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Summary 
 

Evaluation of enhanced chitosan nerve guides in hindlimb and forelimb rat models  
of peripheral nerve regeneration 

 

Maria Stößel 
 

In contrast to the central nervous system, peripheral nerves have the intrinsic capacity to regrow 
following injury and to restore sensation and motor function upon successful reinnervation of their 
target organs. However, it is estimated that millions of people suffer from peripheral nerve injuries 
(PNIs) since functional recovery often remains incomplete. Besides the patients’ age and general 
health condition, several other circumstances may impede the regenerative outcome. Most crucial 
factors are the location and severity of a PNI. Furthermore, the applied type of treatment, i.e. acute or 
delayed reconstruction, strongly influences the chances of regeneration. Although microsurgical 
techniques have been advanced since the early 19th century, we still have to face overall poor recovery 
rates. Therefore, scientists of many disciplines strive for alternative treatment strategies mainly 
focusing on the development of innovative nerve guidance conduits (NGCs). Two years ago, a NGC 
made of chitosan (CNG; i.e. chitosan nerve guide) entered the market. Chitosan is a promising 
biomaterial that is already widely used in several biomedical applications. However, the mechanism 
by which it facilitates peripheral nerve regeneration remained unknown so far. 

In study I, we detected an immunomodulatory effect of the chitosan material on macrophages, which 
play a key role during the early processes following PNIs. Based on these new insights, we were able 
to reveal a potential mechanism by which CNGs enhanced with a longitudinally introduced chitosan 
film could have led to better results upon evaluation in the commonly applied rat sciatic nerve model. 
In study I, pre-clinical evaluations of these enhanced CNGs were carried out in a delayed repair 
approach due to clinical relevance. Besides, we enhanced CNGs in another direction considering that 
most of the clinically approved NGCs are not suitable to reconstruct nerves across joints, although the 
majority of PNIs occurs in the digital nerves. In the course of study II, we developed highly bendable 
CNGs that satisfactorily enabled functional recovery of the injured rat sciatic nerve to the same extend 
as the clinically available CNGs, again after acute and delayed reconstruction. However, this rat sciatic 
nerve model does not represent the best choice to mimic the highly mobile proximity of human digital 
nerves. In study III, we addressed this shortcoming and established the rat median nerve model in our 
group. Furthermore, we advanced this model by successful combination of three non-invasive 
evaluation methods to comprehensively monitor functional recovery over time. For the first time, we 
were able to precisely display a timeline on the onset and progression of peripheral nerve regeneration 
within this model. 

The results obtained in the course of this PhD project deliver comprehensive knowledge for any future 
work on the development of enhanced CNGs for both reconstruction approaches, i.e. the delayed 
reconnection of long gap peripheral nerve defects as well as the repair of joint-crossing digital nerves. 
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Zusammenfassung 
 

Evaluation der Regeneration peripherer Nerven durch weiterentwickelte Chitosan-
Nervenleitschienen in Hinter- und Vordergliedmaßen der Ratte  

 

Maria Stößel 
 

Periphere Nerven besitzen die intrinsische Fähigkeit, nach vorangegangener Verletzung zu 
regenerieren und bei erfolgreicher Reinnervation der Zielorgane eine Rekonstitution von Sensibilität 
und Motorik zu erreichen. Nach aktuellen Schätzungen leiden dennoch Millionen Menschen an den 
Spätfolgen peripherer Nervenverletzungen (PNV), da die funktionelle Wiederherstellung in der Regel 
unvollständig bleibt. Neben dem Alter und der gesundheitlichen Konstitution eines Patienten, beein-
flussen verschiedene weitere Bedingungen den finalen Regenerationserfolg, wobei Lokalisation und 
Schweregrad der PNV dabei den größten Einfluss ausüben. Auch die Zeitspanne zwischen Verletzung 
und erfolgter Behandlung ist ein bedeutender Faktor. Seit dem frühen 19. Jahrhundert wurden die 
Möglichkeiten mikrochirurgischer Eingriffe stetig verbessert. Nichtsdestotrotz ist die Prognose nach 
PNV weiterhin unbefriedigend. Aus diesem Grund arbeiten Wissenschaftler verschiedener Fachrich-
tung an alternativen Behandlungsstrategien. Ein Fokus liegt dabei auf der Entwicklung künstlicher 
Nervenleitschienen (NLS). Vor wenigen Jahren wurde eine NLS aus Chitosan (CNLS) bis zur Markt-
reife geführt, wobei Chitosan bereits in vielen biomedizinischen Produkten Anwendung findet. Bisher 
sind jedoch die Mechanismen ungeklärt, durch welche besonders dieses Material die periphere 
Nervenregeneration fördert. 

In Studie I konnten wir zunächst einen immunomodulatorischen Effekt von Chitosan auf Makro-
phagen aufdecken. Während der frühen Phase nach einer PNV besitzen besonders Makrophagen eine 
Schlüsselfunktion in den induzierten Regenerationsprozessen. Dank dieser Ergebnisse konnten wir 
eine potentielle Wirkweise aufzeigen, durch die weiterentwickelte CNLS zu bessere Regenerations-
erfolge in vorherigen Tierversuchen im gängigen Nervus ischiadicus Modell der Ratte führten. Auf-
grund der klinischen Relevanz wurden diese CNLS, welche zuvor mit einem intraluminalen Chitosan-
film bestückt wurden, in Studie I umfangreich im selben Tiermodell jedoch nun vor dem Hintergrund 
der verzögerten Rekonstruktion getestet. Parallel haben wir uns in Studie II damit beschäftigt, hoch-
biegsame CNLS zu entwickeln. Bei über 50% der behandelten Patienten sind die Fingernerven be-
troffen, was häufig eine gelenküberspannende Rekonstruktion der betroffenen Nerven erfordert. Wie 
verschiedene klinische Studien zeigten, ist die Mehrzahl der zugelassenen NLS jedoch nicht dafür 
geeignet. In unseren Versuchen konnten die hochbiegsamen CNLS sowohl nach sofortiger als auch 
nach verzögerter Rekonstruktion des durchtrennten Nervus ischiadicus der Ratte einen zu den klinisch 
zugelassenen CNLS vergleichbaren Regenerationserfolg erzielen. Zur in vivo Untersuchung einer 
komplikationsärmeren NLS zur späteren Rekonstruktion gelenküberspannender Fingernerven stellt 
jedoch der Nervus medianus der Ratte ein geeigneteres Modell dar. Aus diesem Grund haben wir in 
Studie III dieses Tiermodell in unserer Gruppe etabliert und weiterentwickelt. Durch kombinierte 
Anwendung dreier verschiedener funktioneller Tests war es uns erstmals möglich, Beginn und Verlauf 
der Nervenregeneration nach Rekonstruktion des Nervus medianus der Ratte detailliert darzustellen. 
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Die umfangreichen Ergebnisse dieses PhD Projektes bilden die Grundlage für weitere Arbeiten an der 
Entwicklung einer idealen NLS sowohl zur Rekonstruktion langstreckiger oder aber auch 
gelenküberspannender Nervendefekte. 
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1 Introduction 

1.1 Organization of the peripheral nervous system 

The vertebrate nervous system can be subdivided into the central nervous system (CNS) and the 
peripheral nervous system (PNS). Besides brain and spinal cord, the CNS also includes the optic, the 
auditory, and the olfactory system. In the CNS, sensory signals from the periphery are interpreted and 
transduced into excitatory signals that are in turn sent back to the target tissues with the help of the 
PNS. The PNS as a bidirectional transmitter of afferent (=sensory) and efferent (=excitatory, motor) 
signals consists of cranial nerves originating from the brain and spinal nerves arising from the spinal 
cord. Excitatory signals arriving in the spinal cord are conducted through the ventral roots to the 
skeletal muscles by motor neurons, whose cell bodies can be found in the ventral horn of the gray 
matter of the spinal cord (figure 1A). In the opposite direction, sensation from the periphery is 
transmitted through the dorsal roots to the spinal cord by sensory nerve fibers to be further processed 
in the CNS. In contrast to motor neurons, the cell bodies of sensory neurons are located outside of the 
spinal cord in sensory dorsal root ganglia (Schmidt and Leach, 2003; Tian et al., 2015). Another part 
of the PNS is represented by the autonomic nervous system that can be further subdivided into the 
sympathetic, the parasympathetic, and the enteric compartment. It is composed of afferent and efferent 
nerve fibers, which travel along the peripheral nerves and regulate body homeostasis. Cell bodies of 
these neurons are located either in the spinal cord, the brain stem, or in peripheral autonomic ganglia 
(Sternini, 1997; Antoniadis, 2017). 

In general, neurons are composed of a soma with dendrites receiving signals and axons transferring the 
information to the next neural cell or target tissue. Motor neurons display a multipolar cell 
morphology with several dendrites around the soma and one axon (figure 1B, the red neuron). In 
contrast, sensory neurons are pseudounipolar with a single axon dividing into a dendritic and an 
axonal part (figure 1B, the blue neuron). The dendritic axon obtains and transmits sensory signals 
from the periphery to the axonal branch that finally passes the information to the spinal cord. In the 
PNS, axons are ensheated or myelinated by Schwann cells (SCs) that represent 90% of nucleated cells 
in a peripheral nerve providing trophic support for the axons (Gaudet et al., 2011). Non-myelinating 
SCs surround several axons usually of smaller diameters with their cytoplasmic processes. Large-
caliber axons are commonly enwrapped by a multilayer myelin sheath formed by myelinating SCs 
(Gaudet et al., 2011). Myelin sheaths are evenly distributed along the neurons and strongly increase 
the conduction velocity of signals that are carried along axons in a saltatory manner (Schmidt and 
Leach, 2003; Tian et al., 2015). Interestingly, axons of motor nerve fibers can reach diameters of up to 
20 µm, whereas the majority of small caliber axons belongs to afferent nerve fibers (Szabolcs et al., 
1991; Daly et al., 2012). 

