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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.
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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):

41




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.
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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
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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
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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

65



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.
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The aim of this study was to evaluate nerve regeneration in relation to the transcription factor, Activating
Transcription Factor 3 (ATF 3), and an apoptotic marker, caspase 3, in the Schwann cells of diabetic BB
rats (i.e. display type 1 diabetes phenotype). Sciatic nerves in healthy Wistar rats and in diabetic BB rats
were transected and immediately repaired. Axonal outgrowth (neurofilament staining) and expression
of ATF 3 and caspase 3 were quantified by immunohistochemistry after six days. There was no differ-
ence in axonal outgrowth between healthy and diabetic rats. However, the sciatic nerve in the diabetic
rats exhibited a larger number of ATF 3 expressing Schwann cells at the site of the lesion and also a
higher number of caspase 3 expressing Schwann cells. Similar differences were observed in the distal
nerve segment between the healthy and diabetic rats. There were no correlations between the number
of Schwann cells expressing ATF 3 and caspase 3. Thus, diabetic BB rats display an increased activation of
ATF 3 and also a rise in apoptotic caspase 3 expressing Schwann cells, but with no discrepancy in length
of axonal outgrowth after nerve injury and repair at six days. Knowledge about signal transduction mech-
anisms in diabetes after stress may provide new insights into the development of diabetic neuropathy

and neuropathic pain.

© 2012 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Neuropathy is a common complication to diabetes [10]. Fur-
thermore, the prevalence of diabetic neuropathy is rising with
the global burden of type 2 diabetes in an older population and
an increase in type 1 diabetes [13]. There is a broad variety of
diabetic neuropathies affecting single (mononeuropathy), several
(mononeuropathy multiplex), or many nerves (polyneuropathy).
Longer nerves are especially vulnerable; explaining why nerve-
related problems in the extremities are most common in diabetes.

The pathophysiology of diabetic neuropathy is not fully under-
stood, but may include vascular, metabolic and genetic factors [22].
In addition, neither the reaction of neurons nor Schwann cells in
diabetes after a nerve injury has been clarified. Normally after
a nerve injury, Schwann cells are rapidly activated and prolifer-
ate both at the site of the lesion and in the distal nerve segment
with remodelling of the extracellular matrix [8,21]. Proliferation
of Schwann cells is in turn important for outgrowth of axons [8].
The transcription factor Activating Transcription Factor 3 (ATF 3)
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is expressed in neurons and Schwann cells after nerve injury and
repair [17]. The up-regulation is dependent on kinases from the
stress-activating protein kinase-family (SAPK), which is activated
by several stress inducers, such as trauma and even hyperglycaemia
and oxidative stress [9]. Previous studies indicate that ATF 3 is
obligatory for regeneration of axons after nerve injury in healthy
rats [7]. Schwann cells may also express cleaved caspase 3 as a
marker for programmed cell death (apoptosis), and this expression
is inversely correlated to the expression of ATF 3 [18]. Most studies
on nerve regeneration have been performed in rats made diabetic
by injection of the beta-cell toxic streptozotocin [3,14], while stud-
ies on spontaneously diabetic rats [21] are less common. Such rats
show signs of more prominent expression of ATF 3 in neurons and
Schwann cells after a nerve compression lesion [2]. Therefore, this
study aim was to evaluate the expression of ATF 3 and cleaved cas-
pase 3 in Schwann cells in relation to axonal outgrowth after nerve
injury and repair in diabetic BB and healthy rats.

2. Materials and methods

2.1. Rats and injury to the sciatic nerve

Two groups of female rats were included: spontaneously
induced diabetic BB rats (Biobreeding, body weight around
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Fig. 1. Schematic drawing of the examined nerve and the two different locations
that were used to analyze presence of DAPI, ATF 3 and caspase 3 stained Schwann
cells [near site of lesion (SNL) and 12 mm more distally (SND)].

180¢), kindly provided by Professor Ake Lernmark and Dr Lina
Akesson, Department of Endocrinology, Malmé, Sweden, and
healthy control rats (Wistar), with body weight approximately
200g (obtained from Taconic, Denmark). The animal ethics com-
mittee in Malmo/Lund approved all animal experiments. The
animals were kept in cages with a 12 h light/dark cycle. Food and
water were changed daily. B-glucose, body weight and signs of dia-
betes (polydipsia) were observed daily in all rats. B-glucose was
measured from a blood sample from a puncture of the tail vein
[Ascensia contour (Bio Healthcare, USA, Bio Diagnostics Europe)
and LT (Bayer AB, Diabetes Care, Solna, Sweden); test slip (Microfil
TM; Bio Healthcare Diabetes Care, USA)].

The rats were anaesthetized with an intraperitoneal injection of
a mixture of pentobarbital sodium (60 mg/ml, Apoteket, Malmo,
Sweden) and sodium chloride in a 1:10 proportion. The sciatic
nerves were unilaterally exposed, transected and immediately
repaired using three 9-0 ethilon sutures (Ethicon®) in 7 rats in each
group (Fig 1).

The skin was closed and the rats were allowed to recover. After
six days, due to the hyperglycaemic state and the condition of the
diabetic BB rats, the rats reanaesthetized and the sciatic nerves
were harvested bilaterally. All animals were killed by an overdose
of pentobarbital sodium (60 mg/ml).

The sciatic nerves were attached, and nailed on cork. They
were fixed in Stefanini's fixative (2% paraformaldehyde and 1.9%
picric acid in 0.1 M phosphate buffered, pH 7.2) overnight and then
washed 3x 20 min in PBS (phosphate buffered saline, pH 7.2). The
sciatic nerves were mounted in O.C.T. Compound (Tissue-tek®, His-
tolab products AB, Goteborg, Sweden), sectioned in a cryostat at a
thickness of 10 um, thaw-mounted on to Super Frost® plus slides
(Menzel-Glaser, Germany) and allowed to air dry. After sectioning
the slides were stored at —80°C.

2.2. Immunohistochemistry

For the neurofilament staining, the sections were washed in
PBS for 5min. The sections were labelled with the monoclonal
mouse anti-human neurofilament protein (Dako cytomation, Dako
Denmark) diluted 1:80 in 0.25% Triton-X-100, 0.25% BSA in PBS
overnight at 4°C. After washing with PBS the sections were
incubated with the Alexa Fluor 594 conjugated goat anti-mouse
IgG (Invitrogen, Molecular Probes, Eugene, Oregon, USA) diluted
1:500 in PBS for 1h at room temperature. Finally, the sections
were washed 3x 5min in PBS counterstained with 4’,6-diamino-
2-phenylindole [DAPI; Vectashield®, Vector Laboratories, Inc.
Burlingame, CA 94010] to visualise the nuclei, and then mounted
and cover slipped. The length of axonal outgrowth was measured
on the neurofilament stained and coded sections. The DAPI staining
was used for counting and identification of nuclei.

For the staining with ATF 3, the sections were washed in PBS for
5min. The sections were exposed to rabbit anti-ATF 3 polyclonal
antibody (Santa Cruz Biotechnology, USA) 1:200 diluted in 0.25%
Triton-X-100, 0.25% BSA in PBS overnight at 4°C. After washing
with PBS the sections were incubated with the secondary anti-
body, Alexa Fluor 488 conjugated goat anti-rabbit IgG (Invitrogen,

Fig. 2. Double staining with ATF 3 (green) and S-100 (red) antibodies in the dis-
tal nerve segment of an injured and repaired diabetic nerve. DAPI stained cells
(blue) were used to visualize the cell nuclei (oval) of the Schwann cells. Length
of bar=50 wm.

Molecular Probes, Eugene, OR, USA) diluted 1:500 in PBS for 1h at
room temperature. Finally, the sections were washed 3x 5min in
PBS, mounted with DAPI as described for counting the total number
of cells, cover slipped, coded and analysed as described below.

For the visualisation of caspase3, the sections were washed in
PBS for 5 min, and then incubated with an antibody to cleaved cas-
pase 3 at a dilution of 1:200 (Invitrogen, Sweden AB Stockholm
Sweden) diluted in 0.25% Triton-X-100, 0.25% BSA in PBS overnight
at4°C.The sections were then washed 3 x 5 min and incubated with
the secondary Alexa Fluor goat-anti-rabbit antibody (1:500) (Invit-
rogen, Molecular Probes, Eugene, OR, USA) diluted in PBS for 1 h at
room temperature. Finally, the sections were washed 3x 5min in
PBS, mounted with DAPI and analysed as described below.

2.3. Photography and image analysis

The sections were photographed using a fluorescence micro-
scope (Nikon 80i) equipped with a digital system camera system
(Digital sight DF-U1) connected to a computer. The digital pho-
tographs were analysed with NIS elements (Nikon, Japan).

The length of axonal outgrowth was measured and expressed in
mm from a mean value of at least three analysed sections. From
the sciatic nerve, three other sections were randomly selected
(100-200 pwm apart) and pictures (500 m x 400 wm size) were
taken. In these three pictures, 6 x 200 um? areas were also ran-
domly selected for counting of nuclei. By using this system,
spaces without nerve tissue and artifacts could be excluded. Only
the endoneurial space was analysed and other areas, such as
epineurium/perineurium, large vessels, scar tissue and other non-
neuronal tissues, were not included in the evaluation. In the
randomly selected areas, ATF 3 and caspase 3 positive cells were
identified and counted as Schwann cells based on the morphology
and size of their nucleus and location within basal lamina tubes
(DAPI staining). In addition, double staining of ATF 3 and S-100 was
done (Fig. 2) in separate sections as previously described [8,23]. The
total number of DAPI stained cells (including Schwann cells, per-
ineurial cells, fibroblasts, endothelial cells, inflammatory cells and
others) were also counted. In the nerve distal to the nerve sutures,
pictures were taken and the cells were quantified (Fig. 1) at two
locations: at the distal site adjacent to the sciatic nerve lesion (SNL)
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close to the suture line and in the distal nerve segment (SND) 12 mm
distal to the suture line.

2.4. Statistical methods

The results were expressed as median (minimum-maximum)
values. To examine any significant differences between the groups
the non-parametric method Mann-Whitney U-test was used with
subsequent Spearman rank correlation to assess the relationship
between two variables. A p-value less than 0.05 were considered as
significant and the programme Stat View® was used for calculating.

3. Results
3.1. Fasting blood glucose and bodyweight

The preoperative body weight at the time of nerve injury and
repair were not statistically different between the control (211g,
172-220) and the BB rats (189 g, 158-194; p=0.12) (Table 1). The
preoperative fasting blood glucose level in the BB rats (28.1 mmol/l,
19.1-31.2) was significantly higher (p = 0.002) than the correspond-
ing level measured in the control rats (4.3 mmol/l, 3.4-5.9; Table 1).

3.2. ATF 3 and caspase 3 positive cells and total number of DAPI
positive cells at the site of the lesion

The number of ATF 3 positive cells at the site of the lesion just
distal to the suture line, expressed as a percentage of the total num-
ber of DAPI positive cells (ATF 3 positive/total number of cells; %),
was significantly higher (p=0.002) in the diabetic BB rats than in
the control rats (Fig. 3a and b and Table 1). The number of caspase
3 positive cells at the site of the lesion (caspase 3 positive/total
number of cells; %) was also higher in the BB rat group (p=0.002)
(Fig. 3c and d and Table 1). The total number of DAPI positive cells
(number/mm?) was not different at the site of the lesion between
the groups (p=0.90).

3.3. ATF 3 and caspase 3 positive cells and total number of DAPI
positive cells in the distal nerve segment

When the ATF 3 positive cells were expressed as a percentage of
the total number of DAPI positive cells (ATF 3 positive/total number
of cells; %) in the distal nerve segment 12 mm from the suture line,
a statistical difference was seen (p = 0.002) between the diabetic BB
and control rats (Table 1). The number of caspase 3 positive cells in
the distal segment, expressed as a percentage of the total number
of DAPI positive cells (caspase 3 positive/total number of cells; %),
was again higher in the group with BB rats (p=0.002) (Table 1). In
contrast, the total number of DAPI positive cells (number/mm?2) in
the distal nerve segment was higher in the control rats (p =0.002).

Table 1

3.4. Measurement of axonal outgrowth—neurofilament staining

The length of axonal outgrowth from the site of nerve repair into
the distal nerve segment was judged by neurofilament staining. All
operated nerves in the control rats and the BB rats exhibited axonal
outgrowth detected by neurofilament staining. The lengths of the
regenerating axons were 5635 wm (4987-6700) in the diabetic sci-
atic nerves and 6533 wm (5305-7235) in the healthy control rats
with no statistical difference between the two groups (p=0.11;
Table 1).

3.5. Correlations

The Spearman correlation test was done to correlate between
axonal outgrowth and ATF 3 positive cells and was shown to be
not significant either at the site of the lesion (BB rats; p=0.12 and
control; p=0.93) or in the distal nerve segment (BB rats; p=0.60
and control; p=0.48) in both groups. Correlation was also tested for
axonal outgrowth and the apoptotic marker caspase 3, which again
showed no significant difference for either group at the site of the
lesion (BB rats; p=0.38 and control; p=0.80) or in the distal nerve
segment (BB rats; p=0.48 and control; p=0.60). No correlations
were found between ATF 3 and caspase 3 positive cells at the site
of the lesion (BB rats; p=0.72 and control p=0.86) or in the distal
nerve lesion (BB rats; p=0.38 and control p=0.79).

4. Discussion

Differences between healthy and diabetic BB rats with respect
to activation of and apoptosis of Schwann cells after nerve injury
and repair were noted. The diabetic BB (BioBreeding) rats, which
have a type 1 diabetic phenotype, were used to evaluate axonal
growth and Schwann cell activation and apoptosis at six days. This
interval is shorter than we have previously used to evaluate axonal
outgrowth [23,24], since the hyperglycaemic and clinical condition
of the BB rats did not allow examination at later time points. The
BB rats show similarities with the commonly used streptozotocin-
induced diabetic rat model with respect to activation of Schwann
cells, but also with respect to expression of the MAP kinase p-ERK
1/2 [21] and PDGF-B in transected sciatic nerves [12]. We observed
an up-regulation of ATF 3 as well as the apoptotic marker, cleaved
caspase 3, in the Schwann cells in both groups of rats although
there were differences between the healthy- and the BB rats. The
Schwann cells could be distinguished from other cells by exami-
nation of their nuclei and their location as well as by staining for
S-100 in accordance with previous studies [17,18,23].

Atthe site of the lesion, where the nerve had been transected and
immediately repaired, the diabetic rats had an augmented response
to injury as compared to healthy rats. There were higher numbers
of both ATF 3 positive cells and caspase 3 positive cells in the dia-
betic BB rats. Interestingly, in response to a less traumatic nerve

Results of ATF 3 (% of total number of cells), caspase 3 (% of total number of cells), and DAPI stained cells (number/mm?) at the site of the lesion (SNL) and in the distal nerve
segment (SND) and axonal outgrowth (neurofilament staining) in diabetic and healthy control rats.

Control (n=7) BB (n=7) P-values
(Mann-Whitney U)

ATF 3 at the site of the lesion (SNL) (% of total) 13.9(12.8-15.9) 21.17(19.0-22.1) 0.002
ATF 3 in the distal nerve segment (% of total) 16.3 (15.1-17.0) 19.07 (17.6-19.9) 0.002
Total number of DAPI stained cells at the site of the lesion (no/mm?) 1058(1019-1080) 1048(1009-1101) 0.90

Caspase 3 stained cells at the site of the lesion (SNL) (% of total) 29(2.5-3.9) 17.72 (16.3-18.9) 0.002
Caspase 3 stained cells in the distal nerve segment (SND) (% of total) 2.5(2.0-4.5) 11.4% (10.8-12.9) 0.002
Total number of DAPI stained cells in the distal nerve segment (SND) (no/mm?) 1105(1062-1147) 9677 (875-1023) 0.002
Axonal outgrowth (neurofilament staining) (pm) 6533(5305-7235) 5635(4987-6700) 0.11

Values are median values (min — max).
2 Asignificant difference from the corresponding values in the control rats.
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Fig. 3. Immunohistochemical staining with ATF 3 (a and b) and caspase 3 (c and d) antibodies of Schwann cells in injured and repaired sciatic nerves from diabetic (left) and

healthy (right) rats. Length of bar=100 p.m.

injury than a transection injury, i.e. a compression injury, diabetic
rat sciatic nerves also respond with an increased number of ATF 3
expressing Schwann cells [2] as compared to healthy rats. Thus, dia-
betic nerves show an increased susceptibility to injuries or stress
as compared to normal nerves.

The novel finding of a higher number of both the survival and
regenerative marker ATF 3 and the apoptotic death cell marker cas-
pase 3 in the diabetic BB nerves is surprising. It has previously been
shown that nerve transection followed by an immediate repair
results in cleaved caspase 3 mediated Schwann cell apoptosis in
healthy rats [18]. In such rats, using a regeneration period of 10
days, axonal outgrowth correlates positively with the number of
ATF 3 positive cells and inversely with cleaved caspase 3 positive
cells [17,23]. However, no such correlation between the number
of ATF 3 and cleaved caspase 3 positive cells could be detected in
the present study, where we used a six days evaluation period due
to previously mentioned reasons. We believe that this indicates
that the relations between cell survival, apoptotic cell death and
axonal outgrowth are very complex. In the context of such intri-
cate relations, analyses of signal transduction pathways, as a way to
elucidate development of neuropathy and neuropathic pain, have
been stressed [22].

We found an increased number of apoptotic Schwann cells
both at the site of the lesion and in the distal nerve segment
in the diabetic BB rats. It has been suggested from studies in
streptozotocin-induced diabetes in rats in vitro and in vivo that
oxidative stress leads to activation of programmed cell death
through the caspase pathways both in sensory neurons and in
Schwann cells [16]. We found a lower caspase mediated cell death
in Schwann cells in the healthy than in the diabetic rats. If this can
be related to oxidative stress remains to be determined. Anyhow,
hyperglycaemia with the accompanying alterations in metabolic
pathways, hypoxia and oxidative stress are believed to be the main
causes of diabetic neuropathies [20]. Hyperglycaemia per se has
been shown to induce apoptosis in cardiac myoblast cells in vitro
[1]. In addition, hyperglycaemia has also been demonstrated to
inhibit Schwann cell proliferation and migration as well as axonal
outgrowth in cultured DRG [4]. In this context it is noteworthy that
our in vivo model in BB rats, in contrast to an in vitro system, rep-
resents a complex model that more closely resembles the clinical
situation [11,19]. Apoptotic stress to sensory neurons in diabetic
BB/Worcester rats with hyperglycaemia, although partly balanced

at 24 mmol/l with daily insulin injections and slightly lower than
in the present BB rats, has been reported [6]. Such apoptotic stress
is counterbalanced by e.g. antiapoptotic HSP27 in sensory neurons
[6]. Thus, it is reasonable to assume that hyperglycaemia, with its
consequences, is related to apoptotic cell death.

All studied rats exhibited successful axonal outgrowth, as
detected by neurofilament staining, into the distal nerve segment.
The outgrowth in the diabetic rats in the present study appeared to
be perturbed, but not statistically significantly different from the
healthy rats at the presently used evaluation point; i.e. six days.
Previously, other authors have suggested that advanced glycation
end products in extracellular matrix proteins in diabetic rats, like
laminin and fibronectin, contribute to a reduced outgrowth of sen-
sory neurites in diabetic rats [3]. However, earlier studies have also
shown various results concerning regeneration in diabetic BB rats
after both transection and compression injuries [5,15,25].

In conclusion, a more prominent activation and apoptotic cell
death of Schwann cells, as detected by expression of ATF 3 and
cleaved caspase 3, was observed in sciatic nerves of diabetic BB rats
compared to healthy rats after nerve injury and repair. We could
not see any difference in length of axonal outgrowth at six days
between the groups, and there was no correlation between either
ATF 3 or cleaved caspase 3, indicating complex mechanisms which
have to been elucidated in the future. With respect to the increasing
number of patients with diabetes globally, it is crucial to understand
basic mechanisms of regeneration in diabetes, where MAPK acti-
vation may be linked to neuropathic pain [22]. Furthermore, when
developing new techniques for repair and reconstruction of nerve
injuries, like new conduits for bridging short and long nerve defects,
they have to be applicable also in diabetes in which neuropathy
occurs. Hyperglycaemia may be deleterious for the regeneration
process for several reasons and via different mechanisms [22]. Thus,
to study regenerative events and repair and reconstruction meth-
ods in diabetic models are therefore highly warranted.
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Abstract

level.

diabetic GK rats.

Background: In view of the global increase in diabetes, and the fact that recent findings indicate that diabetic
neuropathy is more frequently seen in males, it is crucial to evaluate any gender differences in nerve regeneration
in diabetes. Our aim was to evaluate in short-term experiments gender dissimilarities in axonal outgrowth in healthy
and in genetically developed type 2 diabetic Goto-Kakizaki (GK) rats, and also to investigate the connection
between activated (i.e. ATF-3, Activating Transcription Factor 3) and apoptotic (cleaved caspase 3) Schwann cells
after sciatic nerve injury and repair. Female and male diabetic GK rats, spontaneously developing type 2 diabetes, were
compared with corresponding healthy Wistar rats. The sciatic nerve was transected and instantly repaired. After six days
the nerve was harvested to measure axonal outgrowth (ie. neurofilament staining), and to quantify the number of
ATF-3 (i.e. activated) and cleaved caspase 3 (i.e. apoptotic) stained Schwann cells using immunohistochemistry.

Results: Axonal outgrowth was generally longer in male than in female rats and also longer in healthy than in diabetic
rats. Differences were observed in the number of activated Schwann cells both in the distal nerve segment and close
to the lesion site. In particular the female diabetic rats had a lower number. There were no gender differences in
number of cleaved caspase 3 stained Schwann cells, but rats with diabetes exhibited more (such cleaved caspase 3
stained Schwann) cells both at the lesion site and in the distal part of the sciatic nerve. Axonal outgrowth correlated
with the number of ATF3 stained Schwann cells, but not with blood glucose levels or the cleaved caspase 3 stained
Schwann cells. However, the number of cleaved caspase 3 stained Schwann cells correlated with the blood glucose

Conclusions: We conclude that there are gender differences in nerve regeneration in healthy rats and in type 2

Keywords: Nerve regeneration, Nerve repair, Neuropathy, Diabetes, Gender differences, Schwann cells

Background

Neuropathy, which is a general complication in both
type 1 and type 2 diabetes, may cause serious problems
for patients, particularly male patients with type 2 dia-
betes [1]. Male patients also seem to develop neuropathy
earlier than female patients [1,2]. The mechanisms be-
hind the development of neuropathy are complex and
not fully understood, nor why male patients express
neuronal complications earlier than female patients. The
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gender differences are also relevant in traumatic nerve
injuries since such injuries more frequently affect males.

Earlier studies have shown that neuroactive hormones
or steroids (affecting the nervous systems), such as testos-
terone and progesterone, play an active role in nerve re-
generation and that the levels of neuroactive steroids
differ in male and female rats, among both healthy and
diabetic rats [3-5]. Recent findings indicate that axonal
outgrowth six days after nerve injury and repair does not
differ between healthy and diabetic BB (i.e. genetically de-
veloped and resembling type 1 diabetes; [6]) (female) rats.
However, both numbers of activated and apoptotic
Schwann cells, which are present in the distal nerve seg-
ment, were significantly higher in female diabetic BB rats
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than in female healthy rats [6]. Interestingly, a positive cor-
relation between axonal outgrowth and Schwann cell acti-
vation (i.e. ATF 3 staining) has been reported, indicating
the importance of Schwann cells for nerve regeneration
and that the time point for nerve repair is crucial for
axonal outgrowth [7-9]. Clarification of the nerve regener-
ation process from a gender perspective as well as in rela-
tion to a rat model with genetically developed diabetes
similar to type 2, in contrast to the streptozotocin-induced
diabetes model [10], is needed. This is relevant in view of
the global increase in the number of patients with type 2
diabetes, where neuropathy is often present, and the fact
that males are frequently affected by traumatic nerve injur-
ies, particularly in the upper extremity, which require nerve
repair or reconstruction. Thus, our aims were two-fold; to
investigate any gender differences in nerve regeneration
after nerve injury and repair in healthy rats from a short-
term perspective and to explore whether the process is dif-
ferent in genetically developed type 2 Goto-Kakizaki
diabetic rats. In conclusion, we observed differences be-
tween healthy and diabetic rats, using an appropriate dia-
betic animal model, as well as between male and female
rats, with interesting correlations.

Results

Fasting blood glucose and weight increase

Pre- and post-operative blood glucose levels were signifi-
cantly higher (Fisher’s method; p <0.0001) in diabetic than
in healthy rats and were also significantly higher p < 0.0001)
in male than in female rats (Table 1). There were no statis-
tical differences between the groups concerning increase in
weight during the regeneration period (Table 1).
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Length of axonal outgrowth

Statistical differences were found between male and fe-
male rats (p <0.0001; Fisher’s test; Table 1) with longer
outgrowth (Figure 1) in male rats (p <0.0001 for both
healthy and diabetic rats, MW). There were also distinc-
tions between healthy and diabetic rats (p = 0.02; Fisher’s
test), where axonal outgrowth was much longer in fe-
male healthy rats than in female diabetic rats (p = 0.004,
MW, Table 1), while no difference was observed between
healthy and diabetic male rats (p = 0.68, MW).

ATF-3 stained Schwann cells at the site of lesion

Only those cells with a Schwann cell shape were counted
as ATF-3 stained Schwann cells (Figure 2a,c-d). ATF-3
stained Schwann cells differed (p = 0.0001; KW) at the le-
sion site. The Fisher’s test showed a statistical difference (p =
0.0001) between male and female rats and also between
healthy and diabetic rats (p =0.001). The number of ATF-3
stained Schwann cells was higher (p =0.001 MW) in dia-
betic rats than in healthy male rats. The numbers were also
higher (p = 0.0001, MW) in diabetic male rats than in dia-
betic female rats. On the contralateral side (i.e. uninjured
side), only a few ATF-3 stained Schwann cells were found.

ATF-3 stained Schwann cells in the distal nerve segment

Again, only cells with the shape of a Schwann cell were
counted as ATF-3 stained Schwann cells. ATF-3 stained
Schwann cells differed (p =0.0001; KW) in the distal seg-
ment. The Fisher’s test demonstrated significant differences
between male and female rats (p =0.0003) as well as be-
tween healthy and diabetic rats (p = 0.001). Higher numbers
of ATF-3 stained Schwann cells (p=0.0001, MW) were

Table 1 Nerve regeneration after nerve injury and repair in healthy and diabetic rats

Healthy male Healthy female Diabetes male  Diabetes female p-values (KW?) Fisher's method®
(n=10) (n=10) (n=10) (n=10) Male/female Healthy/
Diabetes
Axonal outgrowth 7.0 (6.8-7.3) 6.3 (6.1-64) 69 (6.7-7.1) 58 (5.1-62) 0.0001 <0.0001 0.02
(neurofilaments, mm)
ATF-3 (% of total) SNL 178 (17.6-184) 17.6 (16.7-18.0) 19.8 (19.1-21.1) 164 (15.7-17.3) 0.0001 0.0001 0.001
ATF-3 (% of total) SND 192 (17.7-19.6) 19.5 (18.9-20.1) 18.7 (16.9-20.1) 15.2 (144-15.7) 0.0001 0.0003 0.001
Cleaved caspase-3 52(26-78) 312934 96 (87-11.6) 7.0 (64-10.1) 0.0001 0.31 <0.0001
(% of total) SNL
Cleaved caspase-3 2.7 (2.2-4.0) 25 (24-2.7) 64 (45-7.1) 58 (43-6.1) 0.0001 039 <0.0001
(% of total) SND
Total cell number 1137 (1127-1142) 1050 (1027-1066) 1073 (1046-1103) 1089 (1059-1098)  0.0001 0.0007 0.0001
(mm?) SNL
Total cell number 1137 (1122-1152) 1112 (1068-1147) 1053 (1019-1091) 1093 (1045-1102)  0.0001 0.07 <0.0001
(mm?) SND
Preoperative 46 (4.3-49) 3.90 (3.8-4.3) 150 (13.3-17.2) 103 (9.7-11.7) 0.0001 <0.0001 <0.0001
B-glucose (mmol/l)
Weight increase (%) 22(0.7-27) 24 (1.3-48) 20(1.2-26) 262032 0.34 - -

Values are median 25" Qmn 75t (Q3) percentiles. *KW = Kruskal-Wallis. bFisher’s method for independent samples based on the chi square distribution.
SNL = Lesion site. SND = Distal nerve segment. Total cell = DAPI stained cells. P-values in bold is significantly different at least at the 0.05 level.
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Figure 1 Immunohistochemistry of neurofilament staining. Immunohistochemistry of staining for neurofilament proteins in female
(a) and male (b) GK rats. The arrow indicates tip of the outgrowing axons, where the nerve repairs are in the left part of the panel

found in diabetic male rats than in diabetic female
rats and in healthy female rats than in diabetic female rats
(p=0.0001, MW). Again, few ATF-3 stained Schwann
cells were found on the contralateral side.

