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Abstract

Peripheral nerve injury and disease represent a global problem and affect both men
and women at different ages. Trauma is not the sole cause of nerve injury; the
problems that arise can sometimes also be due to, or exacerbated by, a disease,
such as diabetes. The outcome after surgery for traumatic nerve injuries still varies
widely, despite the use of modern repair and reconstruction techniques. Improved
knowledge concerning nerve regeneration mechanisms is crucial for the
development of new surgical strategies. In this respect, I believe that the influence
of gender and diabetes should also be considered.

The aim of the current thesis was to investigate nerve regeneration in rats after a
sciatic nerve injury and subsequent direct repair or reconstruction. The injured
nerves were reconstructed, and regeneration was compared after bridging the
nerve defects with either autologous nerve grafts or novel chitosan nerve conduits,
with different acetylation degrees, in short- and long-term experiments. Nerve
regeneration was also compared between healthy and diabetic rats of both genders
using two different diabetic models - BioBreeding (BB, resembling type 1
diabetes) and Goto-Kakizaki (GK, resembling type 2 diabetes).

The BB and healthy rats did not differ regarding short-term axonal outgrowth,
although activated and apoptotic Schwann cells were more numerous in the
former. Differences were found after direct nerve repair in the short-term nerve
regeneration process, with improved axonal outgrowth in males compared to
females and in healthy compared to diabetic GK rats. A regenerative matrix,
correlating to axonal outgrowth, was formed in chitosan conduits with successful
short- and long-term nerve regeneration across a 10 mm long nerve defect. We
also established that medium acetylation of chitosan was optimal in conduits for
nerve reconstruction. Short-term nerve regeneration was, however, better in
autologous nerve grafts than in chitosan conduits. I also found that short-term
nerve regeneration was improved in the diabetic GK rats compared to the healthy
rats, both when using autologous nerve grafts and chitosan conduits to bridge a 10
mm long nerve defect. Both short- and long-term nerve regeneration and
functional recovery were improved after reconstruction of 15 mm long nerve
defects with enhanced (membrane inserted) chitosan conduits. This result was
obtained in both healthy and GK rats, particularly for those conduits which were
equipped with inserted perforated membranes, where axonal outgrowth reached
almost the same levels as for autologous nerve grafts.
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The present thesis reveals differences in nerve regeneration after nerve repair and
reconstruction in healthy and diabetic male and female rats; results which are
relevant when developing new treatment strategies after nerve injury. Using novel
chitosan conduits resulted in nerve regeneration and functional recovery after
reconstruction of nerve defects in both healthy and diabetic rats.
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Thesis at a glance

Paper I. Expression of Activating Transcription Factor 3 (ATF-3) and
cleaved caspase-3 in Schwann cells and axonal outgrowth after sciatic nerve
repair in diabetic BB rats.

Aim: To investigate and compare short-term axonal outgrowth, as well as
activated and apoptotic Schwann cells, after sciatic nerve transection and repair in
healthy versus diabetic Bio-Breeding BB rats (resembling human type 1 diabetes).

Method: Examination and quantification of neurofilament (NF) length (axonal
outgrowth), activated (ATF-3 stained) and apoptotic (cleaved caspase-3 stained)
Schwann cells at six days after transection and repair of the sciatic nerve in
healthy and BB rats.

Results and conclusion: No significant differences were found between healthy
and diabetic rats regarding axonal outgrowth and no correlation was found
between axonal outgrowth and activated or apoptotic Schwann cells in either
healthy or BB rats. However, compared to healthy rats, the diabetic rat sciatic
nerve contained larger numbers of ATF-3 and cleaved caspase-3 stained Schwann
cells, both at the lesion site and in the nerve segment distal to the injury site. Thus,
the Schwann cell response differs between healthy and BB rats, but axonal
outgrowth does not appear to be affected by this or by the diabetic conditions.
Nonetheless, the differences in the Schwann cell response to injury stresses the
importance of evaluating nerve regeneration after nerve injury in diabetic models,
and should be considered in future experiments.

Paper II. Gender differences in nerve regeneration after sciatic nerve injury
and repair in healthy and in type 2 diabetic Goto-Kakizaki rats.

Aim: To evaluate and explore gender and disease differences after nerve injury in
short-term sciatic nerve regeneration by comparing healthy and genetically
developed diabetic GK rats.

Method: Analyses and comparison of axonal outgrowth and number of activated
and apoptotic stained Schwann cells after nerve transection followed by immediate
repair in healthy and diabetic GK rats of both genders.

Results and conclusion: Longer axonal outgrowth was detected in male compared
to female rats in both healthy and diabetic rats. A greater number of activated
ATF-3 stained Schwann cells was found at the site of the lesion in the healthy and
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diabetic male rats compared to healthy and GK female rats. No gender differences
were observed, however, regarding the numbers of apoptotic Schwann cells either
at the lesion site or in the distal nerve segment. On the other hand, GK rats had
more apoptotic Schwann cells than healthy rats both at the lesion site and in the
distal nerve segment. These results emphasise the importance of evaluating and
comparing nerve regeneration in both genders after nerve injury in experimental
diabetes studies.

Paper III. Chitosan tubes of varying degrees of acetylation for bridging
peripheral nerve defects.

Aim: To examine and investigate the material chitin in short- and long-term nerve
regeneration using novel hollow chitosan conduits with different degrees of
acetylation (DAs) to bridge a 10 mm short nerve defect inflicted on the sciatic
nerve of healthy rats.

Method: Various structural and functional tests were used to analyse nerve
regeneration within hollow chitosan conduits and in autologous nerve grafts for up
to 90 days after repair.

Results and conclusion: A regenerative matrix was formed in all three DA models
of chitosan conduits, with no apparent differences between the various degrees of
acetylation, when comparing axonal outgrowth or early immunological reactions.
Chitosan conduits with a low (DAI) and high (DAIII) degree of acetylation were,
however, limited in terms of supporting nerve regeneration. For this reason, the
chitosan conduit with a medium degree of acetylation (DAII) was considered the
most appropriate conduit for nerve regeneration and was therefore used for all
future experiments.

Paper IV. Nerve regeneration in chitosan conduits and in autologous nerve
grafts in healthy and in diabetic Goto-Kakizaki rats.

Aim: To evaluate short-term nerve regeneration in hollow chitosan conduits and
compare this to regeneration in autologous nerve grafts when bridging a 10 mm
long sciatic nerve defect in healthy and diabetic GK rats.

Method: Nerve regeneration was examined at 21 days after reconstruction through
analysis of stained neurofilaments, and of activated and apoptotic Schwann cells.

Results and conclusion: In all rats, a matrix had been formed within the conduits at
21 days, although it was thicker in diabetic rats than in the healthy rats. Notably,
axonal outgrowth positively correlated with the diameter of the matrix formed in
the chitosan conduits both in healthy and GK rats. In addition, the axonal
outgrowth was longer in the GK rats than in the healthy rats in both reconstruction
techniques used. Short-term nerve regeneration was better in autologous nerve
grafts than in the chitosan conduits. These results indicate that autologous nerve
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grafts are superior to chitosan conduits when reconstructing a shorter nerve defect.
Surprisingly, axonal outgrowth after nerve reconstruction improved in rats with
diabetic conditions compared to healthy rats, revealing the presence of a complex
process that needs further investigation.

Paper V. Chitosan—film enhanced chitosan nerve guides for long distance
regeneration of peripheral nerves.

Aim: To evaluate short- and long-term nerve regeneration after reconstruction of
15 mm long nerve defects with “enhanced” chitosan nerve conduits or autologous
nerve grafts in healthy and diabetic GK rats.

Method: Long-term functional and morphological tests were performed after
bridging a nerve defect with either hollow chitosan conduits, “enhanced” chitosan
nerve conduits (inserts of membrane with or without perforations within the
conduits) or with autologous nerve grafts in healthy rats. Immunohistological
methods were used to evaluate the short-term regenerative matrix after
reconstruction of 15 mm long nerve defects with “enhanced” chitosan nerve
conduits in healthy and GK rats.

Results and conclusion: An improvement in morphological and functional nerve
regeneration was observed after the injury was repaired with chitosan nerve
conduits “enhanced” with an inserted membrane. Notably, both functional and
morphological regeneration was further extended in the chitosan nerve conduits
with an insertion of perforated membranes as compared to regular chitosan nerve
conduits, both in healthy and diabetic rats. Enrichment with FGF-2'%P2
overexpressing Schwann cells did not, however, further improve functional nerve
regeneration. Morphological analysis of the DRGs on the injury side revealed that
sensory neurons expressed ATF-3 and HSP27 in healthy rats, and an even more
pronounced expression of both of these molecules was observed in the GK rats.
Regarding long-term regeneration, the outcome when chitosan nerve conduits with
inserts (perforated membranes) were used for nerve reconstruction reached levels
that were almost similar to the outcomes for autologous nerve grafts. Modification
of chitosan nerve conduits with membrane inserts improved nerve regeneration in
both healthy and diabetic rats after nerve reconstruction in terms of short- and
long-term recovery. The implication of this is that “enhanced” chitosan nerve
conduits should be considered a good possibility for use in future experiments in
nerve reconstruction.
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Introduction

Peripheral nerve injuries are common and may affect anyone [1-5] although they
are more frequently observed in men than in women [6]. Few experimental studies
have examined and compared the nerve regeneration process in male and female
subjects in order to elucidate gender differences. Such information could,
however, potentially extend our knowledge of the complicated nerve regeneration
process. A complete nerve injury, with or without a nerve defect, requires surgical
attention with a direct nerve repair using sutures, or a nerve reconstruction using
conventional autologous nerve grafts. Whether the nerve is repaired or
reconstructed, the outcome is still, generally, unsatisfactory with subsequent
residual problems severely affecting the patient and leading to high costs for
society [4, 7-11].

If repair and reconstruction procedures after nerve injury are to be improved,
understanding the mechanisms behind nerve regeneration is crucial. Our current
knowledge stems from experimental studies, where the results, when successful,
including the introduction of novel techniques, could be incorporated into clinical
settings [7, 12]. The outcome of peripheral nerve injuries and subsequent repair
can be followed in randomized clinical trials. However, there are limitations when
studying nerve regeneration in patients due, for instance, to insufficient numbers
of patients, the effects of concomitant disease, time aspects (i.e. short- and long-
term studies), different types of injuries, as well as variations in delay prior to
carrying out the nerve reconstruction procedures [11, 13, 14]. In the clinic, the
currently preferred method for repairing a severed nerve, when it has been
completely transected, is to use sutures, while a nerve defect is best bridged by an
autologous nerve graft [15]. However, the lack of graft material and sometimes a
need to bridge both shorter and longer nerve defects without a nerve graft, have
led to the introduction of alternative methods for reconstructing a nerve injury
[16]. Various biological and artificial alternatives for use in reconstructing a nerve
gap have been developed and used in clinical practice, but problems have been
encountered related to the use of artificial materials [17, 18]. For this reason,
chitosan, made of a chitin derivative from shrimp shells, which appear to be more
tissue-friendly than other types of materials, may provide a promising alternative
in manufacturing conduits [19, 20].

Patients with a concomitant disease, such as type 1 or type 2 diabetes, can also
sustain a traumatic nerve injury that requires surgical attention. Both types of
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diabetes generally display complications involving the peripheral nervous system
[21]. The number of subjects with diabetes is expected to increase globally, due
both to an increase in the incidence of type 1 diabetes and to a greater proportion
of elderly people with type 2 diabetes. Worldwide, approximately 642 million
people may suffer from the disease by 2040, according to the International
Diabetes Federation [22]. The mechanisms behind the detrimental effects of
diabetes on the peripheral nerves are not known in detail, despite extensive
experimental and clinical research over many years. Furthermore, very few studies
have evaluated nerve regeneration in experimental diabetes, and in particular very
few have included and compared animals of both genders. In addition, most
studies performed to examine how diabetes affects the peripheral nerves and their
functions have used experimental diabetic models, such as the streptozotocin
(STZ)-induced diabetes model, which may not be clinically relevant [23, 24].
Thus, there is a clear need to study traumatic nerve injuries and subsequent nerve
repair/reconstruction techniques in experimental diabetic models. Similarly,
investigating nerve injury and nerve regeneration processes in other experimental
diabetic rat models, such as Biobreeding, BB, rats with high blood glucose levels,
or Goto-Kakizaki, GK, rats with moderate blood glucose levels, is needed [24-26].
Furthermore, investigation of specific mechanisms, such as injury-induced cell
signalling, which is involved in the nerve regeneration process, is also relevant
when novel repair and reconstruction techniques are developed for surgical
procedures in both genders [12].
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Background

The central and peripheral nervous systems and the
neurons

The nervous system comprises the brain and the spinal cord, which belong to the
central nervous system (CNS), as well as sensory and motor neurons with their
extended processes, axons. The latter are assembled into peripheral nerve trunks,
which comprise the peripheral nervous system (PNS). Motor neurons control the
function of the muscles in the extremities, whereas sensory neurons convey
impulses from various touch, heat, and pain receptors in the periphery to the CNS
[27, 28].

The motor neuron cell bodies are located in the ventral horn of the spinal cord
while the sensory neuron cell bodies are located just outside the spinal cord in
structures called dorsal root ganglia (DRG). The rat DRG comprise the cell bodies
of different sized neurons that extend axons of specific diameters. In this thesis,
we used the 3rd (L3), 4th (L4) and the 5th (L5) lumbar DRG, which all have axons
that run through the sciatic nerve. In addition to sensory neurons, two types of
glial cells, the Schwann cells and satellite cells, exist both in the DRG and in the
sciatic nerve.

Structural components are transported from the neuronal cell body along the axons
to specific targets by anterograde axonal transport. Transport in the opposite
direction, retrograde transport, provides the nerve cell body with important
information from the periphery [27].

The peripheral nerve

The axons of the peripheral nerves are insulated by a myelin sheath, formed by
Schwann cells, which wrap themselves around, and are positioned continuously,
along the length of the axon. A peripheral nerve, such as the rat sciatic nerve,
comprises both myelinated and unmyelinated axons. Axons are classified
according to their size/diameter into three different groups - A, B and C fibres,
where the conduction velocity depends on the diameter of the axon and the degree
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of myelination. The unmyelinated nerve fibres (small diameter C fibres) are
thinner than the large myelinated (A fibres) and the medium myelinated (B fibres)
nerve fibres. Thus, the large A fibres have the fastest conduction velocity, whereas
the smallest C fibres display the slowest conduction velocity [27]. Uncovered axon
segments, minute separations between Schwann cells, called nodes of Ranvier,
contain ion channels which contribute to the high velocity of nerve impulses. The
Schwann cells, however, are not only insulators but also important
communicators, particularly after nerve injury and during regeneration.
Interactions between the Schwann cells and the neurons are complex and several
cell-signalling systems are involved [12, 27, 28].

Several bundles of axons, together with the protective layer around each bundle,
i.e. the perineurium, are termed fascicles. The outermost, loose connective tissue
layer, in which several bundles of fascicles are embedded, is called the
epineurium. The term endoneurium refers to connective tissue components located
inside the fascicles [27, 29]. The space between the nerve fibres within the
fascicles holds an extracellular matrix (ECM), which contains components
involved in cell differentiation, cell migration and cell proliferation, and which
also plays an important role in intracellular communication. The ECM contains
collagen, laminin, fibronectin and many other components, and contributes to the
guiding of the axonal outgrowth after nerve injury [30].