A peripheral nerve is defined as a bundle of motor and sensory nerve fibers, which are supplied by 
sufficient vascularization and protected by a surrounding connective tissue (Schmidt and Leach, 2003; 
Tian et al., 2015). In such a nerve, there are three different types of connective tissue, which form 
several layers around the nerve fibers (figure 1B). The endoneurium covers every individual axon and 
its SCs by oriented collagen fibers generating a diffusion barrier. Several nerve fibers are then bundled 
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to one fascicle, which is surrounded by the perineurium. This layer consists of a lamellated sheath of 
flattened cells, i.e. fibroblasts, and collagen fibers, and mainly provides tensile-strength and elasticity 
to the ensheated axons. On the outside, the epineurium finally enwraps all fascicles and forms one 
nerve trunk. The epineurial layer consists of a loose fibrocollagenous tissue that provides 
compression-resistance to the peripheral nerve (Sunderland, 1990; Schmidt and Leach, 2003; Tian et 
al., 2015). Around each nerve, another type of connective tissue can be found that is crucial for the 
nerves’ function, although this surrounding does not belong to the anatomical structure of a peripheral 
nerve (figure 1B). The mesoneurium provides all nutrient blood supply to and from a peripheral nerve 
with microvessels branching into the epineurial space from here. Furthermore, the outside of the 
mesoneurium ensures an unhampered gliding of the nerve during movements (Smith, 1966; 
Palatinsky, 2001; Mackinnon, 2002). 

 

 
Figure 1. Organization of the PNS. (A) The spinal cord consists of a central gray matter that is 
surrounded by the white matter. In the ventral horn of the gray matter, the cell bodies of motor neurons 
(in red) are located. These cells transmit efferent signals from the spinal cord through the ventral roots to 
the target organ, e.g. a skeletal muscle. Sensory neurons (in blue) receive afferent signals from the 
periphery, e.g. by receptors in the skin, and carry them through the dorsal roots back to the spinal cord. 
(B) A pseudounipolar sensory neuron (in blue) consists of a soma with one single axon that is divided in 
an axonal and a dendritic part. A multipolar motor neuron (in red) consists of a soma with several 
dendrites and one axon. Axons are commonly ensheated by myelinating SCs (in green). Every axon is 
enwrapped by an endoneurial layer. Several axons are bound to one fascicle and covered by the 
perineurium. The epineurium forms the outermost connective tissue of a peripheral nerve, which bundles 
all motor and sensory nerve fibers of one peripheral nerve. Outside of the epineurium, the mesoneurium 
forms another layer of connective tissue. For simplicity, vessels are not displayed in this figure. 
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1.2 Degeneration and regeneration processes upon peripheral nerve injuries 

In contrast to the CNS, where the intrinsic capability of axons to regenerate is very limited, peripheral 
nerve fibers are able to regrow across long distances and finally to reinnervate their distal target tissues 
(Gaudet et al., 2011; Tian et al., 2015). In consequence of a peripheral nerve injury (PNI) (the 
proximity of a fictional PNI is indicated by the arrow in figure 2A), transected neurons and their 
associated SCs undergo strong gene expression as well as morphological changes inside their intact 
basal laminae (Gaudet et al., 2011; Jessen and Mirsky, 2016). As a result, increasing hypertrophy of 
the cell somata of the neurons and displacement of their nuclei can be observed over the whole period 
of degeneration until regeneration might be successful (figure 2B-D) (Deumens et al., 2010; Gaudet et 
al., 2011). This observation reflects huge intraneuronal changes concerning their metabolic activity 
that shift from a retained intercellular neurotransmission towards the support of axonal regrowth 
(Deumens et al., 2010; Jessen and Mirsky, 2016). Similarly, muscle atrophy occurs due to the missing 
innervation by the transected nerve fibers (Deumens et al., 2010). 

Within the first hours following PNIs (figure 2B), denervated SCs are reprogrammed from a 
myelinating state to a regeneration-supporting state (repair SCs) strongly upregulating regeneration-
associated genes and neurotrophic factors to promote the survival of the injured axons (Gaudet et al., 
2011; Jessen and Mirsky, 2016). These SCs detach from the injured axons, release their myelin, and 
start to proliferate (Gaudet et al., 2011; Faroni et al., 2015). Interestingly, axon degeneration will not 
start immediately upon injury but after a lag period of several days in humans (Gaudet et al., 2011). In 
the early phase of myelin clearance, SCs start to remove myelin debris by phagocytosing the one of 
damaged or apoptotic SCs but also by autophagy of their own redundant myelin (Gaudet et al., 2011; 
Jessen and Mirsky, 2016). Furthermore, repair SCs are the key cells being responsible for the fine-
tuned inflammatory response following PNIs (Gaudet et al., 2011). They produce different cytokines 
in order to activate resident macrophages and moreover to recruit hematogeneous macrophages to the 
injury site (Gaudet et al., 2011; Faroni et al., 2015; Jessen and Mirsky, 2016). 

 Dependent on the expressed chemotactic agents in the surrounding microenvironment of the PNI, 
macrophages can be polarized from blood-derived monocytes into different phenotypes (figure 3). 
Before, monocytes originate from myeloid progenitor cells that are located in the bone marrow of 
adult mammals and differentiated by a cascade of various cytokines (granulocyte-macrophage colony 
stimulating factor (GM-CSF), granulocyte colony stimulating factor (G-CSF), macrophage colony 
stimulating factor (M-CSF)) (Brown et al., 2012b). Then, monocytes remain in the bloodstream for 
several days before differentiating into macrophages (Brown et al., 2012b).  

Amongst others, repair SCs initially produce tumor necrosis factor α (TNF-α) (Gaudet et al., 2011; 
Jessen and Mirsky, 2016), a cytokine that is known to polarize macrophages into the pro-inflammatory 
M1 phenotype with a flattened cell morphology (Mantovani et al., 2004; Brown et al., 2012b; 
McWhorter et al., 2013). M1 macrophages present high expression levels of chemokine receptor 
(CCR7) (Mantovani et al., 2004; Mokarram et al., 2012) besides the general macrophage 
differentiation marker (CD68) that is found on all types of macrophages (Brown et al., 2012a; 
Mokarram et al., 2012). Approximately two days post-injury, resident macrophages of predominantly 
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a M1 phenotype enter the injury site as depicted in figure 2B, whereas circulating blood-derived 
macrophages arrive within the next two days (Gaudet et al., 2011; Mokarram and Bellamkonda, 
2014). The peak of the acute inflammatory response can be expected one week after the injury. 
Invading macrophages, predominantly of the M1 phenotype, accumulate around the injury site and 
dominate the second phase of myelin and axonal debris removal (Jessen and Mirsky, 2016).  

 

 
Figure 2. Degeneration and regeneration processes following PNIs (based on (Deumens et al., 2010; 
Gaudet et al., 2011). (A) An uninjured axon is enwrapped by myelinating or non-myelinating SCs and 
covered by an intact basal lamina. For simplicity, non-myelinating SCs are not included in this figure. 
Outside the basal lamina, resident macrophages remain inactivated until a PNI occurs (possible location 
of a PNI is indicated by the arrow). Distally, an axon forms several neuromuscular junctions. (B) Upon 
PNI, the cell body of an affected neuron undergoes hypertrophy with a displacement of the nucleus to an 
eccentric position while the related skeletal muscle starts to atrophy. Inside the basal lamina, denervated 
SCs detach from the degenerating axon, release their myelin, and start to proliferate. Due to regeneration-
associated changes in their gene expression, SCs produce cytokines to activate resident macrophages and 
to recruit hematogeneous macrophages. Together with infiltrating macrophages, SCs remove myelin 
debris. Additionally, macrophages clear axonal debris and produce trophic factors to promote SC 
migration and axonal regeneration. (C) Then, migrating SCs align along the basal lamina and form bands 
of Büngner to provide guidance to the regenerating axon of which several sprouts emerge. Numerous 
axon sprouts form growth cones in order to regrow along the bands of Büngner. (D) If an axonal sprout 
successfully crosses the injury site along the bands of Büngner, it may reach and reinnervate the related 
distal target organ finally establishing new neuromuscular junctions. (E) Upon successful reinnervation, 
muscle atrophy and cell soma hypertrophy are reversed. Later, SCs remyelinate the axon, which is usually 
thinner than before, also resulting in thinner myelin sheaths with shorter internodal distances. 
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Figure 3. Monocytes and their polarization to different macrophage phenotypes and related surface 
marker expression. In the bone marrow, myeloid progenitor cells are differentiated into monoblasts 
induced by granulocyte-macrophage colony stimulating factor (GM-CSF), monoblast differentiation to 
pro-monocytes is induced by granulocyte colony stimulating factor (G-CSF), and finally, monocyte 
differentiation is induced by macrophage colony stimulating factor (M-CSF). Monocytes expressing 
CD14 on their cell surface remain in the blood until differentiation into macrophages. Classical activation 
to the anti-inflammatory M1 phenotype can be induced, e.g. by interferon-γ (IFN-γ), lipopolysaccharide 
(LPS), or tumor necrosis factor α (TNF-α). Alternative activation leads to pro-healing M2a and M2c or 
regulatory M2b macrophages and can be induced, e.g. by different interleukins (IL-4, IL-10, or IL-13). 
M1 macrophages have a flattened cell shape while M2 macrophages show an elongated cell morphology. 
All macrophages express the general macrophage differentiation marker (CD68). M1 macrophages also 
express high levels of chemokine receptor (CCR7). All M2 macrophages express the scavenger receptor 
(CD163) with highest expression rates on M2a macrophages. Only M2a and M2c macrophages express 
high levels of the mannose receptor (CD206). 
 