Cleaved caspase-3 stained Schwann cells at the lesion site
Generally, there were differences (p = 0.0001; KW) regard-
ing numbers of cleaved caspase 3 stained Schwann cells at
the lesion site in the sciatic nerve (Figure 2b,e-f). There
were mostly no gender differences in the number of
cleaved caspase 3 stained Schwann cells at the lesion site
(p = 0.31, Fisher’s test) among male and female rats. How-
ever, a significant difference was found between healthy
and diabetic rats (p < 0.0001, Fisher’s test). The number of

stained cleaved caspase 3 Schwann cells was statistically
higher (p=0.0001, MW) in diabetic male rats than in
healthy male rats and also in diabetic female rats than in
healthy female rats (p =0.0001 MW). Single cleaved cas-
pase 3 stained Schwann cells were found on the contralat-
eral side.

Cleaved caspase 3 stained Schwann cells in the distal
nerve segment

There were generally differences (p =0.0001; KW) regard-
ing cleaved caspase 3 stained Schwann cells in the distal
nerve segment. Furthermore, Fisher’s test showed no sig-
nificant differences between male and female rats (p = 0.39),
but a significant difference between healthy and diabetic

c o0,

Figure 2 Immunohistochemistry of ATF3 and cleaved caspase 3 stained Schwann cells. Immunohistochemistry of ATF3 stained Schwann
cells in Wistar (a) and GK (b) male rats as well as cleaved caspase 3 stained cells in Wistar (c) and GK (d) male rats; all at the lesion site. Double
staining of ATF 3 and S-100 (e) as well as cleaved caspase 3 and S-100 (f), at the lesion site in a male GK rat. Length of bar=100 um.
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rats (p <0.0001). A significantly higher number of cleaved
caspase-3 stained Schwann cells (P =0.0001, MW) was
found in diabetic female rats than in healthy female rats.
There were also significantly higher numbers in diabetic
male rats (p=0.0001, MW) than in healthy male rats.
Again, single cleaved caspase 3 stained Schwann cells were
found on the contralateral side.

Total number of DAPI stained cells at the lesion site
Kruskal-Wallis showed differences (p =0.0001) with re-
spect to total number of DAPI stained cells at the lesion
site. There were significant differences in the total num-
ber of DAPI stained cells between male and female rats
(p=0.0007, Fisher’s test; Table 1) and between healthy
and diabetic rats (p = 0.0001). The total number of DAPI
stained cells at the lesion site was higher in the healthy
male rats than in healthy female rats (p =0.0001, MW)
and in healthy male rats than in diabetic male rats (p =
0.0001, MW).

Total number of DAPI stained cells in the distal nerve
segment

Kruskal-Wallis showed differences (p =0.0001) in the
total number of DAPI stained cells in the distal nerve
segment. Significant differences were observed between
healthy and diabetic rats (p <0.0001, Fisher’s test), but
not between male and female rats (p = 0.07; Fisher’s test).
There was a significantly higher number of total DAPI
stained cells in healthy male rats than in diabetic male
rats (p = 0.0001, MW).

Correlation

All rats pooled

The Spearman correlation test showed a significant posi-
tive correlation between numbers of ATF-3 stained
Schwann cells at the lesion site and axonal outgrowth
(rho = 0.59, p = 0.0001; Figure 3a), but blood glucose levels
did not correlate with axonal outgrowth (p =0.39) when
all rats were pooled. Preoperative blood glucose level and
cleaved caspase 3 stained Schwann cells at the lesion site
were also tested for correlation and found to be positively
correlated (rho=0.69, p=0.0001; Figure 3b). A weaker
correlation (rho =0.32, 0 = 0.046) was found between pre-
operative blood glucose and numbers of ATF-3 stained
Schwann cells at the lesion site. While there was no
significant correlation between the numbers of cleaved
caspase 3 stained Schwann cells and axonal outgrowth
(p=0.24), they correlated weakly with the number of
ATF-3 stained Schwann cells (rho = 0.40, p = 0.01).

In the distal nerve segment, when all rats were pooled,
the preoperative blood glucose levels positively corre-
lated with the number of cleaved caspase 3 stained
Schwann cells (rho = 0.74, p = 0.0001, Figure 3c), but the
blood glucose levels did not correlate with the numbers
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of ATF 3 stained Schwann cells (p =0.11). The weight in-
crease in the rats did not influence any of the variables.

Diabetic rats

If the diabetic animals were analysed separately, there
was a positive correlation between preoperative blood glu-
cose levels, and axonal outgrowth (rho =0.60, p =0.005;
Figure 3d) and ATF-3 stained Schwann cells at the site of
the lesion (rho=0.67, p=0.001) as well as between the
number of ATF-3 and cleaved caspase 3 stained Schwann
cells at the lesion site (rho = 0.51, p = 0.02; Figure 3e). Fur-
thermore, in the diabetic rats the preoperative blood glu-
cose levels positively correlated with the number of ATF-3
stained Schwann cells in the distal nerve segment (rho =
0.66, p = 0.001, Figure 3f).

Healthy rats
The blood glucose levels in healthy rats positively corre-
lated with axonal outgrowth (rho = 0.60, p = 0.005).

Discussion
We examined whether any gender differences between fe-
male and male rats, regarding axonal outgrowth, were
present. In particular, we analysed how a high blood glu-
cose level in a diabetic GK rat model, resembling type 2
diabetes, influenced the axonal outgrowth. The published
literature in the field of nerve regeneration in diabetes is
limited and studies almost exclusively use streptozotocin-
induced diabetes in rats in which blood glucose levels are
high (see e.g. [11-14]). The ability of axons to regenerate in
relation to the state of the Schwann cells may also be an
important point in relation to moderate blood glucose
levels and in view of the global increase of diabetes, par-
ticularly bearing in mind its most common complica-
tion, i.e. neuropathy. We used genetically developed
diabetic GK rats as a model for type 2 diabetes, which is a
valid model and also a gentle alternative to the diabetic
BB (BioBreeding) rats [6] and the frequently used rats with
streptozotocin-(STZ)induced diabetes. The similarity with
human beta cells, compared to these cells in other rodent
models, is an unique characteristic of GK rats [15] making
the model valid also for studies of the peripheral nervous
system. The relationship between ATF3 and cleaved cas-
pase 3 stained Schwann cells and axonal outgrowth were
evaluated in these rat models. The present nerve regen-
eration model utilizes the possibility of analysing ATF3
(i.e. activation) and cleaved caspase 3 (i.e. apoptosis) stained
Schwann cells in relation to axonal outgrowth, where the
cells at the lesion site (SNL) interact with the outgrowing
axons, while the axons have not yet reached the analysis
site in the distal nerve segment (SND; Figure 4; [9]).

Few studies have highlighted any gender differences or
possible mechanisms in nerve regeneration (see e.g. [16-18]).
Our results clearly show that there was a gender difference
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Figure 3 Scatter plots from all rats (a-c) and rats with diabetes (d-f). Scatter plots from all rats pooled (a-c) with numbers of ATF-3 stained
cells (lesion site) and axonal outgrowth (a; rho =0.59, p=0.0001), preoperative blood glucose level and cleaved caspase 3 stained cells (b, lesion
site; rho = 0.69, p =0.0001; c. in distal nerve segment; rho =0.74, p = 0.0001). Scatter plots from diabetic rats (d-f) with preoperative blood glucose
levels and axonal outgrowth (d, rho = 0.60, p = 0.005; d), number of cleaved caspase 3 and ATF-3 stained cells (e, lesion site; rho =051, p=0.02)
and preoperative blood glucose level and number of ATF-3 stained cells (f, distal nerve segment; rho = 0.66, p = 0.001).
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Caspase 3 (3 sections) Caspase 3

Length NF (mm)

(3 sections)
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Figure 4 Schematic drawing of the experimental set up. The sciatic
nerve was transected and immediately repaired. Axonal outgrowth

was evaluated by measuring the length of neurofilaments (NF). The
numbers of activated (Activating Transcription Factor 3; ATF3) and
apoptotic (cleaved caspase 3) Schwann cells were measured just distal
to the lesion site (i.e. axons presented) and in the distal nerve segment
(distal to the most distal parts of the neurofilament stained axons).

in axonal outgrowth after nerve injury and repair, with a
longer outgrowth in male rats. The weight increase in the
rats, a possible factor in a difference in axonal outgrowth,
did not differ between male and female or even between
healthy and diabetic rats and did not correlate with any of
the variables; thus it could not explain the difference.
However, our results are in accordance with previous stud-
ies using a nerve crush injury, i.e. a clinically less important
injury [19], showing that neuroactive steroids, such as
pregnenolone and progesterone metabolites that interact
with progesterone receptor, are protective. This is also rele-
vant for myelin repair in different neurological disorders
[20]. Progesterone has been considered as an autocrine sig-
nalling molecule [21]. Interestingly, progesterone-loaded
chitosan prostheses have been used to successfully recon-
struct nerve injuries [22]; chitosan conduits being a prom-
ising clinical material for nerve reconstruction [23].
Potential use of neuroactive steroids, such as progesterone
and testosterone, for treatment of diabetic neuropathy has
also been suggested [5,24], where differences between gen-
der, diabetic state and a regional location, with request to
neuroactive steroid levels, are reported [3,25]. The reason
(s) male subjects with diabetes develop neuropathy earlier
than female subjects [1,2] is not clear and may be complex,
but factors such as testosterone deficiency, which is com-
mon in men with diabetes (i.e. leading to a pronounced
deficit of neurosteroids), as well as lifestyle differences may
contribute to the discrepancy in development, at least in
type 2 diabetes in humans [26]. In addition, the mecha-
nisms for the development of neuropathy in type 1 and 2
in humans may be different and particularly complex and
multifactorial in type 2 diabetes [27,28] which the present
GK rat model resembles.
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In our short-term model (i.e. six days), the regeneration
process, which showed longer regeneration distances in
male rats, may depend on the level of blood glucose.
Thus, a moderately higher short-term blood glucose level
may be advantageous for axons, leading to longer axonal
outgrowth, while the opposite may be present in humans
where higher long-standing blood glucose levels may have
deleterious effects on the neurons and Schwann cells. An
even more complex situation exists in diabetic BB rats,
who have even higher blood glucose levels and in which
axonal outgrowth does not differ from healthy rats in a
short-term regeneration model (i.e. six days), although an
increased number of activated and apoptotic Schwann
cells are present after injury and repair in such BB rats [6].
The diabetic rat model used is crucial and gender aspects
should also be considered in nerve regeneration studies.
In long-term (i.e. three months) streptozotocin-induced
diabetes in rats, the level of neuroactive steroids is lower
than in healthy rats [3,29,30], which may contribute to
explaining the findings of a shorter axonal outgrowth in
experimental diabetes in the present study [3]. However,
the pattern of various neuroactive steroid levels in the sci-
atic nerve among the healthy and diabetic rats in a study
by Pesaresi et al. [3], who used another diabetes model,
cannot be related to our findings regarding length of
axonal outgrowth and numbers of ATF3 and cleaved cas-
pase 3 stained Schwann cells. Thus, the neuroactive ster-
oid levels may not entirely explain the differences between
genders and state of glucose levels, but we cannot rule out
the influence of neuroactive steroids since we did not
measure such steroids. Moreover, several essential factors
for nerve regeneration may be in play simultaneously.

Progesterone also promotes myelination, which we did
not specifically address in the short-term experiments, by
activating transcription factors (Krox-20) and/or myelin
proteins (PO, PMP22; [21]). However, we did see gender
differences, with higher numbers of ATF3 stained Schwann
cells at the lesion site as well as in the distal nerve segment
in male rats, which was particularly evident in the diabetic
rats. The number of ATF3 stained Schwann cells corre-
lated with axonal outgrowth, suggesting ATF3 has a role in
axonal outgrowth [9], and it may even be suggested that
ATF3 acts through different mechanisms in healthy and
diabetic GK rats. ATF3, a member of CREB family, is a
marker for activated Schwann cells and ATF3 stained
Schwann cells and neurons rapidly increase locally as well
as in dorsal root ganglia and in the spinal cord, respect-
ively, after a nerve injury; this is an indication of cell viabil-
ity [31]. In contrast, cleaved caspase 3 staining is a marker
for apoptosis, ie. cell death [32]. The numbers of ATF3
and cleaved caspase 3 stained cells correlated positively.
Thus, the number of cleaved caspase 3 stained cells seems
to balance the number of ATF3 stained cells at the lesion
site in various models of diabetes [6] and in healthy rats.
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Such a mechanism has been suggested as a control func-
tion of Schwann cell proliferation, which is important
[9,33], although not crucial [34], for nerve regeneration.

The axonal outgrowth correlated with blood glucose
levels when healthy and diabetic rats were analysed sep-
arately, which can probably be explained by the higher
blood glucose levels in both healthy and diabetic male
rats. In contrast to the present diabetic rat model, axonal
outgrowth after nerve repair does not differ between
female diabetic BB rats, which have much higher blood
glucose levels, and female healthy rats [6]. However, these
diabetic female rats also have an increased number of acti-
vated and apoptotic Schwann cells. Interestingly, the blood
glucose levels in the present study correlated positively
with the number of ATF3 stained Schwann cells in all rats
and particularly in diabetic GK rats. The present higher
numbers of cleaved caspase 3 stained Schwann cells in the
diabetic female rats agrees with findings in diabetic BB
rats [6] despite their different blood glucose profiles and
potentially other dissimilarities. The blood glucose levels
in diabetic rats correlated with both the numbers of ATF3
and cleaved caspase 3 stained Schwann cells; the latter
finding was not surprising [35]. Apoptosis of Schwann
cells and neurons is reported to be induced in STZ-
induced diabetes and by glucose infusion due to oxidative
stress [35,36]. However, the diabetic BB model (i.e. female
rats) had higher numbers of ATF3 stained cells, which
contrasts with the present study, where female diabetic
rats had fewer ATF3 stained cells than the healthy fe-
male rats [6]. There was also generally a lower num-
ber of DAPI stained cells in the distal nerve segment
(Fisher p<0.0001) in the diabetic rats, which agrees
with findings in diabetic BB rats [6].

Not only is the blood glucose level per se relevant, but
also the level of insulin, which may have a trophic sup-
port [37] making the use of different models relevant. In
STZ-induced diabetes, the beta cells are destroyed by
the toxic effect of STZ and in the BB rats autoimmune
mechanisms that destroy beta cells are in action [38].
Any possible insulin effect is, therefore, mostly deleted in
both such models, although there may be a lingering insu-
lin production in STZ-induced diabetes [39], explaining
why these rats survive without insulin supplementation
over a period. In contrast, BB rats have no capacity to pro-
duce any insulin [39] and develop an insulin-dependent
diabetes resembling that in humans. Such rats may also
show symptoms similar to those of an autoimmune dis-
ease as well as pathological changes in the peripheral ner-
vous system, which STZ-induced rats do not [40,41].
Interestingly, there is no significant difference in the con-
centration of insulin between GK and Wistar rats [42].
Therefore, it is unlikely that the insulin level per se will ex-
plain the present changes in nerve regeneration. The in-
fluence of blood glucose levels on the nerve regeneration
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process is complex, as is also discussed when considering
the development of diabetic neuropathy, where vibrotac-
tile sense (i.e. sign of neuropathy) in patients with diabetes
is not affected by the long-term blood glucose level, i.e.
HbAlc, levels [43-45]. Heat Shock Protein 27 (HSP27)
has recently been described tentatively as an important
factor in the preservation of nerve function in patients
with type 2 diabetes [46]. Whether HSP 27 is relevant in
the present model, and not only in STZ-induced diabetes
[47] or in BB/Wor rats with diabetes [48], remains to be
investigated.

One limitation of our studies on nerve regeneration in
diabetic GK and BB rats is the short-term design, which
should be considered when interpreting nerve regener-
ation in diabetes and in connection with gender aspects.
However, our approach was to relate axonal outgrowth
with possible activation and apoptotic events concerning
the Schwann cells in relation to certain blood glucose
levels in male and female rats, without interfering with
the processes in the treatment of insulin, which would
be required in long-term studies in BB rats. Finally, the
nature of the nerve injury is also relevant in this con-
text, since a nerve compression lesion in diabetic rats
induces a different response in the nerve trunk with
more ATF-3 stained Schwann cells in diabetic BB rats
than in diabetic GK and healthy rats [49]. Taken to-
gether, in future studies of nerve regeneration and neur-
opathy in diabetes, one may have to consider the diabetic
model, the injury model and the gender of the rats as well
as determine e.g. the levels of blood glucose, insulin, neu-
roactive steroids and potential protective substances, such
as HSP27.

Conclusions

Our study demonstrates gender differences in axonal out-
growth in diabetic GK and healthy rats after transection
and repair after six days, with differences also detected in
activation and apoptosis of Schwann cells in the sciatic
nerve. This is interesting in view of the fact that males
with diabetes have a higher frequency of neuropathy than
females with diabetes and that males develop it more rap-
idly in humans [1,2], indicating that relevant experimental
models are compulsory. We suggest that it is extremely
important to take into account gender differences as well
as type of experimental diabetic model when new strat-
egies and techniques for treatment of nerve injuries are
developed.

Methods

Animals and surgery

Four groups of rats (initial body weight 200 g) were in-
cluded: healthy male (n=10) and female (n=10) Wistar
rats with normal blood glucose were compared with male
(n=10) and female (n=10) Goto-Kakizaki rats (GK) in
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which a moderate increase in blood glucose is observed.
Fasting blood glucose, body weight and polydipsia, as
signs of diabetes, were measured and observed daily in
all rats. Blood glucose was measured in a blood sample
from the tail vein [Ascensia contour TM (Bio Healthcare,
USA, Bio Diagnostics Europe) and LT (Bayer AB, Diabetes
Care, Solna, Sweden); test slips (Microfil TM (Bio Health-
care Diabetes Care, USA)]. The rats had a 12 h day/night
cycle in the cages and the GK rats were provided with
extra water.

Before surgery the rats were anesthetized with intra-
peritoneal injection of a mixture of Rompun® (20 mg/ml;
Bayer Health Care, Leverkusen, Germany) and Ketalar®
(10 mg/ml, Pfizer, Helsinki, Finland) at a dose of a 1 ml
Ketalar® and 0.25 ml Rompun® per 100 g body weight of the
rat. Postoperatively, all rats were treated with Temgesic”
0.01-0.05 mg/kg (0.3 mg/ml; Schering-Plough Europe,
Brussels, Belgien) to prevent pain. The sciatic nerve in the
hind limb in each rat was unilaterally exposed, trans-
ected and instantly repaired with 9-0 ethilon (Ethicon®)
epi/perineurial sutures (Figure 4). The muscles were se-
cured with resorbable sutures, the skin was closed and the
rats were allowed to recover.

Six days after surgery the rats were killed by an overdose
of pure pentobarbitalnatrium (60 mg/ml; Apoteksbolaget,
Malmo, Sweden). The sciatic nerve was harvested bilat-
erally. The samples were fixed in Stefanini solution [4%
paraformaldehyde and 1.9% picric acid in 0.1 M phosphate
buffer (PBS) pH 7.2] for 24 hours. After the fixation pro-
cedure the samples were washed (PBS x 3) and placed in
20% sucrose solution over night. Before cryostat section-
ing the samples were placed in OCT Cry mount® (Histolab
products AB, Gothenburg, Sweden) for embedding. After
freezing the samples the nerves were sectioned longitudin-
ally at thickness of 8 um on superfrost plus glass (Thermo
scientific, Braunschweig, Germany).

Immunohistochemistry
After washing (PBS 5 min) the sections were incubated
with anti-human neurofilament protein (DAKO Glostrup,
Denmark; dilution 1:80 in 0.25% Triton-X 100 and 0.25%
BSA; bovine serum albumin) in PBS, over night at 4°C.
On day two, after additional washing (PBS 3x5 min), the
slides were incubated with the second antibody Alexa
Fluor 594 conjugated goat anti-mouse IgG (Invitrogen,
Molecular Probes, Eugene, Oregon, USA; 1:500 in PBS) for
one hour, at room temperature. The slides were then
washed (PBS 3x10 min), counterstained with 4;6’-diamino-
2-phenylindole DAPI (Vectashield®, Vector Laboratories,
Inc. Burlingame, CA 94010, USA) to visualize the nuclei
(i.e. for counting the total number of cells) and then
mounted and cover slipped.

Other sections were instead incubated with rabbit anti-
ATEF-3 polyclonal antibody (Santa Cruz Biotechnology,
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USA; dilution 1:200) as the primary antibody and Alexa
Fluor 488 conjugated goat anti-rabbit IgG (Invitrogen,
Molecular Probes, Eugene, Oregon, USA; dilution 1:500)
as the secondary antibody.

In further sections the antibody against cleaved cas-
pase 3 (BioNordica, Stockholm, Sweden, dilution 1:200)
together with the secondary antibody Alexa Fluor 488
conjugated goat anti-rabbit IgG (Invitrogen, Molecular
Probes, Eugene, Oregon, USA; dilution 1:500) was used
to count the apoptotic cells.

Double immunohistochemical staining (S-100 and ATEF-3)
was done to ensure that only Schwann cells were counted.
The slides were incubated day one with rabbit anti-ATF-3
polyclonal antibody (Santa Cruz Biotechnology, USA, dilu-
tion 1:200) and on day two with the secondary antibody
Alexa Fluor 488 conjugated goat anti-rabbit IgG (Invitrogen,
Molecular Probes, Eugene, Oregon, USA; dilution in 1:500).
After one hour the slides were incubated with mouse
monoclonal IgG anti-S100 antibody a/p chain (Santa Cruz
Biotechnology, USA; dilution 1:200). On day three, the
sections were incubated with Alexa Fluor 594 conjugated
goat anti-mouse IgG (Invitrogen, Molecular Probes,
Eugene, Oregon, USA; dilution1:500) and one hour later
mounted with VECTASHIELD (Vectashield®, Vector
Laboratories, Inc. Burlingame, CA 94010, USA) and cover
slipped. A similar double immunohistochemistry proced-
ure was used for staining of cleaved caspase 3 stained
Schwann cells (i.e. S-100).

Photography and computer analysis

Sections from each nerve were blind coded before the
analyses in the digital system. From the contralateral un-
injured side only a few sections were analyzed, but not
quantified, to see whether there was any difference be-
tween healthy female and male and GK diabetic female
and male rats. The sections were photographed using a
fluorescence microscope provided with a digital system
camera (Nikon 80i) system connected to a computer.
The digital images were analysed using the NIS elements
computer program. The length of the stained neurofila-
ment proteins was measured in three randomly selected
sections (mean value from the three sections; Figure 4)
from the lesion site to the front of the longest growing
axons [6]. The stained cells for ATF-3 and cleaved cas-
pase 3 stained cells were counted in three sections
(image size 500 pm x400 pm; mean values from three
sections) from the sciatic nerve both at the lesion site
(SNL) and in the distal nerve segment (SND) beyond the
stained neurofilaments (i.e. at 8 mm from nerve lesion)
[9]. At these locations, squares (6 x 100 pmz) were ran-
domly selected and examined for the presence of cleaved
caspase 3 and ATF-3 stained Schwann cells (Figure 4).
Exactly the same squares were also used to count the
total number of DAPI stained cells.
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Statistical methods

IBM SPSS Statistics version 20 was used for the statis-
tical analysis. The results are presented as median
values [with 25™ - 75T percentiles] since the data
were not considered to be normally distributed and
thus required non-parametric tests for further ana-
lyses. To detect any significant values among the four
groups, the non-parametric method Kruskal-Wallis
(KW) was used and with the post hoc Mann-Whitney
(MW) test to observe differences between the follow-
ing groups: healthy/diabetic and male/female. Separate
p-values for males and females were then combined in
to an overall p-value by using the Fisher method for
independent samples based on the chi square distribu-
tion [50] (http://en.wikipedia.org/wiki/Fisher's_method,
courtesy of our statistician, Professor Jonas Bjork,
Lund University, Lund, Sweden). A p-value of less
than 0.05 was regarded as significant.

Ethics

The animal ethics committees in Malmé and Lund ap-
proved all animal experiments (Lund University permit
number: 347/2011). The study was carried out in strict
accordance with the recommendations made by the
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Biosynthetic nerve grafts are desired as alternative to autologous nerve grafts in peripheral nerve
reconstruction. Artificial nerve conduits still have their limitations and are not widely accepted in the
clinical setting. Here we report an analysis of fine-tuned chitosan tubes used to reconstruct 10 mm nerve
defects in the adult rat. The chitosan tubes displayed low, medium and high degrees of acetylation (DAI:
~2%, DA: ~5%, DAIIl: ~20%) and therefore different degradability and microenvironments for the

'é;{""""ds-' regenerating nerve tissue. Short and long term investigations were performed demonstrating that the
Nelrt:es‘?gl::ide chitosan tubes allowed functional and morphological nerve regeneration similar to autologous nerve

grafts. Irrespective of the DA growth factor regulation demonstrated to be the same as in controls. An-
alyses of stereological parameters as well as the immunological tissue response at the implantation site
and in the regenerated nerves, revealed that DAI and DAIII chitosan tubes displayed some limitations in
the support of axonal regeneration and a high speed of degradation accompanied with low mechanical
stability, respectively. The chitosan tubes combine several pre-requisites for a clinical acceptance and
DAII chitosan tubes have to be judged as the most supportive for peripheral nerve regeneration.

© 2013 The Authors. Published by Elsevier Ltd. Open access under CC BY-NC-ND license.
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1. Introduction

In general, peripheral nerves have the ability to regenerate
following nerve lesion in contrast to the central nervous system.
However, in cases of more complex injuries with substantial loss of
nerve tissue and a subsequent defect between the nerve ends, the
requirements for axonal regeneration are not sufficiently fulfilled.
Such complex peripheral nerve injuries, which include 300,000
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Carl-Neuberg-Str. 1, 30625 Hannover, Germany. Fax: +49 511 532 2880.
E-mail address: Grothe.Claudia@mh-hannover.de (C. Grothe).

cases per year in Europe due to traumatic events, represent a major
cause for morbidity and disability. During the last decades
considerable efforts have been made to support and improve pe-
ripheral nerve regeneration across a nerve defect, but with limited
and minor success [1]. Therefore, despite several shortcomings and
limitations, such as misdirection of regenerating axons, neuronal
cell death, and donor site morbidity, the gold standard for bridging
anerve defect remains grafting of an autologous nerve transplant to
overcome such large defects [2]. The purpose is to apply an
adequate substrate, including the provision of trophic and tropic
factors, for the regrowing axons in order to restore the function
after reconstruction of the nerve defect [3].

As a possible alternative for autologous nerve grafts, a variety of
materials have been tested with regard to their suitability for fabri-
cation of syntheticTrervetormmduits for bridging nerve defects [4]. In
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Fig. 1. Illustration of the various components of the comprehensive in vivo analysis of the new chitosan tubes with different degrees of acetylation as performed by several partners
of the BIOHYBRID consortium. After the short terms of 5 and 18 days after nerve reconstruction, the connective tissue surrounding the chitosan tubes, the properties of the tubes,
tube content as well as the proximal nerve ends and corresponding dorsal root ganglia were assessed with different methods, including RT-PCR, Western Blot, histology and
immunohistochemistry. After 21 days in vivo, the newly formed regenerative matrix and the distal nerve segments were evaluated for matrix dimension, length of axonal
outgrowth, and numbers of activated and apoptotic Schwann cells and total number of DAPI stained cells in the matrix and in the distal nerve segments. In long term observation,
assessments of the motor regeneration were performed including the static sciatic index calculation, non-invasive and invasive electrodiagnostical measurements and muscle
weight evaluation. Histological analyses were performed with the connective tissue and the regenerated nerve tissue. Finally, distal nerve morphometry and detailed analyses of the
tube properties after nerve reconstruction and explantation were performed.

addition to non-degradable silicone tubes, which were earlier used Administration (FDA) and authorized by the EC respectively, include
clinically as an alternative for nerve repair [5,6] several biodegrad- Neurotube™ poly(glycolide) (PGA) tubes (successfully used in the
able materials have been developed in animal experiments and clinical repair of digital nerves with defects of up to 3 cm in length
applied for clinical investigation of nerve reconstruction devices [7]), Neura-Gen™ collagen nerve tubes [8,9], and Neurolac™ tubes
[1,4]. Conduits, which are approved by the Food and Drug [10,11]. Furthermore, processed, i.e. extracted, nerve allografts have
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also been approved and applied to reconstruct nerve defects [12].
Although these off-the-shelve products have unlimited supply and
avoid donor site morbidity, they have serious limitations in sup-
porting peripheral nerve regeneration. Functional outcome after
their use for nerve reconstruction is highly variable and only com-
parable to autologous nerve grafting when short defects in small
diameter nerves are to be reconstructed [2,13]. Until today, no tubular
or other type of biosynthetic nerve graft has shown strong potential
to replace autologous nerve grafting for reconstruction of the sub-
stantial human nerves, such as the median or ulnar nerve trunks [ 14].

During the last years, the natural biopolymer chitosan — a de-
rivative of chitin — has gained increasing interest in biomedical and
tissue engineering applications. Chitosan displays biocompatibility,
biodegradability, low toxicity, and structural similarity to natural
glycosaminoglycans. Recent in vitro studies revealed the suitability
of chitosan membranes as substrate for survival and oriented
Schwann cell growth [12] as well as survival and differentiation of
neuronal cells [15,16]. In addition, chitosan tubes alone or in
combination with other biomaterials can efficiently bridge pe-
ripheral nerve defects [4,17]. However, improved technologies have
been developed to overcome the poor mechanical strength of chi-
tosan tubes, which was one of the main factors limiting the use of
such tubes as nerve guidance channels for clinical applications until
now [18]. Moreover, optimal biodegradation and cell compatibility,
which are important features for tissue engineering, had to be
adjusted by different degrees of acetylation of the chitosan [15].