Peripheral nerve injury and regeneration

A clinical nerve injury is defined by the extent of damage to the nerve, which can
be classified into three stages: 1) neurapraxia — a temporary interruption of
function, but with the axons still in continuity; 2) axonotmesis - the axonal
continuity is broken, but the epineurium, the perineurium and endoneurial tubes
are still intact and 3) neurotmesis - a total disruption of the entire nerve trunk; the
axonal continuity is broken and so are all the connective tissue components. In the
first two conditions, the function can be restored without surgery, while in the
third, where the whole nerve trunk is transected or lacerated, either surgical repair
or reconstruction is required, depending on the length of the nerve defect [31, 32].
When the nerve is repaired or reconstructed, the age of the patient and the
extension of the nerve injury are critical factors for outcome and functional
recovery [10, 14, 33].

A nerve injury influences the integrity of the neuron and in turn affects the
Schwann cells that surround the injured distal axon segments. A number of
processes are subsequently initiated in the neurons and also in the affected
Schwann cells in order to begin and maintain a regenerative process throughout
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the restoration of function. On the distal side of the injury, Wallerian degeneration,
a slow cleaning process aided by Schwann cells and invading macrophages, is
important in preparing for the regeneration of the axons. During this process, the
degenerating axons and the disintegrated myelin sheaths are removed. Generally,
after 3-6 weeks, all cellular debris will have been eliminated through phagocytosis.
Similar processes occur at the site of the lesion, with the same purpose [16, 34].

Peripheral nerve regeneration involves many distinctive and diverse processes and,
in contrast to in the CNS, regrowth of the injured axons is made possible by the
complex processes taking place in the regrowth environment, including production
of local factors that influence regeneration. In this respect, the highly specialized
Schwann cells are crucial for nerve regeneration, and shortly after an injury, these
cells start to proliferate and form columns, called “the bands of Biingner”, in the
distal nerve segment. At the site of the lesion, a matrix is formed, which prepares
the environment for the sprouting axons that emerge from the injured axon. If the
matrix is disorganized, it will influence outgrowth of the axons negatively [30]. In
this context, the Schwann cells are important for guiding the growing edge, the
growth cone, of the sprouting axon, which extends through the lesion site into the
distal nerve segment and, if successful, finally to the target tissue. The axons grow
at a speed of approximately 1 mm/day after transection and repair or
reconstruction [34-36].

Both motor and sensory neurons are affected by a peripheral nerve injury and,
obviously, the prerequisite for regeneration is neuronal survival. Up to 50% of the
sensory neurons in DRG survive after a severe sciatic nerve injury in rats; thus,
sensory neurons are much more sensitive to injury than spinal motor neurons,
where between 0-10% die after nerve injury. Motor neurons are not destroyed
unless a more severe proximal injury, such as a ventral root avulsion, takes place
in the CNS [37-39]. In addition, an increased number of sensory neurons die and
functional recovery is impaired if the repair or reconstruction of the injured nerve
is delayed [40, 41].

In this thesis, I focused on investigating complete nerve injuries, either a complete
transection of the rat sciatic nerve, an injury model which is suitable for direct
nerve repair, or a nerve injury where a nerve defect of 10 mm (smaller nerve
defect) or 15 mm (longer nerve defect), was created and where there is a need for

surgery.

25



Signal transduction, factors and nerve regeneration

After a nerve injury, intracellular mechanisms are initiated to optimize conditions
for nerve regeneration. These mechanisms are important for the process by which
the motor and sensory neurons change their status from “transmitting” to
“regenerating” and cell “death” mode, where survival, apoptosis, and regeneration
are balanced among the affected neurons [42, 43]. Similar processes are also
initiated in Schwann cells, which begin to proliferate, but only to a certain extent,
since proliferation has to be balanced against cell death. It is the connection
between activated and apoptotic conditions, which includes both intra- and extra-
cellular cascade-signalling pathways, that determines whether the Schwann cells
will proliferate, become activated and start to repair, or whether they will die, after
a nerve injury [42-44].

A cascade of intracellular mechanisms takes place in the injured nerve cells in
order to ensure successful regeneration [45]. Early in vitro studies have shown that
retrograde transport (i.e. molecules transported from the injury site to the cell
body) translocates activated mitogen-activated protein kinase (MAPK) pathway
members, i.e. extracellular signal-regulated kinase (ERK), mitogen associated
protein kinase, 38kDa (p38), or Jun N-terminal Kinase (JNK) to the cell body [12,
46]. The p38 and JNK pathways are involved in apoptosis. The ERK signalling is
upregulated and ERK is activated after nerve injury [47]. ERK systems 1 and 2 are
involved in neurite outgrowth, proliferation and cell survival after nerve injury
[12, 48]. The MAPK family members activate the signalling cascades, which
stimulate transcription factors, such as c-jun, and Activating Transcription Factor
3 (ATF-3). These trigger cell survival, proliferation and regeneration in both
Schwann cells and in the cell body [49-51]. ATF-3 is a member of the ATF/CREB
family (activating transcription factor/cAMP response element binding protein
family) and is activated when nerve injury occurs [52-54].

The up-regulation of ERK1/2 takes place quickly after nerve injury, i.e. within 30
minutes, both in the proximal and in the distal nerve ends in axons and in the
Schwann cells. This activation is a prerequisite for Schwann cell proliferation and
axonal outgrow [48, 55]. In the STZ-induced and BB diabetic rat models,
activation of ERK1/2 is not as pronounced as in healthy rats after nerve injury
[26], indicating impaired nerve regeneration. Growth factors, such as nerve growth
factor (NGF), brain-derived neurotrophic factor (BDNF), glial cell-derived
neurotrophic factor (GDNF) and insulin-like growth factor 1, (IGF-1), are also
upregulated in injured neurons and in the supporting cells. These growth factors
stimulate axonal outgrowth, prevent apoptosis, and support the formation of
neurites and production of local factors, which in turn guide the axon after nerve
injury [56, 57].
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Heat Shock Protein 27 (HSP27) is a small protein that belongs to the heat shock
family of proteins and which plays an important part in both survival and
protection of neurons [58]. HSP27 is activated by the p38 MAPK signalling
pathway and has been shown to play an essential role in combatting cellular stress
and inhibiting apoptotic signalling in neurons, in both healthy and diabetic
conditions. A lower activation of HSP27 in a neuron may pose a potential risk in
subjects with diabetes of developing peripheral neuropathy and could therefore be
a future possible method for discovering peripheral neuropathy in the clinic [58-
60].

Studies have shown that a defect between the nerve ends, after suturing the nerve
under tension, results in unsatisfactory axonal outgrowth [61]. Thus, if the nerve
injury results in a nerve defect, tension in the nerve can be alleviated by using a
nerve graft to bridge the defect and to allow axonal outgrowth (Figure 1). Four
different experimental nerve graft models can be used for tension-free
reconstruction — nerve allograft (i.e. a non-identical donor of the same species);
nerve autograft or autologous nerve grafts, (i.e. the subject’s own graft material);
nerve isograft (i.e. graft material from another genetically compatible donor); and
nerve xenograft (i.e. graft material from a different species [27, 62]. Clinically, the
standard model used to bridge nerve defects is autologous nerve grafts, but
extracted nerve allografts, i.e. a graft in which all resident cells have been
removed, are now also available [62-64].

Peripheral nerve repair and reconstruction

Nerve sutures and nerve grafts

Different types of nerve injuries require different procedures for restoring nerve
function. In simple nerve transection injuries, where direct coaptation of the
proximal and distal nerve ends is possible, sutures are used to maintain the end-to-
end coaptation (Figure 1).
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Figure 1.

lllustration of different procedures for repairing or reconstructing a peripheral nerve injury. Nerve transection (A). End-
to-end nerve repair with sutures (B). Nerve reconstruction using nerve grafts (C). Nerve reconstruction using a conduit
(D). Reproduced by kind permission of Dahlin and Lundborg, Neurosurgery Clinics of North America 2001 as well as
Lundborg, Nerve Injury and Repair: Regeneration, reconstruction and cortical remodelling. Elsevier — Churchill
Livingstone 2004.

Some of the clinical results of such reconstruction strategies have been presented
in the RANGER study (Registry of Avance Nerve Graft Evaluating Utilization and
Outcomes for the Reconstruction of Peripheral Nerve Discontinuities), an active
database, started in 2012, which contains data from nerve reconstruction cases
from 18 clinical centres in the USA [65, 66]. However, all the above-mentioned
strategies have limitations, and if there is a lack of suitable donor material and
none of the four described graft models above is suitable, it may be necessary to
reconstruct the nerve defect using a bioartificial conduit [17, 67, 68] (Figure 1).
The prerequisite for axonal outgrowth when using such conduits is that a matrix
can be formed inside the conduit between the proximal and distal nerve ends
through which the regenerated axons are able to grow [69].
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Nerve conduits

Research is being performed to identify the most appropriate conduits for nerve
reconstruction. There are studies investigating conduit characteristics, such as
porosity, flexibility, material swelling and degradation ability [70, 71]. Conduits
made of biological materials, such as collagen, and artificial materials, like
silicone tubes (i.e. non-biodegradable), as well as biodegradable polymers have
been evaluated. Some of these strategies have been tested clinically [72]. The use
of conduits made of collagen (Neura-Gen™), which is the major ingredient in the
ECM and therefore a tissue-compatible material, has produced good results in
human studies when bridging small nerve defects (less than 2 cm). Another
successful conduit, made of the suture material polyglycolic acid (PGA), is the
Neurotube™ [73]. Other commercial conduits are also available, such as poly-DL-
lactide-co-caprolactone (PLCL) and polycaprolactone (PCL) [68, 73, 74]. These
conduits are, however, expensive and, due to their fast degradability, less suitable
for reconstructing longer nerve defects [17, 70]. Despite the availability of a
number of conduits made of a variety of materials, the best way to reconstruct
longer nerve defects (e.g. more than 3 cm) seemingly remains the autologous
nerve graft [75].

Chitosan conduits

In recent years, the polysaccharide chitosan has attracted attention as a conduit
material [20]. Chitosan consists of chitin [chitin is a polymer of B (1-4) linked 2-
acetamido-2-deoxy-D-glucopyranose], which is a primary and natural
homopolymer that can be extracted from, for example, the shells of pandalus
borealius shrimp and crab and fungi cell walls [20]. Once in the body, chitosan
degenerates; the degree of degradation can vary from 0% to 60%. Chitosan
degradation is the result of the hydrolysis of the connection between D-
glucosamine and N-acetyl-D-glucosamine carried out by the enzyme lysozyme
which occurs naturally in the human body [19, 76]. The degradation of chitosan,
therefore, correlates to the degree of acetylation (DA) where a higher degree of
DA results in faster degradation [77].

Chitosan has been investigated for various kinds of biomedical applications, not
only because of its inherent ability to degrade in the human body, but also because
it is non-toxic and biocompatible. These features make chitosan a promising
material for improving axonal outgrowth after a peripheral nerve injury [19]. As
with several other conduits, the chitosan conduits can be modified with, for
instance, the insertion of membranes and nanofibers, as well as gels, such as NVR
(non-volatile residue) comprised of hyaluronic acid (HA) and laminin. HA is a
non-sulphated glycosaminoglycan which is a disaccharide that exists ubiquitously
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in the human body [78]. The NVR gel is able to stabilize the matrix formed with
the aim of improving nerve regeneration [74, 76, 78, 79].

Diabetes and peripheral nerves

Diabetes has long been known to negatively affect the peripheral nerve system.
Type 1 diabetes is a complex autoimmune disease in which B-cells in the
pancreatic islets of Langerhans are completely destroyed, leading to a lack of
insulin production. Type 2 diabetes is a disease involving insulin resistance and
insulin deficiency, but with functioning B-cells. Diabetes induces complications in
a number of organ systems in the body. In both types 1 and 2, as many as 30-50 %
of patients suffer from PNS complications, including peripheral and autonomic
neuropathy [80], although the pathophysiological mechanisms probably differ in
the two diseases [81].

The PNS complications experienced by diabetic patients include loss of sensory
and motor function, sometimes with accompanying pain, i.e. polyneuropathy.
Long nerves, such as the sciatic nerve, are particularly susceptible to diabetes,
which explains why legs and feet are sensitive to neuropathy and so frequently
affected in this disease [82]. Later aspects of the disease include risks of impaired
wound healing, particularly in the lower extremities with reduced quality of life,
and of limb amputations. Notably, male patients seem to develop neuropathy
earlier than female patients [83]. Most experimental in vivo studies on nerve
regeneration use either male or female animals and do not specifically analyse
gender differences. Thus, evaluation of nerve regeneration in healthy male and
female animals, as well as diabetic males and females, after nerve injury and
following repair or reconstruction is of the utmost relevance [84, 85]. This aspect
is one of the focuses in the present studies.

The entire PNS is affected by diabetes, which causes both demyelination and
axonal degeneration in the peripheral nerve trunks. The disease also causes
impaired nerve regeneration [86, 87]. However, the detailed mechanisms of these
processes under the influence of diabetes are not known, but it is suggested that
activation of MAPK is involved in the development of diabetic neuropathy [88,
89]. Unfortunately, no cure is available for diabetic neuropathy, only treatments
that alleviate the symptoms [21, 90-92]. Neuropathy in diabetes comprises not
only of the polyneuropathy mentioned, which affects several nerves in the body,
but can also affect individual or specific nerves in the body, i.e. mononeuropathy.
Mononeuropathy includes nerve compression lesions that can generally be treated
with surgery, such as carpal tunnel syndrome, which is more common in patients
with diabetes [93, 94]. There seems to be a predisposition towards nerve
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compression lesions in diabetes, which may be due to various neurobiological
events, such as nerve fibre and microvascular pathology [67, 94-96].

Diabetic animal models

Most experimental studies that evaluate how the peripheral nervous system is
affected by diabetes are based on animal models using streptozotocin (STZ)-
induced diabetes [89, 97]. In this model, the B-cells are destroyed by the toxic
effect of Streptomyces achromogenes, a chemotherapeutic drug [98]. There has,
however, been criticism of this model, since it does not appear to be relevant to
either type 1 or type 2 diabetes in humans. In this model, there is still some
production of insulin, and therefore the symptoms are not completely insulin-
dependent [90]. Nonetheless, in the STZ-induced diabetes model, impaired nerve
regeneration has been described in both short- and long-term experiments [23]. In
the current thesis, I used two other diabetic models, the BB rat and the GK rat
models [24, 99, 100]. The former is a genetic model, in which the rats
spontaneously develop diabetes with blood glucose values around 18-32 mmol/l.
At these glucose levels this model resembles untreated type 1 diabetes in humans.
The GK rats, also spontaneously develop diabetes and this model is therefore
considered to be related more to human type 2 diabetes with blood glucose levels
of between 7-12 mmol/l [25]. Both the BB and the GK rat models involve
structural damage to the peripheral nervous system, including demyelination,
altered nerve conduction velocity, and impaired axonal transport [90, 100].
Unfortunately, the BB rats do not survive for long periods without insulin
treatment, which make them less suitable for use in studies of nerve regeneration
after nerve injury in long-term. If BB rats are treated with insulin, there may be a
potential influence on the regeneration process from the insulin, as well as from
the substantial variation in the blood glucose levels caused by the daily insulin
injections [85, 101]. Thus, only very short-term experiments are possible and
therefore GK rats are more suitable for long-term experiments and in the
experiments described in this thesis mainly used this model.
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Aims

The overall aim of the present thesis was to evaluate techniques that could be used
to improve nerve regeneration after a sciatic nerve injury. For this purpose, the
severed nerve was repaired or reconstructed using chitosan conduits or autologous
nerve grafts in healthy and diabetic rat models of both genders.