Upon successful clearance, the macrophages perform a phenotypic switch into the anti-inflammatory 
M2 phenotype that has an elongated cell shape (McWhorter et al., 2013) and is known to promote 
angiogenesis as well as tissue remodeling and repair (Mantovani et al., 2004; Gaudet et al., 2011; 
Brown et al., 2012b; Jetten et al., 2014). As depicted in figure 3, M2 macrophages are usually 
classified into regulatory M2b and pro-healing M2a and M2c sub-types (Mantovani et al., 2004; 
Mokarram et al., 2012). All of them produce the scavenger receptor (CD163) (Mokarram et al., 2012), 
although high expression rates are only detected on M2a macrophages (Mantovani et al., 2004; 
Oliveira et al., 2012). Furthermore, both the M2a and M2c macrophage phenotypes carry high levels 
of the mannose receptor (CD206) (Mantovani et al., 2004; Mokarram et al., 2012). Now, M2 



Introduction 

 

6 

macrophages produce trophic factors to promote SC proliferation and axonal regeneration, and to 
remodel the extracellular matrix (ECM) of the denervated distal nerve end (Gaudet et al., 2011; 
Mokarram et al., 2012).  

As depicted in figure 2C, proliferating SCs of an elongated bipolar morphology migrate and align 
along the intact basal lamina providing a guidance pattern towards the target tissue (“bands of 
Büngner”) and a trophic support for the regrowing axons (Gaudet et al., 2011; Faroni et al., 2015; 
Jessen and Mirsky, 2016). Sprouting axons assemble growth cones at their distal ends and regenerate 
through the permissive environment formed by the bands of Büngner (Deumens et al., 2010; Gaudet et 
al., 2011) at an average rate of 1-3 mm per day (Gutmann et al., 1942; Deumens et al., 2010). 
Interestingly, several daughter axons may arise from one sprouting parent axon resulting in initially 
higher numbers of regrown nerve fibers in the regenerated nerve tissue when compared to the intact 
tissue proximal to the injury site (Belkas et al., 2004; Navarro et al., 2007). 

If some of the numerous regenerating axon sprouts successfully reach and reinnervate their target 
tissue, e.g. a skeletal muscle (figure 2D), new neuromuscular junctions will be formed and redundant 
axon sprouts will be retracted (Deumens et al., 2010). As depicted in figure 2E, muscle atrophy and 
neuronal cell body chromatolysis will be reversed (Deumens et al., 2010). Also the repair SCs revert 
back to a maintained myelinating gene expression, finally leading to remyelination of the regrown 
axon sprouts (Jessen and Mirsky, 2016). However, the myelin sheaths will be thinner than before with 
shorter internodal lengths (Deumens et al., 2010; Gaudet et al., 2011) while also the regrown axons 
remain thinner in diameter (Deumens et al., 2010; Muratori et al., 2012). 

 

1.3 Classification of peripheral nerve injuries 

Damage to the PNS can occur in private but is highly increased in military environments (Evriviades 
et al., 2011; Daly et al., 2012). During World War II, Seddon introduced a classification of PNIs that 
was composed of three categories of increasing severity (Seddon, 1943). Neurapraxia describes the 
less severe form of PNIs, in which a transient nerve conduction block occurs while all axons and 
layers of connective tissue remain intact (Seddon, 1943), e.g. after exposure to heat, cold, irradiation 
or electrical injuries, or due to compression injuries (Deumens et al., 2010). In those cases of 
neurapraxia, however, recovery will be spontaneous, fast, and complete (Seddon, 1943; Sunderland, 
1951). Axonotmesis, the second category of PNI defines a complete disruption of axons while the 
surrounding by all three layers of connective tissue is preserved. Even in this category, recovery is 
reported to be spontaneous with no need for surgical intervention. Since all layers of connective tissue 
remain intact, each regenerating axon will regrow in its own endoneurial tube being guided back to its 
original target organ. Therefore, innervation will be identical as before the injury occurred and 
functional recovery will be complete (Seddon, 1943; Sunderland, 1951, 1990; Allodi et al., 2012). In 
the most severe category of PNIs, called neurotmesis, all axons and connective tissues are destroyed 
leading to a complete loss of the anatomical continuity. This type of PNI will always need surgical 
intervention since spontaneous recovery is commonly rare and unspecific (Seddon, 1943). 
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A few years after Seddon, Sunderland refined the original classification (Sunderland, 1951). He kept 
Seddon’s description of neuropraxia and axonotmesis but now divided neurotmesis into three sub-
categories. In the less severe form of neurotmesis, the continuity of several nerve fibers and their 
endoneurial tubes is broken while the surrounding fascicle remains intact together with the outer 
connective tissues (Sunderland, 1951, 1990). Now, intrafascicular fibrosis might impede spontaneous 
regeneration of the injured axons resulting in poor functional recovery. Furthermore, the regrowing 
axons lost their endoneurial guidance structures possibly leading to misdirected regrowth into foreign 
endoneurial tubes and therefore incorrect reinnervation (Sunderland, 1951, 1990). Sunderland’s 
second grade of neurotmesis describes the complete disruption of fascicles with only the epineurium 
remaining intact allowing axons to regrow into the interfascicular space, which is most often resulting 
in painful and non-functional neuroma formation that might require surgical clearance of the injury 
site (Sunderland, 1951). The most severe kind of neurotmesis as defined by Sunderland is similar to 
the initial definition introduced by Seddon as described above. In this category of severe PNI, also the 
mesoneurium is usually damaged raising the risk of fibrosis and scar formation, which compromises 
the nerves’ gliding and therefore also its restored function (Palatinsky, 2001; Mackinnon, 2002).  

 

1.4 Impact of peripheral nerve injuries 

As summarized by a large retrospective study from 2006, PNIs most often occurred due to vehicle 
accidents (43.9%) and penetrating traumas (20.6%), but also in consequence of free time activities and 
gunshot wounds (Kouyoumdjian, 2006). In 41% of the cases, neurotmesis was observed most 
frequently affecting the upper-limbs (73.5%) (Kouyoumdjian, 2006). Among these injuries, the 
common and proper digital nerves were involved in more than half of the patients (McAllister et al., 
1996; Renner et al., 2004). Although the incidence of PNIs is quite low with 300,000 new cases 
occurring annually in Europe and 360,000 new patients per year in the United States (Ciardelli and 
Chiono, 2006; Gu et al., 2011), PNIs represent a huge socioeconomic burden as summarized by Tian 
and colleagues (Tian et al., 2015). The restoration of motor function and sensibility is often 
incomplete (Gaudet et al., 2011), which results in life-long disturbances (Deumens et al., 2010; Gu et 
al., 2011; Faroni et al., 2015).  

The degree of functional recovery following PNIs strongly depends on several factors such as the age 
and general health condition of a patient (Verdu et al., 2000; Moore et al., 2015). Commonly, the 
regenerative capacity declines with an increasing age of a patient (Verdu et al., 2000; Renner et al., 
2004; Kuffler, 2014). Also, common health conditions such as diabetes mellitus inhibit peripheral 
nerve regeneration (Kennedy and Zochodne, 2005). However, the location, length, and severity of a 
PNI have a more crucial impact on the functional outcome (Sunderland, 1990; Gordon et al., 2011; 
Daly et al., 2012). It is well known that functional recovery will be increasingly worse the further 
away the injury site is located from the target of an affected nerve (Gordon et al., 2011; Faroni et al., 
2015). Also, an increase in gap lengths reduces the availability of applicable treatment strategies and 
therefore decreases the prospects of successful functional recovery (Renner et al., 2004; Daly et al., 
2012; Kuffler, 2014). Different degrees of PNIs have been discussed earlier concluding the worst 
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outcome after complete neurotmesis (Sunderland, 1990). Misdirection of sprouting axons due to a loss 
of all layers of connective tissue usually results in either incomplete restoration of motor function and 
sensibility, reinnervation of wrong target organs or even painful neuroma formation with chronic 
target denervation if the axons fail to reach the distal targets (Allodi et al., 2012). Another detrimental 
factor is the timespan between injury and repair of an affected nerve (Hoke, 2006; Kuffler, 2014). 
Here, two components play a major role since they progressively downregulate the expression of 
regeneration-associated genes: chronically axotomized axons (Fu and Gordon, 1995a; Gordon and 
Tetzlaff, 2015) and long-term denervated SCs (Fu and Gordon, 1995b; Ronchi et al., 2017). Especially 
in chronically denervated SCs, a time-correlated decrease in their survival and support of axonal 
regrowth can be observed until 8 weeks post-injury (Gaudet et al., 2011). 

 

1.5 Strategies for peripheral nerve repair 

The intrinsic processes of degeneration and subsequent regeneration observed in an injured axon upon 
PNI as described above anyhow require an intact basal lamina, i.e. spontaneous recovery can only 
occur after neurapraxia or axotomy, but not after any degree of neurotmesis (Sunderland, 1990; 
Gaudet et al., 2011). Otherwise, surgical intervention is needed to enable successful axonal 
regeneration (Sunderland, 1990; Daly et al., 2012). In the United States, more than 200,000 surgeries 
are annually performed to repair injured peripheral nerves (Kehoe et al., 2012; Tian et al., 2015). 
Dependent on the length and location of the injury, different treatment strategies are available as 
discussed below. 