The aim of the present study was to conduct in a multidisci-
plinary approach a comprehensive evaluation of chitosan tubes
displaying different degrees of acetylation. The chitosan tubes were
used to bridge a 10 mm defect in rat sciatic nerves. In addition to the
fine-tuned manufacturing of the chitosan tubes and their evaluation
with regard to biocompatibility, short and long term in vivo studies
were performed and a battery of parameters were analysed. Thereby
not only focussing on the effects on morphological and functional
peripheral nerve regeneration, but also validating putative side ef-
fects, like Schwann cell survival and expression of transcription
factors, neurotrophic factor regulation as well as immunological
reaction. Finally, the properties of the non-implanted chitosan tubes
were compared in structural and chemical analyses to tubes after
explantation from the nerve reconstruction site.

2. Materials and methods
2.1. Manufacturing of chitosan

Medical grade chitosan supplied by Altakitin S.A. (Lisbon, Portugal) with a
molecular weight (MW) of 260 kDa and degree of acetylation (DA) of 90% was ob-
tained from Pandalus borealis shrimp shells using standard conditions for chitin
extraction and deacetylation, following ISO 13485 requirements and specifications.
The purification method consisted in homogeneous washing (liquid/liquid extrac-
tion) of chitosan with EDTA and SDS for heavy metals and protein removal. After the
extractions, the product was washed with deionized water and neutralized prior to
lyophilisation. The product was analysed using several methods and techniques to
attest compliance with internal standards for degree of acetylation, molecular
weight, heavy metal content, protein content, endotoxins, bioburden, pH, ash con-
tent and apparent viscosity.

2.2. Determination of the degree of acetylation by nuclear magnetic resonance
(NMR) spectroscopy

The samples (approx. 5 mg) were dissolved in 2% DCl in D20 (v/v, Sigma—
Aldrich, Germany). The fid signal was acquired at 70 °C and suppressing the solvent
signal (pulse program zgpr). Analysis and integrations were performed in MestRe-
Nova software according to Ref. [19].

2.3. Analysis of the molecular weight by gel permeation chromatography (GPC)
The samples (approx. 5 mg) were dissolved in 1 ml of eluent (AcOH/AcONa

buffer pH 4.5, Panreac, Spain) and filtered through a 0.45 microns filter prior to
injection (100 pl). The chromatographs were obtained at room temperature with a

flow rate of 1 ml/min. A Varian PL aquagel-OH MIXED bed column (Varian, France)
was used and a refractive index detector. Previously a calibration curve was obtained
by using Varian pullulan polysaccharides certified standards in the same chro-
matographic conditions.

24. Production of chitosan tubes

Chitosan tubes were manufactured by Medovent GmbH (Mainz, Germany) un-
der 1SO 13485 conditions from chitin tubes made by a proprietary extrusion process,
followed by distinctive washing and hydrolysis steps to adjust the required low,
medium and high degree of acetylation (DA). Chitosan tubes have therefore been
classified into DAI tubes (low DA, ~2%), DAII tubes (medium DA, ~5%) and DAIIl
tubes (high DA, ~20%). Tubes were finally cut into the required lengths and steril-
ized by electron beam.

2.5. In vitro cytotoxicity tests

In order to assess the short term cytotoxicity of the developed chitosan tubes,
both the Minimum essential medium (MEM) extraction and the MTS cell viability
tests were performed with 24 h, 72 h, and 7 days of extraction period following the
guidelines described before [20]. In all tests the ratio material weight to extraction
fluid was constant and equal to 0.2 g/ml for chitosan tubes (DAI: ~2%, DAIl: ~5%,
DAIIL: ~20%), while for latex (negative control for cell viability) the ratio of material
outer surface to extraction fluid was 2.5 cm?/ml. After each period the extracts were
filtered through a 0.45 um pore size filter. These assays are particularly suitable for
assessing the possible toxic effect of leachables extracted from biomedical polymers.
With the MEM extraction test changes in cell morphology and growth inhibition are
evaluated, whereas the metabolic cell viability is determined with the MTS test. In
both cases, latex extracts (same extraction periods) were used as negative controls,
while standard culture medium was used as positive control for cell death.

2.5.1. Cell culture

For the present experiment P1 rat bone marrow Mesenchymal Stromal Cells
(RBMSCs) were used, which had been isolated according to the protocol described
earlier [21]. Upon isolation cells were expanded in alpha-MEM (Gibco, USA), sup-
plemented with 10% foetal bovine serum (FBS, Biochrome, Portugal) and 1% of an
antibiotic—antimycotic mixture (Gibco). For the MTS test (n =5, 2 x 10* cells/well)
and the MEM extraction (n = 3,2 x 10 cells), RBMSCs were seeded in a 24 well plate
for 72 h at 37 °C, in a 5% (v/v) CO; cell culture incubator, prior to extract incubation.

2.52. MTS test

72 h after cell seeding, culture medium was removed from the wells and an
identical volume (500 pl) of extraction fluid was added. Cultures were then incu-
bated with the extracts for 72 h after which their metabolic viability was assessed
through the MTS test. This is based on the bioreduction of [3-(4,5-dimethylthiazol-
2-yl)-5-(3carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium] (MTS, Prom-
ega, USA), into a brown formazan product by dehydrogenase enzymes. After ex-
tracts, positive and negative controls were removed, a mixture of DMEM with MTS
(5:1 ratio) was added to each well. Cells were then incubated for 3 h at 37 °Cin a 5%
CO; cell culture incubator after which the 0.D. was determined at 490 nm using a 96
well plate reader (Tecan Sunrise, Mdnnedorf, Switzerland).

2.5.3. MEM extraction test

72 h after cell seeding, culture medium was removed from the wells and an
identical volume (500 pl) of extraction fluid was added. Cultures were then incu-
bated with the extracts for 72 h after which a live/death assay by staining live cells
with calcein-AM and non-viable cells with propidium iodide was performed. Cul-
tures were observed in fluorescence microscopy.

2.6. Experimental design

In order to comprehensively analyse the performance of the newly designed
chitosan tubes of different DA in vivo, short term and long term observation periods
were chosen. As illustrated in Fig. 1, nerve reconstruction with chitosan tubes was
performed and samples were collected for molecular and histological analysis after 5
and 18 days. The initially formed regenerative matrix was analysed 21 days after
nerve reconstruction with chitosan tubes (short term). During the long term
observation over 3 months the progress of sciatic nerve regeneration was periodi-
cally monitored with several functional tests. Finally, a comprehensive histo-
morphometrical analysis of the regenerated nerve tissue and further evaluation of
the macroscopic and chemical tube properties were performed.

2.7. Animals and surgical procedure

The in vivo studies were performed in two different laboratories [Dahlin lab at
Lund University (ULUND), Sweden, and Grothe lab at Hannover Medical School
(MHH), Germany] with different animal breeders and regimes for anaesthesia and
analgesia due to different local animal protection rules. All animal experiments were
approved by the local animal protection committees (animal ethics committee in
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Fig. 2. Illustration of connective analysis. (A) Macroscopically three categories of optical density of the expanded connective tissue could be defined. (B) The area of sample
connective tissue was determined in haematoxylin—eosin stained 7 ym paraffin cross sections. In these sections the inner surfaces of the connective tissue (contact area with
chitosan tubes) are facing each other. (C) Within the contact area with the chitosan tubes the number of multinucleated giant cells (detail) was determined. Furthermore the

thickness of sample connective tissue was evaluated at 5 randomly chosen locations.

Malmé/Lund, Sweden and animal care committee of Lower-Saxony, Germany). In
common, female Wistar rats (225250 g) were applied to the experiments and
housed in groups of four animals under standard conditions (room temperature
22 + 2 °C; humidity 55 + 5%; light—dark-cycle 14-h/10-h [MHH] or 12-h/12-h
[ULUND]) with food and water ad libitum.

For surgery, animals were anesthetized, sufficient analgesia induced and placed
on a thermostatic blanket, to keep the body temperature stable, on the right side for
surgery on the left sciatic nerves. After shaving the left hind leg the skin was dis-
infected, and aseptic techniques were used to ensure sterility. A skin incision was
made with a surgical blade along the femur, and the gluteus and biceps femoris
muscles were separated by sharp and blunt dissection to expose the sciatic nerve.
The wound was kept open with the aid of small retractors. The sciatic nerve, exposed
at the midthigh level, was transected with a single microscissors cut at a constant
point (6 mm from the exit of the gluteus muscle). For tube transplantation 5 mm of
the distal sciatic nerve end were removed and 14 mm long tubes were used to bridge
a 10 mm nerve defect. Preparation of the tubes before nerve reconstruction included
four washing steps in NaCl (4 x 30 min) as well as an overnight washing step. Four
different observation periods were chosen after which the animals were finally
examined and sacrificed prior to explantation of the implants and regenerated tis-
sue: as short term periods 5 days (DAI, DAII, DAIIL, n = 6 animals in each group), 18
days (DAL, DAII, DAIIL, n = 6 animals in each group) and 21 days (DAI n = 10, DAIl
n =10, DAIIl n = 9); as long term period 3 months (13 weeks; DAI, DAII, DAIII, n = 17
animals in each group). Control animals for the long term investigations (n = 17)
received an autologous nerve graft of 10 mm length, which was reversed (distal—
proximal) and flipped 90° before three sutures (9-0, Ethilon) were placed 120° apart
from each other. In control animals for the 5 days (n = 4) and 18 days (n = 4) short

term investigations, the nerve defect was not reconstructed, but the proximal and
distal nerve ends were folded over and sutured to themselves after removal of the
5 mm piece.

Anaesthesia at MHH was induced by chloral hydrate (370 mg/kg body weight,
i.p., Sigma—Aldrich, Germany, MHH) ¢ i with i p phine
(0.045 mg/kg body weight, Buprenovet, Germany). Anaesthesia at ULUND was
induced by intraperitoneal injection of a mixture of Rompun (20 mg/ml; Bayer
Health Care, Germany) and Ketalar (10 mg/ml, Pfizer, Finland). Postoperatively, all
rats were treated with Temgesic (0.3 mg/ml; Schering-Plough Europe, Belgium) to
prevent pain.

2.8. Quantitative RT-PCR

The ipsi- and contralateral dorsal root ganglia (DRGs) L3—L5 of animals sub-
jected to the 5 and 18 days observation period were dissected and snap frozen in
liquid nitrogen (5 days: DAI, DAII, DAIII n = 3 each, control n = 4; 18 days: DAI + DAIII
n = 3 each, DAII + control n = 4 each). Tissue samples of each animal were ho-
mogenized and total RNA was extracted according to the manufacturer’s in-
structions (RNeasy Plus Micro Kit, Qiagen, Germany). The eluate of 14 pl was used
completely for cDNA synthesis using the iScript Kit (BioRad, Germany). Primer se-
quences were as previously stated for brain-derived neurotrophic factor (BDNF),
growth-associated protein-43 (GAP-43) [22] and nerve growth factor (NGF) [23].
Further primer sequences were as follows: fibroblast growth factor-2 (FGF-2)-F: 5'-
GAACCGGTACCTGGCTATGA-3'; FGF-2-R: 5'-CCAGGCGTTCAAAGAAGAAA-3'; inter-
leukin 6 (IL6)-F: 5'-CGTTTCTACCTGGAGTTTGTGAAG-3'; IL6-R: 5'-GGAAGTTGGGG-
TAGGAAGGAC-3'; tyrosine kinase receptor B (TrkB)-F: 5'-CCCAATTGTGGTCTGCCG-
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3’; TrkB-R: 5'-CTTCCCTTCCTCCACCGTG-3'. Equal PCR efficiency was certified by
serial cDNA dilutions and estimated to be 100%. Quantitative RT-PCR was performed
with Power SYBR-Green PCR Master Mix (Applied Biosystems) on a StepOnePlus
instrument (Applied Biosystems, Darmstadt, Germany) as described before [24].
Fold changes in mRNA levels are stated in comparison to the levels measured at the
respective day on the contralateral side of the control animals. Calculation was done
by using the 2(—AACt) method and normalized to the housekeeping gene pepti-
dylprolyl isomerase A (Ppia)-F [24].

2.8.1. Western Blot

Tube contents were collected 5 and 18 days after nerve reconstruction with
chitosan tubes and each pooled from 5 to 6 animals per DA. Samples were ho-
mogenized in 40 pl Radioimmunoprecipitation assay (RIPA) buffer (according to Ref.
[25]). Samples were then boiled in Laemmli buffer (5 min) and separated by sodium
dodecyl sulphate (SDS) polyacrylamide gel electrophoresis (PAGE) (12% gel) before
being transferred (50 ug) electrophoretically to nitrocellulose membranes (Hybond
ECL, Amersham) with 4 ng recombinant BDNF serving as positive control. Mem-
branes were then probed with anti-BDNF (sc-546, 1:1000, rabbit, Santa Cruz, Ger-
many) and anti-NGF (ab6199, 1:2000, abcam, UK) antibody and analysed following
Ref. [25].

2.9. Assessment of the connective tissue

The connective tissue surrounding the tubes was macroscopically and histo-
logically analysed. For the macroscopic evaluation, the connective tissue was
dissected, spread on a scale paper glass plate and photographs taken of every
sample. From the photographs, three classes of macroscopic connective tissue op-
tical density were defined as translucent, translucent—opaque and opaque (Fig. 2A).
Afterwards samples of the connective tissue (n = 4—6 per DA and evaluation time
point), were folded and sutured at the proximal end such that the chitosan tubes
contact surfaces were facing each other (Figs. 1 and 2B and C). The tissue was then
fixed overnight in 4% paraformaldehyde (PFA) and paraffin embedded. For histo-
logical analysis blind-coded 7 pm paraffin sections were cut from the distal end of
the connective tissue and subjected to haematoxylin—eosin (HE)-staining or
immunohistochemistry for activated macrophages (see below) in the same sections.
In 4—6 HE-stained sections per sample covering a distal—proximal distance of
approximately 200 pm, the connective tissue area (Fig. 2B) and thickness (at 5
randomly chosen points, Fig. 2C) was determined. Furthermore, the number of
multinucleated giant cells per mm? of the contact area with the chitosan tubes was
manually quantified (Fig. 2C). Light microscopic evaluation (Olympus BX53 and
Olympus BX51, Denmark) was aided by the programmes cellSense Dimensions and
cellSense Entry (both Olympus; Denmark).

Immunohistochemistry was performed to estimate the number of ED1-stained
cells, i.e. activated macrophages (n = 4—5/group). Therefore, two blind-coded 7 pm
paraffin cross sections approximately 140 um apart from each other were incubated
in PBS + 5% rabbit serum as a blocking step prior to incubation with primary mouse
anti-ED-1 antibody (1:1000; MCA 275R Serotec, UK) at 4 °C overnight. The next day
sections were washed with PBS (3x) before being incubated with Alexa 555-
conjugated secondary goat-anti-mouse antibody (1:1000; A21422, Invitrogen, Ger-
many) for 1 h at room temperature (RT). Sections were finally counterstained with
the nuclear dye 4',6'-diamino-2-phenylindole (DAPI, 1:2000, Sigma, Germany) in
PBS for 2 min at room temperature and then mounted with Moviol (Calbiochem,
Germany, N° 475904). Two photomicrographs were each taken from an area with
minimal and maximal ED1 signal per section (20x magnification) using an IX70
microscope (Olympus) and the cellP software (Olympus, Denmark) (Olympus). The
number of ED1-+ cells was counted as number/mm2 with the help of the Image]
software (NIH, USA). The nuclear DAPI counterstaining was used to clearly identify
ED1-immunopositive cells but not for further quantification in this case.

2.10. Analysis of regenerated matrix within the chitosan tubes at 21 days after nerve
reconstruction

The sciatic nerve together with the chitosan tube and its content was harvested
21 days after surgery. The chitosan tube was removed, there after the tube content
with proximal and distal nerve segments were fixed in Stefanini solution (4%
paraformaldehyde and 1.9% picric acid in 0.1 M phosphate buffer pH 7.2) for 24 h. The
samples were then washed in 0.01 m PBS pH 7.4 three times and stored in 20% su-
crose solution overnight for cryoprotection. Before sectioning using a cryostat, the
samples were embedded in OCT Compound (Tissue-Tek®, Histolab products AB,
Gothenburg, Sweden) and frozen. The nerves sectioned longitudinally at 6 pm
thickness were collected on Super Frost® plus glass slides (Menzel-Gliser,
Germany).

2.10.1. Immunohistochemistry

Immunohistochemistry was performed for neurofilaments, activating tran-
scription factor 3 (ATF3), and cleaved caspase 3 to evaluate axons, activated Schwann
cells, and apoptotic Schwann cells, respectively, as described [26,27]. In short, the
sections were washed in PBS for 5 min and incubated overnight at 4 °C with anti-
human neurofilament protein (DAKO Glostrup, Denmark), diluted 1:80 in 0.25%

Triton-X 100 and 0.25% BSA in PBS. The next day the slides were washed with PBS
3 x 5 min, then incubated for 1 h at room temperature with the secondary antibody
ALEXA Fluor 594 conjugated goat anti-mouse IgG (Invitrogen, Molecular Probes,
USA), diluted in 1:500 in PBS and coverslipped.

For ATF-3 immunohistochemistry, the sections were washed for 5 min in PBS
and then incubated with rabbit anti-ATF-3 polyclonal antibody (1:200; Santa Cruz
Biotechnology, USA), diluted 1:200 in 0.25% Triton-X 100 and 0.25% BSA in PBS, or
with anti-cleaved caspase-3 antibody (1:200; Invitro Sweden AB, Stockholm, Swe-
den); both diluted in 0.25% Triton-X 100 and 0.25% BSA in PBS) overnight at 4 °C. The
next day the slides were washed in PBS 3 x 5 min and then incubated with the
secondary antibody Alexa Fluor 488 conjugated goat anti-rabbit IgG (Invitrogen,
Molecular Probes, USA), diluted in 1:500 in PBS for 1 h at room temperature. Finally,
the slides were washed 3 x 5 min in PBS, mounted with 4',6'-diamino-2-
phenylindole DAPI (Vectashield®, Vector Laboratories, Inc. Burlingame, USA) to
visualize the oval shaped nuclei (i.e. for counting the total number of the cells) and
then mounted and coverslipped.

The blind-coded sections were photomicrographed using a fluorescence mi-
croscope (Eclipse, Nikon, Tokyo, Japan) provided with a digital system camera
(Nikon 80i) connected to a computer and the length of the outgrowing axons was
measured from the site of lesion into the formed matrix in three randomly selected
sections. The stained cells for cleaved caspase-3 and ATF-3 were also counted in one
section (image size 500 x 400 pm) in the matrix 3 mm from the proximal nerve end
(Fig. 1) and in the distal nerve segment as described [28]. The same squares were
also used for counting the total number of DAPI stained cells. The images (20x
magnification) were analysed with NIS elements (Nikon, Japan). Double staining for
cleaved caspase 3 and S-100 was performed as described [27].

2.11. Functional evaluation

During the long term observation period of 3 months (13 weeks) after nerve
reconstruction, the progress of functional motor recovery was monitored by
calculation of the Static sciatic index, electrophysi ical r (serial
non-invasively and final invasively) and calculation of the lower limb muscle weight
ratio. The investigators were blinded to the conditions of sciatic nerve reconstruc-
tion applied to the animals.

2.11.1. Static sciatic index (SSI)

The healthy SSI was determined 1 week prior to surgery and after surgery in
weeks 1, 4, 9 and 12 as described before [29]. In brief, webcam images of the toe
spreading of the right (contralateral) and left (ipsilateral) paw were acquired from
the rats placed inside a plastic box located on a glass table. Using a freely available
image-editing program (AxioVision, Zeiss, Jena, Germany), the distance between toe
1 and 5 (toe spread TS) as well as 2 and 4 (intermediate toe spread ITS) was
measured for the lesioned (LTS; LITS) and non-lesioned (NTS; NITS) hind paws. The
SSI was then calculated using the following equations (TSF = toe spread factor;
ITSF = intermediate toe spread factor): TSF = (LTS — NTS)/NTS; ITSF = (LITS — NITS)/
NITS; SSI = (108.44 * TSF) + (31.85 * ITSF) — 5.49.

2.11.2. Serial non-invasive electrodiagnostic recordings

For evaluation of ongoing muscle reinnervation in weeks 4, 9 and 12 after sur-
gery a portable electrodiagnostic device (Keypoint Portable; Medtronic Functional
Diagnostics A/S, Denmark) was used. Therefore, animals were anesthetized as
described above and placed in a prone position and fixed with tape with the hin-
dlimbs extended on a metal plate on top of a thermostatic blanket. Only during
recordings the thermostatic blanket was turned off to avoid interfering signals. The
sciatic nerve was stimulated with single electrical pulses (100 ps duration and
supramaximal intensity) delivered by monopolar needles (30G, diameter 0.3 mm,
length 10 mm; Alpine BioMed, Denmark) percutaneously placed either at the sciatic
notch, proximal to the injury (proximal stimulation, cathode directly at sciatic notch,
anode 1 cm more proximal) or in the popliteal fossa (distal stimulation). The com-
pound muscle action potentials (CMAPs) of the tibialis anterior (TA) and plantar (PL)
muscles were recorded by means of another pair of monopolar needles inserted
across the skin on the muscle belly. To ensure reproducibility the recording needles
were placed with the help of anatomical landmarks to secure the same placement on
all animals. The active recording electrode is placed subcutaneously at the first third
of the distance between knee and ankle on the TA muscle, and at the third meta-
tarsal space for PL muscle recordings. The reference needle electrode was inserted at
the distal phalange of the second or fourth toe. A ground needle electrode was
inserted in the skin at the knee.

Taking into account the latency difference of the two stimulation points and the
distance between them, the electrodiagnostic device calculated automatically the
nerve conduction velocity (NCV). Furthermore, the signals amplitude and the area
under the curve (AUC) of the negative CMAP peaks were recorded. Control values
were obtained from the non-lesioned, right hindlimb.

2.11.3. Final invasive electrodiagnostic recordings

On the last day of observation (week 13) animals were once more anesthetized
and the sciatic nerves were exposed consecutively on the lesioned and non-lesioned
side. The recording electrodes were placed as described above. Using a bipolar steel
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Fig. 3. (A) Metabolic activity of RBMSCs incubated with extracts from the chitosan tubes of different degrees of acetylation (DAl = ~2%; DAIl = ~5%; DAIIl = ~20%) for 72 h (MTS
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hook electrode the sciatic nerves were directly stimulated proximal and distal to the
transplants [29]. Single electrical pulses (100 ps duration) with gradually increased
intensity (not exceeding 8 mA) were applied in order to evaluate the threshold and
maximal CMAP. Furthermore, the NCV was calculated by stimulating the sciatic
nerve proximal and distal with a current intensity of 1 mA.

2.114. Muscle weight ratio

After completing the experiments the animals were sacrificed, the transplants
with the adjacent nerve tissue were dissected and the gastrocnemius muscle and TA
muscle of both hindlimbs were excised and weighted in order to determine the
muscle weight ratio ([glipsilateral/[g]contralateral)-

2.12. Histo-morphometrical assessment of the regenerated nerve tissue

The transplants with the adjacent nerve tissue were harvested and the regen-
erated nerve tissue extracted from the chitosan tubes. The regenerated nerve tissue
was separated into a proximal and a distal part by a cut at 1 mm distal to the distal
suture site (Fig. 1).

Five mm of the distal segment were then prepared for the stereological analysis
(Fig. 1) by transferring the tissue into a fixative according to Karnovsky (2% PFA and
2.5% glutaraldehyde in 0.2 m sodium cacodylate buffer, pH 7.3) for 24 h, then rinsed
three times with 0.1 m sodium cacodylate buffer containing 7.5% sucrose, prior to
post-fixation in 1% OsO4 for 2 h. Dehydration was performed in an ethyl alcohol row
(5 x 5min 25%,5 x 5min 50%, 5 x 5 min 75%). The samples were then shipped to the
partner laboratory at the University in Turin for embedding in a mixture of Araldite
resin (Sigma) following Glauerts’ procedure [30].

The proximal regenerated nerve tissue was subjected to fixation in 4% PFA
overnight at 4 °C. Afterwards Paraffin-embedding was performed in a Citadel tissue-
embedding-automatic unit (Shandon Citadel 2000; USA) to prepare the tissue for
HE-staining and immunohistochemical analysis.

2.12.1. Stereology/nerve morphometry

From each specimen of the distal nerve, 2.5 pm thick series of semi-thin
transverse sections were cut using an Ultracut UCT ultramicrotome (Leica Micro-
systems, Germany). Finally, sections were stained using Toluidine blue and analysed
with a DM4000B microscope equipped with a DFC320 digital camera and an IM50
image manager system (Leica Microsystems, Germany). Systematic random sam-
pling and D-dissector were adopted, using a protocol previously described [31] in
order to evaluate the total fibre number, fibre and axon diameter, myelin thickness
and g-ratio.

2.12.2. Histology

Serial 7 pm-cross sections were obtained from the distal end of the regenerated
nerve tissue and cut in proximal direction over a distance of approximately 1000 pm.
Blind-coded sample sections (from n = 5 randomly chosen animals per group) taken
from the distal end and 320 pm more proximal were processed in HE-staining in
order to examine the number of multinucleated giant cells per mm? in the centre
area as well as in the perineurium. Sections were examined in light microscopy
(Olympus BX53; Denmark) software-aided with cellSense Dimensions (Olympus;
Denmark). Overview photomicrographs were used for the measurements.

Additional blind-coded sample sections (from n = 8 randomly chosen animals
per group) taken at defined distances in distal—proximal direction (0 pm (=1 mm in
distal stump), 64 pum, 128 pm, 320 pum, 384 um, 448 pm, 672 pum, 736 pm, 992 pm,
1056 pm (=distal end of former nerve defect)) were subjected to double-
immunohistochemistry for activated macrophages (ED-1) and neurofilaments (NF-
200). Blocking and ED-1-immunohistochemistry were performed as described
above. After incubation with the secondary antibody the sections were further
washed with PBS (3x) and a second blocking step with 0.5 wm trisaline buffer (60.6 g
tris + 9 g NaCl in 1.1 H,0; pH 7.4) containing 3% milk powder and 0.5% triton X-100
followed by overnight incubation (4 °C) with primary rabbit anti-NF-200 antibody
(1:200; N4142, Sigma, Germany). After washing with trisaline buffer (3x), incuba-
tion with Alexa 488-conjugated secondary goat-anti rabbit antibody (1:1000,
A11034, Invitrogen, Germany) was performed for 1 h at RT. Sections were finally
counterstained with DAPI and mounted with Moviol. The nuclear DAPI counter-
staining was used to clearly identify ED1-immunopositive cells but not for further
quantification in this case.

For quantification of the number of activated ED1-immunopositive macro-
phages/mm?, seven photomicrographs per section were randomly taken (20x
magnification) in the outer area (4 photomicrographs) and in the centre area (3
photomicrographs) to examine approximately 32% of the complete section area.
Finally, the thickness of the perineurium was evaluated on theses sections as well,
therefore at three randomly chosen locations the thickness was determined and the
mean calculated for each sample.

2.13. Analysis of tube properties after explantation
On day 5 and day 18 after nerve reconstruction the chitosan tubes were

explanted. On day 18 a surrounding connective tissue could be dissected, macro-
scopically classified and processed for histological analysis. On day 5 and day 18 the

tubes and their contents were stored for Western Blot analysis of the content.
Therefore the middle parts of the tubes were harvested by cutting of the proximal
and distal ends of the tubes at the suture sites. Also upon explantation in week 13
after nerve reconstruction (long term observation, 3 months), the tubes were
explanted, dissected from surrounding connective tissue and stored in 0.9% NaCl
solution for further analysis of biomaterial properties.

The properties of the tubes, the connective tissue as well as the macroscopic
nerve cable peculiarities were then classified and connective tissue samples were
processed for histological evaluation. Furthermore, tube samples (before and after
nerve reconstruction) were analysed by Scanning electron microscopic (SEM) or
biochemical tests (n = 3/group).

2.14. Statistics

In the different laboratories contributing to the presented study different sta-
tistical software was used, either the statistical package SPSS (version 17.0 or 20.0,
IBM, USA) or GraphPad InStat software, version 5.0.3.0 & 6.00 for windows
(Graphpad Software, CA, USA). A p value of <0.05 was taken as statistically signifi-
cant. The statistical tests used for the different cytotoxical, functional and histo-
logical evaluations are stated in the respective results sections. For nerve stereology,
the statistical analysis was performed using two or one-way ANOVA. If this analysis
identified a significant difference the post-hoc HSD Tukey's test, or Bonferroni were
applied for paired comparisons. Kruskal—Wallis, with subsequent Mann—Whitney
as post-hoc, was used to detect differences between groups. Furthermore, the
proportion of animals per group that displayed a predefined qualitative parameter
(evocable CMAP) was calculated as percentage (0—100%) and analysed with the Chi-
Square-test.