The specific aims were:

To investigate and compare nerve regeneration shortly after a sciatic nerve
transection and instant nerve repair in a diabetes type 1 rat model (BB
rats) and healthy female Wistar rats (Paper I).

To evaluate possible short-term gender differences in healthy Wistar and
diabetic GK rats after sciatic nerve injury and repair, (i.e. animal model of
type 2 diabetes) (Paper II).

To examine short- and long-term nerve regeneration in healthy Wistar rats
after sciatic nerve reconstruction of a 10 mm long nerve defect using
hollow chitosan conduits with different degrees of acetylation (Paper I1I).

To compare short-term nerve regeneration after reconstruction of a 10 mm
long nerve defect with either a hollow chitosan conduit or an autologous
nerve graft in healthy Wistar and diabetic GK rats (Paper IV).

To investigate short- and long-term nerve regeneration in healthy Wistar
and diabetic GK rats after bridging a 15 mm long sciatic nerve defect with
1) hollow chitosan nerve conduits or 2) chitosan conduits modified with
membrane inserts with, or without, perforations or 3) chitosan conduits
with a perforated membrane also containing FGF-2 overexpressing
Schwann cells (Paper V).
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Methods and surgery

A summary of the methods and surgery is presented here; the reader is referred to
individual papers for more specific details.

All animal experiments were approved by the ethics committee for the Malmo and
Lund region (Ethic No. M347-11 and M131-14) as well as at the respective
universities in the Biohybrid consortium. The rats weighed approximately 200 g in
all experiments. In Papers I-V, Wistar rats were used as healthy rats (Taconic,
Denmark and Hannover; Germany, Barcelona; Spain). BB rats were used in Paper
I (kindly provided by Professor Ake Lernmark and Dr Lina Akesson, Department
of Endocrinology, Lund University). For Papers 1I-V, GK rats, kindly provided by
Malin Fex, Lund University, Sweden, were used.

Surgery

Animal care, including anaesthesia and analgesia, followed approved standard
protocols. All animals were observed daily. Before surgery, blood glucose was
obtained from the tail vein in all rats and measured in a blood glucose unit
[Ascensia contour TM (Bio Healthcare, USA, Bio Diagnostics Europe) and LT
(Bayer AB, Diabetes Care, Solna, Sweden); test slips (Microfil TM (Bio
Healthcare Diabetes Care, USA]. Only diabetic GK rats with a blood glucose level
above 6.5 mmol/l were included in the studies. The surgeries were performed in
three different laboratories; Lund University, Sweden, Hannover Medical School,
Germany, and Barcelona University, Spain.

In all papers, the sciatic nerve was unilaterally transected at mid-thigh level. In
Papers 1 and II, the nerves were then immediately repaired with 9-0 ethilon
sutures. In Papers III and IV, a sciatic nerve defect was created by removing a 5
mm piece of the nerve, creating a nerve defect 10 mm long, which was bridged by
a chitosan conduit. For control experiments in Papers III-V, an autologous nerve
graft reconstruction was performed by the removal of a 10 or 15 mm long nerve
segment, which was then rotated (180 degrees) and sutured into the defect as an
autologous nerve graft on the ipsilateral side (Figure 2).
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Figure 2.
Overview of the subspecimens in the autologous nerve grafts and in the hollow chitosan conduits analysed 21 days
after surgery. Reproduced by kind permission from Stenberg et al, European Journal of Neuroscience 2016.

In the control rats in Paper 111, the sciatic nerve was transected and a 5 mm nerve
segment was removed. The proximal and distal nerve ends were folded over and
sutured. The last paper (V) was divided into three separate studies, where a 15 mm
nerve defect was bridged by; a) insertion of a hollow chitosan conduit with or
without a membrane, b) insertion of a hollow chitosan conduit with or without a
perforated membrane, and c¢) with a hollow chitosan conduit with or without a
perforated membrane; the former either with or without overexpressing Schwann
cells (neoSchwann cells). At selected time points, the rats were sacrificed and the
repaired or reconstructed sciatic nerve and adjacent nerve ends, including the
matrix formed inside the chitosan conduits, were dissected and analysed. In Papers
III and V, dorsal root ganglia (DRG) were also harvested and analysed.
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Chitosan conduits

Chitosan material was produced by Altakin S.A (Lisbon, Portugal) following
required ISO 13485 approval. The chitosan conduits in Papers III, IV and V, and
also the chitosan membrane (film) in Paper V, were then further modified by
Medovent GmbH (Mainz, Germany), with all necessary permits, regarding the
ISO standard 13485 protocol. Chitosan conduits in Papers III, IV and V had an
inner diameter of 2.1 mm and a wall thickness of 0.3 mm. In Paper III, hollow
chitosan conduits were evaluated to find the acetylation most suitable to support
axonal outgrowth after nerve injury (Figure 3). Different acetylation degrees: DAI
2% (low), DAII 5% (medium) and DAIIT 20% (high), were investigated. In Papers
IV and V, conduits with medium acetylation (DAII) were used for all experiments.
In Papers III and IV the chitosan conduits were 14 mm long and the nerve defects
were 10 mm. In Paper V, the conduits were 19 mm long and the nerve defects
were 15 mm. Various time points after surgery were evaluated in Papers III, IV
and V. In Papers III-V, the surgery was performed with hollow chitosan conduits.
In Paper V, chitosan nerve conduits with a membrane, which was perforated or not
perforated, were also used. In this paper, the effects on nerve regeneration were
also examined by placing genetically modified Schwann cells on both sides of the
perforated membrane inside the chitosan conduits as described above.
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Figure 3.

The figure illustrates the surgical nerve reconstruction procedure using a chitosan conduit after nerve transection:

a) thigh muscle incision; b) sciatic nerve identification; c) nerve exposure; d and e) identification of small nerve branch
and tendon aponeurosis; f) nerve transection and removal of small nerve segment; g) hollow chitosan conduit
insertion; h) measurement of nerve defect in conduit; i) sutures to adapt muscles; j) skin clips.
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Immunohistochemistry and histological methods

Immunohistochemistry

Nerve samples were collected from all rats and were either frozen or embedded in
paraffin and sectioned. For staining of specific antigens, the sections were
incubated with primary antibodies (Table 1) diluted in different blocking solutions
for various antibodies (Table 2). After washing in phosphate buffered saline (PBS,
pH 7.2), the slides were incubated with secondary antibodies diluted in PBS
(Table 3), washed again, and finally stained with a nuclear counterstain 4°,6'-
diamidino-2-phenylindole (DAPI) and mounted with a coverslip. The
neurofilament (NF), ATF-3 and Cleaved Caspase-3 staining, as well as total
numbers of DAPI stained cells, were quantified in all experiments. Double
staining using an S-100 antibody was performed to ascertain Schwann cell identity
in all Papers. In Paper III, double staining was also performed after 13 weeks to
evaluate ED1 and neurofilaments (Table 1) in the regenerated tissue. In Paper III,
the total numbers of activated macrophages (ED1) within the connective tissue
were also quantified on removal of the chitosan conduits. In Paper V, ATF-3
stained sensory neurons and the intensity of HSP27 were also quantified within the
DRGs. In Paper V, genetically modified Schwann cells (neoSC), which had been
developed in accordance with a previous study [78], were stained with primary
antibody a-S-100 or anti-flag (Table 1) and secondary antibodies (Table 3) to
ascertain viability by cell counting of the Schwann cells before placing them on
the membranes. In Paper V, we also double stained for Choline acetyltransferase
(ChAt) to identify the presence of motor axons inside the conduits. All
immunohistochemical analyses were performed blind.

Histo-morphometry

In Paper 111, the connective tissue, surrounding the conduits, was also investigated.
After sectioning, the connective tissue was stained with haematoxylin-eosin in
order to examine multinucleated giant cells (MGC) as an eventual reaction on the
chitosan conduits. This was done after 18 days and 13 weeks of investigation. In
Paper V, all nerve material from the conduits was sectioned and stained with
haematoxylin-eosin (HE) and trichrome staining for investigation of collagen
expression.
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Table 1.
Primary antibodies.

Primary antibodies Company Dilution Analysis
NF-L (70 kDa) DAKO, Denmark 1:80 IHC
Monoclonal mouse

ATF-3 Santa Cruz Biotechnology, USA 1:200 IHC
Polyclonal rabbit

Cleaved caspase-3 BioNordika, Sweden 1:200 IHC
Polyclonal rabbit

S-100 a/B chain Santa Cruz Biotechnology, USA 1:200 IHC
Monoclonal mouse

ED 1 Serotec, United Kingdom 1:1000 IHC
Monoclonal mouse Histology
BDNF Santa Cruz Biotechnology, USA 1:1000 Western Blot
Polyclonal rabbit

NGF Abcam, United Kingdom 1:2000 Western Blot
Polyclonal rabbit

NF-H (200 kDa) Sigma-Aldrich, Germany 1:200 Histology
Polyclonal rabbit

HSP27 Santa Cruz Biotechnology, USA 1:200 IHC
Polyclonal goat

ChAT Millipore, Germany 1:50 IHC
Polyclonal goat

S100 a- chain Dako, Denmark 1:200 IHC
Monoclonal mouse

Anti-FLAG Sigma — Aldrich, Germany 1:200 IHC
Monoclonal rabbit

Table 2.

Blocking solution.

Blocking solution Antibody Paper

Rabbit serum 5% in PBS ED 1 1]

Bovine serum albumin (BSA) 0.25% and NF-L, ATF-3, Cleaved caspase-3, HSP27, | LILIILIV,V

Triton-X-100 0.25% in PBS.

S-100 o/ chain

Dry milk 5% and Triton-X-100 0.5% in 0.5M NF-H 1]
Trisaline buffer.

Horse serum 5% in PBS. ChAT \%
Triton-X-100 0.3% and BSA 5% in PBS. S100 a chain, anti-FLAG \Y
Dry milk 3% and Triton-X-100 0.5% in PBS. NF-H \Y
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Table 3.
Secondary antibodies.

Secondary antibodies Company Dilution Analysis
Alexa fluor 594 goat anti-mouse Molecular probes, USA 1:500 IHC

Alexa fluor 488 goat-anti rabbit Molecular probes, USA 1:500, 1:1000 IHC, Histolgy
Alexa fluor 555 goat anti-mouse Invitrogen, Germany 1:500 IHC

Alexa fluor 555 donkey anti-goat Invitrogen, Germany 1:500 IHC

Alexa fluor 488 donkey anti-goat Molecular probes, USA 1:500 IHC

The nerve samples for evaluation of morphometry in Papers III and V were stained
using the same conventional histological methods (see papers for details). In
Papers I1I and V, after removing the chitosan conduits, the distal nerve ends were
taken out bilaterally from the healthy rats and prepared for morphometry. In Paper
III, total numbers of myelinated fibres, axon diameter, fibre diameter, myelin
thickness and the g-ratio (axon diameter/fibre diameter) were evaluated in all
chitosan conduits and ANG as well as in the control nerves. In Paper V, the total
number of myelinated fibres, cross sectional area, nerve fibre density, axon
diameter, fibre diameter, myelin thickness and the g-ratio were evaluated.

Functional evaluation

Static sciatic index

In Paper 111, the Static sciatic index (SSI) test was performed to evaluate motor
recovery after nerve reconstruction. The SSI test is based on changes in the rat toe
spreading after nerve injury from before surgery to after 1, 4, 9, or 12 weeks
following surgery. For these measurements, the rats were placed in a box on a
glass table with a camera connected to a computer beneath it to capture images of
the toe positions. The images were then used to measure the distance between toes
1-5; toe spread (TS) and toes 2-4; intermediate toe spread (ITS) in both the
lesioned (L) and non-lesioned (N) hind paws. The SSI test result [102] was then
calculated according to the intermediate toe-spread factor (ITSF) and the toe-
spread factor (TSF):
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TSF=(LTS-NTS)/NTS
ITFS=(LITS-NITS)/NITS
SSI=(108.44*TSF) + (31,85*ITFS)-5.49.

von Frey test

The von Frey test was used in Papers III and V to determine the mechanical pain
threshold at different times in order to define sensory recovery after nerve
reconstruction. For this test, the rats were placed in plastic boxes connected to a
von Frey algesimeter with a blunt needle used to stimulate the injured and non-
injured site of the hind paw. The pressure of the needle was increased successively
until the rats responded by withdrawing the hind paw. The tibial and sural nerves
were evaluated bilaterally. The three steadiest values were selected from a total of
five recordings from each side for further calculation of a mean value and used for
statistical analysis.

Electrophysiology

Evaluation of motor function recovery in Papers III and V was performed using an
electrodiagnostic device to measure the compound muscle action potentials
(CMAPs). The recordings were made bilaterally in the plantar interosseous
muscles (PL) and tibialis anterior (TA) muscles (i.e. on both the experimental and
control sides). All the serial non-invasive tests were performed one week before
reconstruction and then at different times after surgery and finally as invasive
before the rats were sacrificed. The nerve conduction velocity (NCV) ratio was
calculated from the recorded values between the controls and the experimental
sides of the rats.

Muscle weight ratio
After sacrificing the rats at 13 weeks post-surgery in Paper III and 120 days post-
surgery in Paper V, the tibialis anterior (TA) and gastrocnemius (GA) muscles

were harvested and weighed. The muscle weight ratio was calculated in both the
experimental and contralateral sides of the rats.
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Chitosan material evaluation

Nuclear magnetic resonance spectroscopy (NMR)

In Paper III, the degree of acetylation (DA) of the chitosan material before the
manufacturing of the chitosan conduits was confirmed through NMR analysis.

Gel permeation chromatograph (GPC)

In Paper III, the molecular weight of the chitosan samples was evaluated using
GPC analysis before production of the chitosan conduits.

In vitro cytotoxicity test

In Paper 111, rat bone marrow mesenchymal stromal cells (RBMSCs) were used for
incubation with the different DAs to evaluate the biocompatibility and possible
cytotoxicity within 24 h, 72 h, and seven days of incubation. Cell structure and cell
viability ~were examined wusing MTS [3-(4,5-dimethylthiazol-2-yl)-5-
(3carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium] proliferation assay
test kit and the Minimum Essential Medium (MEM) extraction test.

