 

and at the same time activation of repair phenotypes. This includes the downregulation of myelin 

genes, the upregulation of markers of immature SCs, the activation of cytokines and autophagy 

for myelin breakdown, the activation of neurotrophic factors (NTFs) and surface proteins, and the 

formation of axonal regeneration tracks (bands of Büngner) (Jessen and Mirsky, 2016). Due to 

their important role following peripheral nerve damage, SCs display promising candidates for cell 

transplantation (Evans et al., 2002). With the help of non-viral transfection, it is even possible to 

genetically modify these cells. This technique could possibly enhance the SC repair phenotype 

via overexpression of e.g. NTFs. In our working group SCs have been genetically modified to 

overexpress the 18 kDa molecular weight fibroblast growth factor-2 isoform (FGF2-SCs) (Meyer 

et al., 2016a; Meyer et al., 2016b). These cells have previously been shown to successfully 

support regeneration along critical defect sizes in the 15 mm rat sciatic nerve model (Haastert et 

al., 2006; Meyer et al., 2016b). Indeed, FGF2-SCs were already seeded onto axon guiding 

chitosan-films in former studies. However, this approach rather failed, as axonal regeneration was 

impaired by debris material, derived from hypothesized SC apoptosis (Meyer et al., 2016a). 

The survival of SCs within artificial nerve grafts needs to be ensured to fully develop their 

regeneration supporting properties. Extracellular matrix components are favorable molecules for 

the production of hydrogels, which might display a medium capable of incorporating cells 

(Gonzalez-Perez et al., 2018). In 2016, a neural and vascular regeneration hydrogel, mainly 
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consisting of hyaluronic acid and laminin, successfully promoted the survival of FGF2-SCs. 

However, the gel itself represented a mechanical obstacle for axonal regeneration in vivo, which 

could partly be removed by the supplemented FGF2-SCs (Meyer et al., 2016b). Also, other 

researchers stress that concentrations of hydrogel components need to be considered carefully, as 

it otherwise comes to mechanical hindrance of axonal elongation (Labrador et al., 1998; 

Gonzalez-Perez et al., 2018; Wieringa et al., 2018). As reviewed by Sarker et al., diluted 

collagen or laminin gels within silicone tubes performed better in the 4 - 6 mm mouse sciatic 

nerve model, when compared to the more concentrated gels (Sarker et al., 2018a). Therefore, 

study II investigated a novel formulation of a hyaluronic acid-laminin-hydrogel (HAL) with 

regard to its potential to support survival of transplanted SCs, thereby further improving 

functional regeneration in the 15 mm rat sciatic nerve model. 

While planning an animal experiment with composite graft types, already cell transplantation 

needs some specific considerations. Autografting, in which the transplant is derived from another 

part of the body of the recipient itself, displays the safest way to deliver donor tissue into an 

individual. In terms of SC transplantation, this would include the removal of nerve tissue in order 

to gain SCs for delivery, going along with the same disadvantages as the use of ANGs. Besides 

donor site morbidity, autologous SCs would never be immediately ready for use (Jones et al., 

2016; Sarker et al., 2018b; Houshyar et al., 2019). In our animal models the method of choice for 

SC delivery is the allotransplantation, for which the transplant is harvested from another 

individual belonging to the same species. Transplanted organs or single cells represent a foreign 

antigen. The strongest signal of this foreign antigen recognition is represented by the molecules 

of the major histocompatibility complex (MHC), which show an enormous degree of 

polymorphism between the different individuals. Therefore, matching donor and recipient MHC 

antigens play an important role in successful transplantation (Calvert et al., 2001). SCs are known 

to express MHC class I molecules. Under certain culture circumstances MHC class II molecules 

are expressed by SCs as well (Kingston et al., 1989). Thus, we had to consider possible 

immunoreactions in the recipients, when performing allografting. 