3. Results
3.1. In vitro cytotoxicity assays

In vitro cytotoxicity assays were performed to test the
biocompatibility of the new chitosan tubes and the influence of the
different degrees of acetylation (DA) on it. The MTS test revealed
that the leachables and degradation products released by the chi-
tosan tubes of different DA (i.e. DAI, DAII, DAIII) did not negatively
affect the metabolic viability of RBMSCs when compared to the
positive control (Fig. 3A). Similarly, the MEM extraction test
revealed no negative influences on the cell densities (Fig. 3B).
Therefore, the tested samples can be considered as non-cytotoxic,
as the leachables and degradation products released by chitosan
tubes tested with different DA did not induce any deleterious ef-
fects on RBMSCs.

3.2. In vivo evaluation after nerve reconstruction with chitosan
tubes

Chitosan tubes of DAI, DAII, DAIIl were implanted to bridge a
10 mm defect of lesioned sciatic nerves and compared with con-
trols 5, 18, 21 days, and 3 months, respectively, after nerve recon-
struction (Fig. 1).

3.2.1. Short term observation (5, 18 days)

Five and 18 days after nerve lesion and nerve reconstruction
with chitosan tubes of different DAs, qQRT-PCR for neurotrophic
factors (NGF, FGF-2, BDNF), the cytokine IL-6, the BDNF-receptor
TrkB and for GAP-43 were performed on DRGs (L3—L5). All data
were normalized to the contralateral non-lesioned site of control
animals in which the separated ipsilateral nerve ends were folded
over and sutured to themselves. In accordance with the expression
pattern in the DRGs of the control group, NGF, FGF-2, IL-6, BDNF
and GAP-43 were up-regulated (p < 0.05, t-test) as well in the
presence of the tubes, whereas TrkB remained unchanged in all
experimental groups (Fig. 4A). In addition, there were no significant
changes in the expression patterns of the respective neurotrophic
factors between 5 and 18 days. It can be concluded that chitosan
tubes do not influence the physiological up-regulation of neuro-
trophic factors following nerve injury.
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Fig. 4. (A) Regulation of mRNA levels of representative neurotrophic factors and regeneration associated proteins at the lesioned site, 5 and 18 days after nerve reconstruction with
chitosan tubes or control surgery. Values were normalized to the non-lesioned site of the control group, DAI, DAII, DAIII, n = 3 each; control, n = 4. A representative Western Blot of

pooled tube content (n = 5—6/group) is shown for BDNF (B). DAl = ~2%; DAIl = ~5%; DAIIl = ~20%.
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number of multinucleated giant cells within the contact area to the chitosan tubes and (D) the number of activated macrophages (ED-1-immunopositive, ED1-+ cells). Significant
changes were detectable between the short and the long term evaluation, but not among the connective tissue surrounding chitosan tubes of different degree of acetylation
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Tuckey's multiple comparison, asterix indicating difference to 18 days, p < 0.001.

Additionally, Western Blot analysis was performed from the
tube content in order to detect the relative amounts of BDNF and
NGF secreted into the chitosan tubes. Both, 5 and 18 days after
nerve reconstruction pre-mature and mature BDNF and NGF (data
not shown) were detectable in the pooled tube content with no
difference between the DAs (Fig. 4B).

3.2.1.1. Connective tissue evaluation. Five days after nerve recon-
struction with the chitosan tubes no surrounding connective tissue
was detectable. At 18 days after nerve reconstruction, macroscopic
evaluation revealed a significant shift to a higher optical tissue
density for DAIII tubes (Fig. 5A). However, measurements of the
connective tissue area (Fig. 5B) and thickness (data not shown) did
not reveal any significant differences. The connective tissue contact
area with the implanted tubes was further examined on HE-stained

sections with regard to the presence of multinucleated giant cells
and on ED1-immunopositive/DAPI counterstained sections with
regard to activated macrophages, respectively. The quantification of
giant cells, which are typically found in the environment of foreign
materials, revealed no differences among the connective tissue in
contact with DAI, DAII or DAIII chitosan tubes (Fig. 5C). Also the
number of activated macrophages (ED1-immunopositive cells) was
not altered among the different DAs (Fig. 5D).

3.2.2. Nerve regeneration, activation and apoptosis in short term
(21 days)

3.2.2.1. The formed matrix. A matrix was formed in the chitosan
tubes at 21 days. In separate experiments (results not shown), the
content of the tube was examined at 10, 14 and 18 days, but there
was not a sufficient and bridging matrix formed at these time
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points. The thickness of the matrix in the different tubes was
measured at three different sites (Fig. 6A; Table 1), and showed a
somewhat hourglass shape, and with no statistical differences be-
tween the three types of acetylation tubes at any of the measured
sites (Table 1).

3.2.2.2. Axonal outgrowth and Schwann cells. The immunohisto-
chemical evaluation revealed a length of axonal outgrowth of about
7.9—-8.6 mm in the three acetylation variants with no statistical
difference present (Kruskal-Wallis p = 0.28), but with a tendency
to shorter growth in the DAIIl-tube group. S-100 staining revealed
that Schwann cells were present in the matrix along the entire tube
(Fig. 6B).

3.2.2.3. ATF3 stained Schwann cells. Few ATF3 stained cells were
present in the matrix, but without any significant difference
(Table 1) in the tubes, although DAPI stained cells were seen.
However, a considerable number of ATF3 stained cells, with a sig-
nificant difference between the three DAs (i.e. lowest in DAI- and
highest in DAIII-tubes), was present in the distal nerve segment at
21 days (Table 1).

3.2.2.4. Cleaved caspase 3 stained Schwann cells. In contrast to ATF3
staining, cleaved caspase 3 stained cells were observed in the ma-
trix along the entire length of the matrix in all three types of the
chitosan tubes (Table 1, Fig. 6B). Significantly increasing higher cell

A Analysis of regenerative Matrix

numbers were detected in the formed matrix with increasing de-
gree of acetylation of the tubes; i.e. with a low number in DAI tubes.
There were extensive numbers of cleaved caspase 3 stained
Schwann cells in the distal nerve segment, but with no difference
between the tubes of different DAs.

3.2.2.5. Total number of DAPI-stained cells. DAPI-stained cells were
present in the matrix of all tubes, but with no difference among the
DAs. However, there was a significant difference in DAPI-stained
cells in the distal nerve segment (Table 1).

3.2.2.6. Correlations. The thickness of the formed matrix correlated
strongly with the length of the axonal outgrowth (rho-value up to
0.9; p-value < 0.02; Spearman), particularly in the DAI- (~2%) and
DAIII- (~20%) tubes. The length of axonal outgrowth did only
correlate with the number of cleaved caspase 3 stained Schwann
cells in the distal nerve segment (rho 0.44, p = 0.016).

In the distal nerve segment, the number of cleaved caspase 3
stained Schwann cells negatively correlated (rho —0.53, p = 0.003)
with the total number of DAPI stained cells, particularly in DAIII-
tubes. No other relevant correlations were observed.

3.2.3. Long term observation (13 weeks) regeneration

3.2.3.1. Functional recovery. Long term regeneration was evaluated
with regard to functional recovery analysing the SSI and non-
invasive and invasive electrophysiology after different time points
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photomicrographs taken at +3 mm within the matrix in sections incubated with ¢-cleaved caspase 3 antibody (green, apoptotic cells; left panel) and 2-5100 antibody (red, Schwann

cells; double staining, right panel).
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Table 1

Dimensions, length of axonal outgrowth, and numbers of activated and apoptotic Schwann cells and total number of DAPI stained cells in the matrix and in the distal nerve

segments in rat sciatic nerve defects bridged by differentially acetylated chitosan tubes (DAl = ~2%; DAIl = ~5%; DAIIl = ~20%).

DAI (n = 10) DAII (n = 10) DAIIl (n = 9) p-Values

Matrix diameter at 0 mm (ym) 317 [303—339] 313 [303—334] 303 [292—-321] 036
Matrix diameter at 3 mm (um) 242 [222-302] 250 [236-287] 232 [224-245] 0.29
Matrix diameter at 5 mm (um) 242 [232-278] 248 [232-280] 237 [228-244] 054
Axonal outgrowth (mm) 8.61[7.51-9.01] 8.64 [8.04—9.31] 7.91[7.43-8.76] 0.28
ATF3 stained cells in the matrix (at 3 mm) (% of total) 0.4 [0-0.7] 0.4 [0-0.7] 0.3 [0-0.3] 0.39
ATF 3 stained cells in the distal nerve segment (% of total) 19.8 [18.6—21.6] 25.2 [20.2-28.3]" 30.6 [27.9-35.3] 0.0001
Cleaved caspase 3 stained cells in the matrix (at 3 mm) (% of total) 47 [2.7-7.6]" 15.3 [5.8-19.5)° 20.5 [18.0-23.0] 0.0001
Cleaved caspase 3 stained cells in the distal nerve segment (% of total) 22.1[20.5-28.3] 27.7[22.9-34.9] 21.5[20.4-22.9] 0.07
Total number of DAPI stained cells in the matrix (no/mm?) 1010 [966—1046] 1057 [981—1080] 1011 [833—1030] 0.18
Total number of DAPI stained cells in the distal nerve segment (no/mm?) 981 [914-1022]* 888 [866—919]” 1094 [1059—1142] 0.0001

Values are median [25th—75th percentiles]. p-Values based on Kruskal—Wallis-test.

Bold writing indicates statistical significance.
2 Different from medium and high acetylation.
b Different from high acetylation.
¢ Different from high acetylation (Mann—Whitney-test).

(Fig. 1). Eventual changes from initial numbers of animals per group
are indicated throughout and due to hamstring toe contractures or
signs of autotomy, which excluded animals from certain tests at a
certain time point. Additionally, few animals died over the long
term observation period because of low tolerance to the repeated
anaesthesia. Actual animal numbers are appropriately indicated in
the graphs below.

3.2.3.2. Static sciatic index (SSI). With regard to the SSI a significant
decrease from pre to post nerve defect and reconstruction was
found which remained significantly decreased till the end of the
observation period. Interestingly, the post-surgery performances of
the different experimental groups revealed no significant differ-
ences, also when comparing the reconstruction of the nerve with
hollow chitosan tubes to the autologous nerve graft (Fig. 7A). This
suggests that the hollow chitosan tubes, independently of their DA,
influence motor regeneration in the same extent as the gold
standard.

3.2.3.3. Electrophysiological assessment. Compound muscle action
potentials (CMAPs) were serially recorded from the tibialis anterior
muscle (TA) and plantar muscles (PL) at 4, 9, and 12 weeks after
nerve reconstruction. Additionally, a final invasive recording was
performed on the last day of observation in week 13. Four weeks
after nerve reconstruction no CMAPs were evocable for both loca-
tions. However, nine weeks after nerve reconstruction 62% of the
animals treated with autologous nerve grafts demonstrated evoked
CMAPs in the TA, while significantly less animals of the other
groups showed these signs of reinnervation (6—29%, Table 2).
Twelve weeks after nerve reconstruction the number of chitosan
tubes treated animals with evoked CMAPs recordable from the TA
muscle reached a level comparable to the autologous nerve grafted
animals. When recordings were performed from the PL muscles, a
similar development of motor recovery was detectable (Table 2).
These data reveal that chitosan tubes of all degrees of acetylation
allow functional recovery, which almost reaches the same distri-
bution as after autologous nerve grafting.

Furthermore, the CMAPs were analysed in more detail, as was
the nerve conduction velocity (NCV). No significant differences
among the amplitudes of evocable CMAPs could be detected among
the groups during the non-invasive and invasive measurements
(data not shown). Also for the NCV-ratio (ipsilateral/contralateral),
the TA and the PL muscles data revealed no significant differences
in comparison with autologous nerve grafting and bridging of the
nerve defects with chitosan hollow tubes or among the chitosan
tubes with different degrees of acetylation (Fig. 7B).

3.2.34. Muscle weight ratio. After the final electrophysiological
measurements, the muscle weight ratios (gipsi/gcontra) Of the lower
limb muscles were determined after harvest of the tibialis anterior
and gastrocnemius muscles (Fig. 1) and revealed no differences
among the experimental groups (Fig. 7C).

3.2.4. Histomorphological evaluation

3.24.1. Distal nerve stereology. The results of the stereological
assessment of myelinated fibre number and axon diameter, fibre
diameter, myelin thickness and g-ratio of all experimental groups
are shown in Fig. 8. The total numbers of myelinated fibres (Fig. 8A)
are significantly different in all groups towards the healthy nerve
(*p < 0.05; **p < 0.01), but only the nerve distal to DAI-chitosan
tubes is significantly different compared to the autologous nerve
graft group (#p < 0.05). With regard to axon and fibre diameters
and myelin thickness (Fig. 8B), all the experimental groups differ
from healthy nerves (**p < 0.01) but no differences are seen among
them. In Fig. 9 high-resolution representative images of semithin
sections of regenerated sciatic nerves are shown in comparison to
the contralateral healthy control (Fig. 9A: healthy contralateral
nerve; Fig. 9B: autologous nerve graft; Fig. 9C: DAI; Fig. 9D: DAII;
Fig. 9E: DAIII). Nerve fibre size distribution is also reported (Fig. 9F—
]). The distribution is significantly different between healthy and
regenerated nerves but again no significant differences in fibre size
distribution could be detected among the experimental groups.

3.2.4.2. Immunological nerve tissue reaction. In addition to the
stereology, the area around the distal suture (bridging 1 mm dis-
tance, see Fig. 1) was evaluated with regard to the presence of
activated macrophages in the regenerated nerve tissue after
double-staining for the ED1-antigen and NF200-Neurofilaments
(Fig. 10A—C). Whereas in nerves regenerated through DAI and
DAII chitosan tubes similar amounts of ED1-immunopositive cells
were found, nerves regenerated through DAIIl chitosan tubes
contained significantly higher numbers of these cells, i.e. activated
macrophages. As expected, in all tubes the number of macrophages
was significantly lower than in autologous nerve grafts where it can
be attributed to myelin debris removal (Fig. 10D). On the same
sections of the regenerated nerves the thickness of the perineurium
was measured. Interestingly, whereas thickness of the perineurium
of nerves regenerated through DAI and DAII chitosan tubes was
comparable with the perineurium thickness in the autologous
nerve graft group, nerves regenerated through DAIII chitosan tubes
displayed a significantly thicker perineurium (Fig. 10E). The higher
number of macrophages together with a thicker perineurium point
to an immunological reaction in DAIIL
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Fig. 7. Functional evaluation of motor recovery revealed no significant differences among the gold standard autologous nerve graft and the nerve reconstruction with chitosan tubes
of different degree of acetylation. DAl = ~2%; DAIl = ~5%; DAIIl = ~20%. (A) Results of the calculation of the static sciatic index (SSI). Statistical test: two way ANOVA, Tukey’s
multiple comparison, triple asterix indicating difference to post nerve lesion values, p < 0.001. (B) Calculation of the nerve conduction velocity ratio. (C) Calculation of the lower
limb muscle weight ratio.

3.2.4.3. Connective tissue evaluation. There was never a strong scar presence of multinucleated giant cells (HE staining, Fig. 2B), and
tissue formation around the chitosan tubes. Similar as performed immunohistochemically for the presence of activated macrophages
18 days after nerve reconstruction (Fig. 1), the connective tissue (ED1-immunopositive cells). Similar to the findings after short term
surrounding the tubes was explanted and analysed morphologi- nerve reconstruction, the optical density of the connective tissue
cally with regard to its optical density, its area and thickness, the surrounding DAIII chitosan tubes was significantly increased in



9898 K. Haastert-Talini et al. / Biomaterials 34 (2013) 9886—9904
Table 2
Increasing distribution of animals per group which showed evocable compound muscle action potentials in the tibialis anterior or plantar muscles during the regeneration
period after autologous nerve grafting or nerve reconstruction with chitosan tubes of different degree of acetylation (DAl = ~2%; DAIl = ~5%; DAIIl = ~20%).
9 weeks 12 weeks 13 weeks (invasive)
Animals/group  Percentage  Significant  Animals/group  Percentage  Significant  Animals/group  Percentage  Significant
difference difference difference
Tibialis anterior muscle
Autologous nerve graft ~ 8/13 62% 13/13 100% 13/13 100%
DAI 117 6% # 14/16 88% #1 16/16 100% t
DAIl 2/16 13% # 11/16 69% #1 13/14 93% #f
DA 5/17 29% #it 13/16 82% #t 1215 80% #11
Plantar muscles
Autologous nerve graft 8/10 80% 10/10 100% 10/10 100%
DAI 5/10 50% # 8/10 80% #1 9/10 90% #1
DAIl 6/12 50% # 7/11 64% #t 7/10 70% #1
DAIII 4/12 33% #i 7/11 64% #1 6/9 67% #11

Significant differences p < 0.05 are indicated as follows: # versus nerve autograft, { versus DAI-chitosan tube, { versus DAIl-chitosan tube.

comparison to the connective tissue from the other groups
(Fig. 5A). Connective tissue area and thickness displayed no sig-
nificant differences among chitosan tubes of different DAs after 3
months and, in addition, no significant differences were obvious
when compared with the data after 18 days (Fig. 5B). Multinucle-
ated giant cells were only detected in two animals (DAI group)
displaying a significant reduction of the foreign body reaction at 3
months after nerve reconstruction (Fig. 5C). Quantification of ED1-
immunopositive cells revealed a highly significant reduction of
their appearance as compared to the evaluation after short term
nerve reconstruction (18 days, Fig. 5D). However, at both time
points no differences in the immunological connective tissue re-
action to chitosan tubes of different degrees of acetylation were
obvious.

3.2.5. Assessment of chitosan tube properties after explantation

In addition to the above mentioned analyses of the connective
tissue and regenerated nerve tissue peculiarities, the chitosan tubes
were also macroscopically analysed upon explantation. The prop-
erties of the tubes differed substantially among the different de-
grees of acetylation. While 5 days after nerve reconstruction no
macroscopic differences were detectable, DAIll-chitosan tubes
showed signs of beginning degradation already 18 days after nerve
reconstruction. In two of six DAIlI-tubes small longitudinal fissures
were visible through the surgery microscope and a 3rd sample
displayed a rough surface. The degradation of DAIII-chitosan tubes
was much further in progress three months after nerve recon-
struction when these tubes displayed longitudinal fissures (4 out of
15), a fragmentary appearance that broke apart upon nerve tissue
harvest (8/15) or they were already longitudinally broken and
compressed (3/15). The crack-lines and sharp edged pieces
appearing with progressed degeneration could have potentially
damaged already regenerated nerve tissue. In contrast, DAI- and

Table 3

Results of the mechanical and biochemical analyses of chitosan tubes, which were
explanted 13 weeks after nerve reconstruction. The degree of acetylation was
determined in NMR spectrometry and the molecular weight (MW) was determined
using the GPC method. With the latter no clear differences have been detected
among the chitosan tubes of different DA. The symbols shown in the respective
column show a tendency to most obvious reduction of MW in DAI chitosan tubes.

Chitosan Before 13 weeks after nerve reconstruction
tubes implantation DA Solubility Toughness MW
DA .
degradation
DAI ~2% 11%+£03% —— ++ +++
DAII ~5% 3.6% +03% — + ++
DAIII ~20% 14.6% +1.1% ++ — — (brittle) +

DAIlI-chitosan tubes mostly displayed a regular shape and firmness
(13/16 and 11/15, respectively) and rarely a slightly bent shape (3
each) or a slight compression (DAII only: 1/15), both together with
regular firmness. The colour of DAI and DAII tubes was changed to a
serous yellow, while in DAIII tubes the change of colour was min-
imal. Fig. 11 shows representative samples of all chitosan tube types
before and after nerve reconstruction. A cracked DAIll-chitosan
tube 13 weeks after nerve reconstruction is shown in Fig. 12,
demonstrating that degeneration of the tubes leads to damages
that are already microscopically evident and can easily be
confirmed in ultrastructural images.

3.2.5.1. Biochemical characterization (Table 3). The GPC chromato-
graphs obtained showed an increase in the retention time for all
chitosan tubes (the molecular weight distribution has shifted to the
right) independently of the DA of the raw material. This evidence
highlights the fact that all chitosan tubes used to bridge the nerve
defects suffer depolymerisation during the time in vivo after nerve
reconstruction. The DAIll-tubes showed a more symmetrical mo-
lecular weight (MW) degradation when compared with the other
chitosan tubes with less DA. Nevertheless all samples analysed
from the same group of chitosan tubes (DAI, DAII or DAIII) showed a
similar chromatographic profile among them. This demonstrates a
rather high reproducibility of the MW of the biopolymer (dis-
persibility of molecular weights) within the sample tubes, which
suggests that both the tube production and biological activity are
similar for each group. Homogeneity of the results within the three
groups DAI-DAIII was quite high.

The variation of the DA among the chitosan tubes prior to nerve
reconstruction and after explantation at 3 months was also inves-
tigated. Upon analytical evaluation of the NMR spectra, all sample
chitosan tubes showed a rather similar DA before and after nerve
reconstruction, demonstrating that there is no visible hydrolysis of
the remaining acetyl groups of the chitosan main chain by bio-
logical action. Regarding solubility there was a clear tendency of
chitosan tubes with higher DA to show a higher solubility when
compared with other chitosan tubes of lower DA. In the case of DAI-
chitosan tubes (DA ~2%) it was necessary to heat the solution in
order to achieve a total dissolution of the tubes. On the other hand,
the toughness of the tubes after explantation at 3 months was
higher in DAI and DAII chitosan tubes when compared to DAIII-
tubes, which were brittle.

4. Discussion

During the last years there has been an interest in chitosan as a
suitable biomaterial for medical and pharmaceutical applications
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because of its biocompatibility, non-toxicity, and biodegradability.
These properties qualified chitosan also as a putative candidate
material for fabrication of peripheral nerve reconstruction devices
[18,32]. However, the poor mechanical strength of chitosan con-
duits, along with pre-mature degradation and loss of structural
integrity in vivo, were major limitations which prevented their
commercial application in neural tissue engineering until now
[15,18,32]. The present study, using chitosan conduits with
different degrees of acetylation, indicates that fine-tuned chitosan
tubes induce sufficient peripheral nerve regeneration when used to
reconstruct a 10 mm nerve defect in adult rat sciatic nerves.

In vitro cytotoxicity tests with extracts from the different chi-
tosan tubes revealed no detrimental effects on cell metabolic
viability. Indeed when observing Fig. 3, it is noticeable that the

values obtained are even above those obtained with the positive
control extracts. As it is known chitosan withholds several struc-
tural affinities with animal/human tissues [33], however, when it
degrades it can induce an increase of cell metabolic viability.
Moreover, this is probably the reason why DAIII extracts disclose
higher metabolic viabilities when compared to DAI or DAII extracts.

Short and long term in vivo studies demonstrated that i) mainly
DAII chitosan tubes support nerve regeneration in a similar extent
as the gold standard autologous nerve graft with regard to both
function and morphology, while DAI and DAIIl chitosan tubes
demonstrated some shortcomings ii) the lesion-induced regulation
of regeneration associated neurotrophic factors in the corre-
sponding dorsal root ganglia and the secretion of BDNF and NGF
into the chitosan tubes was not altered due to their different DAs,
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iii) the regenerative matrix formed in DAI and DAII chitosan tubes
contained a lower number of cleaved caspase 3 stained, i.e.
apoptotic, Schwann cells, as compared to DAIII chitosan tubes, iv)
the number of ED1-immunopositive cells, i.e. activated macro-
phages, and thus the tissue reaction, in the regenerated nerve was
significantly lower after nerve reconstruction with DAI and DAII
chitosan tubes, and v) the material-induced immunoreaction in the
connective tissue formed around the chitosan tubes was not altered
by their different DA (equal numbers of multinucleated giant cells
and activated macrophages) and was considerably reduced from 18
days to 3 months after nerve reconstruction.

Although the chitosan tubes with the different DAs allowed
good structural and functional sciatic nerve regeneration, there
were obvious differences with regard to the speed of their degra-
dation (structural integrity), which were most evident at 3 months
after nerve reconstruction. Overall, the DAIII chitosan tubes were
much less stable during the observation period, which is probably
the reason for the development of connective tissue with a signif-
icantly higher optical density. After explantation, tubes of the
different DAs revealed differences with regard to consistency and
chemical properties, which were related to the different grades of
degradation. Macroscopically detectable crack lines were also
obvious in SEM ultrastructures, although the electron microscopic
appearance was rather similar among the three groups. However,
the DAI chitosan tubes display almost no degradability.

Regarding previous chitosan devices, the main differences to the
chitosan tubes presented here include their fine-tuned chemical
structure which provided an optimal substrate for the formation of
a regenerative matrix, where the thickness of such matrix corre-
lated to the length of the outgrowing axons in accordance with
findings from silicone tubes [34]. This goes along with the high
mechanical compression strength and collapse stability. Further-
more, these chitosan tubes are completely transparent to ease the

surgical procedure, and because also microneedles go through the
material very easily, they seemed to be very suitable for bridging
nerve defects. Moreover, the chitosan raw material and the tubes
are manufactured according to ISO standard protocols for medical
devices, which is a pre-requisite for regulatory approval and com-
mercial application.

Analysis of the early regeneration phase (21 days) after nerve
reconstruction with the chitosan tubes of different DAs demon-
strated a higher number of activated Schwann cells in the distal
segments of nerves regenerated through DAIII tubes. This may
mirror that Schwann cells are stimulated and prepared to attract
the outgrowing axons [26,27]. However, there was a tendency to
shorter axonal outgrowth in this early regeneration phase in the
same group of animals. In addition, the number of cells stained for
cleaved caspase 3 was significantly higher in the regenerative
matrix within DAIII chitosan tubes. The latter may be detrimental
for axonal outgrowth although the number of such cells did not
correlate with axonal outgrowth.

While usually not considered in studies where new materials
are analysed, it is worth to consider other endogenous early events
of regeneration in addition to the immunological reaction and the
regenerative efficiency in the presence of the foreign material.
During regeneration a distinct pattern of neurotrophic factors is
produced and secreted by the nerve ends [35]. Pooled tube contents
were collected at 5 and 18 days after nerve reconstruction and
Western Blots were performed for BDNF and NGF, which revealed
no differences among the different experimental groups. Moreover,
the analysis of the corresponding dorsal root ganglia for expression
of different growth factors, which are regulated during the regen-
eration process, did also not reveal differences among the different
experimental groups. This suggests that the presence of the chi-
tosan tubes, irrespective of their DAs, does not disturb these mo-
lecular processes.
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Fig. 11. Left column: representative SEM images of chitosan tubes of different degree of acetylation before nerve reconstruction. Right column: representative SEM images of
example chitosan tubes explanted and analysed 13 weeks after nerve reconstruction. DAl = ~2%; DAIl = ~5%; DAIll = ~20%.

Up to now the nerve reconstruction with an autologous nerve
graft is the gold standard to overcome substance loss after pe-
ripheral nerve injury [1]. Thus, any nerve conduits have to be
compared with this standard. With regard to the stereological

parameters of the regeneration efficiency, the chitosan tubes pre-
sented in this study supported axonal regrowth to a similar extent
as the autologous nerve graft. However, nerves regenerated
through DAI chitosan tubes revealed a significantly higher total

tube surface

Fig. 12. (A) Chitosan tube of DAIII ( ~20% acetylation) upon explantation 13 weeks after nerve reconstruction, displaying several longitudinal fissures and a clear crack line. The
connective tissue is opaque and the tube contains regenerated nerve tissue. (B) SEM image displaying the ultrastructure of the DAIIl chitosan tube shown in (A) as well as the

roughened outer surface of the tube after long term in vivo.
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number of myelinated axons as compared to the gold standard. The
increased number of regenerated axons after 3 months can be the
morphological correlate of enhanced sprouting in the presence of
DAI chitosan tubes, although fibre size under all experimental
conditions was not different. Enhanced sprouting could eventually
become a limiting factor for the outcome of functional recovery
[36] and thus argues against the use of DAI chitosan tubes for future
trials.

The good morphological regeneration in the presence of chito-
san tubes is also reflected in the behavioural and functional pa-
rameters analysed. Regarding the SSI, animals of the different
experimental groups displayed no significant differences compared
to the gold standard. Moreover, although the electrophysiological
measurements revealed a faster functional recovery in animals
treated with autologous nerve grafts, after 3 months there were no
significant differences with regard to the functional data among all
experimental groups detectable. Interestingly, we found morpho-
logical differences with regard to non-neuronal tissue in the re-
generated nerves, which have important impact on the selection of
the type of chitosan tube for future applications. Three months after
nerve reconstruction, the highest number of activated macro-
phages was present in nerves regenerated through autologous
nerve grafts, which is due to the need for myelin debris removal in
the autografts [35]. However, it is noteworthy that the number of
activated macrophages within the regenerated nerves was signifi-
cantly increased in the DAIII samples when compared to DAI and
DAII samples. In addition, the thickness of the perineurium was
significantly higher in nerves regenerated through DAIII chitosan
tubes compared to DAI and DAII tubes and the autologous nerve
graft. Both facts could reflect the acute tissue reaction to the faster
degrading DAIII chitosan tubes, which argues against the use of
those tubes for future trials.