Molecular and biochemical evaluation

Quantitative RT-PCR

In Paper III, DRG were collected on days 5 and 18 from both the rats
reconstructed using chitosan conduits and the control rats. The DRG from the
experimental and the control side of the rats were harvested and immediately
frozen in liquid nitrogen. The samples were prepared for quantitative real-time
polymerase chain reaction (QRT-PCR) analysis to investigate the level of mRNA
expression for the BDNF, FGF-2, NGF, IL-6, trkB and GAP-43 genes.
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Western Blot

In Paper III the content of the chitosan conduits was collected on days 5 and 18
after nerve reconstruction, to verify the presence of BDNF. Since a former study
has shown that BDNF accumulates in the proximal site after nerve injury, which
acts as a protection, we thought that it could be important to evaluate the BDNF
levels within the matrix [103]. The samples were prepared and analysed as
described earlier [104].

In vitro study - cell culture

Sciatic nerves were harvested from rat pups to produce neonatal Schwann cells
(neoSC). The cells were genetically modified by introducing the non-viral plasmid
encoding FGF-2'%* (pCAGGS-FGF-2-18 kDa-Flag, NCBI GenBank accession
NM_019305.2, 533¢994 bp). In Paper V the modified Schwann cells were placed
on both sides of the perforated membranes inside the chitosan nerve conduits, as
described in a previous study [78].

Macroscopic investigation

Visual investigation

In Papers III and V, macroscopic investigation was performed directly after
sacrificing the rats. This included visual evaluation of the short- and long-term
formation of the matrix/cables. The chitosan conduits were then removed and
further evaluated visually before fixation of the tissue and continued analysis.

Image analysis

In all papers, a fluorescence microscope (Nikon 80i) connected to a digital camera
and software NIS elements (Nikon, Japan) was used. In Papers III and V, a
DM4000B microscope equipped with a DFC320 digital camera and an IM50
image manager system (Leica Microsystems, Germany) was used for nerve
morphometry. In Papers III and V, BX53 and BX51 (Olympus, Germany) light
microscopes with CellSense Dimension and CellSense Entry (Olympus, Germany)
software were used. In Papers III and V, fluorescence microscopes IX70
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(Olympus, Denmark) and BX60 (Olympus, Germany), respectively, with CellP
software (Olympus, Germany) were used.

Statistical analyses

All data was processed using Statview (Paper I), IBM SPSS statistics (versions
17.0, 20.0, 22.0; Papers 11-V) or GraphPad InStat software (versions 5.03.0 and
6.00; GraphPad Software, USA; Papers I1I-V). The non-parametric Kruskal-Wallis
test or two-way ANOVA (Analysis of Variance) were used to calculate differences
between test groups in the individual papers. The Mann-Whitney, Dunn’s test,
Tukey’s test, or Bonferroni test were used to evaluate differences between
individual groups. The p-value was calculated using the specific Fisher’s test [105]
for independent samples based on the Chi-Square test for separate p-values
(Papers II, IV and V). The statistical values regarding nerve regeneration in Papers
II-V are presented as median values with 25 to 75 percentiles, and in Paper I as
median values with min-max. The Spearman test was used for the correlation
evaluation in Papers I-IV. In Paper V, the differences between the experimental
and control sides of the DRG were evaluated using the Wilcoxon signed rank test.
A p-value of less than 0.05 was considered significant in all papers.
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Results

A summary of the results is presented here; the reader is referred to individual
papers for more specific details.

Paper 1. Expression of Activating Transcription Factor 3
(ATF-3) and cleaved caspase-3 after sciatic nerve repair
in diabetic BB rats

Nerve regeneration in diabetic BB rats and healthy Wistar rats was investigated
and compared. As expected, fasting blood glucose values were significantly higher
in the diabetic BB rats than in to healthy Wistar rats. There were, however, no
differences in length of axonal outgrowth as assessed by means of neurofilament
staining in sections of the repaired nerve between the diabetic BB and the healthy
Wistar rats. However, significant differences were observed between diabetic and
healthy rats regarding the number of ATF-3 and cleaved caspase-3 stained
Schwann cells at the site of the nerve lesion, with increased numbers of both in the
BB rats. The same was true for the distal nerve segment, where a higher number of
ATF-3 and cleaved caspase-3 Schwann cells was found in the BB rats compared to
in the Wistar rats. There was, however, no significant correlation, in either the
Wistar or the BB rats, between axonal outgrowth and the number of activated
ATF-3 stained or apoptotic cleaved caspase-3 stained Schwann cells, either at the
site of lesion or in the distal nerve end. Furthermore, there was no correlation
between activated and apoptotic Schwann cells at the two investigated sites in
either of the two models.
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Paper II. Gender differences in nerve regeneration after
sciatic nerve injury and repair in healthy and in type 2
diabetic Goto-Kakizaki rats

Differences in nerve regeneration between males and females were evaluated in
healthy Wistar rats and diabetic GK rats. The blood glucose levels were higher in
the diabetic rats than in the healthy rats, and also significantly higher in male
diabetic rats compared to in female diabetic rats. There were also statistical
differences between the groups, regardless of gender, with longer axonal
outgrowth in the healthy Wistar rats than in the diabetic GK rats. Furthermore,
axonal outgrowth was improved in male rats compared to in females in both
healthy and diabetic GK rats.

Generally, there were also differences in the number of activated and apoptotic
Schwann cells at the lesion site between the GK rats and the Wistar rats. Increased
numbers of ATF-3 stained Schwann cells were observed in the male GK rats
compared to in the female GK rats. In the distal nerve segment, we observed a
higher number of activated ATF-3 stained Schwann cells in the Wistar rats than in
the GK rats. The apoptotic Schwann cells were significantly higher in the GK rats
than in the Wistar rats, both in males and females, but no statistical differences
were observed between male and female rats, either at the lesion site or in the
distal nerve end.

When the results from all groups of rats were pooled, the Spearman’s test revealed
a positive correlation between activated ATF-3 stained Schwann cells and the
length of axonal outgrowth. There was also a positive correlation between
preoperative blood glucose levels and number of apoptotic Schwann cells at the
lesion site. In the distal nerve segment, preoperative blood glucose levels also
positively correlated with the numbers of apoptotic Schwann cells, but not with the
activated ATF-3 stained Schwann cells.

When diabetic rats were analysed individually and tested for correlations at the
lesion site, a positive correlation was found between preoperative blood glucose
level and axonal outgrowth as well as with the number of ATF-3 Schwann cells. A
positive correlation at the lesion site was also observed between the numbers of
ATF-3 and cleaved caspase-3 stained Schwann cells. In the distal nerve segment, a
positive correlation was observed between preoperative blood glucose levels and
activated ATF-3 stained Schwann cells. Finally, in healthy rats, blood glucose
levels positively correlated with axonal outgrowth.

48



Paper III. Chitosan tubes of varying degrees of
acetylation for bridging peripheral nerve defects

Regeneration was investigated both in vivo and in vitro using hollow chitosan
conduits with three different DAs to reconstruct a 10 mm long nerve defect in
healthy Wistar rats. Time points selected for observation were 5 days, 18 days, 21
days, and 3 months after reconstruction.

The in vitro test revealed no differences and no negative effects on the metabolic
activity in the RBMSCs when using extracts from chitosan conduits of different
acetylation (DAI, DAII and DAIII) compared to the positive control, which was
ordinary culturing medium.

After 5 and 18 days of reconstruction with the chitosan conduits the qRT-PCR
method was performed to evaluate mRNA levels of NGF, FGF-2, BDNF, the
cytokine IL-6, the BDNF receptor TrkB and GAP-43 in the DRG. No significant
differences were found in the mRNA levels when comparing the three models of
chitosan conduits.To summarize, the three models of chitosan conduits have no
effect on up-regulation of neurotrophic factors in the DRG after nerve injury. The
conduit contents were also analysed, using Western blot, after 5 and 18 days to
evaluate levels of BDNF protein. The protein was detected in all chitosan
conduits, but no differences were found in the levels of BDNF protein when
comparing the three models of chitosan conduits. In addition, no significant
differences between the three chitosan conduits were observed when evaluating
MGCs and ED 1 in the surrounding connective tissue at 18 days and 13 weeks
after reconstruction.

The macroscopic evaluation of the nerve 5 days after reconstruction revealed no
apparent degradation of any of the DA chitosan conduits. However, degradation
had started at 18 days in the DAIII conduits and was even more pronounced after 3
months with clear traces of different types of damage in the DAIII conduits
compared to the other two groups of conduits, which showed very little signs of
degradation.

After 21 days, we found that a matrix had formed in all three types of chitosan
conduits without any apparent differences in matrix formation or axonal
outgrowth. The presence of the matrix was also evaluated at earlier time points,
i.e. after 10, 14 and 18 days, but at these time points we observed no fully formed
matrix between the nerve ends. A similar, but limited, number of activated ATF-3
stained Schwann cells was observed in the matrix in the various chitosan conduits.
However, in the distal nerve segment, a higher number of ATF-3 stained Schwann
cells was observed in the DAIIlIs compared to the other two types of chitosan
conduits. An increased number of apoptotic Schwann cells was also observed in
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the matrix formed in the DAIII group compared to the other groups. A positive
correlation was observed between the thickness of the matrix formed in DAI and
DAIII conduits and the length of axonal outgrowth.

Motor recovery was evaluated using the SSI test at 1, 4, 9 and 12 weeks after
repair, but no significant differences were detected between the three different
models of chitosan conduits. The electrophysiological test CMAP was used in the
TA and PL muscles at 4, 9, and 12 weeks after reconstruction. No signs of CMAPs
were detected at 4 weeks after reconstruction, but after 9 weeks, in the rats where
the nerve had been reconstructed with an autologous nerve graft, a CMAP was
found in the TA and PL muscles. However, such CMAPs were less pronounced in
rats where the nerve had been reconstructed with chitosan conduits. At the final
invasive test, 12 weeks after reconstruction, several rats, where the sciatic nerve
had been reconstructed with a chitosan conduit, reached the same CMAP levels in
both TA and PL muscles as did the rats where the sciatic nerve had been
reconstructed with an autologous nerve graft. The nerve conduction velocity
(NCV) and the NCV ratio, based on the CMAP recordings, showed no significant
differences between the test groups. The muscle weight ratio also did not differ
significantly between groups.

The morphological analysis revealed differences between the experimental and
healthy nerves regarding the total number of myelinated fibres. Only the DAI
chitosan conduits group, however, displayed a larger number of myelinated fibres
compared to the ANG group of rats. No significant differences were observed
when comparing the groups of chitosan conduits with regard to axon diameter,
fibre diameter, myelin thickness and g-ratio in the distal nerve segment.

A significant increase in the number of ED1 stained macrophages was observed in
the formed matrix of the DAIII chitosan conduits compared to the DAI and DAII
groups, whereas in all three DA groups, a lower number of macrophages was
observed compared to the ANG group. In addition, the perineurium in the distal
nerve end in the nerves reconstructed with DAIIl chitosan conduits was
significantly thicker than that in the ANG group. There were, however, no
significant differences in the area or the thickness of the connective tissue between
the DA groups at 18 days and at 3 months, but the optical density of the
surrounding tissue was significantly increased in the DAIIl group compared to
DAI and DAII groups.
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Paper IV. Nerve regeneration in chitosan conduits and in
autologous nerve grafts in healthy and in diabetic Goto-
Kakizaki rats

In this study, we compared the effect of bridging a 10 mm long sciatic nerve
defect with either hollow chitosan conduits (DAII) or autologous nerve grafts in
healthy and diabetic GK rats. At 21 days after reconstruction with chitosan
conduits, a thicker matrix and longer axonal outgrowth were observed in the GK
rats compared to the Wistar rats. Longer axonal outgrowth was also found in the
GK rats than in the Wistar rats reconstructed using autologous nerve grafts. The
number of ATF-3 stained Schwann cells differed at 3 mm distal to the proximal
suture line between the healthy rats and the diabetic rats with an increased number
of ATF-3 stained cells observed in the healthy rats, where the sciatic nerve was
reconstructed with autologous nerve grafts, compared to diabetic rats, where the
nerve had been reconstructed in the same way. Differences were also observed
between all groups of rats in the distal nerve end, with a higher number of
activated ATF-3 stained Schwann cells in the Wistar rats compared to in the GK
rats when the severed nerves in both groups had been reconstructed with
autologous nerve grafts. An increased number of apoptotic Schwann cells was
found at the lesion site in both Wistar and the GK rats when autologous nerve
grafts were used in reconstruction than when chitosan conduits were used. In the
distal nerve end, an increased number of apoptotic Schwann cells was observed in
the Wistar rats than in the GK rats reconstructed with chitosan conduits.

When all data was pooled between the diabetic/healthy rats and chitosan
conduits/autologous nerve grafts, correlation, evaluated using the Spearman’s test,
was positive between axonal outgrowth length and number of activated ATF-3 and
apoptotic cleaved caspase-3 stained Schwann cells. The number of activated ATF-
3 stained Schwann cells also positively correlated with the number of apoptotic
Schwann cells both at 3 mm and in the distal nerve end.

Paper V. Chitosan—film enhanced chitosan nerve guides
for long-distance regeneration of peripheral nerves

The last study was divided into three parts, where a 15 mm long sciatic nerve
defect was reconstructed with chitosan conduits that had been modified in
different ways; with an inserted membrane perforated or without holes and, in
another set of experiments, containing genetically modified Schwann cells. The

51



nerve specimens were harvested at 56 days (short-term; healthy and diabetic GK
rats) or for up to 120 days (long-term; healthy rats only) after reconstruction
(Table 4).

Short-term evaluation

The short-term evaluation (study 2) of the hollow chitosan conduits (referred to as
guides in the original paper) revealed one cable, which is a completely formed
matrix between the proximal and distal nerve ends, in 75 % of the group of rats
with hCNG-II"*" and 50 % with hCNG-I1%® chitosan nerve conduits (see
Table 4 for abbreviations). In the chitosan nerve conduits with a perforated
membrane insert, two cables were found in 75 % of CFeCNG*"-e!Y and 88 %
CFeCNG*d-disbetic of the rats. In the other rats, no complete matrix/cable between
the nerve ends was observed.

It was not possible to measure the exact length of outgrowing axons at 56 days
because of the very thinly formed cables/matrix inside the chitosan conduits.
Instead, we chose to evaluate whether axons existed at different levels in the
formed matrix. We found that outgrowing axons were present in the centre of the
matrix in 75 % of the rats in hCNG-II"*" and hCNG-II1%®" groups. In the
groups of CFeCNG"elhy and CFeCNG?"-diabetc 100 % of rats had axons in the
centre of the matrix; i.e. there were no differences between the groups.

Table 4.
Summary of the various models of chitosan conduits in Paper V.

Study Experimental | Identification of various chitosan conduits in Paper V Number of animals (n)
period
1 120 days hCNG-I = hollow chitosan conduit. 10
CFeCNG' = 1st generation enhanced chitosan conduits 7
with insert of membrane (film).
2 56 days hCNG-II'eathy = hollow chitosan neve conduit. 8
hCNG-|4abetic = hollow chitosan nerve conduit in diabetic 8
rats.
CFeCNG2#healthy = chitosan nerve conduit with insert of 8

perforated membrane (film) in healthy rats.
CFeCNG2d-diabetic = chitosan nerve conduit with insert of

perforated membrane (film) in diabetic rats. 8
3 120 days ANG = autologous nerve graft. 8
hCNG-III = hollow chitosan nerve conduit. 8
CFeCNG?™ = chitosan nerve conduit with insert of 8

perforated membrane.
CFeCNG?*"-SC-FGF-2'8Pa = second generation chitosan | g
nerve conduit with insert of perforated membrane coated
with FGF-2 overexpressing Schwann cells.
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In contrast, we found differences within the distal nerve segment between the
hCNG-II and CFeCNG*™ groups, but not when comparing healthy with diabetic
rats. We also observed axons in the distal nerve segment in 38 % of the rats
reconstructed with hCNG-1I"*™_in 50 % of the rats with hCNG-I142 conduits
and 100 % in the rats with the CFeCNG>™ ¥ and CFeCNG*ddi#betic chitosan
nerve conduit groups. Thus, the “enhanced” chitosan conduits with perforated
membrane inserts appeared to result in an improved axonal outgrowth compared to
when nerves were repaired with hollow chitosan conduits.