Following the course of preparation for study II, we had to face the problem that allografted SCs 

even had to be delivered by a different rat strain, increasing the probability for possible 

immunoreaction or transplant rejection (Calvert et al., 2001). We decided for the strain of Lewis 

rats to be subjected to surgery, as this is the only strain, usually not prone to autotomy behavior 
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(Carr et al., 1992; Shir et al., 2001). Autotomy is the self-mutilation of the limbs, subjected to 

nerve transection and repair. This phenomenon is discussed to occur due to the loss of sensation 

after nerve transection upon surgery, and later due to hypersensitivity after beginning 

reinnervation (Dellon and Mackinnon, 1989; Lago and Navarro, 2006; Cobianchi et al., 2014; 

Ronchi et al., 2019). Autotomutilation behavior can be relieved in some cohorts by oral 

administration of amytriptiline hydrochloride, which is administered for the treatment of major 

depressive disorder and neuropathic pain in human adults (Navarro et al., 1994). Nevertheless, 

when the automutilation cannot be relived completely, animals with sore plantar surfaces have to 

be excluded from functional motor and sensory tests and the statistical power of the study 

drastically decreases (Ronchi et al., 2019). The decision for Lewis rats as recipient strain and the 

prophylactic application of amytriptiline hydrochloride completely prevented any signs of 

autotomy in our studies. Nevertheless, we had to face the challenge that Lewis rats revealed 

smaller litter sizes, when compared to Wistar rats. In addition to that, we got the impression that 

Lewis SCs, harvested at postnatal day 1-3, turned out to reveal lower proliferation rates when 

compared to SCs of the strain Wistar. To still achieve the needed number of cells prior to 

transplantation, we decided to culture neonatal Wistar SCs. The avoidance of possible 

immunoreaction and transplant rejection due to different donor and recipient strains commonly 

requires immunosuppression. However, the only accepted method for this is the daily treatment 

with tacrolimus, which has been shown to exhibit a greater immunosuppressive effect when 

compared to cyclosporin A, another possible immunosuppressant reagent (Jiang et al., 1999). 

Despite its effective immunosuppression, tacrolimus is also known to exert an influence on 

neuroregeneration (Gold et al., 1995; Doolabh and Mackinnon, 1999; Snyder et al., 2006; 

Konofaos and Terzis, 2013). To avoid that bias, caused by tacrolimus’ pro-regenerative 

capacities, we performed a [3H]thymidine incorporation assay to show that recipient Lewis spleen 

and lymph node lymphocytes are not stimulated by foreign Wistar SCs in vitro. And indeed, we 

observed non-reactivity of recipient lymphocytes in vitro and therefore rated the risks for adverse 

events in vivo as minor. Performing a [3H]thymidine incorporation assay requires to work with 

radioactive material. Besides, lymphocyte reaction assays are discussed as problematically 

reproducible, questioning the usefulness of this tool to monitor the risk of transplant rejection. 

However, this assay is relatively easy and inexpensive to conduct, so that we decided for its 

performance (Cravedi and Mannon, 2009). 
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After completing the preliminary in vitro experiments, in vivo study II was conducted. Here, we 

compared ANGs to classic CNGs or enhanced CNG[F]s. Artificial grafts were either filled with 

solely HA or HAL or filled with HAL, containing naïve or FGF2-SCs. For detection of functional 

outcomes, we performed electrodiagnoastic recordings, mechanical pain threshold (von Frey 

algesimetry) and end-point analyses, analogue to study I. Results of this study again highlight the 

axon guiding potential of the CNG[F]s via their inserted mechanical chitosan guidance structure. 

Unfortunately, delivery of naïve as well as FGF2-SCs rather impaired the regeneration with 

regard to motor and axonal recovery, questioning the potential of the HAL to promote cell 

survival.  

Similar to study I, data processing of behavioral animal experiments in study II revealed 

discrepancies. Sensory recovery surveyed by von Frey algesimetry turned out to be meaningless, 

as no significant differences could be detected, regardless the different time points and the 

different groups. However, these findings contradict to results for motor and axonal recovery. To 

find reasons for the failure of this test, underlying mechanisms of the von Frey algesimetry will 

be elucidated in the following. To determine the mechanical pain threshold, the lateral plantar 

surface area of the rat, innervated by the sciatic nerve, is stimulated with a blunt needle. The 

force, required to trigger a withdrawal reaction in the rat, is recorded (Cobianchi et al., 2014). 

Analogue to study I (Dietzmeyer et al., 2019b) and analogue to another study, carried out in our 

working group (Stößel et al., 2018), Lewis rats were little responsive to the behavioral test 

irrespective of the time, past after surgical reconstruction. Webb et al. illustrated that Lewis and 

Sprague Dawley rats show significantly higher mechanical pain threshold values when compared 

to Fisher rats (Webb et al., 2003). Another phenomenon, accounting for the widely discussed 

unreliability of the von Frey test, is the collateral sprouting of the undamaged saphenous nerve. If 

the experimenter is stimulating areas of the plantar surface, which are already affected by 

collateral sprouting, values cannot directly be transferred to sensory reinnervation by the 

reconstructed sciatic nerve (Cobianchi et al., 2014). Thus, it can be concluded that analyses of 

functional recovery are more reliable in the rat median nerve model of study I, but still the rat 

sciatic nerve model is needed to create critical defect sizes with the overall aim to develop 

artificial nerve grafts, suitable for application in gaps larger than 3 cm. 