 

1.5.1 End-to-end reconnection 

Whenever possible, end-to-end surgical reconnection is the method of choice (Siemionow et al., 2010; 
Daly et al., 2012). Since a tension-free suture between both nerve ends is required to enable peripheral 
nerve regeneration (Johnson and Soucacos, 2008; Yi and Dahlin, 2010; Gu et al., 2011), this surgical 
technique is only applicable in shorter nerve gaps of up to 5 mm in length (Johnson and Soucacos, 
2008; Daly et al., 2012; Kehoe et al., 2012). For the best possible outcome, the nerve fascicles should 
be congruently aligned (Schmidt and Leach, 2003; Huang and Huang, 2006; Daly et al., 2012). 

 

1.5.2 Autologous nerve grafts 

Since end-to-end surgical reconnection is restricted to those few cases where acute nerve repair can be 
applied without a remarkable substance loss, autologous nerve grafts (ANGs) remain the gold standard 
therapy to bridge longer gaps of up to 5 cm (Daly et al., 2012). The endoneurial tubes of harvested and 
inserted nerve pieces provide an adequate guidance pattern for regrowing axons (Siemionow et al., 
2010). The most commonly used donor tissue is the sensory sural nerve (Daly et al., 2012; Hallgren et 
al., 2013), which is located in the calf and innervates small skin areas of the foot, namely the area 
around the heel as well as the lateral surface of the foot (Hallgren et al., 2013). Due to the fact that 
predominantly sensory nerves are used as ANGs, mismatch issues can occur by means of inconsistent 
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axon sizes, numbers, and their distribution when it comes to motor or mixed nerve repair (Siemionow 
et al., 2010; Daly et al., 2012; Kuffler, 2014). Besides the unavoidable loss of sensation and the 
arising risk of neuroma formation at the donor site (Siemionow et al., 2010; Hallgren et al., 2013), a 
morphometrical mismatch might also lead to a reduced functional recovery of the repaired nerve (Daly 
et al., 2012). Due to the limited availability of dispensable nerves in a patient, the application of ANGs 
is not advised in large-scale peripheral nerve defects where high amounts of grafting material are 
required, e.g. after complex plexus brachialis avulsion injuries (Huang and Huang, 2006; Johnson and 
Soucacos, 2008). 

 

1.5.3 Autologous muscle-in-vein grafts 

Another promising example of an autologous grafting method displays the assembly of muscle-in-vein 
grafts (MVGs) that have first been mentioned just a quarter of a century ago (Brunelli et al., 1993). 
Especially in contrast to ANGs, a big advantage of MVGs is the abundant availability of both donor 
tissues whose harvest leads to only minor donor side morbidity (Siemionow et al., 2010; Manoli et al., 
2014a). In these grafts, the longitudinal basal lamina of the muscle tissue supports an oriented 
regrowth of axons (Siemionow et al., 2010) while the surrounding vein walls avoid unintended 
sprouting as seen before in pure muscle grafts (Brunelli et al., 1993). In clinics, MVGs are 
predominantly used for the reconstruction of sensory and mixed digital nerves so far, however, leading 
to persuasive results in gap lengths of up to 6 cm (Battiston et al., 2000; Marcoccio and Vigasio, 2010; 
Manoli et al., 2014a).  

 

1.5.4 Artificial nerve guides 

With the excellent regeneration-supporting capacities of autologous grafting methods in mind, 
scientists in the field are extensively working on the development of artificial nerve guidance conduits 
(NGCs) in order to replace the partly disadvantageous gold standard treatment of PNIs someday 
(Siemionow et al., 2010). However, such NGCs have to fulfil certain criteria (Huang and Huang, 
2006; de Ruiter et al., 2009; Gu et al., 2011). First and most important, the material should be 
biocompatible, i.e. any toxic side effects by the material itself or its degradation products, which might 
potentially result in an increased inflammatory response, should be avoided as far as possible (Huang 
and Huang, 2006; de Ruiter et al., 2009; Gu et al., 2011). Furthermore, mechanical properties of the 
selected materials play an important role. Primarily, NGCs should be flexible to a certain extent 
(Siemionow et al., 2010; Gu et al., 2011), e.g. to prevent tube extrusion upon reconstruction across 
joints (de Ruiter et al., 2009). This complication has been observed in several clinical studies where 
digital nerves have been bridged with bioartificial NGCs (Mackinnon and Dellon, 1990; Rinker and 
Liau, 2011). However, NGCs also need to be resistant against compression, e.g. by the surrounding 
tissue (Gu et al., 2011). Other factors to be considered are the permeability and biodegradability of the 
chosen material (Huang and Huang, 2006; de Ruiter et al., 2009). Permeability allows for consistent 
exchange of fluids and oxygen, which are necessary until vascularization occurs to enable the survival 
of cells at the injury site that support nerve tissue regrowth inside the NGCs (de Ruiter et al., 2009; 
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Siemionow et al., 2010; Gu et al., 2011). Furthermore, the duration of the degradation should be fine-
tuned in order to match the required time for sufficient nerve tissue regrowth (Huang and Huang, 
2006; Gu et al., 2011). Too fast degradation might impair tissue regrowth since the risk of sprouting 
increases due to a loss of guidance and scar formation might be increase by invading fibroblasts (Gu et 
al., 2011). However, if NGCs degrade too slow, compression of the regrown nerve tissue might lead to 
secondary injury as well (de Ruiter et al., 2009; Gu et al., 2011). 

Meanwhile, several biodegradable NGCs have entered the market being either composed of synthetic 
or natural-derived materials (Meek and Coert, 2013; Tian et al., 2015). Synthetic materials are 
commonly made of polymers such as glycolic acid and lactic as well as caprolactone (de Ruiter et al., 
2009).  

Two widely known NGCs that received approval by the Food and Drug Administration (FDA) of the 
United States several years ago are NeuroTube® (Synovis Micro, USA) and Neurolac® (Polyganics, 
Netherlands) (Meek and Coert, 2013; Tian et al., 2015). NeuroTube® is composed of polyglycolic acid 
and reported to be quite flexible due to a corrugated wall structure (Meek and Coert, 2013). The 
material is hydrolyzed by the human body within 3-6 months after implantation (Siemionow et al., 
2010; Meek and Coert, 2013). Although clinical studies led to good results in the majority of evaluated 
patients that were treated in gap lengths of up to 30 mm (Mackinnon and Dellon, 1990; Weber et al., 
2000), tube extrusion is the main complication reported for this type of tube not only occurring when 
the repair was performed across joints (Mackinnon and Dellon, 1990; Weber et al., 2000; Rinker and 
Liau, 2011). Another downside associated with this clinically available NGCs are the high costs 
(Siemionow et al., 2010). Neurolac® consists of a copolymer combining poly-D,L-lactide acid and 
poly-ε-caprolactone (Meek and Coert, 2013). Clinical studies delivered contradictory results reporting 
good outcomes in 64% patients with nerve gaps of 20 mm in length in one study (Bertleff et al., 2005; 
Meek and Coert, 2013), whereas another study revealed poor functional recovery in more than half of 
the observed patients (Chiriac et al., 2012). However, both of these studies mentioned several device-
related complications, e.g. wound healing problems and tube protrusion. 

Other scaffold materials that are favorably used for NGCs are composed of ECM components since 
they are known to support axonal regeneration in the body (Huang and Huang, 2006; Deumens et al., 
2010). For example, these might be collagen and laminin, the two main components of the ECM, or 
other proteoglycans and glycosaminglycans found in the ECM (Huang and Huang, 2006). Besides 
NeuroTube® and Neurolac®, the third best-known FDA-approved NGC is NeuraGene® (Integra Life 
Sciences, France), a conduit composed of highly biocompatible collagen, which represents the major 
component of the ECM (Deumens et al., 2010; Siemionow et al., 2010; Tian et al., 2015). Several 
clinical studies revealed good to excellent outcomes in more than 75% of the evaluated cases, when 
reconstruction was applied in gap lengths of up to 20 mm, without reporting any complications 
(Bushnell et al., 2008; Lohmeyer et al., 2009; Taras et al., 2011). 

Another promising bioartificial NGC composed of a natural-derived biomaterial is Reaxon® Nerve 
Guide (Medovent GmbH, Germany) (Meyer et al., 2016a). Although clinical studies are ongoing with 
convincing preliminary results in human patients (Siemers and Houschyar, 2017), this conduit has 
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already entered the market in 2015 with an approval for gap lengths of up to 26 mm (detailed 
information can be found on the manufacturers homepage). The early approval by Conformité 
Européene was achieved based on very good results in several experimental studies (Haastert-Talini et 
al., 2013; Gonzalez-Perez et al., 2015; Shapira et al., 2016). The main component of this NGC is 
chitosan, a biomaterial that can be obtained from chitin, the second most abundant polysaccharide 
after cellulose (Dutta et al., 2004). Chitin on the other hand can be derived from several natural 
resources, e.g. exoskeletons of arthropods, the cuticles of insects, and shells of crustaceans (Hsu et al., 
2004; Freier et al., 2005a), and is a linear homopolymer of N-acetylglucosamines (Dutta et al., 2004). 
Since chitin can be obtained from food industrial waste, i.e. the shells of crustaceans, the extraction is 
feasible at low costs (Dutta et al., 2004). Then, chitosan can be easily produced by N-deacetylation of 
chitin (figure 4), resulting in a copolymer of N-acetylglucosamines and glucosamines with various 
degrees of acetylation (DAs) (Dutta et al., 2004), whereas a DA less than 60% defines chitosan (Freier 
et al., 2005a).  

 

 
Figure 4. Conversion of chitin into partly N-deacetylated chitosan by alkaline hydrolysis. A DA of 
60% is defined as the theoretical border between both materials with chitosan having a DA of less 
than 60%. 