Regarding the connective tissue surrounding the tube, no sig-
nificant differences in thickness, area, numbers of multinucleated
giant cells, and activated macrophages among the three DA groups
were obvious. However, we detected a shift to a higher optical
density of the unfolded connective tissue formed around DAIII
chitosan tubes. Previously, it was reported that subcutaneously
implanted chitosan scaffolds of different DAs induced different
inflammatory responses which were more intense in the presence
of materials with a DA of 15% as compared to materials with a DA of
4% [37]. In another study, chitosan membranes with different DAs
were implanted under the calvarial periosteum and revealed as
well different inflammation reactions [38]. Furthermore, chitosan
sheets of different acetylation grades implanted into the spinal cord
elicited different morphological reactions also in the nervous tissue
[39]. In addition to different modes of fabrication of the chitosan
devices, also the investigated implantation sites were different and
could be the reason why in the present study varying reactions of
the tube-surrounding connective tissue to the different DAs were
minimized. Moreover, after 3 months only 1-2 remaining giant
cells were found in the connective tissue preparations, which is the
pattern of a reduced tissue response even seen at one year after the
use of silicone tubes in nerve repair in humans, thus, the chitosan
tubes can be judged as immunologically inert [5,40].

5. Conclusions

This comprehensive study provides a complex view on the
suitability of fine-tuned chitosan tubes of different degree of
acetylation to support peripheral nerve regeneration. With regard
to the morphological and functional parameters of nerve regener-
ation, the chitosan tubes displayed a similar efficiency as the gold
standard. However, differences were discovered regarding the
immunological reaction, as well as other cellular processes, in the

regenerative matrix and distal to the regenerated nerve and the
chemical properties of tubes with the different DAs. While DAIII
chitosan tubes (DA: ~20%) displayed a too fast degradation and
induced degradation related tissue reactions, DAI tubes (DA: ~2%)
induced an unintended sprouting effect in regenerating nerve fi-
bres. Our findings point to DAII chitosan tubes (DA: ~5%) as the
most supporting ones for peripheral nerve regeneration and as the
first choice for ongoing applications in nerve reconstruction.
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Abstract

Knowledge about nerve regeneration after nerve injury and reconstruction in appropriate diabetic animal models is incomplete.
Short-term nerve regeneration after reconstruction of a 10-mm sciatic nerve defect with either a hollow chitosan conduit or an
autologous nerve graft was investigated in healthy Wistar and diabetic Goto-Kakizaki (GK) rats. After 21 days, axonal outgrowth,
the presence of activated and apoptotic Schwann cells and the thickness of the formed matrix in the conduits were measured. In
general, nerve regeneration was superior in autologous nerve grafts. In chitosan conduits, a matrix, which was thicker in diabetic
rats, was formed and was positively correlated with length of axonal outgrowth. Axonal outgrowth in conduits and in nerve grafts
extended further in diabetic rats than in healthy rats. There was a higher percentage of activating transcription factor 3 (ATF3)-
immunostained cells in nerve segments from healthy rats than in diabetic rats after autologous nerve graft reconstruction. In chi-
tosan conduits, more cleaved caspase 3-stained Schwann cells were generally observed in the matrix from the diabetic rats than
in healthy rats. However, there were fewer apoptotic cells in the distal segment in diabetic rats reconstructed with a chitosan
conduit. Preoperative glucose levels were positively correlated with axonal outgrowth after both reconstruction methods. Axonal
regeneration was better in autologous nerve grafts than in hollow chitosan conduits and was enhanced in diabetic GK rats
compared to healthy rats after reconstruction. This study provides insights into the nerve regeneration process in a clinically rele-
vant diabetic animal model.

Introduction with diabetes who may also do manual labor. Both of these factors
increase the risk that subjects with diabetes may also suffer from
traumatic hand injuries, particularly injuries to their peripheral
nerves (Kannus ez al., 2005; Keller et al., 2012; Bonne & Schuerer,
2013; Kara et al., 2014). From experimental studies, it has been
reported that the regeneration pattern differs between healthy Wistar
rats and diabetic Goto—Kakizaki (GK) rats after nerve injury and
repair {i.e. direct suture; Stenberg & Dahlin, 2014). However,
knowledge about the initial nerve regeneration process following
reconstruction of a nerve injury with a defect in relevant diabetic rat
models is insufficient, but is essential from both the clinical and
neurobiological points of view. Due to reasons of animal care, eval-
uation of the short-term regeneration process in rats with diabetes is
more feasible than the conventional long-term experiments in
healthy rats.

A traumatic nerve injury causing a nerve defect between the prox-
imal and distal nerve ends can be bridged by the gold standard tech-
Correspondence: Lars B. Dahlin, 'Department of Translational Medicine — Hand nique of autologous nerve grafting, or in certain situations by
Surgery, as above. various nerve conduits (Weber ez al., 2000; Lundborg et al., 2004;
E-mail: lars.dahlin@med.lu.se Boeckstyns er al., 2013; Konofaos & Ver Halen, 2013) such as

In general, the incidence of diabetes mellitus is increasing globally
due to both a growing number of older people developing type 2
diabetes and an increased incidence of type 1 diabetes in young
people. Thus, there is an associated risk of an increased number of
people with diabetic-related complications of the eyes, the kidneys
and the cardiovascular system. More relevant for the present study,
diabetes also affects the peripheral nervous system, i.e. neuropathy,
but the detailed mechanisms behind the development of neuropathy
are not understood (Callaghan & Feldman, 2013). As the world pop-
ulation is growing older, with a rising number of type 2 diabetic
patients, there is a trend to be more active at older ages for both
physical and mental reasons (Caspersen et al., 2000; Keller & Lem-
berg, 2002; Chang et al., 2014). In addition to more active older
adults with diabetes, there are a growing number of younger people
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non-degradable silicone tubes (Dahlin & Lundborg, 2001; Dahlin
et al., 2001), or degradable materials (i.e. polyglycolic acid tubes;
Weber et al., 2000; Boeckstyns er al., 2013) or with processed
nerve allografts (Rinker ef al., 2015). Recently, chitosan, produced
commercially by deacetylation of chitin (the structural element in
the exoskeleton of crustaceans such as crab and shrimp), has been
described as an alternative for bridging nerve defects with the
advantage of being absorbable (Haastert-Talini er al, 2013).
Whether chitosan conduits can also be used in subjects with diabetes
needs to be determined. Furthermore, it is also crucial to evaluate
from a neurobiological point of view the initial regeneration process,
including matrix formation, axonal outgrowth, and activation and
apoptosis of Schwann cells. The different components of the initial
regeneration process are critical for the overall regeneration process
(Zhao et al., 1993; Stenberg & Dahlin, 2014) that leads to func-
tional recovery. However, reconstruction of longer nerve defects
(i.e. 15 mm compared to 10 mm) with chitosan conduits may be
less successful than nerve grafts (Gonzalez-Perez et al., 2015; Sha-
pira et al., 2015). Our aim was to bridge a shorter, i.e. 10 mm, sci-
atic nerve defect with a hollow chitosan conduit (low acetylation) or
with an autologous nerve graft in healthy and genetically modified
type 2 diabetic rats (i.e. GK rats; Portha e al., 2009; Stenberg &
Dahlin, 2014) with focus on evaluating the aforementioned compo-
nents of the initial nerve regeneration process in short-term experi-
ments.

Materials and methods
Animals

All animal experiments were approved by the ethical committee in
Malmé and Lund region, Sweden (Lund University permit number
347/2011). A total of 32 female Wistar (Taconic, Denmark) and GK
rats (~ 200 g each, kindly provided by Malin Fex, Lund University)
were included and divided into four groups: (i) healthy Wistar rats
with chitosan conduit (n = 8); (ii) healthy Wistar rats with autologous
nerve graft (n = 8); (iii) diabetic GK type 2 rats with chitosan con-
duits (n = 8); and (iv) diabetic GK type 2 rats with autologous nerve
graft (n = 8). Altakitin S.A., Portugal and Medovent GmbH, Ger-
many, kindly provided the chitosan conduits. All animals also had a
12-h day—night cycle in the cages. The GK rats were provided with
extra water. Fasting blood sugar and body weight of the rats were
measured once a week in all animals. Blood glucose was measured
with a blood sample from the tail vein [Ascensia contour TM (Bio
health Care, USA, Bio Diagnostics Europe) and LT (Bayer AB, Dia-
betes Care, Solna, Sweden); test slips Microfil TM (Bio Healthcare
Diabetes Care, USA)]. Before surgery the rats were anesthetized with
an intraperitoneal injection of a mixture of Rompun® (20 mg/mL;
Bayer Health Care, Leverkusen, Germany) and Ketalar® (10 mg/mL;
Pfizer, Helsinki, Finland) with a dose of 1 mL Ketalar® and 0.25 mL
Rompun® per 100 g body weight rat. For pain prevention, all rats
were postoperatively injected with Temgesic® 0.01-0.05 mg/kg
(0.3 mg/mL; Schering-Plough Europe, Brussels, Belgium).

Surgery

The sciatic nerve was exposed in deeply anesthetized animals at the
hind-limb level. For implantation of the chitosan conduit, the sciatic
nerve was transected and a 5-mm segment was removed. A low-acety-
lation chitosan conduit was implanted and 2 mm of the proximal and
distal nerve ends were sutured within the conduit using 9-0 Ethilon
(Ethicon®) epi/perineurial sutures. The length of the conduit was

14 mm, its inner diameter was 2.1 mm and the nerve defect in the rats
was 10 mm (Fig. 1). After surgery, the skin was sutured and the rats
were allowed to recover. For implantation of the autologous nerve
graft a 10-mm nerve segment was removed from the sciatic nerve,
rotated 180° and then sutured with 9-0 Ethilon (Ethicon®) epi/per-
ineurial sutures (Fig. 1). Twenty-one days was chosen as sufficient
time for matrix formation within the conduit and thus as the end-point
based on pilot experiments (i.e. single rats evaluated at 10, 14 and
21 days; data not shown for 10 and 14 days).

Harvest of specimens

After 21 days, the animals (n = 8 in each group) were re-anes-
thetized and the sciatic nerves, together with the formed matrix
inside the conduit, and the autologous nerve grafts as well as the
sciatic nerves from contralateral side were removed. After removal,
the animals were killed by an overdose of pure pentobarbitalnatrium
(60 mg/mL; Apoteksbolaget, Malmo, Sweden). Before fixing the tis-
sue in Stefanini solution [4% paraformaldehyde and 1.9% picric acid
in 0.IM phosphate-buffered saline (PBS) pH 7.2], the chitosan con-
duits were carefully removed from the sciatic nerve specimens, leav-
ing only the nerve ends and the matrix that had formed within the
conduit. After 24 h of fixation, the samples were washed in 0.01M
PBS, pH 7.2, three times and then placed in 20% sucrose solution
overnight for cryoprotection. The samples were then embedded in
OCT Cryo mount (Histolab products AB, Gothenburg, Sweden) and
sectioned longitudinally at 6 pm thickness and mounted on super-
frost plus glass (Thermo Scientific, Braunschweig, Germany).

Immunohistochemistry

For immunolabelling, the sections were washed for 5 min with PBS
prior to incubation with primary antibodies. The following primary
antibodies were used: monoclonal mouse anti-human neurofilament
(1:80; Dako, Glostrup, Denmark), rabbit anti-activating transcription
factor 3 (ATF3) polyclonal antibody (1:200; Santa Cruz Biotechnol-
ogy, USA) and rabbit anti-cleaved caspase-3 antibody (1:200; Bio-
Nordica, Stockholm, Sweden). Antibodies were diluted in 0.25%
Triton-X 100 and 0.25% BSA (bovine serum albumin) in PBS. The
sections were incubated with antibodies overnight at 4 °C. The next
day, the slides were washed with PBS for 3 x 5 min followed by
incubation with secondary antibodies, Alexa Fluor 594-conjugated
goat anti-mouse IgG or Alexa Fluor 488 conjugated goat anti-rabbit
IgG (both from Invitrogen, Molecular Probes, Eugene, Oregon,
USA), diluted at 1:500 in PBS. Sections were incubated with the
secondary antibody solution for 1 h in the dark at room temperature.
After 1 h, the slides were washed with PBS for 3 x 10 min, coun-
terstained with 4’,6'diamidino-2-phenylindole (DAPI; Vectashield®,
Vector Laboratories, Inc. Burlingame, CA 94010, USA) to visualize
the nuclei (i.e. for total number of DAPI cells; expressed as no/
mm?), and then coverslipped.

Double staining: S-100 and ATF3 or cleaved caspase 3

To make sure that we only counted Schwann cells in the sciatic
nerve segments, we also performed a double staining with S-100
and anti-ATF3 or anti-cleaved caspase 3. The sections were incu-
bated with rabbit anti-ATF3 polyclonal antibody (see above), or
with rabbit anti-cleaved caspase 3 antibody (see above) and on
day 2 with the second antibody, Alex Fluor 488-conjugated goat
anti-rabbit IgG, as described above. After 1 h the slides were incu-
bated with mouse monoclonal IgG anti-S100 antibody o/f chain

© 2015 Federation of European Neuroscience Societies and John Wiley & Sons Ltd

European Journal of Neuroscience, 43, 463—473



Do mm D3 mm Qs mm

Nerve regeneration in healthy and diabetic rats 465

Tube length = 14 mm
Nerve defect = 10 mm

[ZEN
Proximal Distal
nerve nerve
Length NF (mm) ‘
Frames
ATF3 and (Perce"'ﬂge) ATF3 and
Cleaved Cleaved
Caspase 3 DAP' Caspase 3
at 3 mm stained cells at SND
\ (no/mm?) \
O L R
--Proximal i ! Distal
nerve ! 1 nerve
1
1 A

1

S-100 — stain
- Presence of
Schwann cells

Length NF (mm)

Autologous nerve graft =10 mm

F1G. 1. Schematic drawing of surgical procedures to reconstruct nerve defects in healthy and diabetic rat sciatic nerves. In healthy and diabetic GK rats, the sci-
atic nerve was transected and a 10-mm nerve defect was reconstructed with a chitosan conduit (upper panel) or a 10-mm nerve segment was cut, rotated 180°
and resutured as an autologous nerve graft (lower panel). Details are provided where length of axonal outgrowth and presence of ATF3 and cleaved

caspase 3-stained Schwann cells are quantified. SND, distal nerve segment.

(Santa Cruz Biotechnology) diluted at 1:200 in PBS. On the final
day the sections were washed in PBS 3 x 5 min and then incubated
with Alexa Fluor 594-conjugated goat anti-mouse IgG as described
above. After 1 h we washed the slides in PBS as described,
mounted with Vectashield and cover-slipped.

Imaging and analyses

The sections were photographed using an inverted fluorescence micro-
scope (Nikon Eclipse) equipped with a digital camera (Nikon 80i) and
analysed with the Software NIS elements (Nikon). The widths (i.e. dis-
tance across) of the formed matrices inside the conduit were measured
on three sections in the microscope (10 x magnification) at three
levels, i.e. near lesion and 3 mm and 5 mm distal to the lesion (Fig. 1).
A few sections were analysed from the contralateral side from both rats
with conduits and rats with autologous nerve grafts to visualize differ-
ences between the groups (data not shown; Stenberg & Dahlin, 2014).
The length of the stained neurofilament proteins were measured in
three randomly selected sections (10 x magnification) from the site
of lesion to the front of the longest growing axons (Stenberg & Dahlin,
2014) in both chitosan conduits and in nerve grafts (Fig. 1) with the
requirement that the neurofilaments should be continuously traced
from the proximal nerve segment to the front of the regenerating axons
(Stenberg & Dahlin, 2014). A mean value of the length of axons from
the three evaluated sections was calculated from each animal and used
for statistical analyses. ATF3 and cleaved caspase 3-labelled cells were
counted in sciatic nerve sections (image size 500 x 400 pm;
20 xmagnification) both at 3 mm from the proximal nerve suture and

in the distal nerve segment just distal to the end of the conduit or the
autologous nerve graft (Fig. 1). At these locations, squares
(6 x 100 pm?) were randomly selected and examined for presence of
apoptotic cleaved caspase 3 and activated ATF3 as well as for DAPI-
stained cells (i.e. total number of cells; Fig. 1). Presence of ATF3 and
cleaved caspase 3-stained cells was expressed as percentage of total
number of DAPI-stained cells. In all cases for the autologous nerve
graft groups, mean values were calculated from the three sections.
From the chitosan conduit groups only one proper section was avail-
able and used for evaluation of cleaved caspase 3 and ATF3, due to
the limited number of sections that could be obtained as the matrices
were thin. The number of DAPI cells (indicating total number of cells)
was also evaluated from the sections stained for ATF3 and cleaved
caspase 3 (mean values from these sections) and expressed as no/mm?.

Statistical methods

The statistical analyses were performed using the software IBM
SPSS Statistics, version 22. All results are presented as median val-
ues (with 25-75th percentiles) due to a non-normal distribution of
data. The nonparametric Kruskal-Wallis (KW) test was used to
determine whether there were any significant differences between
the four groups. The Mann—-Whitney post hoc test was used to iden-
tify differences between the four groups: healthy rats with chitosan
conduit, healthy rats with autologous nerve grafts, diabetic GK rats
with chitosan conduits and diabetic GK rats with autologous nerve
grafts. Separate P-values for healthy vs. diabetic rats and chitosan
conduits vs. autologous nerve grafts were then combined to a single
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P-value by using the Fisher method for independent samples based
on the y° distribution (Fisher, 1948; https:/en.wikipedia.org/wiki/
Fisher%27s_method, courtesy of statistician Professor Jonas Bjork,
Lund University, Lund, Sweden; Stenberg & Dahlin, 2014). Spear-
man’s rank correlation test was used to evaluate relationships
between different parameters (expressed as r-values and P-values).
A P-value of < 0.05 was considered significant.

Results
Fasting preoperative blood glucose and weight increase

We observed significant differences in blood glucose between the
healthy and diabetic GK rats with higher blood glucose levels in the
diabetic rats (P < 0.0001; Fisher’s test; Table 1). However, no sta-
tistical differences in blood glucose levels were detected between
rats treated with either the autologous nerve grafts or the chitosan
conduits within the healthy or diabetic groups (P = 0.80). The pre-
operative [healthy rats 264 (244-279) g, n = 16; rats with diabetes
244 (227-259) g, n = 16] and postoperative [healthy rats 267 (253~
283) g, n = 16; rats with diabetes 249 (236-270) g, n = 16] weights
were higher (P = 0.043 and 0.021, Mann-Whitney, respectively) in
the healthy rats. The weight increase [healthy rats 2.8% (0.4-6.2);
rats with diabetes 3.5% (1.5-4.8)] was not different between the
healthy and the diabetic rats (P = 0.84, Mann—Whitney).

Matrix formation in the conduit

A matrix, extending from the proximal to the distal nerve ends, was
formed after 21 days in the chitosan conduits in both the healthy and
the diabetic rats. The formed matrix in the chitosan conduits (Fig. 2e
and f) was significantly thicker in the diabetic rats than in the healthy
rats at all three measured locations (Mann—Whitney; P = 0.007,
P =0.0001; and P = 0.0001, respectively): near the lesion [10.4%;
healthy rats 317 (305-322) pm; rats with diabetes 350 (331-378)
pm]; at 3 mm [41.5%; healthy rats 236 (231-245) pm; rats with dia-
betes 334 (303-346) pm] and at 5 mm [21.2%; healthy rats 241
(232-244) pm; rats with diabetes 292 (286-302) um].

Length of axonal outgrowth in conduits and autologous nerve
grafts

Axons had grown into the chitosan conduits and in the autologous
nerve grafts in all specimens (Fig. 2a—d). There were, however, sta-
tistical differences in length of axonal outgrowth between the vari-
ous groups reconstructed with autologous nerve grafts and the
chitosan conduits (P = 0.0001; Table 1; Figs 1 and 2a-d), with
axons extending further into the autologous nerve grafts than in the
chitosan conduits (P < 0.0001, Fisher’s test). The axonal outgrowth
in both types of reconstruction procedures was longer in diabetic
rats than in healthy rats (P < 0.0001, Fisher’s test; Table 1).

ATF3-stained Schwann cells in conduits and autologous nerve
grafts (at 3 mm)

Only cells with characteristics of a Schwann cell, i.e. shape and loca-
tion as well as double staining (Saito & Dahlin, 2008; Tsuda et al.,
2011), were counted as ATF3-positive cells (Fig. 3a). Significant dif-
ferences at 3 mm from the proximal suture in the reconstruction mod-
els were observed between the groups (KW, P = 0.0001; Table 1;
Fig. 3a—h). The differences were observed between the chitosan con-
duit and autologous nerve graft models (P < 0.0001; Fisher’s test) as

Nerve regeneration in healthy Wistar rats and in diabetic GK rats after reconstruction of a 10-mm-long sciatic nerve defect with autologous nerve grafts or hollow chitosan conduits, and evaluated
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Healthy rat - hollow chitosan conduit

Healthy rat - autologous nerve graft

Healthy rat - hollow chitosan conduit

Nerve regeneration in healthy and diabetic rats 467

hitosan conduit

Diabetic rat - hollow

Diabetic rat - autologous nerve graft

Diabetic rat - hollow chitosan conduit

F1G. 2. Neurofilament staining in the matrix of the chitosan conduits and in autologous nerve grafts. Immunohistochemical staining of neurofilament proteins
in (a and c) healthy and in (b and d) diabetic GK rats in the matrix formed in hollow chitosan conduits (a and b) and in autologous nerve grafts (c and d). The
matrix was thinner in the healthy rats (e) than in the GK rats (f). For details see Fig. 1. Scale bars, 100 pm.

well as between the healthy and diabetic rats (P < 0.0001; Fisher’s
test; Table 1). There was a high percentage of ATF3-stained cells in
the autologous nerve grafts, particularly in the healthy rats. In contrast,
nerve segments from the contralateral, uninjured, sciatic nerve, exhib-
ited only a few positive ATF3-stained cells (data not shown).

ATF3-stained Schwann cells in the distal nerve segment

There were also ATF3-stained cells in the distal nerve segment in
all specimens (Fig. 4a—d). The KW test revealed differences
between the test groups (P = 0.0001; Table 1). Differences were
observed between healthy and diabetic rats (P < 0.0001; Fisher’s
test), where healthy rats exhibited a higher percentage of ATF3-
stained cells. There were also statistical differences between autolo-
gous nerve grafts and chitosan conduits (P = 0.006; Fisher’s test)
with a higher percentage of ATF3-stained cells in those diabetic rats
with autologous nerve grafts (Table 1).

Apoptotic Schwann cells within conduits and autologous nerve
grafts (at 3 mm)

Statistically significant differences were also observed for the cleaved
caspase 3-stained Schwann cells among the groups at 3 mm from the
proximal nerve suture (P = 0.0001, KW; Table 1; Fig. 5a-h). Signifi-
cant differences were found between healthy and diabetic rats
(P < 0.002; Fisher’s test) and also between chitosan conduit and

autologous nerve graft (P < 0.0001; Fisher’s test). There was a higher
percentage of cleaved caspase-3-stained cells in the autologous nerve
graft model both in diabetic and in healthy rats. The percentage was
higher in diabetic rats reconstructed with chitosan conduits than in the
healthy rats reconstructed with the same method (Table 1). Nerve seg-
ments from the contralateral, uninjured, sciatic nerve exhibited only
single-stained cleaved caspase 3-stained cells (data not shown).

Apoptotic Schwann cells in the distal nerve segment

Cleaved caspase 3-stained cells were observed in the distal nerve
segment in all specimens (Fig. 4e—h). Differences in the percentage
of cleaved caspase 3-stained Schwann cells at this location were
detected between the test groups (KW, P = 0.001). There was a sig-
nificant difference between healthy and diabetic rats (P < 0.005;
Fisher’s test) with generally higher percentages of stained cells in
healthy rats (Table 1). There were also differences in the number of
cleaved caspase 3-stained cells between the two reconstruction mod-
els with a lower percentage in the diabetic rats reconstructed with
the chitosan conduit (P < 0.006; Fisher’s test; Table 1).

DAPI-stained cells in conduits and autologous nerve grafts at
3 mm and in distal nerve segment

The analyses of the density of the DAPI-stained cells, indicating
total cell number of all cells and expressed as no/mm?, also showed
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4 4 Healthy - chitosan conduit

W

Healthy - autologous nerve graft

Healthy - chitosan conduit

Healthy - autologous nerve graft

FiG.

Diabetic - chitosan conduit

Diabetic - autologous nerve graft

\

Diabetic - chitosan conduit

Diabetie - autologous nerve graft

. ATF3 and S-100 in chitosan conduits and autologous nerve grafts. Immunohistochemical staining of (a—d) ATF3 and double staining with (e~h) S-100

in healthy (a, ¢, e and g) and in diabetic GK rats (b, d, f and h) in the matrix formed in hollow chitosan conduits (a, b, e and f) and in autologous nerve grafts
(c, d, g and h). In the insert (upper left corner) three Schwann cells (arrows) and two inflammatory cells (arrowheads) are shown. Arrows in the other images

indicate Schwann cells. For details see Fig. 1. Scale bars, 100 pm.

differences (KW, P = 0.0001; Table 1). The Fisher method, when
analysing the cells within the conduits and the autologous nerve
grafts at 3 mm, showed significant differences between the chitosan
conduit and autologous nerve graft models (P < 0.0001; lower num-
ber in the grafts) and between the healthy and diabetic rats
(P < 0.0001; higher in diabetic rats).

The density of DAPI-stained cells showed a different pattern in
the distal nerve segment, but still with differences (KW,
P = 0.0001; Table 1). Thus, the Fisher test showed statistical differ-

ences between the diabetic and healthy rats (P < 0.0001; depending
on reconstruction model) and between the autologous nerve graft
and the conduit models (P = 0.0004; somewhat lower in the autolo-
gous nerve grafts).

Correlations

Analyses of correlations were also done because previous studies
(Saito & Dahlin, 2008; Tsuda ef al., 2011; Stenberg & Dahlin,
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Healthy - autologous-nerve graft

Healthy - chitosan conduit

Cleaved caspase 3

Healthy - autologous nerve graft

100um

Nerve regeneration in healthy and diabetic rats 469

Diabetic - chitosan

Diabetic - autologous nerve graft

Diabetic - chitosan conduit

Diabetic - autologous nerve graft

Cleaved caspase 3

F1G. 4. ATF3 and cleaved caspase 3 in the distal nerve segment after reconstruction with chitosan conduits and autologous nerve grafts. Immunohistochemical
staining of (a—d) ATF3 and (e-h) cleaved caspase 3 in healthy (a, c, e and g) and in diabetic GK (b, d, f and h) rats in the distal nerve segment from regenera-
tion in hollow chitosan conduits (a, b, e and f) and in autologous nerve grafts (c, d, g and h). For details see Fig. 1. Scale bars, 100 pm.

2014) have shown an association between preoperative blood glu-
cose and different variables related to nerve regeneration, and that
the matrix is important for axonal outgrowth (Zhao et al., 1993).
Furthermore, one may also hypothesize that an association exists
between the percentage of activated and apoptotic cells due to pos-
itive and negative regulators of Schwann cell differentiation (Ogata
et al., 2006; Heinen et al., 2013). Relevant correlations were exam-
ined with the data pooled and with the data from the chitosan con-
duits as well as from the autologous nerve grafts. There were no
significant correlations between the different evaluated variables

when the four different groups were analysed individually, proba-
bly due to a limited number of observations in the individual
groups.

Pooled data

When analysing all treatment groups together, i.e. regeneration in
healthy and diabetic rats through conduits and autologous nerve grafts,
the axonal outgrowth showed no correlation with preoperative glucose
(r=0.256, P=0.16; Fig. 6a). However, axonal outgrowth did
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- chitosan conduit

Healthy - autologous nerve graft

y - chitosan conduit

Healthy - autologous nerve graft

Diabetic - chitosan ¢

abetic - autologous nerve graft

Diabetic - chitosan conduit

100ym

Diabetic - autologous nerve graft

F1G. 5. Cleaved caspase 3 and S-100 in chitosan conduits and autologous nerve grafts. Immunohistochemical staining of (a-d) cleaved caspase 3 and (e~h)
double staining with S-100 in healthy (a, ¢, e and g) and in diabetic GK (b, d, f and h) rats in the matrix formed in hollow chitosan conduits (a, b, e and f) and
in autologous nerve grafts (c, d, g and h). For details see Fig. 1. Scale bars, 100 um.

correlate  with the percentage of ATF3-stained (r = 0.703,
P =0.0001) and cleaved caspase 3-stained (r = 0.781, P = 0.0001)
Schwann cells at 3 mm from the site of the proximal suture. The pre-
operative glucose levels did not correlate with the percentage of
ATF3-stained (P = 0.60) or cleaved caspase 3-stained (P = 0.65)
Schwann cells at 3 mm in the reconstruction models. However, the
percentage of ATF3-stained Schwann cells was positively correlated
(r =0.841, P = 0.0001; Fig. 6b) with the percentage of cleaved cas-
pase 3-stained Schwann cells at the same location as well as in the
distal nerve segment (r = 0.65, P = 0.0001; Fig. 6c).

