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English Abstract

Peripheral nerve injuries remain a major clinical challenge, often resulting in incomplete
functional recovery despite surgical intervention. Reliable preclinical models are crucial for
evaluating repair strategies and understanding the biological processes that play a role in nerve
repair. This study investigates treatment modalities to enhance regeneration of the median nerve
following segmental injury in rats, with a focus on delayed nerve repair. In this study the
autologous nerve transplant (ANT) is compared to muscle filled-in vein conduit (MVCs) after
an 8-week repair delay, with or without additional treatment using extracellular vesicles (EVs),
either wild-type EVs or modified EVs to enhance laminin-binding functionality. A total of 48
male Lewis rats (mean weight: 484 g) were evenly distributed across six conduit type and
treatment groups (MVC = 24, ANT= 24, of which: PBS= 8, modEVs= 8 and wtEVs= 8).
Twelve weeks post-repair, nerve regeneration was assessed through in-vivo
electrophysiological recordings and histological analyses. Compound muscle action potentials
(CMAPs) were analyzed for latency, duration, amplitude, and area under the curve. The values
were compared with histological data (H&E, c-Jun, GFAP, MSB, and MBP staining). A key
objective of this study was to establish a standardized pipeline for quantitative
histomorphometry using MBP immunostaining in combination with AxonDeepSeg, an
automated segmentation tool. This platform enabled consistent quantification of axonal and
myelin structures. While EV treatments did not yield statistically significant improvements,
largely due to inter-animal variability, the ANT groups demonstrated superior regenerative
outcomes, as evidence by higher CMAP amplitudes and larger areas under the curve compared
to MVC groups. Importantly, strong linear correlations were observed between the total number
of nerve fibers and CMAP amplitude (p = 0.0002) and area under the curve (p = 0.0005).
Additional significant correlations were found between CMAP duration and axon diameter (p
=0.0014), myelin thickness (p = 0.0241), and g-ratio (»p = 0.0011). These findings highlight the
enhanced regenerative capacity of ANT over MVC in delayed repair scenarios and validate the
use of MBP staining with AxonDeepSeg as a robust method for histomorphometric analysis in

peripheral nerve studies.
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Deutsche Kurzfassung

Periphere Nervenverletzungen stellen nach wie vor eine grof3e klinische Herausforderung dar
und flihren trotz chirurgischer Eingriffe hdufig zu einer unvollstindigen funktionellen
Wiederherstellung. Zuverldssige préklinische Modelle sind fiir die Bewertung von
Reparaturstrategien und das Verstdandnis der biologischen Prozesse, die bei der Nervenreparatur
eine Rolle spielen, von entscheidender Bedeutung. Diese Studie untersucht
Behandlungsmethoden zur Verbesserung der Regeneration des Nervus medianus nach
segmentalen Verletzungen bei Ratten, wobei der Schwerpunkt auf der verzogerten
Nervenreparatur liegt. In dieser Studie wird die autologe Nerventransplantation (ANT) mit
muskelfiillten Venenkonduits (MVCs) nach einer 8-wodchigen Reparaturverzdgerung
verglichen, mit oder ohne zusétzliche Behandlung mit extrazelluldren Vesikeln (EVs), entweder
Wildtyp-EVs oder modifizierten EVs zur Verbesserung der Laminin-Bindungsfunktion.
Insgesamt 48 mannliche Lewis-Ratten (Durchschnittsgewicht: 484 g) wurden gleichmiBig auf
sechs Conduit-Typen und Behandlungsgruppen verteilt (MVC = 24, ANT = 24, davon: PBS =
8, modEVs = 8 und wtEVs = 8). Zwolf Wochen nach der Reparatur wurde die
Nervenregeneration durch in-vivo-elektrophysiologische Aufzeichnungen und histologische
Analysen bewertet. Die zusammengesetzten Muskelaktionspotenziale (CMAPs) wurden
hinsichtlich Latenz, Dauer, Amplitude und Fliche unter der Kurve analysiert. Die Werte wurden
mit histologischen Daten (H&E-, c-Jun-, GFAP-, MSB- und MBP-Férbung) verglichen. Ein
wichtiges Ziel dieser Studie war es, eine standardisierte Pipeline fiir die quantitative
Histomorphometrie unter Verwendung der MBP-Immunfirbung in Kombination mit
AxonDeepSeg, einem automatisierten Segmentierungswerkzeug, zu etablieren. Diese Plattform
ermdglichte eine konsistente Quantifizierung der Axon- und Myelin Strukturen. Wihrend die
EV-Behandlungen keine statistisch signifikanten Verbesserungen ergaben, was vor allem auf
die Variabilitidt zwischen den Tieren zuriickzufiihren war, zeigten die ANT-Gruppen iiberlegene
Regenerationsergebnisse, was durch hohere CMAP-Amplituden und gréBere Flachen unter der
Kurve im Vergleich zu den MVC-Gruppen belegt wurde. Wichtig ist, dass starke lineare
Korrelationen zwischen der Gesamtzahl der Nervenfasern und der CMAP-Amplitude (p =
0,0002) sowie der Flache unter der Kurve (p = 0,0005) beobachtet wurden. Weitere signifikante
Korrelationen wurden zwischen der CMAP-Dauer und dem Axondurchmesser (p = 0,0014),