 

The DA is the most important factor when it comes to tunable biomedical devices. A lower DA of 
chitosan leads to an enhanced cell adhesion and proliferation as well as an increased neurite outgrowth 
on the material (Hsu et al., 2004; Freier et al., 2005a; Freier et al., 2005b; Wenling et al., 2005; 
Wrobel et al., 2014). This observation is based on strong interactions between the cationic chitosan 
surface and the negatively charged cell surfaces (Hsu et al., 2004). Also, the degradation of the 
material is prolonged in correlation to a lower DA (Hsu et al., 2004; Freier et al., 2005a). Furthermore, 
the DA determines the immunomodulatory effect of the chitosan material on the polarization of 
macrophages with a lower DA leading to a predominantly pro-healing phenotype while higher DAs 
induce polarization towards the pro-inflammatory phenotype (Oliveira et al., 2012; Vasconcelos et al., 
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2013). With its structural similarity to ECM molecules (Freier et al., 2005b), chitosan fulfils all the 
requirements to NGCs explained above as summarized by several colleagues (Singh and Ray, 2000; 
Dutta et al., 2004; Raafat and Sahl, 2009). Therefore, chitosan is highly attractive for several 
biomedical products such as wound-dressings, absorbable sutures, and others as reviewed by the same 
colleagues (Singh and Ray, 2000; Dutta et al., 2004; Raafat and Sahl, 2009).  

Finally, the regenerative outcome after application of hollow NGCs (figure 5A) might be 
exceptionally enhanced by intraluminal fillings (figure 5B-F), which are extending the surface area for 
an increased cell attachment and in best case also providing an oriented guidance structure for the 
regrowing axons (Huang and Huang, 2006; de Ruiter et al., 2009).  

 

 
Figure 5. Examples of different luminal fillers applied to hollow NGCs to achieve an enhanced 
recovery rate upon application in PNIs. Therefore, hollow NGCs (A) might be filled with hydrogels 
(B) or sponges (C) to enlarge the overall surface for an increased cell attachment. Additional guidance for 
regrowing axons can be delivered by a longitudinally introduced film (D), microchannels (E), or small-
scale fibers (F). 

 

Best matrices available to enlarge the overall surface area to a maximum extent are hydrogels 
(figure 5B) and sponges (figure 5C) (de Ruiter et al., 2009; Tian et al., 2015). However, hydrogels are 
controversially discussed since they may act as a mechanical barrier to the regrowing axons when 
entering the lumen of the conduit as revealed by several studies (Valentini et al., 1987; Meyer et al., 
2016b), while others reported excellent outcomes in different animal models (Apel et al., 2008; Hill et 
al., 2011). Only a few experimental studies exist on the in vivo evaluation of sponges, nevertheless 
leading to good results (Suzuki et al., 2009; Wlaszczuk et al., 2016). Additionally, an oriented 
intraluminal framework mimics the environment usually delivered by clinically applied autologous 
grafting methods, e.g. ANGs and MVGs, that commonly result in good functional recovery as 
described above. Such linear guidance patterns, which are also increasing the overall surface, can be 
delivered, e.g. by longitudinally introduced films (figure 5D) (Clements et al., 2009; Meyer et al., 
2016a), microchannels (figure 5E) (de Ruiter et al., 2008; Hu et al., 2009), and aligned fibers of small 
diameters (figure 5F) (Matsumoto et al., 2000; Xue et al., 2012), which were all successfully tested in 
experimental animal models.  
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1.6 Animal models used to study peripheral nerve injuries 

Before investigators of innovative NGCs moved on to clinical trials, usually extensive animal studies 
have been carried out before. The most common animal model to study regeneration-supporting 
capacities of novel biomaterials in injured peripheral nerves is the rat sciatic nerve as summarized by 
several colleagues (Tos et al., 2009; Siemionow et al., 2010; Angius et al., 2012; Gordon and 
Borschel, 2016). In contrast, nerves of the rat forelimb are barely studied (Gordon and Borschel, 
2016), e.g. only few studies exists where artificial NGCs have been evaluated in the rat median nerve 
(Sinis et al., 2005). Although in other fields of biomedical research both rats and mice are equally used 
in animal studies, in PNIs, rats are the preferred model since reconstruction of larger gaps can be 
performed while advanced behavioral test can be carried out (Tos et al., 2009; Angius et al., 2012; 
Gordon and Borschel, 2016). All commercially available NGCs mentioned above have been 
comprehensively studied in the rat sciatic nerve model in gap length of up to 15 mm before their 
approval for clinical use: Neurolac® (Luis et al., 2007; Meek and Jansen, 2009), NeuroTube® 
(Waitayawinyu et al., 2007), NeuraGene® (Tyner et al., 2007; Alluin et al., 2009), and Reaxon® Nerve 
Guide (Haastert-Talini et al., 2013; Gonzalez-Perez et al., 2015). 

Only a few studies exist, where artificial NGCs have been tested in monkeys evaluating gap lengths of 
up to 50 mm (Dellon and Mackinnon, 1988; Archibald et al., 1995; Hu et al., 2013). Besides monkey, 
large animal models also include rabbits (Hill et al., 2011), cats (Dresner et al., 2006), dogs (Wang et 
al., 2005), sheep (Strasberg et al., 1996), and pigs (Atchabahian et al., 1998). When considering the 
right animal model to address a certain issue, several aspects have to be taken into account as reviewed 
by Angius and colleagues (Angius et al., 2012), e.g. the species tolerance for surgeries and their life 
span. Furthermore, possible attempts to minimize or even eliminate any impairment to the animals as 
aimed by the ethical concepts of the 3R (replacement, reduction, refinement) (Tannenbaum and 
Bennett, 2015). Although large animal models enable the evaluation of much larger gaps, therefore 
being a better model especially concerning the translation into clinics (Tos et al., 2009; Siemionow et 
al., 2010; Angius et al., 2012), these models are barely used due to extremely high costs and necessary 
care and time-consuming training required for these species (Angius et al., 2012). Especially in the 
context of translational aspects, Höke claims that small animal models do not adequately represent the 
human situation since only short gaps can be addressed with a quite short time of denervation (Hoke, 
2006). Therefore, he suggests to apply a postponed repair in small animal models that mimics the 
situation of long gap peripheral nerve repair in humans more appropriately. To my knowledge, only a 
few studies exist so far, where artificial NGCs have been tested in a delayed repair approach (Jiao et 
al., 2009; Shi et al., 2010). 

 

1.7 Aims of the study 

In the upcoming chapters, this thesis presents three comprehensive studies for which different aims 
have been previously defined. All research summarized in the following contributed to the 
development of an enhanced NGC that is finally able to compete with autologous grafting methods 
regarding their steady degree of good to excellent functional recovery when applied to bridge severe 
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PNIs over critical gap lengths in humans. As a basis for the examined NGCs, the three reported studies 
used various chitosan materials, however, all of them with a DA of 5% since extensive in vitro 
(Wrobel et al., 2014) and in vivo testing (Haastert-Talini et al., 2013) previously determined this DA 
to be the best choice for peripheral nerve reconstruction approaches.  

Therefore, the first aim of study I was to elucidate potential effects of our chitosan material on the 
polarization of human-derived peripheral blood monocytes in order to deepen our understanding of the 
mechanisms by which chitosan nerve guides (CNGs) promote peripheral nerve regeneration. As 
mentioned before, Vasconcelos and colleagues described an immunomodulatory effect on macrophage 
polarization induced by chitosan (Vasconcelos et al., 2013). Here, we studied in vitro, whether 
chitosan with a DA of 5% drives the polarization of human-derived monocytes into a predominantly 
pro-inflammatory direction or, as desired, towards a pro-healing macrophage phenotype. 

The second aim of study I was to evaluate the feasibility of CNGs upon their application in delayed 
nerve repair and to assess the resulting degree of functional recovery afterwards. This project was 
inspired by a leading experts’ critical opinion on the suitability of acute repair animal models (Hoke, 
2006). Furthermore, our group contributed to the evaluation of novel CNGs in a critical gap length rat 
sciatic nerve model, where CNGs have been enhanced by longitudinal insertion of a chitosan film 
(Meyer et al., 2016a). The application of these two-chambered CNGs enabled functional recovery in 
double the number of animals compared to animals treated with hollow conduits of the same material. 
However, these convincing results were only retrieved in an immediate repair approach so far.  

The third aim of my thesis was addressed in study II and led to the development of another enhanced 
NGC with a significantly increased flexibility, which was evaluated in an acute and, again, a delayed 
repair model of the injured rat sciatic nerve. This approach is based on the fact that most attempts of 
the last decades focused on long-gap peripheral nerve repair (de Ruiter et al., 2009), although it is 
known that a major amount of upper-limb PNIs affects the digital nerves (Renner et al., 2004). Since 
reconstruction of joint-crossing digital nerves using NGCs quite often results in tube extrusion 
(Mackinnon and Dellon, 1990; Rinker and Liau, 2011), NGCs need to be more flexible with a retained 
collapse-resistance (de Ruiter et al., 2009).  