Chitosan conduits

The axonal outgrowth in the chitosan conduits positively correlated
with the diameter of the formed matrix [near lesion, r = 0.55,
P =0.026; at 3 mm, r = 0.63, P = 0.009 (Fig. 6d); and at 5 mm,
r=0.72, P =0.002]. Length of axonal outgrowth also correlated
with the preoperative glucose levels (r = 0.82, P = 0.0001; see indi-
vidual data in Fig. 6a). Furthermore, axonal outgrowth positively
correlated with the percentage of cleaved caspase 3-stained Sch-
wann cells (r = 0.78, P = 0.0001) in the chitosan conduit at 3 mm,
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FIG. 6. Relationships in nerve regeneration in chitosan conduits and autologous nerve grafts in healthy and diabetic rats. Scatter diagrams showing correlations
between preoperative glucose levels, length of axonal outgrowth, diameter of the formed matrix in chitosan conduits and presence of ATF3 and cleaved cas-
pase 3-stained Schwann cells from all groups of rats (a—c) and from the rats in which the nerve defect was reconstructed with a chitosan conduit (d—f). For

detailed correlation p-values and P-values see Results.

but not with the percentage of ATF3-stained Schwann cells at the
same location (i.e. 3 mm; P = 0.08).

The preoperative glucose levels positively correlated with the per-
centages of ATF3-stained (r = 0.64, P = 0.008) and cleaved cas-
pase 3-stained (r = 0.84, P =0.0001) Schwann cells inside the
conduit (i.e. at 3 mm), but negatively with the corresponding per-
centages in the distal nerve segment (respectively, r = —0.70,
P = 0.003; Fig. 6e; and r = —0.79, P = 0.0001; Fig. 6f). The per-
centages of ATF3- and cleaved caspase 3-stained Schwann cells at
3 mm inside the chitosan conduit (r = 0.67, P = 0.005) and in the
distal nerve segment (r= 0.81, P =0.0001) positively correlated
with each other.

Autologous nerve grafts

The axonal outgrowth in the autologous nerve grafts did not corre-
late with the percentage of cleaved caspase 3-stained Schwann cells
at 3mm in the graft (P =0.41), but correlated negatively
(r=—0.79, P = 0.0001) with percentage of ATF3-stained Schwann
cells in the graft. The preoperative glucose levels positively corre-
lated with the length of axonal outgrowth (r = 0.67, P = 0.004; see
details in Fig. 6a). The preoperative glucose levels correlated nega-
tively with the percentage of ATF3-stained Schwann cells inside the
graft (r = —0.76, P = 0.001) as well as in the distal nerve segment
(r=—0.75, P = 0.001), but did not correlate with the percentage of
cleaved caspase 3-stained Schwann cells (P = 0.29 and 0.45, respec-
tively). The percentages of ATF3- and cleaved caspase 3-stained
Schwann cells did not correlate with each other, either at 3 mm in
the autologous nerve grafts (P = 0.37) or in the distal nerve segment
(P = 0.45).

Discussion

We examined short-term nerve regeneration in two different nerve
reconstruction models, bridging a short (i.e. 10 mm) nerve defect
(Shapira et al., 2015) in healthy rats as well as in a genetically
modified diabetic GK rats with clinically relevant blood glucose
levels (Portha er al., 2009; Stenberg & Dahlin, 2014). The advan-
tage of the diabetic GK rats compared to other diabetic rat or mouse
models, such as the Biobreeding rats and rats with streptozotocin-in-
duced diabetes (Stenberg et al., 2012), is that diabetic GK rats dis-
play only a modest, but constant, increase in blood sugar levels.
They survive for longer periods of time without needing insulin
treatment, as well as without the risk of severe variations in blood
glucose levels or developing a catabolic condition that may severely
influence the nerve regeneration process. Thus, the diabetic GK rat
model is relevant in evaluating the nerve regeneration process after
nerve injury and reconstruction of a nerve defect.

As expected at the early stage of the nerve regeneration process
investigated here (i.e. 21 days), axonal outgrowth was longer in
autologous nerve grafts than in the chitosan conduits in both healthy
and diabetic rats. One reason for this could be the larger percentage
of activated (i.e. ATF3-stained) Schwann cells observed in the autol-
ogous nerve grafts compared to the chitosan conduits. In a similar
model, albeit with a longer nerve defect (i.e. 15 mm), the functional
recovery in healthy rats evaluated at 4 months is better after recon-
struction with autologous nerve grafts than with chitosan conduits
(Gonzalez-Perez et al., 2015). However, the functional recovery is
similar when a shorter nerve defect (i.e. 10 mm; Shapira ef al.,
2015) is bridged with chitosan conduits or autologous nerve grafts.
Such observations stress the importance of the length of the defect
(Zhao et al., 1993) as well as the presence of Schwann cells in an
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appropriate extracellular matrix (i.e. tissue niche; Andersson-Sjoland
et al., 2011). Interestingly, the length of axonal outgrowth was
longer in the diabetic GK rats than in the healthy rats, which is in
contrast to short-term axonal outgrowth after a nerve transection
with subsequent direct end-to-end nerve repair, where the length of
axonal outgrowth in healthy Wistar rats exceeded the ones in dia-
betic GK rats (Stenberg & Dahlin, 2014). This discrepancy may be
explained by the fact that axons after a direct nerve repair (Stenberg
& Dabhlin, 2014) are allowed to grow into a well vascularized distal
nerve segment. In the present autologous nerve graft model, the
grafts bridging the 10 mm nerve defect were transected, rotated
180° and re-sutured. The implication is that the Schwann cells pre-
sent in the autologous nerve graft depend initially on diffusion and
later on revascularization, which modulate the tissue niche (Ander-
sson-Sjoland ez al., 2011), thus mimicking the situation in clinical
practice. However, the presence of activated Schwann cells (i.e. the
percentage of ATF3-stained Schwann cells) cannot explain the longer
axonal outgrowth in the diabetic GK rats, as the percentage of ATF3-
stained Schwann cells inside the graft was higher in healthy rats. The
blood glucose levels, with the modestly higher levels in the diabetic
GK rats, positively correlated with length of axonal outgrowth in the
autologous nerve grafts as well as in the chitosan conduits (see sepa-
rate correlations and individual data in Fig. 6a), and may possibly
influence the processes through diverse mechanisms, e.g. a different
association with the percentage of ATF3-stained Schwann cells. There
is a possibility of a direct effect of the modest blood glucose levels on
the neurons and their regenerating axons or through produced AGE
products (advanced glycation end products), which has been shown
in vitro and in vivo, but mostly in conditions with high glucose levels
(Sango et al., 2006; Tosaki et al., 2008; Duran-Jimenez et al., 2009;
Bennmann ez al., 2014; Tsukamoto et al., 2015) and in models exam-
ining regeneration after a nerve crush injury (Ekstrom & Tomlinson,
1989, 1990). Again, high blood glucose levels in in vitro systems
induce a number of oxidative, metabolic and apoptotic responses in
Schwann cells (Cinci er al., 2015) as well as an impairment of prolif-
eration and migration of Schwann cells with subsequent diminished
axonal outgrowth (Gumy et al., 2008). Other authors have stressed
that the age of the postnatal rat dorsal root ganglia, and not glucose
levels in vitro, influences the number of surviving neurons as well as
those that develop neurites (Sepehr et al., 2009). In contrast to the pre-
sent findings using the diabetic GK rat model with moderately
increased blood glucose levels and evaluated at 21 days, in vivo
experiments in a different diabetic model (i.e. streptozotocin-induced
diabetes) have shown that local glucose exposure has no influence on
the early outgrowth of axons or migration of Schwann cells in rats
(Zochodne et al., 2007). However, the ‘diabetic bridges’ used by
Zochodne and colleagues demonstrated extensive failure of recon-
struction 3 weeks after injury, with the conclusion that diabetes
severely limits the success of regeneration (Zochodne et al., 2007).
With respect to the clinical situation, the present diabetic GK rat
model, in which the sciatic nerve defect of 10 mm was reconstructed
with common techniques, is relevant with its moderately increased
blood glucose level.

The chitosan conduit is formed of a tissue-compatible material
with several positive abilities that makes it suitable for bridging
short nerve defects (Haastert-Talini er al., 2013). We found that the
length of axonal outgrowth was greater in the chitosan conduits in
the diabetic GK rats than in the healthy Wistar rats, although shorter
than in the autologous nerve grafts. At 21 days, a matrix was
formed inside the hollow chitosan conduits in both healthy and dia-
betic animals and the matrix was thicker in the diabetic GK rats.
The thickness of the matrix positively correlated with the length of

the axonal outgrowth (Fig. 6d), supporting the concept of the crucial
influence of matrix formation on the nerve regeneration process (Zhao
et al., 1993). The length of the sciatic nerve defect is relevant for
nerve regeneration and functional recovery as the success of func-
tional recovery is higher after reconstruction with chitosan conduits of
a short (10 mm) than of a long (i.e. 15 mm) sciatic nerve defect in
healthy rats (Gonzalez-Perez et al., 2015; Shapira et al., 2015).
‘Whether the nerve regeneration process can be improved in chitosan
conduits in healthy and diabetic GK rats by modulating their contents,
e.g. by inserting membranes, is currently being evaluated.

There was a higher percentage of ATF3-stained cells in healthy
rats than in diabetic GK rats in the distal nerve segment, where the
reconstruction technique should not influence the condition of the
distal nerve segment. However, the percentage of ATF3-stained Sch-
wann cells seemed to be negatively influenced by the preoperative
blood glucose levels (see e.g. Fig. 6e). Furthermore, the positive
and negative regulation of Schwann cell differentiation is notably
seen in the distal nerve segment where the percentages of ATF3-
and cleaved caspase 3-stained Schwann cells correlated with each
other (Fig. 6¢c; also Ogata et al., 2006; Heinen er al., 2013), and
which explains the negative correlation also observed for the
cleaved caspase 3-stained Schwann cells in the distal nerve segment
(Fig. 6f). However, we did not in detail analyze these processes as
our purpose was, in short-term experiments, to analyze the axonal
outgrowth inside the reconstruction models.

Clinical studies have not focused on the nerve regeneration process
in humans with diabetes after nerve injury and repair or reconstruc-
tion, but mechanisms have been suggested for a potential impairment
of axonal outgrowth (Kennedy & Zochodne, 2005). In a clinical study
of nerve regeneration and degeneration (i.e. 52-week trial of acetyl-L-
carnitine), based on a change of myelinated nerve fiber density in the
sural nerve of patients with diabetes, it was shown that maintaining
optimal HbAlc-levels, i.e. long-term levels of blood glucose levels,
were an important factor for regeneration (Hur et al., 2013). Whether
the regeneration process in humans is influenced by diabetes has to be
determined in clinical studies defining type of diabetes, as the mecha-
nism(s) of development of neuropathy are different between types 1
and 2 diabetes (Callaghan ef al., 2012). However, a potential limita-
tion of performing such a study is the limited number of available
patients with suitable nerve injury; there is an inherent statistical
power problem in a clinical study.

In conclusion, short-term regeneration is improved in autologous
nerve grafts compared to hollow chitosan conduits in both healthy
and diabetic GK rats. In addition, axonal outgrowth in diabetic GK-
rats surpasses healthy Wistar rats in both these nerve reconstruction
models.
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Biosynthetic nerve grafts are developed in order to complement or replace autologous nerve grafts for
peripheral nerve reconstruction. Artificial nerve guides currently approved for clinical use are not widely
applied in reconstructive surgery as they still have limitations especially when it comes to critical dis-
tance repair. Here we report a comprehensive analysis of fine-tuned chitosan nerve guides (CNGs)
enhanced by introduction of a longitudinal chitosan film to reconstruct critical length 15 mm sciatic
nerve defects in adult healthy Wistar or diabetic Goto-Kakizaki rats. Short and long term investigations
demonstrated that the CNGs enhanced by the guiding structure of the introduced chitosan film signif-
icantly improved functional and morphological results of nerve regeneration in comparison to simple
hollow CNGs. Importantly, this was detectable both in healthy and in diabetic rats (short term) and the
regeneration outcome almost reached the outcome after autologous nerve grafting (long term). Hollow
CNGs provide properties likely leading to a wider clinical acceptance than other artificial nerve guides
and their performance can be increased by simple introduction of a chitosan film with the same ad-
vantageous properties. Therefore, the chitosan film enhanced CNGs represent a new generation medical

device for peripheral nerve reconstruction.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

with the intrinsic capacity to regenerate, the degree of functional
recovery depends on a number of factors, such as the patient's age

Treatment of peripheral nerve transection and laceration in-
juries represents a major challenge in reconstructive surgery and
regenerative medicine. Although peripheral nerves are featured
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and general condition, the type of nerve, the delay between the
accident causing the injury and the time of surgery, the skills of the
surgeon as well as on the location and length of the nerve injury.
Small defects (<2 cm) between the separated nerve ends in humans
can be bridged by a number of marketed bioartificial hollow con-
duits of various origins or by processed human peripheral nerve
tissue from donors [1]. Treatment of larger defects, however, is still
a field of intensive research with the autologous nerve graft treat-
ment representing the clinical gold standard [2,3]. For the latter, the
grafts are harvested from less important sensory nerves. Regener-
ation and functional recovery across defects of >3 cm in length,
however, are often incomplete due to differences in nerve archi-
tecture (e.g. size of endoneurial tubes) and mismatch in Schwann
cell phenotypes (sensory vs motor nerve peripheral glia cells) [4].
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Furthermore, this type of treatment has several disadvantages,
including donor site morbidity, need of additional surgery and
limited number of available grafts [3,5]. Another condition that can
limit the outcome of any chosen reconstructive therapy for injured
peripheral nerves is generalized peripheral neuropathy, such as
that occurring in diabetes [6]. The number of patients with diabetes
is increasing globally and any innovative technique for peripheral
nerve repair and reconstruction needs to be evaluated not only for
the use in subjects with healthy general conditions, but also for
those with diabetes [6,7]. Current research and development at-
tempts aim therefore to overcome the present obstacles that pre-
vent a widespread use of bioartificial nerve guides, to significantly
increase the length limit that can currently be successfully bridged
with them (max 2.5 cm) [8], and to significantly improve the
achievable level of functional recovery both in generally healthy
and diabetic subjects suffering from traumatic nerve injuries. The
usually accepted maximal defect length for nerve guide repair in
the clinic is 2.5 cm because the surgeon needs to ensure that
regeneration will occur also without the use of autologous nerve
transplantation. The clinical use of nerve guides, however, depends
also on the type of nerve that has to be reconstructed, e.g., small
digital nerves or the larger median or ulnar nerves [9-11]. To
overcome the critical gap lengths, many different attempts have
been evaluated experimentally also in larger animal models like
Beagle dogs with a defect lengths of 3—6 cm [12—14].

We have previously demonstrated that hollow nerve guides
produced from a fine-tuned form of the natural biopolymer chi-
tosan are as effective in peripheral nerve repair as autologous nerve
grafts when bridging 10 mm sciatic nerve gaps in rat experimental
models [15—17]. These nerve guides did further qualify for func-
tional repair of critical length, 15 mm, sciatic nerve defects in a
considerably high percentage of the evaluated rats [18]. In order to
further increase the regeneration outcome, the chitosan nerve
guides have been filled with a neural and vascular regenerative
hydrogel (NVR-Gel) in a non-modified form or additionally
enriched with primary, naive or genetically modified Schwann cells
overexpressing selected neurotrophic factors. Although supporting
neurite outgrowth in vitro, the NVR-Gel did not provide a growth-
permissive environment in vivo, but rather impaired the regener-
ation process across a 15 mm critical defect. Supplementation of
fibroblast growth factor 2 (FGF-2) overexpressing Schwann cells
was able to partially overcome this obstacle [19].

The aim of the present study was to apply a simpler intraluminal
modification to the chitosan nerve guides in order to increase the
success of axonal regeneration and enhance functional recovery
across the critical defect length of 15 mm in rat sciatic nerves in
healthy and diabetic rats; the latter with moderate and clinically
relevant blood glucose levels and with a profile resembling type 2
diabetes [6]. We enhanced the chitosan nerve guides by intro-
ducing a longitudinal film made out of the same fine-tuned chito-
san. That a longitudinal guidance structure can increase peripheral
nerve regeneration has earlier been demonstrated [20]. The chi-
tosan film that we used for the purpose of chitosan tube
enhancement has previously demonstrated to be a suitable
biomaterial for Schwann cell attachment and support of sensory
dorsal root ganglion neurite outgrowth in vitro [21].

The potential of chitosan film enhanced chitosan nerve guides
(CFeCNG) to increase peripheral nerve regeneration was evaluated
in three coordinated successive sub-studies. Study I compared the
functional and morphological outcome of peripheral nerve regen-
eration after 15 mm sciatic nerve defect reconstruction with hollow
chitosan nerve guides (hCNG) or 1st generation CFeCNG (contin-
uous chitosan films). In the next step the chitosan films were
modified by introducing holes allowing exchange between the two
compartments of 2nd generation CFeCNG and comprehensive short

(Study IT) and long-term (Study III) studies were conducted. Study II
evaluated the initially formed regenerated matrix within hCNGs or
CFeCNGs and the regeneration related processes within the dorsal
root ganglia at 56 days after surgery with immunohistochemical
methods. These crucial early events of regeneration were addi-
tionally addressed regarding the differences between generally
healthy and diabetic rats. Study III finally evaluated comprehen-
sively the functional and morphological outcome of peripheral
nerve regeneration in experimental groups including implantation
of (i) hCNG and (ii) 2nd generation CFeCNG, additionally compared
to (iii) autologous nerve grafts (ANGs) and (iv) CFeCNG enriched
with FGF-2 overexpressing Schwann cells (SC-FGF-2'8P2). Two
very important results were achieved in our comprehensive ana-
lyses. First, motor recovery was detectable in significantly more
animals in CFeCNG groups than in hCNG groups and the 2nd gen-
eration CFeCNG group demonstrated a significantly better outcome
in this respect than the 1st generation CFeCNG group. While in the
ANG group 100% of the animals demonstrated reinnervation of
proximal as well as distal target muscles this was reached in the
remarkable amount of 86% and 67% of the CFeCNG?"? group. Sec-
ond, and similarly important, 2nd generation CFeCNGs supported
the early regenerative process more than hCNGs and this was
particularly relevant in diabetic rats.

2. Materials and methods

2.1. Manufacturing of chitosan film enhanced chitosan nerve guides
(CFeCNG)

Pandalus borealis shrimp shells served as a source for certified
medical grade chitosan (Altakitin S.A., Lisboa, Portugal). Hollow
chitosan nerve guides (hCNG) with an inner diameter of 2.1 mm
and a length of 19 mm as well as chitosan films (CF) were manu-
factured as described before (Chitosan degree of acetylation ~ 5%;
[15,21]) at Medovent GmbH (Mainz, Germany). ISO 13485 re-
quirements and specifications were applied for all production
steps.

The CFs were cut into a rectangular shape of 15 mm length and
5 mm width. To allow insertion into the conduits, CFs were folded
into a Z-form along their longitudinal axis resulting in kinked edges
of 1.5 mm width pointing into opposite directions (Fig. 1A). Before
being sterilized by electron beam, these films were placed in the
center of chitosan nerve guides leaving 2 mm on each side for nerve
end insertion and suturing (Fig. 1B, 1st generation of CFeCNG). For
production of 2nd generation CFeCNGs (Fig. 1C—D), six holes were
introduced along the middle line of the CFs at a distance of 2 mm
between each other by using a sharp needle (0.30 x 12 mm).
Introduction of the holes was performed in an alternating manner
from both sides to provide similar surface properties at the two
compartments of the CFeCNG.

2.2. Experimental design

Table 1 summarizes the three coordinated successive sub-
studies performed and provides an overview regarding the
respective experimental groups as well as accomplished analyses
after 15 mm rat sciatic nerve defect reconstruction. Study I was
conducted at the Universitat Autonoma de Barcelona (UAB, Spain)
and included two reconstruction conditions: basic hCNGs (group
hCNG-I) or 1st generation CFeCNGs (group CFeCNG'st). The obser-
vation period was 122 days in which functional recovery was
periodically assessed. Study II was executed at University of Lund
(ULUND, Sweden) and included two reconstruction conditions in
generally healthy or diabetic Goto-Kakizaki rats [6]: basic hCNGs or
2nd generation CFeCNGs (groups: hCNG-I["®!thY hCNG-jjdiabetic,
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Day 10 in vitro

Fig. 1. Preparation of the different types of nerve guides used. (A) Chitosan films were cut into rectangular shape (length: 15 mm, width: 5 mm) and manually folded into a Z-form.
(B—D) Film placement within basic chitosan conduits (length: 19 mm, inner diameter: 2.1 mm) left about 2 mm space at both ends to allow nerve end insertion and suturing. (B) 1st
generation chitosan film enhanced chitosan nerve guide (CFeCNG) as used in study 1. (C—D) 2nd generation CFeCNGs as used in study II and study III with six holes 2 mm distant
from each other. (E—F) Representative photomicrographs taken from CFeCNG?"! seeded with neonatal rat Schwann cells. Top views on a nerve guide after 10 days in vitro (E) or
after 16 days in vitro (F). (G—H) Detail of the Schwann cell seeded chitosan films within the nerve guides illustrating the fish-swarm like growth of the Schwann cells on both

surfaces of the films after 10 days in vitro (G) or 16 days in vitro (H).

CFeCNG2nd-healthy.  cpecNG2nd-diabeticy - The observation period,
based on pilot experiments, was 56 days in order to assess the
formed regenerative matrix, axonal outgrowth, Schwann cell acti-
vation and apoptosis, as well as activation and neuroprotection of
sensory dorsal root ganglion neurons with immunohistological
techniques. Study 11l was performed at Hannover Medical School
(MHH, Germany) and included four reconstruction conditions:
autologous nerve grafts (group ANG), basic hCNGs (group hCNG-
1ll), 2nd generation CFeCNGs (group CFeCNGZ"d), and 2nd genera-
tion CFeCNGs enriched with FGF-2'8KP2 gverexpressing Schwann
cells (SCs) seeded on both sides of the CF (group CFeCNG2"d-SC-
FGF-2'8kP3) The observation period was 120 days in which func-
tional recovery was periodically assessed. Study I and Study Il were
completed by endpoint histomorphometrical analysis of axonal
regeneration.

2.3. Animals and surgery

The in vivo studies were performed in three different labora-
tories as stated above with different animal breeders and regimes
for anesthesia and analgesia due to different local animal care rules.

All animal experiments were approved by the local animal ethical
committees (animal ethics committee in Malmo [ULUND, Sweden],
Barcelona [UAB, Spain], and Lower-Saxony [MHH, Germany]). In
common, female Wistar rats (225—250 g) and Goto-Kakizaki rats
(GK-rats: kindly provided by Malin Fex, Lund University; around
250 g) were subjected to the experiments and housed in groups of
four animals under standard conditions, with food and water ad
libitum (the diabetic GK rats were provided with extra water).
Fasting blood sugar was measured once a week in the rats at
ULUND from the tail vein (Ascensia contour TM [Bio health Care,
USA, Bio Diagnostics Europe] and LT [Bayer AB, Diabetes Care,
Solna, Sweden]; test slips Microfil TM [Bio Healthcare Diabetes
Care, USA)).

Aseptic conditions, sufficient anesthesia and analgesia were
applied for all surgical procedures and postoperative analgesia was
ensured by appropriate drug application. Animals were prepared
and underwent surgery as described before [15,18]. Briefly,
following exposure at midthigh level, the left sciatic nerve was
transected by a single microscissor cut at a constant point (6 mm
distal to its exit from the gluteus muscle) and a 6 mm segment
removed from the distal nerve end in study I. In studies Il and III
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Table 1

Overview of the experimental design of the three coordinated successive sub-studies.
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Observation Experimental groups N Group name Performed experiments
time
Study | 120 days Hollow chitosan nerve guide 10 hCNG-I Motor recovery: electrophysiology
(UAB) 1st generation chitosan film 7 CFeCNG'st non-invasive (60, 90, 120 days);
enhanced chitosan nerve guide Sensory recovery: von Frey algesimetry (7, 60, 90,
120 days); Histomorphometry
Study I 56 days Healthy rats: 8 hCNG-I1healthy Analysis of regenerative matrix: presence of axons and
(ULUND) Hollow chitosan nerve guide activated and apoptotic Schwann cells by
Diabetic GK rats: 8 hCNG-[1diabetic immunhohistochemistry;
Hollow chitosan nerve guide Analysis of sensory dorsal root ganglion activation
Healthy rats: 8 CFeCNG2"d-healthy by immunohistochemistry
2nd generation chitosan
film enhanced chitosan nerve guide
Diabetic GK rats: 8 CFeCNG?2nd-diabetic
2nd generation chitosan
film enhanced chitosan nerve guide
Study I 120 days Autologous nerve graft 8 ANG Motor recovery: electrophysiology non-invasive
(MHH) Hollow chitosan nerve guide 8 hCNG-III (60, 90 days) and finally invasive (120 days) and
2nd generation chitosan 8 CFeCNG?™¢ Muscle weight ratio; Sensory recovery: von Frey
film enhanced chitosan nerve guide algesimetry (7, 60, 90, 120 days); Histomorphometry;
2nd generation chitosan film 8 CFeCNG?"d-SC- Immunohistochemistry

enhanced chitosan nerve guide
with FGF-2 overexpressing
Schwann cells

FGE-218kDa

only a 5 mm segment was removed providing an increased length
of the distal nerve end. For nerve reconstruction using the different
types of chitosan nerve guides, the liquid-soaked guides (>30 min
in 0.9% NaCl solution or Schwann cell medium) had a length of
19 mm and bridged a 15 mm defect between the two nerve ends.
The nerve guides were sutured with one epineurial stitch at each
end (9—0, EH7981G, Ethilon, Ethicon, Scotland). For transplantation
of reversed autologous nerve grafts (ANGs) no nerve tissue was
removed, but the distal nerve end again transected 15 mm distal to
the first transection point, flipped (proximal-distal direction) and
turned 180° around its longitudinal axis before three epineurial
sutures were placed with a spacing of 120° from each other.

2.4. Preparation of FGF-2 overexpressing Schwann cells for
enrichment of CFeCNGs

Neonatal rat Schwann cells (neoSC) were obtained, cultured and
genetically modified as described before [19,21]. Briefly, sciatic
nerves were harvested from Hannover Wistar rat pups (p1-3) and
neoSC isolated and purified by immunopanning until >90% pure
neoSCs cultures were achieved.

Three days prior to transplantation, neoSCs (passage 8—9) were
genetically modified using the nucleofection technique (Basic glial
cell nucleofection kit and program T-20 of AMAXA Il device, LONZA,
Cologne, Germany) to introduce the non-viral plasmid encoding for
FGF-2'803 (pCAGGS-FGF-2-18 kDa-Flag, NCBI GenBank accession
NM_019305.2, 533—994 bp) as described before [19]. Afterwards,
cells were cultured for 24 h on poly-i-lysine-coated 6 well-plates
(Sigma—Aldrich, Munich, Germany) with neoSC-specific culture
medium (DMEM, 1% Penicillin/streptomycin, 2 mM t-glutamine,
1 mM sodium pyruvate and 10% fetal calf serum [all PAA Labora-
tories, Coelbe, Germany|) to recover from transfection. On the
following day, the genetically modified neoSCs were seeded on the
central part of CFs within 2nd generation CFeCNGs (CFeCNG2"-SC-
FGF—218kD“). Therefore, 5 x 10° cells were suspended in a volume of
30 pl culture medium and 15 pl applied on both sides of the CF.
After 30 min to allow cell adhesion, the scaffolds were covered with
culture medium to avoid drying of the nerve guides and incubated
at 37 °C in humidified atmosphere with 5% (v/v) CO; for another

24 h. On the next day, the medium was changed to serum free-N2
medium and the cell-seeded nerve guides were again incubated
overnight in preparation for surgery.

5 x 10% cells were seeded into 24-well plates for analyses of cell
purity and transfection efficiency in corresponding sister cultures
after immunostaining with SC specific @-S100 antibody 1:200
(Dako, Denmark) in phosphate buffered salt solution (PBS)/0.3%
Triton-X-100/5% BSA solution or anti-Flag antibody 1:200 (all Sig-
ma—Aldrich, Germany) and Alexa 488-labelled goat a-rabbit sec-
ondary (Invitrogen, Germany) antibody or Alexa-555-labelled goat
a-mouse IgG secondary antibody 1:500 (Invitrogen, Germany),
respectively [19]. All cell nuclei were counterstained with DAPI
(1:1000 in PBS, Sigma—Aldrich, Germany). The transplanted cells
had a purity of 90.2% S100-+ SCs and 90.1% of the cells were Flag-+
after nucleofection.

In order to proof that the neoSCs successfully adhered to the
chitosan surfaces and populated the CFs within the nerve guides,
sample CFeCNG?"! were seeded with 5 x 10° neoSCs and kept in
culture for up to 16 days. Fig. 1E—F shows representative photo-
micrographs taken at day 10 and day 16 in vitro, which clearly
demonstrate that the cells densely populated both surfaces of the
CF in the SC-typical fish-swarm like manner.