There were significant differences at all three sites, i.e. at 3 mm, within the
chitosan nerve conduit, and in the distal nerve segment, with more activated ATF-
3 stained Schwann cells in the CFeCNG*™ group compared to the hCNG-II group.
Increased numbers of ATF-3 stained Schwann cells in the diabetic rats compared
to the healthy rats, apart from at the 3 mm site, were observed. Differences were
also found for all the chitosan conduit groups, with a higher number of apoptotic
Schwann cells in the diabetic rats than in the healthy rats. No differences,
however, were found between hCNG-II and CFeCNG*™ groups in the centre of
the chitosan conduits, but the diabetic rats had more apoptotic Schwann cells than
the healthy rats. There were also more apoptotic Schwann cells in the healthy rats
than in the diabetic rats in the distal nerve segment of the hCNG-II conduit group.
The same results were found in the CFeCNG*™ conduit group with more apoptotic
Schwann cells in the healthy than in the diabetic rats.

When analysing the sensory neurons in the DRG, a higher number of activated
ATF-3 stained sensory neurons were observed on the experimental side of the
diabetic rats reconstructed with CFeCNG™ conduits than in healthy rats
reconstructed with the same conduits. The HSP27 expression was also higher in
the diabetic rats than in the healthy rats, but there were no differences between
hCNG-II and CFeCNG®™ conduits. The HSP27 ratio was significantly higher
between healthy and diabetic rats as well as between the hCNG-II and CFeCNG*™
conduits, with higher values in the group of CFeCNG?*dia® chitosan nerve
conduits.

Long-term evaluation

Macroscopic investigation of the chitosan nerve conduits after bridging a 15 mm
nerve defect revealed that two cables within the chitosan nerve conduits were
connected through the holes made in the membranes in the CFeCNG*™ and
CFeCNG*-SC-FGF-2'82 groups of rats. Fifty percent of the rats with hCNG-I
and 57 % of those with hCNG-III conduits had one cable. In 71 % of the rats with
CFeCNG'™ and in 100 % of the rats with CFeCNG*", the conduits contained two
cables. Finally, in the CFeCNG*-SC-FGF-2"#P* group, two cables were observed
in 86 % of the rats after long-term regeneration.
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Motor recovery was assessed by electrophysiological tests and compared between
the groups of rats, where the sciatic nerves had been reconstructed with the
different chitosan nerve conduits. Assessment was made for up to 120 days after
nerve reconstruction in studies 1 and 3. In study 1, we found that motor recovery
in the PL muscle was improved after 60, 90, and finally 120 days in the hCNG-I
and CFeCNG'' groups of rats. The number of rats with improved motor function
increased in CFeCNG'®' group particularly after 90 and 120 days. In study 3, all
rats in the ANG group had noticeable motor reinnervation in the PL muscle after
60, 90 and 120 days. Improved PL muscle reinnervation was observed after 90 and
120 days in the hCNG-III, CFeCNG*™ and CFeCNG*™-SC-FGF-2'%P* groups of
rats. Improvements were particularly noticeable in the CFeCNG* group and
several rats displayed better motor recovery than those in the other groups.

In study 1, the TA muscle motor function was improved at 60, 90, and 120 days in
the hCNG-I and CFeCNG"" group of rats. In study 3, the ANG group showed
improved motor recovery in the TA muscle at all three time points. At 60 and 90
days, however, the hCNG-III and the CFeCNG®™ groups of rats also displayed
improved motor function, particularly the CFeCNG*™ group, where almost the
same number of rats as in the ANG group displayed full motor function.
Unfortunately, the group of rats with CFeCNG*™-SC-FGF-2"*P* chitosan nerve
conduits did not display any kind of motor recovery at any time point. In study 3,
the weight ratio analysis was performed for the TA and GA muscles. We found
that the CFeCNG®™ and ANG groups had similar results compared to the other
groups, although the ANG group of rats had the highest weight ratio.

All groups of rats, regardless of type of reconstruction, responded to the von Frey
test (sensory recovery) at 90 and 120 days in studies 1 and 3. The CFeCNG*™
chitosan nerve conduit group of rats reached control levels after 120 days of
reconstruction. There were no significant differences between the rats
reconstructed with ANG and with the hCNG-III conduits, and the CFeCNG*-SC-
FGF-2"%P2 group of rats did not reach full sensory recovery even after 120 days.

The morphometric evaluation revealed significant differences between the healthy
nerves and experimental groups concerning axon diameter, fibre diameter, g-ratio
and myelin thickness, but no differences were observed among the experimental
groups.
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Discussion

Even though the development of techniques and methods for nerve repair and
reconstruction, as well as the rehabilitation, have improved over the recent years,
peripheral nerve injuries still give rise to short- and long-term consequences that
pose a global clinical problem. From a functional perspective, the outcome after a
peripheral nerve injury is still unsatisfactory [15, 36, 75, 106]. In the present
thesis, the aim was to explore and evaluate experimental peripheral nerve
regeneration after nerve injury inflicted on healthy and diabetic rats in order to
enhance our understanding of how the regenerative process differs between
healthy and diabetic conditions. The diabetic rat models used were selected
specifically for their resemblance to human type 1 and type 2 diabetes (I, II, IV,
V), and our studies were conducted using rats of both genders (II). We also used a
variety of repair and reconstruction techniques, including common autologous
nerve grafts but also hollow or modified chitosan conduits (II[-V). Furthermore, in
order to evaluate the regeneration process in detail, cell-signalling pathways
induced by nerve injury, regeneration, and reconstruction, including those that
activate or induce apoptosis in affected Schwann cells, were investigated (I-V).

Severed axons in the peripheral nervous system have the ability to regenerate after
nerve injury and extend into the distal nerve end. However, when a disease, such
as diabetes, is present this process may be impaired. Earlier studies have shown
that Wallerian degeneration in experimental diabetes, such as in STZ-induced
diabetes, can be delayed after nerve injury [23, 86]. The process of Wallerian
degeneration is highly relevant for axonal outgrowth after a nerve injury and its
delay impedes regeneration [107-109]. Diabetes affects both neurons and Schwann
cells in the peripheral nervous system, which can be observed as a reduced
amplitude and a slower conduction velocity of the nerve signals [108, 110].
Diabetes is also related to a reduced neurofilament expression, which is relevant
for the nerve regeneration process [107, 108, 111]. Nerve regeneration is complex
and several intracellular processes within neurons and Schwann cells, as well as
extracellular processes, are generated to ensure regeneration and restoration of
function after a peripheral nerve injury [12, 112]. Following a nerve injury, the
affected Schwann cells usually dedifferentiate, upregulate specific substances and
start to proliferate in order to support regeneration of the axons. Nonetheless, some
sensory neurons still enter into apoptosis without the possibility of regeneration
[43, 113]. Resident and recruited macrophages may also play an important role in
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the regeneration process, since they enter the lesion site and migrate into the distal
nerve end after the injury [7, 10].

Neuroma formation is the term used for the scarring of nervous tissue, which is
often a consequence of nerve transection. To avoid neuroma formation, which may
cause severe pain [114], the regenerating axons require some kind of guidance to
be able to grow into the distal end of the injured nerve [115]. Biodegradable
conduits, bridging the proximal and distal nerve ends, allow axon regrowth into a
matrix formed within the conduit, and such conduits may therefore be useful in
reconstructing shorter nerve defects [28, 73]. However, autologous nerve grafts
still function as the gold standard in reconstruction, particularly when bridging
longer nerve defects (I1I-V). To be able to introduce novel conduits into clinical
practice, it is relevant to evaluate their efficacy in experimental animal models,
examining not only healthy individuals, but also taking into account diseases, such
as diabetes, and subject gender. The purpose of this thesis was to obtain such
detailed information in relation to various nerve repair techniques.

Diabetes and gender affect nerve regeneration

It is important to understand and clarify how diabetes affects the peripheral
nervous system after nerve injury. Most studies published to date have
investigated STZ-induced diabetes in various animal models but mainly using
male animals [23, 97]. In this thesis, we used genetically modified rats of both
genders with symptoms that resemble type 1 or type 2 human diabetes. In Paper I,
we used diabetic BB rats, which resemble human type 1 diabetes with
symptomatic neuropathy [116]. To our surprise, these rats did not display any
significant differences regarding axonal outgrowth compared to healthy rats. In
contrast, previous studies, usually carried out with longer evaluation times, have
shown reduced axonal outgrowth in this diabetic rat model compared to healthy
rats, but the short evaluation time in our study (six days) may explain this
discrepancy [107, 117]. The health status of the BB rats in our study did not allow
any longer evaluation times without insulin treatment. Another possible
explanation for the discrepancy in nerve regeneration in this BB model between
previous studies and ours could be the age of the rats, considering the time factor
for developing diabetes [118, 119]. At least at the start of the nerve regeneration
process, there is a possibility that some functional B-cells may remain in this rat
model and, therefore, may still maintain the insulin pathway, which could affect
nerve regeneration positively. A recently published study indicated that BB rats
develop diabetes between 8 and 16 weeks of age and that at least 20 % of the B-
cells may still be active at the time of diagnosis [118, 119]. In our study, we used
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7-week-old rats, so a possible explanation for the similarities in axonal outgrowth
between the BB and healthy rats in Paper I, is that the BB rats could still have had
active B-cells. Nonetheless, the BB rats in our study displayed clinical signs of
diabetes, including high blood glucose values.

Genetically modified rat models are uncommon in studies of nerve regeneration.
Most previous in vivo studies have used rats with STZ-induced diabetes, often
with a long evaluation time after nerve injury and repair [23, 86]. STZ-induced
diabetes in rats may not, however, be optimal for extrapolation of nerve injury
results to human subjects with type 1 or type 2 diabetes, as insulin is probably still
produced in this model [99]. In addition, since insulin can act as a growth factor in
the MAPK pathway, which has been linked to Schwann cell proliferation, it may
indirectly affect axonal outgrowth [23, 81, 120, 121]. An interesting finding in our
studies of Schwann cells was an increase in both the number of activated ATF-3
stained and apoptotic cleaved caspase-3 stained Schwann cells at the lesion site in
the diabetic BB rats compared to the healthy rats at six days after nerve injury and
repair. This result may indicate a more pronounced injury process in the diabetic
BB rats with a more extensive up-regulation of Schwann cells to compensate for
the injury, which may be necessary for axonal outgrowth. This finding could then
also explain the observed similarities in axonal outgrowth between healthy and
diabetic BB rats [122]. However, the diabetic environment in the BB rats may also
induce oxidative stress, which is a disruption in the balance between reactive
oxygen species (called free radicals) and antioxidant defensive structures [123].
Interestingly, an earlier study shows that treatment with antioxidants reduced the
symptoms of diabetic neuropathy [124]. Indeed, oxidative stress imposed on
Schwann cells, as well as the development of Schwann cell apoptosis, may lead to
degeneration of the nerve [125, 126]. In the distal part of the sciatic nerve in the
diabetic BB rats, a pattern similar to that observed at the lesion site was noted,
with higher numbers of activated and apoptotic Schwann cells than in the healthy
rats (I). There is probably a delicate balance between activated and apoptotic
Schwann cells that is essential for axonal outgrowth [43, 44]. This is also indicated
in the present studies using GK rats. On the other hand, this result could indicate
that the high number of activated Schwann cells in the BB rats is due to an
ongoing repair process, as has been described in other studies [52, 127].

Another diabetic animal model, probably better suited for diabetes studies than the
BB rats, is the genetically modified GK rat, with milder diabetic symptoms and
lower levels of blood glucose compared to the BB rats. The GK rats have activated
insulin-producing B-cells, and therefore survive for longer periods of time without
insulin treatment, making this a more appropriate model for extrapolating results
to human diabetes. For this reason, this model was selected for experiments in
most of the papers in this thesis (IL, [V, V). Another advantage of this model is that
the blood glucose values remain stable for a longer period [25, 128], making
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behavioural studies possible. It also enables long-term evaluation of the effects of
nerve repair and reconstruction, even in delayed nerve procedures.

In Paper II, we observed differences between male and female diabetic GK rats
regarding the length of the axonal outgrowth. After direct nerve repair and
evaluation at six days, we found longer axonal outgrowth in the males than in the
females. The same results were found in healthy rats, where longer axonal
outgrowth, as assessed by neurofilament staining, was observed in the males than
in the females. We found more activated and apoptotic Schwann cells, both at the
lesion site and in the distal part of the nerve, in the GK rats compared to the
healthy rats, which may contribute to the observed differences in axonal
outgrowth. The insulin production in the GK rats, with modest blood glucose
values, may also exert an influence on axonal outgrowth, but this probably differs
in male and female rats. Previous clinical findings imply that there are also gender
differences in humans, with higher insulin secretion in females [129].
Furthermore, in Paper II, the number of ATF-3 and cleaved caspase-3 stained
Schwann cells at the lesion site correlated positively with blood glucose values in
the GK rats, possibly indicating that blood glucose regulates the balance between
activated and apoptotic Schwann cells after nerve injury influenced by diabetes.

One limitation in Papers I and II is the time aspect, making only short-term nerve
regeneration possible. However, investigating short-term regeneration under the
influence of hyperglycaemia was indeed the aim of the study. Most previously
published studies have analysed the regeneration processes for longer periods of
time and they have shown more pronounced differences between healthy and
diabetic animals, with less axonal outgrowth in the diabetic animals than in the
healthy animals. Hence, the time factor appears to be important for both the
degeneration and regeneration processes under diabetic conditions [127, 130]. In
our case, longer periods of observation were not possible for the diabetic BB rats
since they were not treated with insulin and would therefore not have survived.

Only a few studies in the field have evaluated the influence of gender on nerve
injury and regeneration and most of the experimental studies have used either male
or female rats [131, 132]. Interestingly, a recently published study in the field of
gender differences describes the importance of using both female and male
animals in experimental studies with regard to a number of parameters [133]. This
is in agreement with the aim of this thesis, where we decided to use healthy and
diabetic rats of both genders. Furthermore, clinical studies show that male subjects
with diabetes are more likely to develop peripheral neuropathy than female
subjects, a fact that has not yet been explained [83, 134]. Remarkably, gender
differences were indeed revealed in the present thesis, with longer axonal
outgrowth in male than in female rats. One reason for the improved nerve
regeneration in the male rats could be the impact of the neuroactive male hormone
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testosterone, as it affects the peripheral nervous system by influencing Schwann
cell proliferation and also by regulating specific transcription factors [135]. Sex
hormones, such as testosterone in males and progesterone in females, could
therefore be of potential value in treatment for diabetic neuropathy [136].
Conversely, diabetes affects the levels of the neuroactive hormones negatively,
which could have a negative impact on the process of nerve regeneration [83,
137].