der Myelindicke (p = 0,0241) und dem g-Verhiltnis (p = 0,0011) festgestellt. Diese Ergebnisse
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unterstreichen die verbesserte Regenerationsfihigkeit von ANT gegeniiber MVC bei
verzogerten Reparaturprozessen und bestdtigen die Verwendung der MBP-Fiarbung mit
AxonDeepSeg als robuste Methode fiir die histomorphometrische Analyse in Studien zu

peripheren Nerven.
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1 Introduction and Motivation

1.1 Peripheral nerve injuries

Peripheral nerve injuries (PNI) are common following blunt or penetrating trauma, accounting
for 3.3% of upper extremity traumatic cases, according to data from the German
TraumaRegister DGU [1]. PNIs lead to loss of sensation, movement and in many cases, chronic
pain [2], [3]. Patients of work-related upper extremity PNIs are to a large extent male (85%),
with the majority working the wood and metal industry (21%), construction (15%), and trade
industry (14%). 66% Of these PNIs were related to median nerve injury, with increasing

frequency of injuries located moving more distally to the extremity [4].

The timing and success of the peripheral nerve (PN) repair process depends on the extent of the
injury. Clinical grading systems are used to match microscopic changes and patient
symptomology. The most common used systems are based on Seddon’s classification with three
broad categories: (1) neuropraxia, which does not involve loss of nerve continuity and causes
only transient functional loss. (2) Axonotmesis, a complete interruption of the nerve axon and
myelin while the surrounding mesenchymal structures including the perineurium and
epineurium are preserved. (3) Neurotmesis, includes complete functional loss and recovery

without surgical intervention does not usually occur [5], [6].

1.2 Anatomy

PN consist of motor, sensory, and autonomic fibers, whose structural characteristics are closely
related to their functional demands. For instance, conduction velocity is influenced by axon
diameter and myelination, with larger, myelinated axons facilitating faster signal propagation
[7].

Each neuron comprises a cell body (soma), dendrites, a single axon, and synaptic terminals.
The soma is located in different anatomical regions depending on the neuron type: dorsal root
ganglia (sensory neurons), autonomic ganglia (autonomic neurons), and the ventral horn of the
spinal cord (motor neurons) [8]. The axons of these neurons extend peripherally and are bundled
together to form nerves. These bundles are organized and protected by three distinct layers of
connective sheaths: endoneurium, perineurium, and epineurium [9]. The endoneurium
surrounds individual nerve fibers (axons with their associated Schwann cells), and contains

endoneurial fluid, a medium similar to cerebrospinal fluid. The endoneurium consists of

13



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfigbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

fibroblasts, type 1 and 2 collagen fibrils, mast cells, macrophages, elastic fibers, and reticulin
fibers. The perineurium encases fascicles (bundles of axons) and forms a selective barrier,
protecting against toxins, pathogens, infections, and sudden ion fluxes [10]. The epineurium is
the outermost layer that provides mechanical protection. It contains collagen fibers, blood

vessels, and lymphatics.