2.5. Assessment of the regenerative matrix at day 56 after surgery
(study II)

At 56 days after surgery a regenerative matrix, sufficient for
immunohistochemical analyses, was formed in the 15 mm long
nerve defect within the nerve guides. The contents of the conduits
together with the respective proximal and distal nerve ends were
harvested as described before [6,15,17]. Briefly, the tube content
was processed for sectioning using a cryostat and longitudinal
sections at 4 um thickness were collected on Super Frost® plus glass
slides (Menzel-Glaser, Germany). On these sections, immunohis-
tochemistry was performed to evaluate (1) presence of axons by
neurofilament staining (anti-human neurofilament protein, 70 kDa
NF-L [DAKO Glostrup, Denmark], 1:80 in 0.25% Triton-X 100 and
0.25% FCS in phosphate buffered salt solution [PBS]/Alexa Fluor 594
conjugated goat anti-mouse IgG [Invitrogen, Molecular Probes,
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USA], diluted in 1:500 in PBS), and (2) activated Schwann cells
and apoptotic Schwann cells, respectively, by anti-activating tran-
scription factor 3 (ATF3) and anti-cleaved caspase 3 staining (rabbit
anti-ATF-3 polyclonal antibody [1:200; Santa Cruz Biotechnology,
USA] or anti-cleaved caspase-3 antibody [1:200; Invitro Sweden AB,
Stockholm, Sweden]; both diluted in 0.25% Triton-X 100 and 0.25%
FCS in PBS/Alexa Fluor 488 conjugated goat anti-rabbit IgG [Invi-
trogen, Molecular Probes, USA], diluted in 1:500 in PBS). The
Schwann cells were identified on their location and the oval shaped
nuclei [6,22]. Furthermore, double staining for ATF3 or cleaved
caspase 3 and S-100 was additionally performed as earlier
described and mounted in Vectashield® (Vector Laboratories, Inc.
Burlingame, USA) [17,22]. Finally, the slides were mounted with
4/ 6'-diamino-2-phenylindole DAPI to visualize the nuclei (i.e. for
counting the total number of the cells) and cover slipped.

For analysis, as earlier described [6,15,17], blind-coded sections
were digitized and the presence of outgrowing axons in the formed
matrix inside the conduits was evaluated (i.e. present or non-
present) in three randomly selected sections at two different lo-
cations: in the center of the formed matrix as well as in the distal
nerve segment just distal to the distal suture line. The stained cells
for cleaved caspase-3 and ATF-3 were also counted in three sections
(image size 500 x 400 um; mean of the three sections calculated for
each rat) at two different levels in the matrix and in the adjacent
sciatic nerve: at 3 mm distal to the proximal nerve suture, in the
center of the formed matrix in the nerve guides and in the distal
segment (see above). The same squares were also used for counting
the total number of DAPI stained cells (no/mm?). The images (20x
magnification) were analyzed with NIS elements (Nikon, Japan).

2.6. Assessment of sensory dorsal root ganglia at day 56 after
surgery (study II)

At the same time as the content of the nerve guides was har-
vested, the dorsal root ganglia (DRG) L4 and L5 were collected
bilaterally and processed for cryostat sectioning. Longitudinal sec-
tions (8 um thickness) were collected on Super Frost® plus glass
slides (Menzel-Glaser, Germany) for evaluation of cell activation
(i.e. ATF3) and presence of the neuroprotective substance Heat
Shock Protein 27 (HSP27; [6,23]). The DRG sections were air dried,
washed in PBS for 15 min, and thereafter incubated for ATF-3
immunohistochemistry as described above or incubated with a
primary goat-anti-HSP27 antibody [sc-1048, Santa Cruiz Biotech-
nology, USA; dilution 1:200 in 0.25% Triton-X-100 (Sigma—Aldrich,
USA) and 0.25% bovine serum albumin (BSA; Sigma—Aldrich, USA)
in PBS overnight at 4 °C. The anti-HSP27 antibody was detected
with the secondary Alexa flour 488 donkey anti-goat antibody
(Molecular Probes, Eugene, Oregon, USA; dilution 1:500) in PBS for
2 h at room temperature followed by a further wash with PBS for
3 x 5 min. Finally, theses sections were cover-slipped with Vecta-
shield® (Vector Laboratories, CA, USA) containing DAPI for coun-
terstaining of the nuclei. Three sections from each DRG were
analyzed for ATF3 and HSP27 staining, respectively, and mean
values were calculated from each rat.

To analyze the presence of ATF3 activated sensory neurons and
the expression of HSP27 in the DRGs, images were captured at 10x
magnification with the same equipment and processed as above
followed by import into Image ]. ATF3 stained sensory neurons
were quantified as described [24] and expressed as percent of total
number of sensory neurons (i.e. DAPI stained cells). A region of
interest (ROI) covering 75x75 pixels was determined to analyze
HSP27 expression. The tool threshold was used to determine the
immunolabelling with the intensity threshold decided by adding
three times the standard deviation of the background to the mean
intensity (X + 3 x SD). Measurement of the immunostained area

was performed across the entire section and expressed in percent
of the total area of the section; thus, both intensity of neurons and
their satellite cells were included. Furthermore, the HSP27
expression was also expressed as a ratio; i.e. percent HSP27 at the
experimental side divided by the expression on the control side.

2.7. Assessment of functional motor and sensory recovery

2.7.1. Motor recovery: electrophysiological tests

The tests were performed according to previous description
[15,18]. Briefly, the animals were anesthetized and monopolar
needle stimulation electrodes were transcutaneously placed at the
sciatic notch. Single electrical impulses (100 ps duration, supra-
maximal intensity) were applied and the compound muscle action
potentials (CMAPs) were recorded from the tibialis anterior muscle
(TA) and the plantar interosseus muscles (PL). The active recording
electrode was located in the respective muscle belly, the reference
electrode in the second or fourth toe and the ground needle elec-
trode was inserted in the skin at the knee. To ensure a steady body
temperature the animals were placed in a prone position on a
thermostatic blanket. For invasive recordings (final examination in
study III), the sciatic nerves were exposed consecutively on the
lesioned and non-lesioned side and stimulated proximal to the
lesion site using a bipolar steel hook electrode (single electrical
pulses, 100 ps duration, supramaximal, but not exceeding 8 mA).
Recording sites remained as described above. The CMAPs were
recorded and displayed in an EMG apparatus (Sapphyre 4ME,
Vickers Healthcare Co, United Kingdom, at UAB (study I) or Key-
point Portable, Medtronic Functional Diagnostics A/S, Denmark, at
MHH (study III)).

Evaluation parameters included the latency of the arriving sig-
nals and the amplitude ratio (amplitude [mV] recorded from
lesioned side divided by non-lesioned side values). For latency
evaluation all values obtained from animals showing distal muscle
reinnervation were taken into account for statistical tests. If no
evoked CMAP was detected a 0.00 value was noted and included for
statistical analysis in case of the amplitude ratio.

2.7.2. Sensory recovery: mechanical pain threshold assessment (von
Frey algesimetry)

Sensory recovery was determined via von Frey test as previously
described [18,19,25]. In brief, animals were placed into plastic
compartments located on a metallic mesh grid 15—30 min before
starting the experimental session for habituation. Then, the probe
of a von Frey algesimeter (UAB (study I): Bioseb, Chaville, France;
MHH (study III): IITC Inc, Life Science, USA) was applied for stim-
ulation of the lateral paw area innervated by the tibial and sural
nerve branches of the sciatic nerve. The stimulation force required
to elicit a withdrawal response from the animals was noted in
grams [g] and three measurements per stimulation site were used
to determine a mean value. A cut-off force was set to 40 g, when
either no withdrawal was observed or no active response occurred.
To minimize variations between days, the values are stated in %
compared to data obtained from the non-lesioned, healthy side
calculated by the following formula: lesioned side [g]/non-lesioned
side [g] *100.

In Study I the test was performed 7 days, 21 days, 30 days, 60
days, 90 days, and 120 days after nerve guide implantation. Sub-
sequently, the saphenous nerve was cut and the test was conducted
once more on day 122. In Study III the test was performed 7 days, 60
days, 90 days, and 120 days after nerve reconstruction.

For statistical analysis all measured values were used and in case
of no response the cut-off force was included. In the course of Study
I successful recordings from the PL muscle positively correlated
with withdrawal responses seen in von Frey test only after deletion



38 C. Meyer et al. / Biomaterials 76 (2016) 33—51

of the saphenous nerve function on day 122. This additional surgery
was avoided in Study IIl and only values obtained from animals
showing PL CMAPs were used for final calculation of sensory re-
covery level, while cut-off forces (40 g) were included for animals
that did not show CMAP.

2.8. Nerve immunohistochemistry and morphometry

2.8.1. Nerve immunohistochemistry

After completion of the final functional tests, animals were
sacrificed and the regenerated nerve tissues with the surrounding
chitosan nerve guides were harvested for further analysis. In study
the complete nerve guide was removed from the regenerated nerve
tissue and the macroscopic appearance assessed. In study III, the
entire samples (nerve tissue together with nerve guides) were fixed
in 4% PFA overnight (4 °C) for subsequent paraffin-embedding and
(immuno-) histological analysis. Serial 7 um sections were obtained
(two series of 20 blind-coded sections each, one in the region
without CF and one with CF, each covering a distance of about
630 pum). Sample sections were processed for hematoxylin eosin
(HE) and trichrome (collagen) staining in order to visualize the
tissue within the nerve guides. For the trichrome-staining, sections
were subjected to hematoxylin (Roth, Germany), before being
washed-offed under tap water. Afterwards the slides were incu-
bated in 20 ml staining solution containing acetic acid (1 ml in 99
mlH,0, Merck, Germany) and acetic fuchsin (0.5 g, in 100 ml 1%
acetic acid, Merck, Germany) mixed with 10 ml light green (1 g in
100 ml 1% acetic acid, Chroma Gesellschaft, Schmidt & Co., Ger-
many) and 10 ml wolframate phosphoric acid (1 g in 100 ml H,0,
Merck, Germany). Following a washing step in distilled water, the
slides were subjected to 1% acetic acid, before being pressed with
filter paper, dehydrated, and mounted with corbit-balsam (Hecht,
Germany).

Immunohistology was performed on sections consecutive to the
ones processed for HE or trichrome staining by double-staining for
neurofilament and choline acetyltransferase (ChAT). Therefore, the
sections were incubated in 5% horse serum in PBS for blocking
before incubation with primary goat a-ChAT antibody (1:50, in
blocking solution, AB144P, Millipore, Germany) at 4 °C overnight.
Following three washing steps in PBS, incubation with Alexa 555-
conjugated secondary donkey a-goat antibody (1:500, in blocking
solution, A21422, Invitrogen, Germany) for 1 h at RT was performed
and succeeded by another washing round. After a second blocking
step (3% milk powder/0.5% triton X-100 in PBS) overnight incuba-
tion with primary rabbit «-NF200 antibody (against phosphory-
lated NF—H, 1:500, in blocking solution, N4142, Sigma—Aldrich,
Germany) was conducted. Three washing steps followed, before
incubation with Alexa 488-conjugated secondary goat o-rabbit
antibody (1:1000, in blocking solution, A11034, Invitrogen, Ger-
many) for 1 h at RT and counterstaining with DAPI (1:2000, in PBS,
Sigma—Aldrich, Germany) was performed. Finally, sections were
mounted using Mowiol (Calbiochem, Germany).

For qualitative analysis, representative photomicrographs of HE
and trichrome stained sections were taken with the help of BX53 and
BX51 microscopes and the programs CellSense Dimension and
CellSense Entry (all Olympus, Germany). Immunohistochemistry
images were digitized with the help of a fluorescence microscope
(BX60, Olympus, Germany) and cellP software (Olympus, Germany).

2.8.2. Nerve morphometry

Together with the harvest of the regenerated nerve tissue and
nerve conduits for nerve histology, distal nerve segments (5 mm
segments from distal nerve guide end into distal direction) were
harvested and processed as described before [15,18]. In short, the
tissue was subjected to an initial fixation based on glutaraldehyde

containing fixatives and post-fixed in 1% OsO4. Following dehy-
dration samples were processed for epoxy resin embedding and
semi-thin (2.5 pm) transverse sections were cut in proximal di-
rection using an Ultracut UCT ultramicrotome (Leica Microsystems,
Germany) and stained with toluidine blue. Finally, total myelinated
fiber number, cross sectional area, nerve fiber density, axon diam-
eter, fiber diameter, g-ratio, and myelin thickness were determined
for all experimental groups of study I and study III in addition to
values obtained from healthy control samples. All histo-
morphometry was performed at the University of Turin (UNITO,
Italy) with the help of systematic random sampling as described
before [15].

2.9. Muscle weight ratio

Upon harvest of the nerve tissue samples also the tibialis ante-
rior and gastrocnemius muscles were explanted from study III
animals. The fresh muscle weight from the ipsilateral lesioned side
was then compared to the weight measured from contralateral
healthy muscles to calculate the muscle weight ratio ([g] ipsilateral/
[g] contralateral). The ratios from all animals were included into
statistical analysis irrespectively of the electrodiagnostic or
macroscopic outcome of the nerve regeneration process.

2.10. Statistics

The data obtained in the different experimental settings were
subjected to statistical analysis using Kruskal—Wallis test or two-
way ANOVA (Analysis of Variance) followed by Dunn's or Tukey's
multiple comparison test or by Mann—Whitney U-test (with sub-
sequent Fisher's test; [6]) as specifically indicated in the results
section. Differences concerning expression of HSP27 in DRGs on the
control and experimental sides were examined with the Wilcoxon
signed rank test. The proportion of animals per group that dis-
played a predefined qualitative parameter (evoked CMAP) was
calculated as percentage (0—100%) and analyzed with the Chi-
Square-Test. The p-value was set at < 0.05 as level of significance.
For statistical analysis either the statistical package SPSS (version
17.0 or 20.0, IBM, USA) or GraphPad InStat software, version 5.0.3.0
& 6.00 (Graphpad Software, CA, USA) were used.

3. Results

In the first part of the results section long term study results
obtained from Study I and Study III will be presented. In both
studies, examination of motor and sensory functional recovery and
histo-morphometry were performed over a period of 120 days after
reconstruction of 15 mm rat sciatic nerve defects. In the second part
of the results section short term results obtained from Study II will
be presented. Here, the regenerative matrix formed after nerve
guide grafting and the activation of sensory DRG neurons were
immunohistologically analyzed 56 days after reconstruction of
15 mm rat sciatic nerve defects in healthy and diabetic rats. Diabetic
Goto-Kakizaki rats could not be subjected to long-term studies
because of their expected limited life-span and ethical approval.

3.1. Long term evaluation of the effects of different reconstruction
approaches on functional recovery and axonal regeneration

The long term evaluations were performed to elucidate the
potential of chitosan film enhanced chitosan nerve guides of the
first (CFeCNG'S, continuous chitosan film, study 1) and second
(CFeCNG?", chitosan film with holes, study 1) generation to sup-
port peripheral nerve regeneration across critical length defects. In
an additional experimental group, CFeCNG?" were enriched with
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FGF-2'8P2 overexpressing Schwann cells (CFeCNG2"4-SC-FGF-
218Dy control animals received either nerve reconstruction with
hollow chitosan nerve guides (hCNG-I or hCNG-III, respectively) or
with autologous nerve grafts (ANG).

3.1.1. Electrophysiological assessment

The qualitative results are summarized in Table 2. Non-invasive
electrophysiological recordings did not detect evoked CMAPs
before day 60 after nerve repair.

At this time point, regenerating fibers had reached the TA
muscle in 3 out of 10 hCNG-I animals and in 2 out of 7 CFeCNG'*t
animals in study I. At the same examination time point in study III,
reinnervation of the TA muscle did already occur in 7 out of 8 ANG
animals and in none of the other experimental groups. Recordings
from the more distal PL muscle in study I also detected reinner-
vation in the same 3 hCNG-I animals but only in one of the TA-
positive CFeCNG't animals. In study III, PL muscle reinnervation
was already detectable in 7 out of 7 examinable ANG animals (one
drop out due to events of autotomy), but not in the other groups.

Upon the next examination at day 90 after nerve reconstruction,
additional 1 or 2 animals, respectively, displayed reinnervation of
the TA muscle in study I (Table 2), increasing the percentage of
animals with muscle reinnervation to 40% in hCNG-I group and 57%
in CFeCNG' group. In study IIl (Table 2), 100% of ANG animals
displayed TA muscle reinnervation and a gain of motor function
was detectable in hCNG-II animals while CFeCNG2™ caught up with
the CFeCNG'®! animals. In contrast, the number of animals with
detectable reinnervation of PL muscles did not increase in study [ in
the hCNG-I group, but a higher percentage of animals demon-
strated motor recovery in the CFeCNG'S group. In study III, PL
muscle reinnervation was started in nerve guide repaired groups,
displaying a slightly better result in the CFeCNG?"? group than in
the hCNG-III group.

At the final examination 120 days after nerve reconstruction
(Table 2), TA and PL CMAPs increased in amplitude but muscle
reinnervation was not found in further animals in study I In
contrast, TA muscle reinnervation was detected, in final invasive
testing, in an increased number of study III animals of the
CFeCNG?" as well as the CFeCNG2"-SC-FGF-2'8k@ group. Rein-
nervation of PL muscle was detectable in one additional animal of
the CFeCNG2™ group.

When comparing the performance of CFeCNG 'St and CFeCNG2"9,
while at 60 days after nerve repair CFeCNG'st performed better

Table 2

than CFeCNG?"Y, at 120 days CFeCNG*"™ supported functional
motor recovery in a higher percentage of animals. Additional
enrichment of the CFeCNG2" with FGF-2'8P2 overexpressing
Schwann cells did not allow for the level of distal target reinner-
vation displayed in the hCNG and CFeCNG groups.

Quantitative results were calculated for the latencies and
amplitude ratios of the recorded CMAPs at day 120 after nerve
reconstruction and no significant differences between the groups
were detected in study [ (non-invasive measurements,
mean + SEM): TA muscle latency hCNG-I = 4.50 + 0.82 ms;
CFeCNG'S' = 4.05 + 0.17 ms; TA muscle amplitude ratio hCNG-
I = 16.52 + 8.10%; CFeCNG'S' = 24.80 + 10.41%; PL muscle latency
hCNG-I = 5.19 + 0.16 ms; CFeCNG'*' = 5.43 + 0.36 ms; PL muscle
amplitude ratio hCNG-I = 12.86 + 7.87%; CFeCNG'S' = 7.75 + 4.55%.
Fig. 2 summarizes the quantitative results obtained from study III at
day 120 after nerve reconstruction (invasive measurements). La-
tencies (Fig. 2A) were significantly increased in comparison to
healthy nerve values in the CFeCNG?" and CFeCNG2"-SC-FGF-
218kDa groups when CAMPs were recorded from the TA muscle. This
was also the case for all groups, including ANG and hCNG-III, when
CAMPs were recorded from the PL muscle. TA CMAP amplitude
ratios (Fig. 2B) were decreased in comparison to ANG values in all
nerve guide groups but this difference was significant only for the
hCNG-III and the CFeCNG2™-SC-FGF-2'8kP2 groups. Due to high
variance, PL CMAP amplitude ratios were significantly lower in
comparison to ANG values only in the CFeCNG2"9-SC-FGF-2'8kP2
group (Fig. 2B). These quantitative results indicate that not only
muscle reinnervation in general but also the amount of recruited
regenerated fibers in the CFeCNG2"d group approximated that in
the ANG group.

3.1.2. Muscle weight ratio

As an additional indicator for motor recovery, the hindlimb TA
and gastrocnemius (GA) muscles wet weight ratios were deter-
mined in study IIl. As depicted in Fig. 2C, statistical analysis
revealed again that CFeCNG2" and ANG group values were not
significantly different from each other, although ANG group had the
highest ratios. Significantly lower muscle weight ratios compared
to ANG group values were detected for the TA muscle and the GA
muscle in the CFeCNG2"-SC-FGF-2'8P3group, and for the GA
muscle additionally in the hCNG-III group. These results underscore
the relatively good performance of the CFeCNG?"? already detected
in the electrophysiological tests.

Overview of the gain in electrophysiologically detectable motor recovery (evocable compound muscle action potentials) during the observation in sub study I and sub study IIl.
Significant differences (p < 0.05) are indicated as follows: + versus ANG,# hCNG-I versus CFeCNG'*',§ versus CFeCNG?", § versus CFeCNG2"-SC-FGF-2'8KP4 * CFeCNG ' versus

CFeCNG>™,
60 days 90 days 120 days
Animals/ Percentage Significant Animals/ Percentage Significant Animals/ Percentage Significant
group difference group difference group difference
Tibialis anterior muscle
Study I hCNG-I 3/10 33% + 4/10 40% + 4/10 40% +
CFeCNG'st 2/7 29% + 4/7 58% +# 4/7 58% i
Study Il ANG 718 88% 8/8 100% 8/8 100%
hCNG-III 0/8 0% + 2[7 29% +§$ 37 43% +§$
CFeCNG2M 0/8 0% +* 4/7 58% + 6/7 86% +*
CFeCNG?Md- 0/8 0% + 0/8 0% +§ 517 71% +§
SC-FGF-218kPa
Plantar muscle
Study I hCNG-I 3/10 33% + 3/10 33% + 3/10 33% +
CFeCNG's* 17 14% + 3/7 43% + 3/7 43% +
Study Il ANG 717 100% 717 100% 717 100%
hCNG-III 0/8 0% + 3/7 43% +$ 3/7 43% +§$
CFeCNG?"d 0/7 0% +* 3/6 50% 4 4/6 67% *
CFeCNG2- 0/6 0% + 1/6 17% 4§ 1/6 17% +§

SC-FGF-2'82




40

A Latency

2

10. i
N
2
E5:
=3t '
H .
s T F

2

';I'::;";Y ANG KCNGHIl  CFeCNG™  CFeCNG™.SC-FGF 20

B Amplitude Ratio

)
o K] L

s £

$558 "
3 & 'E‘ §
Eg gt
s3S: @ *
L iS5
1§ L y
3
g

»

ANG  hCNGIIl CFeCNG™ CFeCNG™*SCFGF20®

Muscle Weight Ratio

!

RCNGHIl  CFeCNG™ CFeCNG™SC-FOF2*40>

Tibialis anterior muscle
Muscle Weight Ratio
(ipsiaterat/[9) contratateral
median  range

NG

C. Meyer et al. / Biomaterials 76 (2016) 33—51

o
##
0
s
H
.
-
= #
SES
e
i§5° .
R .
} Rl
B
2
T TG hoNGw GreoNGe  CReCNGTScGRZtet
0
_wm
]
P
ef w
£,
R
$gki
£255°
5858
£ =
g< E% - *
s 20.
ol
ANG NCNG-Il  CFeCNG™ CFeCNG™.SCFGF-2%0*
10
s
o2 §
42 3
2 § g . *x
Ex 8F oo ™
20T+
B2Ss A
§% B3
R Y
1
825
il 02
0ol

ANG  NCNG.Il CFeCNG™ CFeCNG™“.SCFGF2™0"

Fig. 2. Dot plot depicting the latency (A) and amplitude ratio (B) of compound muscle action potentials (CMAPs) recorded during final electrophysiological tests performed 120 days
after nerve surgery in the tibialis anterior muscle (left column) and plantar muscles (right column). (C) Dot plot depicting tibialis anterior muscle (left column) and gastrocnemius
muscle (right column) muscle weight ratios calculated after final electrophysiological measurements. Results were tested for significance (p < 0.05) by Kruskal—Wallis test, followed
by Dunn's multiple comparison. #p < 0.05, ##p < 0.01, ###p < 0.001 vs healthy control values; *p < 0.05, **p < 0.01 vs ANG group.

3.1.3. Von Frey algesimetry

The results obtained for evaluation of sensory recovery using the
von Frey test are summarized in Fig. 3. The withdrawal response
obtained at the healthy contralateral paw was calculated as 100%.
From the injured/regenerating paw two types of withdrawal
response have been recorded, a response at lower force compared
to the contralateral paw (<100%, higher or maladaptive mechano-
sensitivity than normal) or a response at higher force compared to
the contralateral paw (>100%, less mechanosensitivity than
normal).

Study I (Fig. 3A) revealed no withdrawal responses within the
first 21 days following sciatic nerve transection indicating complete
denervation of the animals plantar surface. However, after 30 days,
some animals of both groups (hCNG-I and CFeCNG'S') demon-
strated a withdrawal of the lesioned paw at lower stimulus in-
tensities than seen for the contralateral, intact side. At 60 days after
nerve reconstruction, 7 out of 10 animals from the hCNG-I group
and all animals of the CFeCNG'* displayed withdrawal responses at
low stimulus intensities. During the next examination at 90 days
and 120 days after nerve reconstruction, all animals regardless of

the received treatment responded to the stimulation at low stim-
ulation intensities. To exclude false positive responses due to
sprouting events from branches of the saphenous nerve [25], this
nerve was then cut and the von Frey test conducted once more on
day 122. At this time point, 4 out of 10 animals (40%) in the hCNG-I
group showed withdrawal responses, resulting in 103 + 6.57%
response compared to contralateral, and 3 out of 7 animals (43%)
demonstrated a withdrawal response in the CFeCNG'S' group,
resulting 117 + 8.20% response compared to contralateral. These
latter results indicate that the withdrawal responses in previous
test days were in part due to hypersensitivity caused by collateral
spouting of the saphenous nerve and not fully attributable to sciatic
nerve regeneration.

Study III (Fig. 3B) also revealed a gain in mechanosensitivitiy
over time after nerve reconstruction. At 60 days the following
numbers of animals withdrew their paws following lower stimu-
lation intensities than recorded for the contralateral, healthy side:
ANG group: 6 out of 7, h\CNG-III group: 4 out of 7, CFeCNG2M group:
3 out of 6, and none in the other groups. In the course of the study,
additional animals responded to the stimulation. To avoid an
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Fig. 3. Results of mechanical pain threshold assessment in the course of Study I and Study IIl expressed as percentage of values obtained from the contralateral, non-lesioned side.
(A) Results obtained during Study I at various time points. Following 120 days of observation, the saphenous nerve was cut to exclude false positive responses due to saphenous
nerve collateral reinnervation. This resulted in a withdrawal response only from animals that also displayed reinnervation of PL muscles in electrophysiological tests. Results of the
final mechanical pain threshold evaluation are depicted in the last pair of columns (122 days). (B) Results obtained during Study III. The last set of columns (120 days-b) depicts the
calculation corrected according to electrodiagnostic results at the PL muscle level (determined values included for animals with positive CMAP and cut-off values included for
animals without recordable CMAP). Variations in animal numbers are due to exclusions because of autotomy events. Significant differences (p < 0.05) were determined by Two-Way
ANOVA, followed by Tukey's multiple comparisons tests. #p < 0.05; *p < 0.05, **p < 0.01, ***p < 0.001 vs 7 day results within same group; §5p < 0.01, §§§p < 0.001 vs 21 day results

within same group; $ p < 0.05, $$$ p < 0.001 vs 30 day results within same group.

additional surgery (cutting of the saphenous nerve), only values
from animals that showed recordable CMAPs at the PL muscle
during final electrophysiological tests were accepted for the 120
days-b calculation (Fig. 3B last set of columns), while the cut-off
force (40 g, see Section 2.7.2) was included for animals demon-
strating no reinnervation of the PL muscle. Thereby, no significant
differences were detected between the ANG group (84.40 + 13.70%
response compared to contralateral) and the hCNG-III
(149.50 + 18.52%) or CFeCNG2M (104.04 + 18.87%) groups. The
CFeCNG2"d-SC-FGF-2'8%P2 group (172.90 + 26.99%) did not display
successful sensory recovery. Overall the values indicate that re-
covery of the mechanosensitivity approximated normal values
most closely in the CFeCNG2Md group.

3.1.4. Macroscopic inspection upon explantation

Prior to nerve tissue harvest for histomorphometrical evalua-
tion, macroscopic observation of the reconstructed nerves in study I
visualized in the hCNG-I group a nerve cable bridging the 15 mm
gap in 5 out of 10 (50%) animals (Fig. 4A). In the CFeCNG't group,
the bridging tissue was split into two cables and visible in 5 out of 7
(71%) animals (Fig. 4B). The two regenerated tissue cables were

separated from each other closely proximal to the central CF and
fused again distal to it (Fig. 4B).

In study III all animals of the ANG group showed bridged nerve
ends. Nerve guide repair resulted in the following macroscopically
visible tissue regeneration outcome: hCNG-III group single tissue
cables in 4 out of 7 seven animals (57%); CFeCNG2™ group: two
tissue cables, one in each compartment of the nerve guide, in 7 out
of 7 (100%) animals; CFeCNG2"9-SC-FGF-2"8KP2 group: two tissue
cables, one in each compartment of the nerve guide, in 6 out of 7
animals plus a single cable (in one compartment only) in the last
animal.

The macroscopic inspection demonstrated that nerve regener-
ation through chitosan guides was increased by introducing into
these guides continuous chitosan films (CFeCNG'!) and further
improved by the perforated chitosan films (CFeCNG?"%), while
additional enrichment with FGF-2'8Pa gverexpressing Schwann
cells (CFeCNG2M-SC-FGF-2'8KP2) did not provide a synergistic
effect.

3.1.5. Nerve histology
To reveal differences in regenerated tissue organization in study
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III, histological cross-sections were prepared from whole nerve
guide/nerve tissue samples at mid-graft level (with visible CF in the
respective groups) and at ~1 mm proximal to the distal suture side
(without CF in the respective groups). As shown in Fig. 5, the two
regenerated tissue cables in the CFeCNG?™ and CFeCNG2"-SC-
FGF-2'8KP2 groups appeared to be connected to each other through
the holes inside the CF. In some cases also small vessels traveling
through the holes were visible with the help of the microsurgical
microscope (Fig. 5A—B). Single histological cross-sections taken
from the mid-graft level and stained for collagen (trichrome
staining) also displayed these connections (Fig. 5C—F), although the
staining procedures partly caused the dissolution of CF out of the
sections. Interestingly, no axons traveling with these tissue bridges
could be detected in neurofilament staining (see below).