Reconstruction of the injured sciatic nerve using
chitosan conduits

Selection of chitosan conduits

Chitosan is an interesting material for nerve repair and regeneration of tissue and
because of its possible application in humans [20, 73]. One advantage of using
chitosan conduits for reconstruction is that the original material, chitosan, is
already manufactured to approved ISO-standard protocols for medical units - a
necessary prerequisite for commercialization and access to the clinical market.
After successful in vivo and in vitro studies, chitosan conduits have recently been
approved for clinical application in Europe (CE mark, Reaxon®Nerve guide).
Hollow chitosan conduits of three different degrees of acetylation (DAs) were
tested in Paper III to identify a conduit that could appropriately be used to
reconstruct a 10 mm long nerve defect. Based on a number of variables, the DAII
chitosan conduit was found to be the best alternative and was therefore selected for
the continuing studies of reconstruction and nerve regeneration. We also selected a
minimum of three weeks for nerve regeneration, since this was the point at which
the conduits contained a completely formed and sufficient matrix between the
nerve ends. Paper III contains results from both in vivo and in vitro analyses. We
evaluated the effect of reconstruction with chitosan conduits at different time
points, and compared hollow chitosan conduits with autologous nerve grafts. In
clinical reconstruction of a nerve injury with a defect, i.e. when suturing of the
nerve ends is prohibited, the autologous nerve graft is “the gold standard” model
[36, 62, 75]. Reconstruction with other available conduits remains limited, despite
considerable advances in the development in various artificial nerve conduits,
since few nerve defects can be bridged and the functional outcome is not
satisfactory. For this reason they are less frequently used in clinical practice [74].

Several measurable parameters were interesting in this study, including
investigation of the chitosan material itself and comparison of the three levels of
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chitosan acetylation to enable selection of the most appropriate conduit. These
parameters were evaluated by measurements of material degradation time, matrix
formation, cellular reactions and axonal outgrowth observed by
immunohistochemistry and histology as well as functional evaluation. Previously,
silicone conduits have been used for reconstruction of smaller nerve defects (about
10 mm) in rats, but the material is non-degradable and is not suitable for
reconstruction of longer nerve defects [138]. Any conduits made of material
foreign to the body are required to degrade within a suitable time after nerve
reconstruction to avoid adverse biological reactions, which would require a second
operation to remove the conduits [74]. In this respect, numerous commercial
conduits made of different materials have been tested over the years with varying
results. It has been particularly difficult to reconstruct longer nerve defects (more
than 30 mm) [74]. The three most widely described, and also most clinically used,
conduits are made of collagen (NeuraGen™), polyglycolic acid (Neurotube™;
PGA), or polylactide caprolactone (Neurolac™; PCL). These conduits have,
however, only been tested in reconstructions of nerve defects shorter than 30 mm
[139, 140]. An earlier study revealed that nerve regeneration failed in a number of
patients after nerve reconstruction with NeuraGen™ conduits, which proved
unable to provide the necessary scaffold for more than 6 months. This type of
conduit is therefore not a good alternative for reconstruction of longer nerve
defects [141]. A similar problem has been noted with the use of Neurotube™
conduits, which were found to have degraded completely after 9 months leaving a
nerve defect between the nerve ends [142]. Another study describes fragmentation,
massive swelling, and inflammation at 24 months after reconstruction with
Neurolac™ conduits [143], which also makes it unsuitable for reconstructing
nerves after injury.

Macroscopically, degradation of the DAI and DAII (low and medium acetylation
degrees) chitosan conduits did not differ at 13 weeks, but the conduit with the
highest degree of acetylation (DAIII) already started to degrade at 18 days and was
almost completely degraded at 13 weeks. This finding corroborates results from a
previous study [144], where the authors found that the degradation of low (1 %)
and medium (5 %) DA was insignificant and there were no signs of degradation
after 13 weeks. The criteria for producing an appropriate artificial conduit for both
shorter and longer nerve defects should be as follows: the material must be able to
provide a structure for the axons to grow in the appropriate direction; it must be
able to avoid misdirection of axons; and it must be able to support sufficient
axonal outgrowth to lead to functional recovery. Furthermore, to meet grafting
requirements, the material needs to be 1) biocompatible, 2) non-toxic, 3)
degradable within a suitable time frame, 4) transparent, which is important for
correct positioning of the conduit after nerve reconstruction, 5) elastic, 6) easy to
handle and 7) produced in a reasonable time at reasonable cost [74, 145].
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Implantation with the three types of chitosan conduits had similar effects on
investigated mRNA levels in the corresponding DRG at 5 and 18 days after nerve
reconstruction. The data revealed an up-regulation of the neurotrophic factors (i.e.
BDNF, FGF-2, and NGF), as well as the cytokine I1L-6, and GAP-43 at both 5 and
18 days. An exception was the Trk-B receptor, which remained stable in all groups
of chitosan conduits as well in the control DRG group. Generally, mRNA levels
for the investigated neurotrophic factors, the cytokine receptor and GAP-43, were
found to increase between 1 and 4 days after nerve injury, they then plateaued and
started to decrease again around 7 to 14 days [146, 147]. We found that bridging a
10 mm nerve defect with chitosan conduits had no effect on these molecular
processes, indicating that the chitosan material does not appear to exert negative
effects on nerve reconstruction. In addition, a complete matrix was found to be
formed between the proximal and the distal nerve ends of the transected sciatic
nerve in all three DA groups of chitosan conduits. The thickness of the matrix was
similar at all measured levels, and in all the three DA, and it resulted in similar
axonal outgrowth. The matrix formed within the conduits has previously been
described as crucial for axonal outgrowth and for successful nerve regeneration
[72, 148]. We therefore investigated the number of activated and apoptotic
Schwann cells within the matrix. The results, which are detailed in Paper III,
revealed no differences in the numbers of activated Schwann cells in the matrix
between the three DA groups of chitosan conduits at 21 days after nerve
reconstruction. However, a significant increase in apoptotic Schwann cells was
found in the matrix of the DAIII chitosan conduits. In the distal nerve end, we
found more activated Schwann cells when using the DAIII chitosan conduits, and
fewer activated Schwann cells after using the DAI conduits, both compared to the
DAII conduits at the same level. No differences in cleaved caspase-3 stained
Schwann cells in the distal nerve were observed among the three groups.

Taken together, these findings were not sufficient to allow selection of a specific
group of chitosan conduits for continued use. Nonetheless, the importance of
specific biomaterials for encouraging Schwann cell viability, proliferation and cell
adhesion has been described in previous in vitro studies and such parameters could
be crucial for successful nerve regeneration after nerve reconstruction with
conduits [149]. For instance, Schwann cell proliferation and its importance for
axonal outgrowth has been reported to be dependent on the degree of acetylation
of the chitosan conduit [150]. Early in vitro studies suggest that the degree of
acetylation should be between 5-10% for the optimal spread and proliferation of
Schwann cells [150, 151]. Our data revealed no differences in number of ED1
stained macrophages after 18 days or at 13 weeks between the various types of
chitosan conduits. The inflammatory reaction with ED1 macrophages was
observed to be lower over time; although with no differences between the chitosan
conduits. This result was expected, since an inflammatory process is required for
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dealing with axonal debris. However, since an inflammatory process was still
observed at 13 weeks, even within the DAIII conduits, this could pose a potential
risk for degradation of the formed matrix (III). We, therefore, decided to exclude
this group of conduits from our further studies. In the DAI group of chitosan
conduits, we found increased sprouting after nerve reconstruction. Since a higher
degree of sprouting may cause re-innervation of undesired targets, we decided that
this group was also less suitable for further use [152].

Functional recovery after reconstruction using chitosan conduits

Clinically, the functional outcome when reconstructing severed nerves using
conduits of different materials, has often been inadequate [68]. This could be
related to the length of the nerve defect as well as the nerve injury itself, where the
endoneurial tube of the distal nerve end is damaged to such an extent that it cannot
provide outgrowing axons with proper guidance to reach the correct target [75]. In
Paper 111, the results of the SSI test revealed no improvement over time, whereas
the electrophysiological recordings showed a significant improvement. These
contradictory results have been reported previously and need to be considered in
future studies [153], but the improvement in electrophysiological variables could
be due to a maturation process [154]. Nevertheless, electrophysiological tests,
together with morphological tests, are still important for evaluating nerve
regeneration after nerve repair or reconstruction in rats [155]. The
electrophysiology tests, the measuring of CMAP levels in Paper III, revealed
almost full reinnervation in TA (62 %) and PL (80 %) muscles after reconstruction
with autologous nerve grafts compared to reconstruction with chitosan conduits
(6-29 % in TA and 33-50 % in PL muscles). At the last measurement (at 12
weeks), complete reinnervation was observed with reconstructions using any
group of chitosan conduits and the results attained levels similar to those where
autologous nerve grafts were used. A previous study has stressed the presence of
misguided directional axons, which prevents other axons from reaching their
target, and which may instead allow a single axon to reinnervate several muscles
via branches [155]. Such increased sprouting may, however, lead to disturbed
reinnervation and improper motor coordination [155]; however, it is even more
important in sensory nerve regeneration, where misdirection is deleterious for
functional recovery.

To conclude, the results of the studies conducted and described in Paper I1I, show
that regeneration when using the DAII group of chitosan conduits (i.e. medium
acetylation) was accompanied by less sprouting and a shorter degradation time
compared to when DAI and DAIII chitosan conduits were used. Therefore, DAIIL
chitosan conduits were selected for further investigation of nerve regeneration in
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longer nerve defects (15 mm; Paper V) after primary and delayed nerve
reconstruction [156].

Nerve regeneration in chitosan conduits and autologous nerve grafts

When comparing the effect of chitosan conduits and autologous nerve grafts in
healthy and diabetic GK rats, an improved axonal outgrowth was observed in the
autologous nerve grafts in both healthy and diabetic rats (IV). Surprisingly, axonal
outgrowth was improved in the diabetic GK rats compared to in the healthy rats,
when reconstructed both with chitosan conduits and autologous nerve grafts (IV).
These results appear to contradict the findings in Paper II, where short-term nerve
regeneration was studied after direct nerve repair, and where we observed an
improved axonal outgrowth in the healthy rats compared to the diabetic GK rats. A
possible explanation for this discrepancy could be that in Paper Il the axons, after
transection and direct nerve repair, grow directly into the distal nerve end that has
an appropriate vascularized environment with all the benefits still available for
nerve regeneration [157]. In Paper IV, the sciatic nerve was transected, the nerve
segment rotated and then re-sutured back into the sciatic nerve defect resulting in a
non-vascularized path encountered by the axons before they reached the
vascularized distal nerve segment. Thus, the Schwann cells in the autologous
nerve grafts in Paper IV depend on diffusion of oxygen from surrounding tissue in
order to survive before microcirculation before microcirculation recovers within
the graft. Such revascularization starts approximately 3 days after nerve repair in
autologous nerve grafts [157]. Wallerian degeneration starts immediately after
injury, but the speed can be affected by the condition of the microcirculation with
subsequent delayed axonal outgrowth due to the tissue niche [157-160].

Nerve regeneration and influence of diabetes after nerve
reconstruction

The hollow DAII chitosan conduits were found to be suitable for reconstruction of
a 10 mm long nerve defect in healthy and diabetic GK rats (IV). In these
experiments, we found that a matrix successfully formed inside all chitosan
conduits in both healthy and diabetic GK rats. However, and as expected, better
axonal outgrowth was observed in the autologous grafts than in the chitosan
conduits (IV). More activated Schwann cells were observed in the autologous
nerve grafts than in the chitosan conduits, which may explain the longer axonal
outgrowth in the autologous graft. The higher number of activated Schwann cells
was accompanied by an increased number of apoptotic Schwann cells, indicating a
balance between activated and apoptotic Schwann cells. The longer axonal

63



outgrowth also positively correlated with blood glucose values in the diabetic GK
rats after both reconstruction methods. A similar correlation was found in Paper 11
using a different treatment after nerve injury; i.e. direct nerve repair. In Paper [ on
the other hand, where the nerve injury in the BB rats, which displayed higher
blood glucose values, was also directly repaired with sutures, these values did not
correlate to length of axonal outgrowth. Since the results differed between BB and
GK rats, these findings may indicate that the levels of blood glucose are important
for axonal outgrowth and there is a substantial risk that high blood glucose is
detrimental to the regeneration process. The effect of blood glucose on axonal
outgrowth after nerve reconstruction of a minor nerve defect has been
demonstrated in an earlier study [161]. In that study, there was an incompletely
formed matrix between the nerve ends after the nerve injury in STZ-induced
diabetic rats with higher blood glucose values, i.e. around 30 mmol/l [161]. These
results are very different from the findings in the GK rats used in Papers II, IV and
V, with modest blood glucose values and a completely formed matrix but still with
the same evaluation time (21 days).

Modification of the chitosan conduits and addition of Schwann cells

Even in the diabetic GK rat model, a complete matrix, which is a prerequisite for
axonal outgrow and functional recovery, was observed bridging a short nerve
defect, 10 mm, within the chitosan conduit. This could indicate that the
environment in the diabetic GK rat model may play the main part in nerve
regeneration. To investigate longer nerve defects, nerve regeneration after
reconstruction of a longer nerve defect (15 mm) was studied using “enhanced”
chitosan nerve conduits, where a chitosan membrane with or without perforations
(V) was introduced and compared to hollow chitosan nerve conduits in healthy
and diabetic GK rats. In the macroscopic evaluation of the groups of CFeCNG*™
(inserted perforated membranes) and CFeCNG'' (inserted membranes) chitosan
nerve conduits, we found extended cables (i.e. matrices; two cables instead of one)
in both the healthy and the diabetic GK rats after short periods of time (56 days).
These extended cables are probably the cause of the longer axonal outgrowth with
visible axons in the distal part of the nerve. In addition, in some of the experiments
the inserted perforated membrane was seeded with genetically modified Schwann
cells (i.e. CFeCNG™-SC-FGF-2"*P%) with the aim of improving nerve
regeneration over extended (15 mm) nerve defects in healthy Wistar rats. Previous
in vitro studies show a positive effect of chitosan, both regarding cell-adhesion and
Schwann cell proliferation [68, 149]. Furthermore, in vivo and in vitro studies
indicate that nerve regeneration can be improved after nerve reconstruction using
modified Schwann cells inserted in chitosan conduits [162-164]. However, the
results in Paper V revealed no improvement of the nerve regeneration process or
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functional recovery after nerve reconstruction in the long-term (after 120 days)
with the perforated membrane insert with genetically modified Schwann cells (i.e.
CFeCNG™.-SC-FGF-2'®P%) " compared to nerve conduits without such cells in
healthy rats. It is possible that insufficient modified Schwann cells survived inside
the chitosan nerve conduits in our study and that they were therefore not available
to support axonal outgrowth.