The fourth aim of my research was the establishment of the rat median nerve model as a more 
suitable animal model to examine the novel highly flexible CNGs that have been developed and 
successfully evaluated in study II. The rat median nerve appeared to be a more appropriate model than 
the rat sciatic nerve to simulate the highly mobile surrounding of human digital nerves. Although this 
model gained more and more interest in recent years, existing reports did not demonstrate the 
feasibility of comprehensive functional evaluation so far. In order to comprehensively monitor 
functional recovery after median nerve injury and repair in the rat forelimb, we combined different 
functional tests in study III, which have been used as stand-alone observation techniques so far.  
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Abstract 

Background: Delayed reconstruction of transection or laceration injuries of peripheral nerves is 
inflicted by a reduced regeneration capacity. Diabetic conditions, more frequently encountered in 
clinical practice, are known to further impair regeneration in peripheral nerves. Chitosan nerve guides 
(CNGs) have recently been introduced as a new generation of medical devices for immediate 
peripheral nerve reconstruction. Here, CNGs were used for 45 days delayed reconstruction of critical 
length 15 mm rat sciatic nerve defects in either healthy Wistar rats or diabetic Goto-Kakizaki rats; the 
latter resembling type 2 diabetes. In short and long-term investigations, we comprehensively analyzed 
the performance of one-chambered hollow CNGs (hCNGs) and two-chambered CNGs (CFeCNGs) in 
which a chitosan film has been longitudinally introduced. Additionally, we investigated in vitro the 
immunomodulatory effect provided by the chitosan film. 

Results: Both types of nerve guides, i.e. hCNGs and CFeCNGs, enabled moderate morphological and 
functional nerve regeneration after reconstruction that was delayed for 45 days. These positive 
findings were detectable in generally healthy as well as in diabetic Goto-Kakizaki rats (for the latter 
only in short-term studies). The regenerative outcome did not reach the degree as recently 
demonstrated after immediate reconstruction using hCNGs and CFeCNGs. CFeCNG-treatment, 
however, enabled tissue regrowth in all animals (hCNGs: only in 80% of animals). CFeCNGs did 
further support with an increased vascularization of the regenerated tissue and an enhanced regrowth 
of motor axons. One mechanism by which the CFeCNGs potentially support successful regeneration is 
an immunomodulatory effect induced by the chitosan film itself. Our in vitro results suggest that the 
pro-regenerative effect of chitosan is related to the differentiation of chitosan-adherent monocytes into 
pro-healing M2 macrophages. 

Conclusions: No considerable differences appear for the delayed nerve regeneration process related to 
healthy and diabetic conditions. Currently available chitosan nerve grafts do not support delayed nerve 
regeneration to the same extent as they do after immediate nerve reconstruction. The immuno-
modulatory characteristics of the biomaterial may, however, be crucial for their regeneration 
supportive effects. 
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Abstract 

Reconstruction of joint-crossing digital nerves requires the application of nerve guides with a much 
higher flexibility than used for peripheral nerve repair along larger bones. Nevertheless, collapse-
resistance should be preserved to avoid secondary damage to the regrowing nerve tissue. In recent 
years, we presented chitosan nerve guides (CNGs) to be highly supportive for the regeneration of 
critical gap length peripheral nerve defects in the rat. Now, we evidently increased the bendability of 
regular CNGs (regCNGs) by developing a wavy wall structure, i.e. corrugated CNGs (corrCNGs). 

In a comprehensive in vivo study, we compared both types of CNGs with clinical gold standard 
autologous nerve grafts (ANGs) and muscle-in-vein grafts (MVGs) that have recently been 
highlighted in the literature as a suitable alternative to ANGs. We reconstructed rat sciatic nerves over 
a critical gap length of 15mm either immediately upon transection or after a delay period of 45 days. 
Electrodiagnostic measurements were applied to monitor functional motor recovery at 60, 90, 120, and 
150 (only delayed repair) days post-reconstruction. Upon explantation, tube properties were analyzed. 
Furthermore, distal nerve ends were evaluated using histomorphometry, while connective tissue 
specimens were subjected to immunohistological stainings. 

After 120 days (acute repair) or 150 days (delayed repair), respectively, compression-stability of 
regCNGs was slightly increased while it remained stable in corrCNGs. In both sub-studies, regCNGs 
and corrCNGs supported functional recovery of distal plantar muscles in a similar way and to a greater 
extent compared to MVGs, while ANGs demonstrated the best support of regeneration. 

 

 

 



  Study III 

 

19 

4 Study III 

 

Reflex-based grasping, skilled forelimb reaching, and electrodiagnostic evaluation for 
comprehensive analysis of functional recovery – The 7-mm rat median nerve gap repair model 
revisited 

 

Maria Stößel 1,2, Lena Rehra 1, and Kirsten Haastert-Talini 1,2,* 

 
1 Institute of Neuroanatomy and Cell Biology, Hannover Medical School, Hannover, Germany 

2 Center for Systems Neuroscience (ZSN), Hannover, Germany  
 
* Corresponding author 

 

M.S. scheduled and performed the functional tests. With the contribution of L.R., M.S. analyzed all 
the data. M.S. and K.H.T. conducted the surgeries, the electrodiagnostic measurements, and the 
explantations together. M.S. wrote the first version of the manuscript and prepared all the figures.  

 

Brain Behav, 2017 September 6; 7(10): e00813  

doi: 10.1002/brb3.813 

www.ncbi.nlm.nih.gov/pubmed/29075572 

 

 

 

  



Study III 

 

20 

Abstract 

Introduction: The rat median nerve injury and repair model gets increasingly important for research on 
novel bioartificial nerve grafts. It allows follow-up evaluation of the recovery of the forepaw 
functional ability with several sensitive techniques. The reflex-based grasping test, the skilled forelimb 
reaching staircase test, as well as electrodiagnostic recordings have been described useful in this 
context. Currently, no standard values exist, however, for comparison or comprehensive correlation of 
results obtained in each of the three methods after nerve gap repair in adult rats. 

Methods: Here, we bilaterally reconstructed 7-mm median nerve gaps with autologous nerve grafts 
(ANG) or autologous muscle-in-vein grafts (MVG), respectively. During 8 and 12 weeks of 
observation, functional recovery of each paw was separately monitored using the grasping test 
(weekly), the staircase test, and noninvasive electrophysiological recordings from the thenar muscles 
(both every 4 weeks). Evaluation was completed by histomorphometrical analyses at 8 and 12 weeks 
postsurgery. 

Results: The comprehensive evaluation detected a significant difference in the recovery of forepaw 
functional motor ability between the ANG and MVG groups. The correlation between the different 
functional tests evaluated precisely displayed the recovery of distinct levels of forepaw functional 
ability over time.  

Conclusion: Thus, this multimodal evaluation model represents a valuable preclinical model for 
peripheral nerve reconstruction approaches. 
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5 Discussion 

In the United States (US), the incidence of peripheral nerve injuries (PNIs) is relatively low with 
360,000 new cases per year (Ciardelli and Chiono, 2006; Gu et al., 2011), however, it is estimated that 
currently 20,000,000 patients have to cope with the life-long burden of PNIs in the US (Deumens et 
al., 2010; Gu et al., 2011; Grinsell and Keating, 2014). Therefore, extensive research is ongoing in this 
field. Although, microsurgical techniques have been advanced especially during both World Wars and 
in the following years (Gaudet et al., 2011; Faroni et al., 2015), patients and neurosurgeons still have 
to face overall poor recovery rates following severe PNIs (Gaudet et al., 2011). For this reason, 
research changed its focus on alternative treatment strategies in order to replace the rarely applicable 
end-to-end suture or clinical gold standard autologous nerve grafts (ANGs) someday (Siemionow et 
al., 2010; Daly et al., 2012). The development of an ideal nerve guidance conduit (NGC) for the 
reconnection of substantial nerve gaps represents an interdisciplinary challenge involving scientists of 
various research areas such as regenerative medicine and material sciences. In recent years, many 
different potential materials have been widely tested, i.e. in vitro, in vivo and eventually also in clinical 
studies, as comprehensively reviewed by several colleagues (Gu et al., 2011; Kehoe et al., 2012; Meek 
and Coert, 2013). Besides several synthetic and natural-derived materials that received clinical 
approval within the last 22 years (Kehoe et al., 2012), chitosan has emerged as one promising 
candidate to be used as main component of NGCs (Haastert-Talini et al., 2013; Siemers and 
Houschyar, 2017). Since chitosan meets all the demands of a suitable biomaterial, it is already widely 
used in various biomedical applications (Singh and Ray, 2000; Dutta et al., 2004; Raafat and Sahl, 
2009). Interestingly, researchers identified the materials’ degree of acetylation (DA) to be the major 
characteristic to develop fine-tuned NGCs (Freier et al., 2005a; Vasconcelos et al., 2013; Wrobel et 
al., 2014). Within the last years, chitosan nerve guides (CNGs) with a DA of 5% have been reported to 
be best supportive for the regeneration of critical gap length peripheral nerve defects in the rat 
hindlimb, whereas functional recovery was even increased upon insertion of an intraluminal guidance 
structure (Haastert-Talini et al., 2013; Meyer et al., 2016a). However, the mechanisms by which these 
introduced chitosan films (CFs) might enhance tissue regrowth and the restoration of motor function 
remained unknown by now.  