Fig. 6 shows representative photomicrographs of HE stained
sections from the ANG group (Fig. 6A—B) or of a regenerated nerve
inside hCNG-III grafts (Fig. 6C—D). Fig. 6GE—F demonstrates that two
tissue cables, which were separated by the z-shaped CFregenerated
in CFeCNG2" grafts (Fig. 6E) and fused again prior to reconnecting
to the distal nerve end (Fig. 6F).

Furthermore, consecutive sections were double-stained for
NF200-neurofilament and ChAT to demonstrate the presence of
motor fibers within the regenerated nerve cables. Fig. 7 shows
representative photomicrographs from the ANG group (Fig. 7A—C),
the hCNG-Il group (Fig. 7D—F), and the CFeCNG*" group
(Fig. 7G—H).

3.1.6. Nerve morphometry

Fig. 8 depicts the results of the stereological assessment of the
regenerated myelinated axons in a segment 5 mm distal to the
nerve grafts. The total numbers of myelinated fibers (Fig. 8A) are
significantly different in the ANG group compared to the healthy
nerve, but no differences are detectable between the experimental
groups.

With regard to axon and fiber diameters and myelin thickness
(Fig. 8B), single significant differences from healthy nerve values
could be detected, but again no differences are detectable among
the experimental groups.

These results indicate that once regeneration occurred through
any of the used graft types, axonal regeneration at a short distance
from the graft or guide (in contrast to functional recovery of more
distal targets) follows a similar course in all the reconstruction
conditions assayed.

3.2. Short term evaluation of the regenerative matrix and dorsal
root ganglia

The pre- and postoperative (at 56 days post surgery) blood
glucose levels in the healthy and diabetic GK rats were measured
and are presented in Table 3, with significantly higher values in the
diabetic GK rats. Furthermore it can be revisited in Table 3 that in
contrast to other diabetic animal models these rats developed a
moderate and therefore clinically relevant increase of blood glucose

levels resembling type 2 diabetes in human patients.

3.2.1. Regenerative matrix and distal nerve segment

In single animals we examined the regenerative matrices
formed at earlier time points before 56 days post surgery and found
that then those were not developed enough to allow comprehen-
sive histological analyses (results not shown).

Table 4 summarizes the qualitative and quantitative data as well
as the statistical correlations. At 56 days post surgery, macroscop-
ically, a regenerative matrix was formed completely extending
between the proximal and distal nerve stumps in 6 of 8 animals
(75%) in the hCNG-1I"®2"™ group and in 4 of 8 animals (50%) in the
hCNG-I192betic. group. In groups where CFeCNG2™ had been
implanted, a complete (i.e. connecting the proximal and distal
nerve segments) matrix was formed in 8/8 animals (100%) of both
the CFeCNG2Md-healthy and the CFeCNG2d-diabetic groyps In these
animals, 6 of 8 (75%) of the CFeCNG2"d-healthy and 7 of 8 (88%)
CFeCNG2nd-diabetic showed a matrix composed of two cables,
extending on each side of the chitosan film, instead of one single
cable as in the hCNG-II samples. Notably, in the CFeCNG2d guides,
especially in the GK diabetic rats neovascularisation inside and
outside the nerve guides was macroscopically observed.

3.2.1.1. Axonal outgrowth (neurofilament staining). The presence of
axons in the formed matrices was evaluated by neurofilament
staining (Fig. 9). Due to the thin matrix the exact length of axonal
outgrowth was not possible to calculate as previously described
[17]. Axons were present in the center of the formed matrices in 6/8
(75%) of hCNG-II"*™"and hCNG-1192Peti€ rats (i.e. axons were also
present in two of the incomplete matrices in the diabetic GK rats;
Table 4). In all rats, where CFeCNG?" had been implanted, axons
(i.e. 8/8 CFeCNG2"d-healthy and CFeCNG2d-diabetic rats: je. 100%)
were observed in the center of the matrix (Table 4; Fig. 9). The Chi-
squared test did not reveal any differences in presence of neuro-
filaments in the nerve guide among the groups (p = 0.21; Table 4).

Neurofilament staining of the nerve segment distal to the nerve
guides revealed axons in 3/8 (38%) hCNG-I1"™Y rats and in 4/8
(50%) hCNG-I1412betic rats while all rats (100%) in which CFeCNG?"d
had been implanted exhibited axons in the segment just distal to
the nerve guides (Table 4), irrespective of the healthy or diabetic
condition. Thus, the chi-squared test showed a statistical significant
difference in presence of neurofilaments in the distal nerve
segment between the groups (p = 0.005), with differences
observed between reconstructions using the hCNG-II and the
CFeCNG2M (p = 0.01; Fisher's method; Table 4), but with no dif-
ferences between healthy and diabetic rats.

3.2.1.2. Activated Schwann cells (ATF3-staining). The percentage of
ATF3 stained Schwann cells was evaluated at three locations: 3 mm
from the proximal suture line, at the center of the matrix formed in
the nerve guide and at the distal nerve segment just distal to the
nerve guide [17]. Double staining with S-100 has revealed that the
evaluated cells were Schwann cells [6,17]. In general, few ATF3

Fig. 4. Harvested regenerated nerve cable 4 months after nerve reconstruction with hollow (hCNG-I) or 1st generation chitosan film enhanced chitosan nerve guides (CFeCNG'*").
(A) A single nerve cable bridging the gap was seen when a hCNG-I had been used for nerve reconstruction, while (B) two bridging tissue cables (one in each compartment) were

found after implantation of CFeCNG'*",
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Fig. 5. (A) Photograph showing an explanted nerve guide from the CFeCNG2™ group. The nerve guide is surrounded by a thin layer of connective tissue and a window has been cut
to visualize two regenerated vascularized tissue cables (black arrows) separated by the chitosan film (CF). (B) The magnification of the white insert drawn in (A), clearly dem-
onstrates the tissue growth (connective tissue and small vessels, black arrows) through the holes in the CF connecting the two regenerated tissue cables. (C, D) Sections subjected to
trichrome-staining (light green) visualizing collagen. Red asterisks mark the regenerated tissue cables that are connected through the holes in the CF. The black inserts have been
further magnified in (E) and (F), respectively. (E) Magnification from insert in (C), the dotted line outlines the tissue bridge between the regenerated cables. (F) Magnification from
insert in (D), the dotted line outlines the tissue bridge between the regenerated cables (marked with red asterisks). CNG: chitosan nerve guide.

stained Schwann cells were observed (Fig. 10), but with differences
detected between the groups (Table 4) at the three sites. There was
a higher percentage of stained cells in the CFeCNG?™ than in the
hCNG-II samples as well as in the distal nerve segment. Further-
more, there was also higher percentage of stained cells in diabetic
GK rats, except at 3 mm from the proximal suture line.

3.2.1.3. Apoptotic Schwann cells (cleaved caspase 3- staining).
The percentage of cleaved caspase 3 stained Schwann cells (double
staining with S-100; [17]) was evaluated at the same locations as for
the ATF3 labeling (Table 4; Fig. 10) and showed differences between
the groups at all the locations (Kruskal—-Wallis p = 0.0001; 0.0001;
0.0001, respectively). At 3 mm in the matrix formed in the nerve
guides, there was higher percentage of stained Schwann cells in the
CFeCNG?™d samples and higher percentage also in the diabetic GK
rats (Table 4). At the center of the nerve guides there were no dif-
ferences between hCNG-II and CFeCNG2™ samples, although the
diabetic GK rats exhibited a higher percentage of apoptotic
Schwann cells. In contrast, the percentages in the distal nerve
segment were lower in the CFeCNG2d groups as well as lower in
the diabetic GK rats (Table 4; Fisher's test values).

3.2.14. Total number of cells (DAPI-staining). The total number of
DAPI labeled cells was also assessed at the three mentioned loca-
tions and showed differences only inside the nerve guides. The
number of DAPI stained cells (i.e. total number of cells) inside the
nerve guides was generally higher in CFeCNG2" samples as well as

higher in diabetic GK than in healthy rats. No differences between
groups were observed, however, in the distal nerve segment.

3.2.2. Dorsal root ganglia (L4, L5)
Table 5 summarizes the quantitative data as well as the statis-
tical analyses.

3.2.2.1. Activated sensory neurons (ATF3-staining). The sensory
neurons from the control side did not show any staining for ATF3,
while the experimental side showed ATF3 staining to a variable, but
low extent (Table 5), with differences between the groups
(p = 0.002; Kruskal—Wallis; for details of analysis see Ref. [24]). A
significantly higher percentage of ATF3 labeled sensory neurons
were observed in DRGs from CFeCNG?" rats, particularly in dia-
betic rats (Table 5).

3.2.2.2. Degree of neuroprotection (HSP27-staining). Accordingly,
HSP27 was observed in DRG from the control side with around
18.0—22.4% of the area stained without any difference between the
groups (Table 5), while the staining on the experimental side was
significantly higher (p = 0.0001 Wilcoxon). Furthermore, a signifi-
cant difference between the experimental groups was observed
concerning the HSP27 staining (Table 5); the expression of HSP27 on
the experimental side was again higher in the DRGs from the diabetic
GK rats (Fisher test values; Table 5), without a general difference
between the two types of nerve guides. Accordingly, the HSP27
expression ratio (i.e. experimental/control) revealed also differences
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Fig. 6. ive pl icrographs acquired from hi

ical cross sections obtained at mid-graft level (A,C.E) or at ~1 mm proximal to the distal suture (B,D,F). Sections have

been taken from samples of the ANG group (A,B), the hCNG-III group (C,D), and the CFeCNG?™ group (E,F). Nerve fascicles identified in the HE staining are marked with yellow
asterisks. (A) At mid-graft level an ANG is comprised of one large and one small nerve fascicle, (B) while it is separated into three fascicles in the distal region. (C) At mid-graft level a
thin free floating tissue cable is detectable in hCNG-III, (D) which becomes thicker and separated into more than one fascicle at the distal region. (E) Two tissue cables separated by a
z-shaped CF are visible at the mid-graft region of CFeCNG?" grafts. (F) The separate tissue cables then fuse to form a single bigger cable containing several nerve fascicles. CNG:

chitosan nerve guide, CF: chitosan film.

between the groups (p = 0.013; Kruskal—Wallis) and with signifi-
cantly higher values in the CFeCNG*™ and in the diabetic GK rats
(Fisher's test values; Table 5).

4. Discussion
Various conduit designs considering different intraluminal

guidance structures have been experimentally examined for
reconstruction of peripheral nerve defects [1]. Despite the

diversity of these designs, however, little progress has been made
in approving a product for clinical use that is able to reach the
level of recovery seen when using the clinical standard treatment
(autologous nerve grafting), especially if the nerve defect exceeds
a critical length of 3 cm in humans [2,4,8]. Consequently, autolo-
gous nerve grafting still remains the surgeons preferred choice for
bridging extended defects between two nerve ends, because this
method gives at least a minimum chance for some functional re-
covery depending on the reconstructed nerve trunk [3]. Several
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Fig. 7. Representative photomicrographs acquired from histological cross sections double-stained for neurofilament (NF200, green) and acetylcholine transferase (ChAT, red) and
counterstained with DAPI (blue). The sections have been taken from samples of the ANG group (A—C), the hCNG-III group (D—F), and the CFeCNG*" group (G—I) at mid-graft level
(AD,G) or at ~1 mm proximal to the distal suture (C,FI). White asterisks mark NF-200 immunopositive areas (nerve fascicles). (B,E,H) Merge and magnifications of the three
immunostainings demonstrating nerve fascicle details and the contained regenerated motor axons (yellow).

attempts have been made to develop effective alternatives for
autologous nerve grafting and promising results have been ach-
ieved experimentally and some even applied clinically, such as
processed nerve allografts [26—28]. For example, non-
biodegradable poly-sulfon nerve guides enhanced with one elec-
trospun aligned thin film (poly-acrylonitril-co-methylacrylate)
within their lumen were reported to significantly increase pe-
ripheral nerve regeneration across a 14 mm rat sciatic nerve defect
[20]. While these nerve guides have not yet been further advanced
for a possible clinical application, other attempts were made to
enhance already approved nerve guide devices with engineered
neural tissue [29]. For the latter, approved NeuraWrap™ nerve
guides were filled with engineered neural tissue containing adi-
pose derived stem cells and demonstrated to support axonal
regeneration across a 15 mm rat sciatic nerve defect in a short-
term period of 8 weeks after reconstruction to a similar extent
than autologous nerve grafts [29]. Although promising, the neural
engineered tissue and the use of stem cells are not likely to
overcome the regulatory burden for clinical use in the near future
and also the functional outcome of regeneration remains to be
investigated for this type of bioartificial graft. In the recent years
only one engineered nerve guide with intraluminal structures has
been translated into a clinical investigation, the Neuromaix nerve
guide [30] but results are not yet published. This nerve guide is
collagen based and composed of an outer shell conduit filled with
an inner sponge-like conduit, for which the support of functional
recovery across a 2 cm rat sciatic nerve defect has already been
demonstrated [31].

In the present study we evaluated chitosan films as alternative
guidance substrate for regenerating axons within chitosan nerve
guides across an extended rat sciatic nerve defect (15 mm). The

basic chitosan nerve guides have already been approved for clinical
use in Europe (CE mark, Reaxon® Nerve Guide). This was achieved
after demonstrating their very good pro-regenerative properties in
rat models evaluating standard and critical length nerve defect
reconstruction [15—18]. These nerve guides further provide a high
mechanical strength and collapse stability combined with trans-
parency and easiness to suture them with microneedles [15], thus
making it very likely that these off-the-shelve nerve guides will be
widely accepted when autologous nerve grafting is not the first
option for the surgeon or the patient. The chitosan films used in the
present study to enhance the hollow chitosan nerve guides (hCNGs)
are made under equal ISO standard protocols and out of the same
certified medical grade chitosan. Therefore, only a short period will
be needed until the equally transparent and collapse stable chito-
san film enhanced chitosan nerve guides (CFeCNGs) may be avail-
able for clinical use. With the present results, we show that
CFeCNGs significantly improved nerve regeneration for critical
length defect reconstruction compared to hCNGs. Furthermore, this
higher pro-regenerative effect has been demonstrated not only in
healthy, but also in diabetic rats in which clinically relevant blood
glucose profiles were measured.

The chitosan films were thought to support the fibrin matrix,
which is initially formed upon injury and nerve guide aided nerve
repair [32—34]. Importantly, it is most likely that the incomplete
formation of this fibrin-based cable, or even the lack of formation,
causes failure of regeneration across large defects [2,35]. Within
one week after bridging a 10 mm defect, the fibrin-based cable
connects the two nerve stumps and Schwann cells start to migrate
along it and proliferate to form the bands of Biingner before axonal
sprouts can cross the defect in the axonal phase [2,15,32,34]; again
with a successful axonal outgrowth in diabetic GK rats [17].
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Fig. 8. Results of the morphometric analysis of the distal nerve, 5 mm distal to the nerve guide or graft, from Study I and Study IIL. (A) Total number of regenerated myelinated
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Data are given in median + range. Number of analyzed specimens: n = 3: healthy nerve and hCNG-III; n = 4: hCNG-I and CFeCNG'*; n = 6: CFeCNG" and CFeCNG?"4-SC-FGF-

18kDa.

Importantly, it is considered that the absent or incomplete forma-
tion of this fibrin-based cable causes failure of regeneration across
long defects [2,35]. Within one week after bridging a 10 mm defect
in the rat sciatic nerve, the fibrin-based cable connects the two

n = 8: ANG. Results were tested for significance (p < 0.05) using Kruskal—Wallis test, followed by Dunn's multiple comparison. #p < 0.05 vs contralateral healthy nerve.

nerve stumps, providing physical support to the migration of fi-
broblasts and Schwann cells along it before axonal sprouts can
cross the gap in the axonal phase [2,15,32]. In the present study
where a 15 mm sciatic nerve defect was bridged with hCNGs or
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Table 3
Blood glucose levels in healthy and diabetic Goto-Kakizaki (GK) rats evaluated for up to 56 days post surgery in study II. Values are median [25th (Q1) — 75th (Q3) percentiles].

hCNG-IMIthY  CFeCNG2d-healthy heNG-Iidiabetic  CFeCNG2nd-disbetic  p_yalues (KW)  Fisher's method”

hCNG-II/CFeCNG?™  Healthy rats/

Diabetic rats
B-glucose (mmol/l) preoperative 4.0 [3.6—4.4] 3.6 [3.3—4.0] 8.7[8.1-1.2] 7.9 [7.4-8.4] 0.0001 0.68 <0.0001
postoperative 4.1 [3.8-4.49] 4.3 [4.0-4.6] 9.0(7.7-112] 7.7 [7.5-8.7] 0.0001 0.27 <0.0001

2 KW = Kruskal—Wallis.
b Fisher method for independent samples based on the chi square distribution.

Table 4
Nerve regeneration in healthy and diabetic Goto-Kakizaki (GK) rats evaluated 56 days post surgery in study II. Values are median [25th (Q1) —75th (Q3) percentiles].
hCNG-I1healthy CFeCNG2nd-healthy oG pdiabetic CFeCNG?"-diabetic 1 valyes  Fisher's method”
(KW?)

hCNG-11/ Healthy rats/
CFeCNG?"  Diabetic rats

Presence of axons In nerve guide 6/8 8/8 6/8 8/8 0.21% NA NA
(neurofilament staining; In distal nerve 3/8 8/8 4/8 8/8 0.005* 0.01 1.00
animals/group)

ATF3 - + Schwann At3 mm 0.9[0.5-1.5] 15[1.4-2.7] 0.9 [0.4-1.9] 2.7[23-3.0] 0.004  0.008 0.19
cells (% of total) In nerve guide 0.8 [0.7-1.2] 2.8([2.1-3.0] 1.7 [1.5-2.0] 3.7 [3.0-43] 0.0001  <0.0001 0.0002

In distal nerve 1.8 [1.2-3.3] 5.0[3.9-53] 54[42-63] 7.6 [7.0-105] 0.0001  <0.0001  <0.0001

Cleaved caspase-3 At 3 mm 2.6[1.8-2.8] 46[43-54] 39[3.4-44] 4.8 [4.6-54] 0.0001  0.0001 0.0006
- + Schwann In nerve guide 1.6 [1.3-2.3] 22[1.9-2.6] 3.8(3.5-45] 3.6[3.3-3.9] 0.0001  0.094 <0.0001
cells (% of total) In distal nerve 8.7 [8.2—9.3] 7.6 [7.0-8.1] 7.9[7.6-85] 6.9 [6.4-7.4] 0.0001  0.0002 0.013

DAPI stained cells At 3 mm 862 [806—903] 1016 [999—-1063] 1090 [1072—1106] 1070 [1062—1130] 0.0001 <0.0001 <0.0001
(no/mm?) In nerve guide 775 [759-796] 923 [904-988] 871 [852—-885] 966 [951-987] 0.0001  <0.0001 <0.0001

In distal nerve 1038 [1023—1107] 1051 [1035—-1078] 1069 [1057—-1089] 1010 [940—1204] 0.57 NA NA

+ = Immunopositive.
NA = Not applicable.
At 3 mm = 3 mm distal to the proximal suture line. In nerve guide = in center of nerve guide. ™ indicates overall Chi-squared test (Pearson Chi-squared, cross
tabulation > 2 x 2). The Fishers's method for neurofilament staining is based on subsequent 2 x 2 cross tabulation Fisher's exact test.
p-values indicating significant differences are set in bold.
2 KW = Kruskal—Wallis.
b Fisher method for independent samples based on the chi square distribution.

#

C G_"healthy thG_"diabetic

100 pm

CFeCNG?2nd-healthy CFeCN G2nd-diabetic

100 pm

Fig. 9. Neurofilament staining in the formed matrix in healthy (A,C) and diabetic GK (B, D) rats repaired with hCNG (A, B) and with CFeCNG>" (C,D) nerve guides at 56 days post
surgery. Axons (arrows) were present in all CFeCNG?™ nerve guides (8/8 healthy and 8/8 GK rats) as well as in nerve guides of 6/8 hCNG-1I"*"Y and 6/8 hCNG-11412b¢tic rats, Scale
bar = 100 pm.
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Fig. 10. Staining for activating transcription factor 3 (ATF3) (A—D) and cleaved caspase 3 (E-H) in the formed matrix in healthy (A, C, E, G) and diabetic GK (B, D, F, H) rats
reconstructed with hCNG (A, B, E, F) or CFeCNG®™ (C, D, G, H) at 56 days post surgery. Arrows indicate stained oval shaped Schwann cells. Scale bar = 100 ym.

CFeCNGs, a substantial regenerative matrix was found in the sam-
ples taken at 56 days after surgery in both healthy and diabetic rats.
Importantly, the quality of the formed matrix was improved in the
CFeCNG treated animals, and regenerating axons had already
reached the distal nerve segment in a significantly higher propor-
tion at 56 days after surgery, allowing muscle reinnervation
detectable in some cases at 60 days. Furthermore, the regenerative
matrix as well as the nerve segment just distal to the implanted
CFeCNG displayed significantly increased numbers of activated
Schwan cells (ATF3-immunopositive), which are likely to attract
regrowing axons [7,15,24]. Simultaneously, the apoptotic events, as

indicated by cleaved caspase 3 immunopositive Schwann cells,
were reduced in nerve segments distal to CFeCNG implants, indi-
cating that also events potentially deleterious for axonal regener-
ation [15] are reduced. The support of axonal regeneration by
CFeCNG is further strengthened by the interesting finding that a
higher number of sensory DRG neurons were found, i.e. ATF3
stained, as well as a larger area was stained for HSP27, as an indi-
cator for increased neuroprotection [6], particularly in the diabetic
GK rats with a moderately increased blood glucose level. It is
conclusive that a higher degree of neuronal protection and activa-
tion together with a higher degree of Schwann cell activation and
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Table 5

49

Analysis of sensory dorsal root ganglia (L4-L5) in healthy and diabetic Goto-Kakizaki (GK) rats evaluated 56 days post surgery in study II. Values are median [25th (Q1) — 75th

(Q3) percentiles].

hCNG-I1healthy CFeCNG2nd-healthy  peNG-[jdiabetic CFeCNG?2nd-diabetic  p_yalyes  Fisher's method”
a
(kW) hCNG-I1/ Healthy rats/
CFeCNG?"  Diabetic rats
ATF3- + - cells (% of total) Experimental 6.4 [3.9-7.1] 6.9[5.8-11.9] 6.5[5.5-8.7] 144[13.3-200]  0.002 0.003 0.01
HSP27 expression (% of area) ~ Control 21.3[184-22.8] 18.1[16.8-204] 224[19.0-239] 180[166-19.7] 0.3 NA NA
Experimental  27.4 [24.8-29.4] 27.3[25.5-30.5] 302 [245-323] 34.1[32.1-359] 0.023 0.17 0.03
HSP27 Ratio 135[1.27-1.54] 1.62[1.28-1.79] 1.25[1.10-1.61] 183[1.61-2.13] 0.013 0.003 0.01

(experimental/control)

+ = Immunopositive.
NA = Not applied.
p-values indicating significant differences are set in bold.
2 KW = Kruskal—Wallis.
b Fisher method for independent samples based on the chi square distribution.

reduced apoptosis during the early phase of regeneration can lead
to better functional recovery in the long term.

Usually, when new types of nerve guides or tissue engineered
nerve prostheses are developed, the general health condition of the
tested animals is not considered. The globally increasing number of
patients with diabetes, however, makes it crucial to develop pe-
ripheral nerve reconstruction treatment strategies also suitable for
patients in which neuropathies often occur [7]. Here, we demon-
strate that during the matrix phase axonal regeneration is equally
supported in healthy and diabetic GK rats after critical nerve defect
reconstructed with CFeCNG?"Y, With regard to the processes un-
dergoing in the corresponding DRGs, it has been demonstrated
earlier that HSP27 is an important factor preserving nerve function
in diabetic patients [23]. Here we also demonstrate that the HSP27
expression together with that of ATF3 has been found to be
increased in DRGs from diabetic GK rats. In diabetic GK rats, the
regenerative matrix within the nerve guides contained higher
numbers of cells in general and of activated (ATF3-
immunopositive) Schwann cells in particular. With regard to
apoptotic events in Schwann cells we found that those are
increased within the regenerative matrix but not in the distal nerve
segments in diabetic GK rats. In contrast, it has been demonstrated
earlier that Schwann cells in diabetic animals are less responsive to
a nerve injury [36] and that nerves in diabetic animals have a
slower regeneration after end-to-end repair [6]. Therefore the re-
sults obtained in the present study notably indicate that peripheral
nerve reconstruction by means of basic or enhanced chitosan nerve
guides represents a promising alternative to standard treatments in
diabetic rats with clinically relevant blood glucose levels.

The pro-regenerative properties of chitosan are well docu-
mented not only for the peripheral and the central nervous system
but also for other applications in regenerative medicine and wound
healing [37—39]. Beside its antimicrobial properties also the
angiogenic properties of chitosan materials are important in the
context of regenerative medicine. Indeed, we observed robust
neovascularization not only in the short term, being even more
evident in the diabetic animals, but also on the long term, where
exclusively in the second generation CFeCNGs (with perforated
chitosan films) small blood vessels traveling through the holes in
the chitosan films were visible. Angiogenesis is important for the
survival of cells and tissue and crucial for the success of peripheral
nerve regeneration across a critical length [40]. In the present
study, long term axonal regeneration, as determined by nerve
morphometry, was similar among all nerve guide conditions
examined. When it comes to functional nerve recovery, however,
the introduction of perforated chitosan films in CFeCNGs was suf-
ficient to further increase the functional outcome compared to
hCNGs. The latter was clearly demonstrated by electrophysiological

recording of muscle reinnervation at 120 days after surgery. Im-
plantation of CFeCNGs to bridge the 15 mm sciatic nerve defect
induced higher reinnervation rates of the TA and PL muscles. The
success rates increased by 20—30% in the CFeCNG2d group
(perforated chitosan film) compared to the CFeCNG!' group
(continuous chitosan film). Regarding the outcome of sensory re-
covery in the present study at 120 days after surgery, study I
revealed less efficiency of implantation of CFeCNG 'St compared to
that of hCNG. In contrast, study IIl revealed the opposite and most
similar recovery in comparison to autologous nerve grafting for the
CFeCNG2™d group. Thus, it can be hypothesized that the perfora-
tions within the chitosan films allowed nutrient interchange be-
tween the two sub-compartments within the second generation
CFeCNGs (also via capillaries connecting the regenerative tissue
along both sides of the chitosan films). This condition probably
supported cell migration and survival across the nerve defect and
formation of the regenerative fibrin matrix to a higher extent than
non-perforated chitosan films used in first generation CFeCNG.
Subsequently 15 mm nerve defect reconstruction with second
generation CFeCNGs resulted in even increased functional recovery.

In study IIl we included an additional condition, the enrichment
of CFeCNG2™ with FGF-2'8¥D2 oyerexpressing Schwann cells (SC-
FGF-218P2) |t was earlier demonstrated that these cells increase
functional recovery across 15 mm sciatic nerve defects [41] and
even support it when the regeneration process is impaired by local
obstacles such as a too dense hydrogel within chitosan nerve guides
[19]. In the present study CFeCNGZ"4-SC-FGF-2"8Padid not further
increase the regeneration outcome. The functional recovery was
rather less in comparison to the implantation of cell free
CFeCNG?", This indicates that although Schwann cell survival
within the nerve guides previously has been proven in vitro and
neovascularization for nutrient supply in vivo was detectable, the
implanted Schwann cells did not likely survive in vivo and their
debris and metabolites might also interfere with the regrowth of
axons. The Schwann cells have been seeded on non-coated chitosan
films because this has been evaluated previously in vitro [21].
However, in previous studies, where they demonstrated to be
effective, the cells had been suspended in different types of
hydrogels [19,41,42]. Future attempts have to be made to ensure
survival of Schwann cells seeded into CFeCNGs.

5. Conclusions

In the present study, hollow chitosan nerve guides were
enhanced by introduction of chitosan films to increase the regen-
eration outcome across peripheral sciatic nerve defects of critical
length, i.e. 15 mm, in healthy and diabetic rats. This enhanced
chitosan nerve guides not only supported robust axonal
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regeneration and functional recovery in healthy animals but also
demonstrated to be beneficial for the regeneration process in dia-
betic rats with relevant blood glucose levels. Thus, we have an
effective peripheral nerve regenerative device at hand, which
represents an ideal candidate for the translation into the clinic. All
components of the enhanced nerve guides can be produced under
ISO standards. Furthermore, the maintained transparency and the
easiness to suture the device between the nerve ends are likely to
facilitate its wide acceptance among nerve surgeons. Based on the
results presented here, future experiments can now proceed to
address even more complex and challenging conditions for pe-
ripheral nerve reconstruction and recovery, such as the common
conditions of delayed repair or the reconstruction across joints, e.g.
in digital nerve repair.
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