Another interesting result was obtained in Paper V, where axonal outgrowth was
improved when the healthy and GK rat sciatic nerve was reconstructed with
chitosan nerve conduits equipped with a perforated membrane (CFeCNG>"%). Prior
to the analysis of the formed matrix/cables in Paper V, the neovascularization was
investigated by means of visual observation in all experimental groups (both short-
and long-term). Thin blood vessels were observed in the matrix/cables which in
turn were connected to the membrane insert, especially in the diabetic GK and
healthy Wistar rats where the nerve had been reconstructed with “enhanced”
chitosan nerve conduits (CFeCNG*). An increased neovascularization is
necessary after nerve reconstruction and probably affects the axonal outgrowth
positively by providing cells with proper nutrition and oxygen [159].

The improvement of muscle innervation in Paper V was noted in all groups of
chitosan conduits after 120 days in both PL and TL muscle. The sciatic nerves
reconstructed with conduits containing perforated membranes (CFeCNG*9) had
the best recovery compared to the hollow conduits (hCNG-II) and the conduits
with inserted non-perforated membranes (CFeCNG'™"). The von Frey test also
indicated the same results, with almost normal values in the sensory recovery after
nerve reconstruction with the CFeCNG>™ conduits at long-term evaluation.

Early clinical studies reveal that increased levels of HSP27 are coupled to
neuroprotection after nerve injury in patients with diabetes, which partially protect
them from insufficient nerve function and are therefore an important factor in
patients with diabetes [165, 166]. In Paper V, the HSP27 levels were higher in the
sensory neurons in the diabetic GK rats than in the healthy Wistar rats. This
finding is in line with the results from previous clinical studies investigating
peripheral neuropathy [60, 165]. A recently published paper also confirms these
results, although the authors had investigated delayed nerve reconstruction [156].
Nonetheless, high intensity of HSP27 was observed and a concomitant higher
degree of neuroprotection was found in the diabetic GK rats after nerve injury and
reconstruction. In Paper V the diabetic GK rats had more activated sensory
neurons, especially in the group of CFeCNG*™chitosan nerve conduits, than the
healthy rats reconstructed using the same conduit, in the short term. Thus, this may
be a compensatory and protective mechanism. However, when all results were
processed and validated in Paper V, we could conclude that the “enhanced”
chitosan conduit CFeCNG*group, both in healthy and diabetic GK rats in the
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short and long term, provided the optimal nerve regeneration. This result is
promising for further studies in the field of nerve reconstruction using modified
chitosan nerve conduits.
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Conclusions

e There are no differences, short term, in axonal outgrowth between diabetic
BB rats and healthy rats, despite increased numbers of activated and
apoptotic Schwann cells in the BB rats after nerve injury and repair.

e After short-term evaluation, gender differences are found in nerve
regeneration following a sciatic nerve injury and repair in healthy and GK
diabetic rats, with improved axonal outgrowth in healthy rats. Axonal
outgrowth is increased in male rats with more activated Schwann cells
compared to female rats, particularly in diabetic conditions, in which
apoptotic Schwann cells are also more numerous after short-term
evaluation.

e Hollow chitosan conduits can support both short- and long-term nerve
regeneration through the formation of a regenerative matrix after a sciatic
nerve reconstruction of a 10 mm long defect in healthy rats. Any
differences between the activated or apoptotic Schwann cells inside the
matrix or in the distal part of the nerve have no real impact on axonal
outgrowth. Conduits with medium acetylation appear to be the most
appropriate of the three different conduits tested.

e Nerve regeneration is superior in autologous nerve grafts compared to
hollow chitosan conduits when reconstructing a 10 mm long sciatic nerve
defect in both healthy and GK rats after short-term evaluation. Axonal
outgrowth is also improved in diabetic GK rats after nerve reconstruction
using autologous nerve grafts and hollow chitosan conduits in the short-
term. There are higher numbers of activated and apoptotic Schwann cells
after reconstruction with autologous nerve grafts. The thickness of the
matrix, formed between the proximal and distal nerve ends in the chitosan
conduits, influences axonal outgrowth in both GK and healthy rats.

¢ Functional and morphological recovery is improved after reconstruction of
15 mm long sciatic nerve defects using chitosan nerve conduits modified
with a perforated membrane insert compared to when hollow chitosan
conduits are used, both in healthy and in GK rats after short- and long-
term evaluations. Addition of FGF-2 overexpressing Schwann cells did
not further improve regeneration.
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Sammanfattning/Summary in Swedish

Perifera nerver formedlar kénsel- och smirtsignaler frdn bland annat huden till
ryggmaérg och hjérna, liksom impulser till muskler i bl.a. armar och ben. Skador pa
dessa nerver kan ge varierande grader av kansel- och muskelbortfall. Kirurgisk
behandling av nervskador med komplett kontinuitetsavbrott resulterar oftast i
bristande aterhdmtning hos vuxna, vilket kan utgora ett stort problem for
individen.

Diabetes &dr en sjukdom som péverkar sévél funktionen i perifera nerver som
nervldkningen efter skada. Sjukdomen medfor darutdver risk for
nervkomplikationer som forefaller uppkomma tidigare hos mén an hos kvinnor.
Kunskap om ldkning och ldkningsmekanismer hos bada konen efter nervskador
med kontinuitetsavbrott &r ofullstindig, badde vad giller friska individer och
patienter med diabetes.

Efter en perifer nervskada med kontinuitetsavbrott forstdrs (degenererar)
nervtradarna (axonerna) bortom skadan, medan de stddjeceller (Schwann celler)
som omger nervtradarna bibehalls. Dessa celler reagerar pa skadan och ”’stddar”
upp 1 nerven bortom skadan, samt hjilper till att stimulera nervtrddarnas atervaxt
ut till kénselkroppar och muskler (mélorgan). Vid behandling av en nervskada
repareras eller rekonstrueras (Overbryggas) denna beroende pé hur stort eller litet
mellanrummet 4r mellan nervindarna. Antingen kan skadan sys ihop direkt (sutur)
eller — om defekten 4r mer omfattande — 6verbryggas med en mindre viktig nerv
som “offras”, ett s.k. nervgraft. Meningen ar att de skadade nervtradarna skall
kunna véxa ut till malorganen igen genom att utnyttja nervgraftet som en bro.

I en del fall déir nervgraft inte 4r mojliga, eller mindre 1dmpliga, kan de erséttas
med konstgjorda material. Dessa material kan dven vara tillimpliga vid kirurgisk
behandling av nervskador med kontinuitetsavbrott pa patienter med diabetes, men
hér ar kunskapen om lédkningsprocessen bristféllig. Vid utveckling av nya material
maste man darfor beakta att de dven skall kunna anvéndas pé individer med
diabetes.

I den hir avhandlingen beskriver jag studier utférda pa friska och diabetiska hon-
och hanréttors nervtradar och deras stodjeceller, samt hur ldkningsmekanismerna
efter en nervskada med komplett kontinuitetsavbrott paverkas efter sutur eller
rekonstruktion med ett nervgraft eller ett konstgjort material. Tvd modeller av
rattor med diabetes och olika blodsockernivaer, BB (Biobreeding; liknar mer s.k.
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typ 1 diabetes) och GK (Goto-Kakizaki; liknar mer s.k. typ 2 diabetes; har lagre
blodsockernivaer 4an BB-rattor), har anvénts och jamforts med friska rattor.

Utvixten av nervtrddarna och antalet stddjeceller har studerats i friska och
diabetiska hon- och hanréttor. Jag har &ven utvérderat en ny sorts konstgjord
nervtub tillverkad av kitin, som é&r ett naturligt material, ursprungligen fran
kraftdjur. Genom en specifik process tillverkas en kitosan-nervtub som &r
vavnadsvanlig, vilken kroppen inte reagerar negativt pa.

En rekonstruktion av en nervdefekt med denna nervtub gjordes i friska och
diabetiska rattor for att se hur nervtradarna vixte ut i jaimforelse vid anvindning av
ett nervgraft. Jag undersokte om stddjecellerna kring nervtrddarna Okar eller
minskar i antal efter sutur eller rekonstruktion av nervskadan i de olika
modellerna. Mgjligheten att paskynda nervtrddarnas utvdxt vid en ldngre
nervdefekt undersoktes ocksd genom att modifiera nervtuben med insittning av
membran och stddjeceller.

Négon skillnad i ldngden pa de utvixta nervtrddarna mellan de friska och de
diabetiska BB-rattorna efter direktsutur kunde inte pavisas, medan det diremot
foreldg en skillnad i antalet stodjeceller. Efter sutur av nervskadan hos friska och
diabetiska GK-rittor noterades en bittre utvdxt av nervtrddarna hos hanarna
jamfort med hos honorna bade i de friska och i de diabetiska réttorna.

Vid rekonstruktion av nervskada med en mindre substansdefekt understodde den
tomma tuben av kitosan ldkningen i bade friska och diabetiska rattor, men
nervgraft gav ett bittre resultat. Intressant nog var utviaxten av nervtradarna efter
rekonstruktion med nervgraft eller tom nervtub béttre i de diabetiska GK-rattorna
4n hos de friska rittorna. Aven antalet stodjeceller skiljde sig. Rekonstruktion av
en lingre nervdefekt med en modifierad nervtub, innehdllande membran, gav ett
battre resultat jimfort med en helt tom nervtub. Tilligg av extra stddjeceller hade
ingen effekt.

Sammanfattningsvis har avhandlingen pavisat skillnader i l&knings-mekanismer
mellan friska och diabetiska rattor — beroende pa diabetesmodell — samt mellan
han- och honrattor efter savél reparation som rekonstruktion av en komplett skada
pa en perifer nerv. En nyutvecklad nervtub (s.k. kitosantub), sirskilt ndr den
modifierats med membran, kan anvidndas for att rekonstruera nervskador och kan
dven tillimpas pé patienter med diabetes. Nervtuben har genom véra och andra
studier godkénts for anvéndning i kliniska forsok i Europa.

70



Acknowledgements

I would like to thank all those who supported this project financially: the Swedish
Research Council (Medicine), Lund University, Region Skine and Skane
University Hospital (Malmé-Lund), Sydviastra Skanes Diabetesforening, the
Swedish Diabetes Foundation, and European Community’s Seventh Framework
Programme  (FP7-HEALTH-2011) under grant agreement n°278612
(BIOHYBRID). I gratefully acknowledge the supply of the chitosan raw material
by Altakitin S.A., Portugal, and the making of chitosan conduits by Medovent
GmbH, Germany.

Lars Dahlin, my supervisor, Department of Translational Medicine, Hand
Surgery, Malmo, thank you for your superb knowledge in the field of hand surgery
and peripheral nerve regeneration. You are an extraordinary and excellent
researcher and clinician. Without your help, this work would neither have been
possible nor completed. Thank you for all the hours and efforts you put into it.

Martin Kanje, my first co-supervisor, Department of Biology, Lund, who sadly
passed away in March 2013. Martin was an important source of knowledge for the
design of the present project, but unfortunately he was not able to see it finalized.
Martin should be remembered as an outstanding scientist in the field of peripheral
nerve regeneration and he will continue to be an inspiration in my research.

Charlotta Blom, my second co-supervisor, Synergon AB Goéteborg, thank you for
your kindness and for believing in me. For all your outstanding knowledge in the
field of neuroscience, for your writing skills, but also for your patience, excellent
advice and your time.

Tina Folker, research administrator, Department of Translational Medicine, Hand
Surgery, Malmg. Firstly I am grateful to you for your friendship and all the “bio”
visits after eating cakes at Hollandia and secondly, for always helping me (with a
smile) with different, important and essential administrative things over the years.
Last, but not least, for your unfailing support, encouragement and belief in me!
You are such a good person!

Jonas Bjork, Department of Epidemiology Lund, thank you for the statistical
advice.

71



Thanks to Claudia Grothe and Kirsten Haastert-Talini from the Institute of
Neuroanatomy, Hannover Medical School for your invaluable cooperation.

Thanks to the whole BIOHYBRID - consortium of outstanding researchers with
immense knowledge, some of whom were also co-authors in two of my papers.

I would also like to express my gratitude to Silke Fischer, Natascha Heidrich,
Jennifer Metzen, Hildegard Streich, Maike Wesemann (all from the Institute of
Neuroanatomy, Hannover Medical School) for their technical support.

Camilla Orbjorn, Bodil Roth, Marcus Ljunqvist, Nina Schultz, Elin Byman,
Malin Wennstrom, my colleagues and friends at the Wallenberg Laboratory,
Malmé. You all contribute to the friendly and inspiring atmosphere at lab.

Hanna Frost, Department of Translational Medicine, Hand Surgery, Malmo,
thanks for all your support.

Gerry Jonsson, Clinical Research Center (CRC), Malmo, for always being
helpful and engaged. I also want to thank the rest of the staff at CRC animal
facilities, for their very professional care of the animals.

A big thank you to all my dear Friends for your understanding and positive
support.

Finally, my heartfelt thanks to my Family, the most important people in my life.
Thank you for endless love, support and encouragement during this time.

72



References

10.

11.

12.

13.

14.

15.

Krivickas LS, Wilbourn AJ: Peripheral nerve injuries in athletes: a case series of
over 200 injuries. Semin Neurol 2000, 20(2):225-232.

Bekelis K, Missios S, Spinner RJ: Restraints and peripheral nerve injuries in adult
victims of motor vehicle crashes. J Neurotrauma 2014, 31(12):1077-1082.
Lohmeyer JA, Hulsemann W, Mann M, Schmauss D, Machens HG, Habenicht R:
[Return of sensitivity after digital nerve reconstruction in children: how does age
affect outcome?]. Handchir Mikrochir Plast Chir 2013, 45(5):265-270.

Thorsen F, Rosberg HE, Steen Carlsson K, Dahlin LB: Digital nerve injuries:
epidemiology, results, costs, and impact on daily life. J Plast Surg Hand Surg
2012, 46(3-4):184-190.

Bekelis K, Missios S, Spinner RJ: Falls and peripheral nerve injuries: an age-
dependent relationship. J Neurosurg 2015, 123(5):1223-1229.

Ciaramitaro P, Mondelli M, Logullo F, Grimaldi S, Battiston B, Sard A, Scarinzi
C, Migliaretti G, Faccani G, Cocito D ef al: Traumatic peripheral nerve injuries:
epidemiological findings, neuropathic pain and quality of life in 158 patients. J
Peripher Nerv Syst 2010, 15(2):120-127.

Dahlin LB: Nerve injuries. Current Orthopaedics 2008, 22:9-16.

Chemnitz A, Bjorkman A, Dahlin LB, Rosen B: Functional outcome thirty years
after median and ulnar nerve repair in childhood and adolescence. J Bone Joint
Surg Am 2013, 95(4):329-337.

Rosberg HE, Carlsson KS, Cederlund RI, Ramel E, Dahlin LB: Costs and
outcome for serious hand and arm injuries during the first year after trauma - a
prospective study. BMC Public Health 2013, 13:501.

Fex Svennigsen A, Dahlin LB: Repair of the Peripheral Nerve-Remyelination that
Works. Brain Sci 2013, 3(3):1182-1197.

Palispis WA, Gupta R: Surgical repair in humans after traumatic nerve injury
provides limited functional neural regeneration in adults. Exp Neurol 2017,
290:106-114.

Raivich G, Makwana M: The making of successful axonal regeneration: genes,
molecules and signal transduction pathways. Brain Res Rev 2007, 53(2):287-311.
Grinsell D, Keating CP: Peripheral nerve reconstruction after injury: a review of
clinical and experimental therapies. Biomed Res Int 2014, 2014:698256.