In study I, we evaluated potential immunomodulatory effects of chitosan in vitro culturing patient-
derived monocytes on CFs with a DA of 5%. Without applying any external stimulus, we were able to 
clearly demonstrate that this chitosan material drives the polarization of human monocytes towards a 
pro-healing M2 macrophage phenotype (CD163low/CD206high) already shortly after seeding. These 
findings are in accordance with other studies, where the evaluation of low DAs (5% and 11%) resulted 
in increased numbers of CD206-positive cells, indicating the presence of pro-regenerative M2 
macrophages, with high expression levels of anti-inflammatory cytokines (Oliveira et al., 2012; 
Vasconcelos et al., 2013). Based on the detailed analysis of secreted cytokines, Oliveira and 
colleagues determined cells with the above mentioned expression pattern of surface markers 
(CD163low/CD206high) to be macrophages of the M2c subtype (Oliveira et al., 2012), which is the 
phenotype known to suppress the pro-inflammatory host-response and to promote tissue remodeling 
and subsequent angiogenesis (Mantovani et al., 2004; Jetten et al., 2014). In contrast to synthetic 
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devices that predominantly result in a pro-inflammatory M1 phenotype, natural-based materials with 
similar structures as found in the extracellular matrix (ECM), such as chitosan, have been reported to 
induce an anti-inflammatory immune response leading to a predominantly M2 phenotype lately by 
7 days in vivo (Brown et al., 2012b). Irrespective of their phenotype, macrophages play a crucial role 
during the complex endogenous processes upon PNIs, but especially macrophages of the M2 
phenotype finally enable successful nerve regeneration by their phenotype-specific properties after 
clearance of the injury site by M1 macrophages (Dahlin, 1995; Gaudet et al., 2011; Mokarram et al., 
2012). Accordingly, the ratio of M2 to M1 macrophages, defined as regenerative bias (Mokarram et 
al., 2012), showed a relationship with the amount of tissue remodeling and a linear correlation with 
the number of regrown axons that successfully entered the distal nerve end (Brown et al., 2012a; 
Mokarram et al., 2012). 

In conclusion, these findings deliver a first insight into the mechanism by which chitosan film 
enhanced chitosan nerve guides (CFeCNGs) provide a supportive substrate for peripheral nerve 
regeneration as detected in a previous experimental study (Meyer et al., 2016a). After immediate 
repair of a sciatic nerve gap in the rat hindlimb, two-chambered CFeCNGs led to significantly 
increased numbers of animals showing functional recovery (86%), while the application of hollow 
CNGs (hCNGs) enabled restoration of motor function in only 43% of animals (Meyer et al., 2016a). 
In contrast to hCNGs, two nerve cables formed along the CF in CFeCNGs that were interconnected 
through several perforations in the CF and showed solid revascularization especially through the 
perforations (Meyer et al., 2016a). However, the evaluation of recorded compound muscle action 
potentials (CMAPs) and also the examination of sensory recovery revealed no significant differences 
between both groups (Meyer et al., 2016a).  

In study I, this approach was used in the rat sciatic nerve model again but with a focus on delayed 
repair since in human patients, a postponed nerve reconstruction is often unavoidable and immediate 
repair, which is most commonly used in experimental studies, does not adequately simulate the 
relevant clinical situation (Hoke, 2006). It is well known that in correlation with an increasing 
timespan between injury and repair, the functional recovery will be even worse (Hoke, 2006; Kuffler, 
2014) due to a decreased expression of regeneration-supporting genes by transected axons and their 
denervated Schwann cells (SCs) (Gordon and Tetzlaff, 2015; Ronchi et al., 2017). As expected, the 
onset of functional recovery in study I was retarded with slightly fewer animals resulting in successful 
regeneration compared to acutely treated animals in the previous study (Meyer et al., 2016a). 
However, we were able to confirm the regeneration-promoting effects of CFeCNGs since we found 
restoration of motor function in more animals treated with CFeCNGs (71%) than with hCNG (50%) 
even after delayed repair. Although electrodiagnostic recordings revealed an overall reduced degree of 
functional recovery compared to acute repair (Meyer et al., 2016a), no significant differences were 
found between both groups. Besides the formation of a tissue bridge in all CFeCNG-treated animals, 
whereas 30% of hCNG-treated animals remained without any tissue regrowth, in the current study, we 
revealed significantly higher proportions of regrown motor axons through the CFeCNGs. Again, two 
interconnected nerve cables had regrown through both chambers of CFeCNGs displaying a more 
intense revascularization than found in hCNG-treated animals. It is widely discussed that intraluminal 
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fillers of different chemical compositions and shapes might tremendously enhance functional recovery 
(Huang and Huang, 2006; de Ruiter et al., 2009), whereas insertion of one longitudinal film is the least 
sophisticated way of providing guidance to the regrowing axons and an enlarged surface area for 
adhering regeneration-supporting cells (Clements et al., 2009). However, this simple intraluminal 
guidance structure significantly enhanced functional recovery in several experimental approaches 
(Clements et al., 2009; Meyer et al., 2016a). As discussed above, we found CFs to specifically trigger 
polarization of peripheral blood monocytes towards pro-healing M2c macrophages in vitro that 
primarily promote tissue remodeling and angiogenesis. This might be the reason for an enhanced 
tissue regrowth and a more intense revascularization found in CFeCNGs also after delayed repair. 
Therefore, we assume that CFeCNGs strongly support nerve regeneration both after acute and delayed 
repair due to its immunomodulatory effects described above. 

Furthermore, the introduced CF is a highly suitable scaffold material to be combined with seeded 
living cells to further support peripheral nerve regeneration (Brown et al., 2012b). Since a few 
decades, many efforts have been made towards tissue engineered NGCs to provide advanced cell-
based therapies as summarized by several reviews (Gu et al., 2011; Daly et al., 2012; Faroni et al., 
2015). First attempts addressed the incorporation of SCs, either of allogenic or autologous origin (Gu 
et al., 2011; Daly et al., 2012). SCs do not only produce a broad range of ECM molecules and 
neurotrophic factors in the course of peripheral nerve regeneration, but they also provide guidance for 
regrowing axons (“bands of Büngner”) and finally remyelinate the axon sprouts that successfully 
achieved target reinnervation (Huang and Huang, 2006; Gaudet et al., 2011; Daly et al., 2012). 
Although SCs represent the most favorable cell species due to their important role following PNIs 
(Gaudet et al., 2011; Jessen and Mirsky, 2016), they come along with several downsides. In both 
allogenic and autologous SCs, a donor nerve has to be removed leading to the same impairment at the 
donor site as after the harvest of autologous nerve grafts (ANGs) (Siemionow et al., 2010; Daly et al., 
2012). Furthermore, SCs are difficult to be cultured and enriched in vitro, whereas especially the usage 
of allogenic SCs requires the administration of immunosuppressants (Gu et al., 2011; Daly et al., 
2012; Faroni et al., 2015). Therefore, different attempts have been made on the utilization of stem 
cells, e.g. embryonic, induced pluripotent, and mesenchymal stem cells (MSCs) (Gu et al., 2011; 
Faroni et al., 2015). However, embryonic and induced pluripotent stem cells are accompanied by 
several ethical concerns including the isolation of these cells and the potential risks of uncontrolled 
cell differentiation as well as teratoma formation (Faroni et al., 2015). In contrasts, many studies 
focused on MSCs that can be harvested from many different organs such as the bone marrow, adipose 
tissue, skin, and skeletal muscles (Faroni et al., 2015; Caseiro et al., 2016). Especially bone marrow 
derived MSCs have been widely studied in this context, since they are able to differentiate into a SC-
like phenotype with similar characteristics to native SCs concerning the secretion of growth factors 
and the production of ECM molecules (Gu et al., 2011; Faroni et al., 2015). However, the harvest of 
bone marrow derived MSCs is invasive and painful to the patients only yielding low cell counts 
(Faroni et al., 2015; Caseiro et al., 2016). In contrast, monocytes can be easily obtained from patient 
blood samples, subsequently been seeded onto scaffold materials, and either directly brought into 
NGCs or previously been differentiated into macrophages as we did it in this study. To the best of my 
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knowledge, no studies exist, where intraluminally seeded macrophages or their precursor cells have 
been used either in an experimental tissue engineering approach of enhanced NGCs. 

In addition, most of the extensive pre-clinical research ongoing primarily focuses on larger gap lengths 
(de Ruiter et al., 2009; Faroni et al., 2015). For this application, an extraordinary flexibility of NCGs 
is only required, when nerve reconstruction has to be realized across joints (de Ruiter et al., 2009). 
However, an increased bendability is also required for the reconstruction of digital nerves that are 
affected in the majority of clinically relevant PNIs (McAllister et al., 1996; Renner et al., 2004). 
Therefore, we developed a highly flexible NGC in the context of study II, in which regular CNGs 
(regCNGs) have been advanced by designing CNGs with a corrugated wall structure (corrCNGs). In 
order to comprehensively mimic the clinical situation, both types of tubes have been applied in acute 
and delayed reconstruction of the rat sciatic nerve in study II. Furthermore, they have been compared 
to usual clinical treatment strategies, i.e. ANGs and muscle-in-vein grafts (MVGs). Besides their 
bendability, additionally the compression-resistance of regCNGs and corrCNGs was evaluated both 
pre-surgically and finally upon explantation at the end of each sub-study. During the initial 
measurements, corrCNGs required a significantly higher force in comparison to regCNGs to be 
compressed by the same extent. Interestingly, regCNGs displayed a time-dependent increase in their 
stiffness, whereas corrCNGs showed a constant compression-stability over the whole time of both sub-
studies. Especially this material characteristic can probably prevent tube extrusion, which is a common 
complication that has been reported in several clinical studies mainly on the evaluation of polyglycolic 
acid NGCs that have been used for digital nerve reconstruction (Mackinnon and Dellon, 1990; Rinker 
and Liau, 2011). Concerning their support of tissue regrowth and restoration of motor and sensory 
recovery, the applied observation methods revealed no significant differences between regCNGs and 
corrCNGs, neither after acute nor after delayed repair. However, the regenerative outcome that was 
detected in ANG-treated animals upon immediate reconstruction couldn’t be achieved. Interestingly, 
the application of both types of conduits led to superior results compared to MVG treatment, 
especially upon reconnection of chronically denervated nerve ends. Despite the few clinical reports 
that present good regeneration-supporting capacities of MVGs even after long gap repair and upon 
application in postponed reconstruction (Battiston et al., 2000; Marcoccio and Vigasio, 2010; Manoli 
et al., 2014a), this unexpected finding might be of special interest for surgeons, since no experimental 
studies exist on the usage of MVGs in delayed repair.  