In our study, the combinatorial CNG[F]+HAL+FGF2-SC did not sufficiently support peripheral 

nerve regeneration across critical defect sizes. As seen in study I, already simple combinations 
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like corrCNG[F]s, made of one material, can accelerate functional recovery (Dietzmeyer et al., 

2019b). The more complex the composition of an artificial nerve graft gets, the more interactions 

between single components, have to be considered. These interactions might have an impact on 

the regeneration outcome. To analyze the interaction between HAL and naïve and FGF2-SCs in 

depth, we surveyed the expression of genes encoding for NTFs, known to be up-regulated in the 

SC repair phenotype, by means of real-time quantitative reverse transcription polymerase chain 

reaction. And indeed, cultivating SCs as well as FGF2-SCs within HAL led to the 

downregulation of nerve growth factor, glial cell line-derived neurotrophic factor and 

surprisingly, also to a downregulation of genes encoding for FGF-2 in the transfected, FGF-2-

overexpressing SCs. This might display one of the reasons, why combining SCs/ FGF2-SCs with 

HAL rather impaired axonal regeneration in study II. 

To gain revealing insights on interplay between hydrogel, immersed cells and growth factors, and 

to develop approaches for troubleshooting of the negative outcomes of study II, comprehensive 

literature research was performed. The traditional hydrogels, like the HAL, lack an accurate bio-

mimicking of the endoneurial tubes, the innermost layer of connective tissue in a peripheral 

nerve, which is needed as guidance structures for the regeneration process (Sarker et al., 2018b). 

However, innovative methods are available to align fibrils of hydrogels by using physical and 

chemical cues, such as electrical and magnetic fields, or gradients (Dietzmeyer et al., 2019a). 

Through electrospinning and molecular self-assembly, Du et al. developed an aligned three-

dimensional fibrin nanofiber hydrogel to fill chitosan nerve grafts and bridge 10 mm rat sciatic 

nerve defects. Outcome measures revealed sufficient motor recovery as well as histologically 

confirmed axonal regrowth and remyelination (Du et al., 2017). The alignment of hydrogel fibrils 

does not only provide axonal guidance structures but can also be used to align regeneration 

supportive cells within the hydrogel, mimicking the Bands of Bügner (Gonzalez-Perez et al., 

2018). Besides a controlled alignment, hydrogels, in an optimal setting, should exhibit a 

controlled degradation, thereby allowing controlled incorporation and release of molecules 

(Wieringa et al., 2018). Researchers make use of controlled release mechanisms to design 

gradients, e.g. growth factor gradients, to chemically guide axonal regrowth (Hsu et al., 2019). 

Concentration of growth factors has been shown to play an important role, as high concentrations 

of growth factors might lead to the so-called “candy store effect”, entrapping axons in areas of 

high growth factor concentrations. This leads to hindrance of successful target reaching 
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(Tannemaat et al., 2008; Madduri and Gander, 2012; Eggers et al., 2013). In study II we 

randomly distributed the SCs and FGF2-SCs within the HAL, followed by random release and 

arbitrary concentrations of growth factors, especially for the overexpressed FGF-2. By not 

providing the highest NTF concentration in the most distal part of the graft, axons might get 

trapped before reaching the distal nerve end. However, the phenomenon of axon trapping is only 

described for ventral root avulsion models. Therefore, it remains a hypothesis that similar 

processes occur in case of sciatic nerve transection, as performed in study II. 