Jonsson S, Wiberg R, McGrath AM, Novikov LN, Wiberg M, Novikova LN,
Kingham PJ: Effect of delayed peripheral nerve repair on nerve regeneration,
Schwann cell function and target muscle recovery. PLoS One 2013, 8(2):e56484.
Isaacs J: Treatment of acute peripheral nerve injuries: current concepts. J Hand
Surg Am 2010, 35(3):491-497; quiz 498.

73



16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.

74

Campbell WW: Evaluation and management of peripheral nerve injury. Clin
Neurophysiol 2008, 119(9):1951-1965.

Ichihara S, Inada Y, Nakamura T: Artificial nerve tubes and their application for
repair of peripheral nerve injury: an update of current concepts. Injury 2008, 39
Suppl 4:29-39.

de Ruiter GC, Spinner RJ, Yaszemski MJ, Windebank AJ, Malessy MJ: Nerve
tubes for peripheral nerve repair. Neurosurg Clin N Am 2009, 20(1):91-105, vii.
Freier T, Koh HS, Kazazian K, Shoichet MS: Controlling cell adhesion and
degradation of chitosan films by N-acetylation. Biomaterials 2005, 26(29):5872-
5878.

Freier T, Montenegro R, Shan Koh H, Shoichet MS: Chitin-based tubes for tissue
engineering in the nervous system. Biomaterials 2005, 26(22):4624-4632.
Obrosova IG: Diabetes and the peripheral nerve. Biochim Biophys Acta 2009,
1792(10):931-940.

Ogurtsova K, da Rocha Fernandes JD, Huang Y, Linnenkamp U, Guariguata L,
Cho NH, Cavan D, Shaw JE, Makaroff LE: IDF Diabetes Atlas: Global estimates
for the prevalence of diabetes for 2015 and 2040. Diabetes Res Clin Pract 2017,
128:40-50.

Nishida N, Yamagishi S, Mizukami H, Yagihashi S: Impaired nerve fiber
regeneration in axotomized peripheral nerves in streptozotocin-diabetic rats. J
Diabetes Investig 2013, 4(6):533-539.

Srinivasan K, Ramarao P: Animal models in type 2 diabetes research: an
overview. Indian ] Med Res 2007, 125(3):451-472.

Portha B, Lacraz G, Kergoat M, Homo-Delarche F, Giroix MH, Bailbe D,
Gangnerau MN, Dolz M, Tourrel-Cuzin C, Movassat J: The GK rat beta-cell: a
prototype for the diseased human beta-cell in type 2 diabetes? Mol Cell
Endocrinol 2009, 297(1-2):73-85.

Stenberg L, Kanje M, Martensson L, Dahlin LB: Injury-induced activation of
ERK 1/2 in the sciatic nerve of healthy and diabetic rats. Neuroreport 2011,
22(2):73-77.

Brushart T: Nerve repair. New York: Oxford University Press Inc; 2011.
Johnson EO, Zoubos AB, Soucacos PN: Regeneration and repair of peripheral
nerves. Injury 2005, 36 Suppl 4:524-29.

Lundborg G: Nerve injury and repair. Regeneration, reconstruction and cortical
remodelling, 2nd edn. Philadelphia: Elsevier; 2004.

Gonzalez-Perez F, Udina E, Navarro X: Extracellular matrix components in
peripheral nerve regeneration. Int Rev Neurobiol 2013, 108:257-275.

Seddon H: Three types of nerve injury. Brain 1943, 66:237-288.

Sunderland S: The anatomy and physiology of nerve injury. Muscle Nerve 1990,
13(9):771-784.

Dahlin LB: The role of timing in nerve reconstruction. Int Rev Neurobiol 2013,
109:151-164.

Stoll G, Muller HW: Nerve injury, axonal degeneration and neural regeneration:
basic insights. Brain Pathol 1999, 9(2):313-325.



35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Stoll G, Jander S, Myers RR: Degeneration and regeneration of the peripheral
nervous system: from Augustus Waller's observations to neuroinflammation. J
Peripher Nerv Syst 2002, 7(1):13-27.

Lundborg G: A 25-year perspective of peripheral nerve surgery: Evolving
neuroscientific concepts and clinical significance. ] Hand Surg 2000, 25A:391-
414,

Navarro X, Vivo M, Valero-Cabre A: Neural plasticity after peripheral nerve
injury and regeneration. Prog Neurobiol 2007, 82(4):163-201.

Welin D, Novikova LN, Wiberg M, Kellerth JO, Novikov LN: Survival and
regeneration of cutaneous and muscular afferent neurons after peripheral nerve
injury in adult rats. Exp Brain Res 2008, 186(2):315-323.

Swanberg M, Harnesk K, Strom M, Diez M, Lidman O, Piehl F: Fine mapping of
gene regions regulating neurodegeneration. PLoS One 2009, 4(6):e5906.

Jivan S, Novikova LN, Wiberg M, Novikov LN: The effects of delayed nerve
repair on neuronal survival and axonal regeneration after seventh cervical spinal
nerve axotomy in adult rats. Exp Brain Res 2006, 170(2):245-254.

Jivan S, Kumar N, Wiberg M, Kay S: The influence of pre-surgical delay on
functional outcome after reconstruction of brachial plexus injuries. J Plast
Reconstr Aesthet Surg 2009, 62(4):472-479.

Jessen KR, Mirsky R: The repair Schwann cell and its function in regenerating
nerves. J Physiol 2016, 594(13):3521-3531.

Terenghi G, Hart A, Wiberg M: The nerve injury and the dying neurons:
diagnosis and prevention. J Hand Surg Eur Vol 2011, 36(9):730-734.

Nunez G, del Peso L: Linking extracellular survival signals and the apoptotic
machinery. Curr Opin Neurobiol 1998, 8(5):613-618.

Makwana M, Raivich G: Molecular mechanisms in successful peripheral
regeneration. FEBS J 2005, 272(11):2628-2638.

Lindwall C, Kanje M: Retrograde axonal transport of JNK signaling molecules
influence injury induced nuclear changes in p-c-Jun and ATF3 in adult rat sensory
neurons. Mol Cell Neurosci 2005, 29(2):269-282.

Wada T, Penninger JM: Mitogen-activated protein kinases in apoptosis
regulation. Oncogene 2004, 23(16):2838-2849.

Agthong S, Kaewsema A, Tanomsridejchai N, Chentanez V: Activation of
MAPK ERK in peripheral nerve after injury. BMC Neurosci 2006, 7:45.
Raivich G, Bohatschek M, Da Costa C, Iwata O, Galiano M, Hristova M, Nateri
AS, Makwana M, Riera-Sans L, Wolfer DP ef al: The AP-1 transcription factor c-
Jun is required for efficient axonal regeneration. Neuron 2004, 43(1):57-67.
Lindwall C, Kanje M: The role of p-c-Jun in survival and outgrowth of
developing sensory neurons. Neuroreport 2005, 16(15):1655-1659.

Patodia S, Raivich G: Role of transcription factors in peripheral nerve
regeneration. Front Mol Neurosci 2012, 5:8.

Hunt D, Hossain-Ibrahim K, Mason MR, Coffin RS, Lieberman AR,
Winterbottom J, Anderson PN: ATF3 upregulation in glia during Wallerian
degeneration: differential expression in peripheral nerves and CNS white matter.
BMC Neurosci 2004, 5:9.

75



53.

54.

55.

56.
57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

76

Lonze BE, Ginty DD: Function and regulation of CREB family transcription
factors in the nervous system. Neuron 2002, 35(4):605-623.

Lindwall C, Dahlin L, Lundborg G, Kanje M: Inhibition of ¢-Jun phosphorylation
reduces axonal outgrowth of adult rat nodose ganglia and dorsal root ganglia
sensory neurons. Mol Cell Neurosci 2004, 27(3):267-279.

Martensson L, Gustavsson P, Dahlin LB, Kanje M: Activation of extracellular-
signal-regulated kinase-1/2 precedes and is required for injury-induced Schwann
cell proliferation. Neuroreport 2007, 18(10):957-961.

Barde YA: Trophic factors and neuronal survival. Neuron 1989, 2(6):1525-1534.
Boyd JG, Gordon T: Neurotrophic factors and their receptors in axonal
regeneration and functional recovery after peripheral nerve injury. Mol Neurobiol
2003, 27(3):277-324.

Vidyasagar A, Wilson NA, Djamali A: Heat shock protein 27 (HSP27):
biomarker of disease and therapeutic target. Fibrogenesis Tissue Repair 2012,
5(1):7.

Dodge ME, Wang J, Guy C, Rankin S, Rahimtula M, Mearow KM: Stress-
induced heat shock protein 27 expression and its role in dorsal root ganglion
neuronal survival. Brain Res 2006, 1068(1):34-48.

Pourhamidi K, Dahlin LB, Englund E, Rolandsson O: Evaluation of clinical tools
and their diagnostic use in distal symmetric polyneuropathy. Prim Care Diabetes
2014, 8(1):77-84.

Yi C, Dahlin LB: Impaired nerve regeneration and Schwann cell activation after
repair with tension. Neuroreport 2010, 21(14):958-962.

Millesi H: Nerve grafts: Indications, techniques, and prognosis. In: Management
of peripheral nerve problems. edn. Edited by Omer GEJ, Spinner M. Philadelphia:
W.B. Saunders; 1980: 410-430.

Kvist M, Sondell M, Kanje M, Dahlin LB: Regeneration in, and properties of,
extracted peripheral nerve allografts and xenografts. J Plast Surg Hand Surg 2011,
45(3):122-128.

Sondell M, Lundborg G, Kanje M: Regeneration of the rat sciatic nerve into
allografts made acellular through chemical extraction. Brain Res 1998, 795:44-54.
Rinker BD, Ingari JV, Greenberg JA, Thayer WP, Safa B, Buncke GM: Outcomes
of short-gap sensory nerve injuries reconstructed with processed nerve allografts
from a multicenter registry study. J Reconstr Microsurg 2015, 31(5):384-390.
Rinker B, Zoldos J, Weber RV, Ko J, Thayer W, Greenberg J, Leversedge FJ,
Safa B, Buncke G: Use of Processed Nerve Allografts to Repair Nerve Injuries
Greater Than 25 mm in the Hand. Ann Plast Surg 2017, 78(6S Suppl 5):S292-
S29s.

Dahlin LB: Techniques of peripheral nerve repair. Scand J Surg 2008, 97(4):310-
316.

Daly W, Yao L, Zeugolis D, Windebank A, Pandit A: A biomaterials approach to
peripheral nerve regeneration: bridging the peripheral nerve gap and enhancing
functional recovery. J R Soc Interface 2012, 9(67):202-221.

Lundborg G, Dahlin LB, Danielsen NP, Hansson HA, Larsson K: Reorganization
and orientation of regenerating nerve fibres, perineurium and epineurium in



70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

preformed mesothelial tubes — an experimental study on the sciatic nerve of rats. J
Neurosci Res 1981, 6:265-281.

Muheremu A, Ao Q: Past, Present, and Future of Nerve Conduits in the
Treatment of Peripheral Nerve Injury. Biomed Res Int 2015, 2015:237507.
Konofaos P, Ver Halen JP: Nerve repair by means of tubulization: past, present,
future. J Reconstr Microsurg 2013, 29(3):149-164.

Dahlin LB, Lundborg G: Use of tubes in peripheral nerve repair. Neurosurg Clin
N Am 2001, 12(2):341-352.

Nectow AR, Marra KG, Kaplan DL: Biomaterials for the development of
peripheral nerve guidance conduits. Tissue Eng Part B Rev 2012, 18(1):40-50.
Bell JH, Haycock JW: Next generation nerve guides: materials, fabrication,
growth factors, and cell delivery. Tissue Eng Part B Rev 2012, 18(2):116-128.
Dahlin LB, Wiberg M: Nerve injuries of the upper extremity and hand. EFORT
Open Rev 2017, 2(5):158-170.

Duarte ML, Ferreira MC, Marvao MR, Rocha J: Determination of the degree of
acetylation of chitin materials by 13C CP/MAS NMR spectroscopy. Int J Biol
Macromol 2001, 28(5):359-363.

Kean T, Thanou M: Biodegradation, biodistribution and toxicity of chitosan. Adv
Drug Deliv Rev 2010, 62(1):3-11.

Meyer C, Wrobel S, Raimondo S, Rochkind S, Heimann C, Shahar A, Ziv-Polat
O, Geuna S, Grothe C, Haastert-Talini K: Peripheral Nerve Regeneration Through
Hydrogel-Enriched Chitosan Conduits Containing Engineered Schwann Cells for
Drug Delivery. Cell Transplant 2016, 25(1):159-182.

Morano M, Wrobel S, Fregnan F, Ziv-Polat O, Shahar A, Ratzka A, Grothe C,
Geuna S, Haastert-Talini K: Nanotechnology versus stem cell engineering: in
vitro comparison of neurite inductive potentials. Int J Nanomedicine 2014,
9:5289-5306.

Tomlinson DR, Gardiner NJ: Diabetic neuropathies: components of etiology. J
Peripher Nerv Syst 2008, 13(2):112-121.

Callaghan BC, Hur J, Feldman EL: Diabetic neuropathy: one disease or two? Curr
Opin Neurol 2012, 25(5):536-541.

Zochodne DW: Diabetic neuropathies: features and mechanisms. Brain Pathol
1999, 9(2):369-391.

Aaberg ML, Burch DM, Hud ZR, Zacharias MP: Gender differences in the onset
of diabetic neuropathy. J Diabetes Complications 2008, 22(2):83-87.

Vacca V, Marinelli S, Pieroni L, Urbani A, Luvisetto S, Pavone F: Higher pain
perception and lack of recovery from neuropathic pain in females: a behavioural,
immunohistochemical, and proteomic investigation on sex-related differences in
mice. Pain 2014, 155(2):388-402.

de la Hoz CL, Cheng C, Fernyhough P, Zochodne DW: A model of chronic
diabetic polyneuropathy: benefits from intranasal insulin are modified by sex and
RAGE deletion. Am J Physiol Endocrinol Metab 2017, 312(5):E407-E419.
Kennedy JM, Zochodne DW: Impaired peripheral nerve regeneration in diabetes
mellitus. J Peripher Nerv Syst 2005, 10(2):144-157.

77



87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

78

Mohseni S, Badii M, Kylhammar A, Thomsen NOB, Eriksson KF, Malik RA,
Rosen I, Dahlin LB: Longitudinal study of neuropathy, microangiopathy, and
autophagy in sural nerve: Implications for diabetic neuropathy. Brain Behav
2017, 7(8):e00763.

Price SA, Agthong S, Middlemas AB, Tomlinson DR: Mitogen-activated protein
kinase p38 mediates reduced nerve conduction velocity in experimental diabetic
neuropathy: interactions with aldose reductase. Diabetes 2004, 53(7):1851-1856.
Agthong S, Tomlinson DR: Inhibition of p38 MAP kinase corrects biochemical
and neurological deficits in experimental diabetic neuropathy. Ann N'Y Acad Sci
2002, 973:359-362.

Sima AA, Sugimoto K: Experimental diabetic neuropathy: an update.
Diabetolog