In study II, our newly developed corrCNG design was evaluated in the rat sciatic nerve model since it 
represents the most commonly used animal model to study peripheral nerve regeneration (Tos et al., 
2009; Siemionow et al., 2010; Angius et al., 2012; Gordon and Borschel, 2016). With regard to the 
development of novel NGCs for future reconstruction of joint-crossing digital nerves and their pre-
clinical testing, however, the sciatic nerve in the rat hindlimb might not represent the best model to 
simulate the highly mobile surrounding of human joints. In search of an appropriate animal model for 
this approach, the advantages and disadvantages of the commonly used rat sciatic nerve model should 
be carefully considered. First of all, the sciatic nerve can be easily accessed by trained microsurgeons 
and due to its large size and length, it enables the evaluation of much longer nerve gaps than provided 
by other nerves of this species (Tos et al., 2009; Gordon and Borschel, 2016). Furthermore, it is a 
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mixed nerve that allows for comprehensive evaluation of both motor and sensory recovery (Swett et 
al., 1986; Swett et al., 1991; Lago and Navarro, 2006; Navarro, 2016). A broad range of standardized 
and comparable observation methods exists that facilitates comprehensive evaluation of peripheral 
nerve regeneration, e.g. by non-invasive electrodiagnostic recordings of CMAPs from multiple 
muscles in the rat hindlimb that are innervated by the sciatic nerve (Haastert-Talini et al., 2013; 
Gordon and Borschel, 2016; Navarro, 2016). Furthermore, the Sciatic Static Index is the most 
commonly applied test to monitor restoration of motor function while mechanical pain algesimetry 
allows for area-specific observation of sensory recovery (Tos et al., 2009; Cobianchi et al., 2014; 
Navarro, 2016). However, both behavioral functional tests are strongly compromised by contractures 
of the denervated paws and autotomy behavior, during which the animals self-mutilate their affected 
limbs either due to a loss of sensation upon neurotmesis or later on due to a hypersensitivity early after 
successful reinnervation (Dellon and Mackinnon, 1989; Weber et al., 1993; Lago and Navarro, 2006; 
Haastert-Talini et al., 2013; Cobianchi et al., 2014). Automutilation might be relieved by the 
administration of amytriptiline hydrochloride (Navarro et al., 1994), which is a common procedure 
that we have also applied both during studies I and II. However, we had to exclude three animals from 
study I due to a much more pronounced autotomy behavior than seen in other animals. Following the 
ethical idea of the 3R (replacement, reduction, refinement) (Tannenbaum and Bennett, 2015), we 
changed the utilized rat strain of study I (Wistar rats) to Lewis rats in the following study II since this 
rat strain is the only one known so far to show no automutilation (Carr et al., 1992; Shir et al., 2001). 
Although this appears to be the best possible alternative, we had to face the fact that Lewis rats are 
reported to be less responsive to behavioral tests, which require a comprehensive training in 
beforehand (Galtrey and Fawcett, 2007), and less sensitive to mechanical pain algesimetry (Webb et 
al., 2003), a phenomenon that we have also observed in study II. In general, these strain-dependent 
differences in behavioral tests are widely reported for several evaluation methods that are commonly 
used in the rat sciatic nerve model (Shir et al., 2001; Webb et al., 2003). Furthermore, in the rat sciatic 
nerve model, only unilateral evaluation of PNIs is ethically accepted, but therefore only leading to 
minor impairment of the animals mobility in accordance with the concept of the 3R (Tannenbaum and 
Bennett, 2015). However, this compels researchers to subject higher numbers of animals to 
experimental studies on this topic in order to achieve statistically relevant results. 

In contrast to the rat sciatic nerve model, the mixed rat median nerve is not compromised by 
automutilation and bilateral transection is applicable without concerns (Papalia et al., 2003; Sinis et 
al., 2005; Geuna et al., 2007). Since this nerve exclusively innervates the finger flexors in the distal 
phalanges, this model only results in minor impairment of the animals’ welfare (Bertelli and Mira, 
1995; Papalia et al., 2003; Geuna et al., 2007; Tos et al., 2009). Evaluation of the median nerve as a 
model for peripheral nerve injury and repair attracted more and more attention by the scientific society 
in recent years (Tos et al., 2009). Due to the nerves’ anatomical location in the rat forelimb, this model 
is highly suitable to mimic the clinically relevant situation of human digital nerve repair (Geuna et al., 
2007; Tos et al., 2009). However, it is limited to smaller nerve gaps than those that can be addressed 
in the rat sciatic nerve model and therefore also requires advanced microsurgical skills (Tos et al., 
2009). Furthermore, only one behavioral test has been widely established since this model was first 
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described in 1995 (Bertelli and Mira, 1995; Papalia et al., 2003; Tos et al., 2009). The grasping test is 
based on an intrinsic reflex movement of the finger extensors that are solely innervated by the median 
nerve (Tupper and Wallace, 1980; Bertelli and Mira, 1995), whereas gross motor function, i.e. the 
directed grip movement, is coordinated by the ulnar nerve (Bertelli and Mira, 1995; Tos et al., 2009). 
Also, several other non-invasive methods have been described in recent years to monitor functional 
recovery, however, no comparable results exist on those (Galtrey and Fawcett, 2007; Wang et al., 
2008a; Wang et al., 2008b). 

With the help of common clinical treatment strategies, i.e. ANGs and MVGs, we advanced the rat 
forelimb model in study III. With the combination of three different non-invasive observation 
methods, we were able to draw a detailed timeline on the functional recovery upon neurotmesis of the 
rat median nerve. First of all, we increased the amount of information obtained by the commonly used 
grasping test with the establishment of a video-based scoring system that easily enables classification 
of individual degrees of finger flexion up to an detectable grip force. Furthermore, this enhanced 
method now allowed for bilateral repair of the transected median nerves, which wasn’t applicable 
before (Papalia et al., 2003; Sinis et al., 2005; Werdin et al., 2009). Additionally, we added the 
staircase test to our periodically applied observation protocol since it was described to be useful in this 
context by two former studies (Galtrey and Fawcett, 2007; Pagnussat et al., 2009). We agree with 
others that the combination of both behavioral tests, i.e. the reflex-based grasping test and the skilled 
forelimb reaching test, allows for comprehensive observation of time-dependent restoration of fine and 
gross motor function (Galtrey and Fawcett, 2007; Navarro, 2016). However, both tests revealed first 
signs of motor recovery shortly after each other with a negligible earlier participation of successfully 
treated animals in the staircase test. With the aim to monitor also earliest signs of functional recovery, 
we included non-invasive electrodiagnostic measurement since this is the common method in the rat 
hindlimb models to meet this demand (Haastert-Talini et al., 2013; Navarro, 2016). Besides one single 
group that applied non-invasive electrodiagnostic recordings in the rat forelimb model so far (Wang et 
al., 2008a), invasive endpoint measurements have been the standard up to now (Sinis et al., 2005; 
Werdin et al., 2009; Manoli et al., 2014b). As expected, we were able to precisely display the onset of 
functional recovery with this approach in study III. In conclusion, the combination of all three serially 
applied observation methods allowed for determination of a detailed progression of functional 
recovery upon injury and repair of the rat median nerve. In accordance with leading experts (Geuna et 
al., 2007; Tos et al., 2009), we strongly recommend to prefer this model using the newly established 
methods, at least when smaller gaps are suitable to address a certain issue, in replacement of the rat 
hindlimb model that was typically applied to study peripheral nerve regeneration over the last decades. 

The main objective of all research ongoing in the field of peripheral nerve regeneration still remains 
the development of an ideal NGC to replace more disadvantageous surgical treatment strategies 
someday. With this PhD project, we addressed two major limitations of clinically available NGCs,  
i.e. the lack of strategies in the repair of long gap peripheral nerve defects and the additional 
requirements when it comes to the reconstruction of joint-crossing digital nerves. Although we did not 
accomplish the final goal to achieve functional recovery rates as only seen after ANG treatment so far, 
we obtained comprehensive knowledge to be used for upcoming studies. As revealed in the context of 
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this study, a chitosan film with a DA of 5% not only strongly supports peripheral nerve regeneration in 
experimental approaches both after acute and delayed repair, but also delivers an ideal growth 
environment for patient-derived blood monocytes that have been polarized exclusively by the material 
into pro-healing M2c macrophages shortly after seeding. As strongly recommended by leading experts 
(Gaudet et al., 2011; Mokarram and Bellamkonda, 2014), scientists should strive for novel treatment 
strategies on the instrumentalization of inflammatory cells that are known to play a crucial role during 
the complex degeneration and regeneration processes upon PNIs. Combining both, CFeCNGs seeded 
with patient-derived monocytes might deliver an ideal NGC that is able to achieve a consistently high 
degree of functional recovery after long gap peripheral nerve repair as only seen after ANG treatment 
in the past decades. Furthermore, the material properties of corrCNGs were convincing with regard to 
the intended reconstruction of nerve defects across joints and also delivered satisfying results in the rat 
sciatic nerve model. However, these tubes should be carefully examined in the advanced rat median 
nerve model that we’ve established in the course of this project. Finally, the regenerative outcome of 
repaired joint-crossing nerves might also benefit from an additional guidance structure inside the 
corrCNGs, i.e. a longitudinally introduced chitosan film that significantly increased the amount of 
animals showing functional recovery even upon delayed repair of the rat sciatic nerve. For this 
purpose, the regenerative capacities of chitosan film enhanced corrCNGs should also be evaluated in 
the rat median nerve model in upcoming studies. 
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