As already mentioned, SC transplantation, as performed in study II, implies invasive harvesting, 

as well as limited availability, restricting this cell type’s potential from being readily available as 

off-the-shelf product. This unveils the application of multipotent stem cells a more and more 

investigated option and a promising alternative to SC transplantation. Stem cells are widely used 

in terms of regenerative medicine (Murphy et al., 2013). Recent researches deal with the 

application of mesenchymal stem cells, which can be harvested more easily, e.g. from mobilized 

peripheral blood, adipose tissue, the umbilical cord, the placenta, and even the skin. These are 

multipotent cells, which have the potential to differentiate into adipocytes, osteoblasts, 

chondrocytes, but also into neural lineage-derived cells and SCs. Differentiated SC-like cells 

exhibit qualities improving peripheral nerve regeneration (Faroni et al., 2015; Sullivan et al., 

2016; Jiang et al., 2017). While some candidates among them reveal disadvantages, like the risk 

for immunoreaction and teratoma formation or raise ethical concerns, it must be kept in mind that 

the operational capability of stem cells highly depends on their origin. However, skin-derived 

neural crest stem cells are highly attractive, as they can be harvested minimally invasive and their 

availability is not limited (Jones et al., 2016). An existent clinical case report demonstrated the 

use of autologous skin-derived stem cells. The cells were used as filling material for a collagen 

conduit, which was inserted to protect ANG sutures after treating polyinjured nerve defects of 8-

10 cm in one patient. After 3 years, motor and sensory function recovery was incomplete, but the 

patient was preserved from upper arm amputation (Grimoldi et al., 2015). 

To fully circumvent the risks that accompany whole cell transplantation, novel approaches based 

on secreted extracellular vesicles that exert paracrine effects on surrounding cells are being 

developed. This so-called secretome includes relatively non-antigenic chemokines, cytokines, 

immunomodulatory molecules, as well as growth factors (Konala et al., 2016). As reviewed 

elsewhere, the secretome composition of adult stem cells can be influenced by changing cell 
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culture conditions, thereby adapting its therapeutic effect to the injured tissue of interest (Ferreira 

et al., 2018). In an experimental in vitro study, the secretome of SC-like adipose stem cells was 

able to enhance the neurite outgrowth (Ching et al., 2018). But also, first in vivo studies with 

human exfoliated deciduous teeth stem cell secretome revealed successful axonal regeneration in 

the 10 mm rat sciatic nerve model (Sugimura-Wakayama et al., 2015). Although, little data is 

published about secretome application in fields of peripheral nerve regeneration, its low 

immunogenicity and promising experimental outcomes open new opportunities for combining the 

regenerative secretome with luminal filler materials. 

The main goal, purchased by all studies on peripheral nerve regeneration, is to develop an 

optimal artificial nerve graft. By replacing the gold standard ANG, invasive harvesting of donor 

tissue would become obsolete. With my PhD project we aimed at facing two major challenges in 

terms of peripheral nerve repair: the reconstruction of digital nerves, located in a highly mobile 

region, and the reconstruction of critical defect sizes. Study I proved that the rat median nerve 

model represents an ideal subject for studying only slightly modified nerve grafts, inserted into 

small defect sizes, located in highly mobile regions. We were also able to prove that already 

simple attempts for intraluminal filler materials can significantly accelerate functional recovery, 

as we succeeded in introducing a novel highly bendable chitosan-based nerve graft, which 

achieved similar results to ANG treatment with regard to recovery of fine motor function 

(Dietzmeyer et al., 2019b). Inventing a composite CNG, including a chitosan-film, a novel 

hydrogel, and Schwann cells in the course of study II, did not yield the expected advance. These 

negative outcomes of study II clarify that multi-combination of materials creates a lot of 

characteristics, which have to be considered carefully as potential source of error. Although, this 

study displayed no step towards replacing the gold standard treatment, we obtained valuable 

knowledge about material interactions. This knowledge can be considered as highly applicable 

for future studies. The scientific status quo offers loads of experimental novelties. However, 

clinical translatability and handling practicability should always be weighed against the potential 

to support peripheral nerve regeneration. 

With the knowledge, obtained within the scope of my whole PhD project, I would recommend 

conducting future studies on aligned chitosan hydrogels within CNG[F]s. While translation of 

products, made from already approved material sources, can be rated as rather simplified, 

translation of cell transplantation into clinics remains a protracted process. The design of a 
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hydrogel, suitable to attract endogenous regeneration supportive cells, would abolish the need for 

additional exogenous cell transplantation. Furthermore, the conductance of comprehensive in 

vitro and in vivo studies on secretome application combined with chitosan hydrogel filled 

CNG[F]s could display a promising approach. Once secretome composition is homogenous and 

stable, and reproducible results are delivered, secretome supplementation might display a 

breakthrough in fields of peripheral nerve regeneration. 
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