Myelination is a process where Schwann cells (SCs) wrap their plasma membrane multiple
times around an axon forming a myelin sheath. This fatty insulating layer enables saltatory
conduction, where electrical impulses jump between nodes of Ranvier, gaps in the myelin
sheath densely distributed with ion channels, thus significantly increasing conduction velocity
compared to unmyelinated axons [7]. The axonal segments surrounded by myelin are also
known as internodes [11]. Myelin is rich in a mixed group of lipids (70-80%), like cholesterol,
phospholipids, galactolipids, and plasmalogens, and contain specific proteins (20-30%),
including myelin protein zero (P0), peripheral myelin protein 22 (PMP22), myelin basic protein
(MBP), and the myelin-associated glycoprotein (MAG) [7], [12].

In contrast, unmyelinated axons are grouped together by a single non-myelinating SC, forming
structures known as Remak bundles. These non-myelinating SC (also called Remak cells) lack
myelin-associated proteins such as MAG but express markers like glial fibrillary acidic protein

(GFAP), vimentin, S-100, and basal membrane-associated molecules [13].

1.3 PN degeneration and regeneration
PNIs initiate a cascade of degenerative and regenerative responses in both the neuronal body
and the peripheral nerve environment, including the proximal stump, the injury gap, and the

distal stump [14].

Upon complete transection, the neuronal soma transitions from a neurotransmission-functional
state to a regenerative state [11]. This shift involves enlargement of the cell body and dendritic
retraction, accompanied by downregulation of neurotransmitter related genes and upregulation

of growth associated proteins and cytoskeletal elements.

Retrograde degeneration occurs in the proximal axons, extending several millimeters back from
the lesion site, while the distal axon undergoes Wallerian degeneration [11], [15]. This process
begins within hours of injury and involves fragmentation of the axon and disintegration of the

myelin sheath [5].

14
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SCs play a central role in this degenerative phase. They enlarge, proliferate, and dedifferentiate,
expressing regeneration associated genes such as Gap-43, various cytokines, neurotrophic
factors, and the transcription factor c-Jun, which is essential for their conversion into a repair
phenotype [16], [17], [18]. Together with infiltrating macrophages, SCs phagocytose axonal
and myelin debris [14], [19].

As regeneration begins, SCs align longitudinally to form bands of Biingner, which act as
scaffolds for regenerating axons and secrete guidance cues and trophic support [17], [18], [19].
However, in cases of severe injury or prolonged denervation, axonal sprouts may deviate from

their original trajectory and mis-innervate unintended targets [5], [16].

Once regenerating axons reach their distal targets, the regenerative environment is cleared of
debris and reorganized. A transient phase of excessive axonal sprouting often leads to a higher
number of fibers distally than proximally [19]. Over time, these axons enlarge, mature, and
remyelinate, eventually forming new fascicles enclosed by newly formed perineurium[19],

[20].

1.4 Surgical repair approaches and nerve conduits

Surgical outcomes after PNI depend not only on intrinsic factors such as injury type, proximity
of the lesion to target organs, apoptosis, and patients age, but also on extrinsic factors like
treatment strategy, pre-and postoperative rehabilitation, and patient compliance influence.
Among these, treatment strategy remains the most modifiable factor and therefore plays a

crucial role in functional recovery [21].

In clinical practice, motor function restoration is prioritized over sensory recovery because it
plays a more crucial role in maintaining autonomy and performing essential daily tasks.
Treatment planning for nerve injuries requires careful consideration of several parameters,
including the extent and type of lesion (partial or complete transection), availability of donor
nerves, location of the injury, and time elapsed since trauma. For clean transections, tension-
free direct coaptation via microsurgical epineural suturing or tissue glue (for small nerves) is
preferred. However, in the case of large nerve gaps where direct repair would result in excessive
tension, alternative bridging strategies become necessary [22]. The gold standard in such cases
remains the autologous nerve transplant (ANT), typically using sensory nerves due to lower
donor site morbidity. Although Wallerian degeneration still occurs within the transplanted

nerve, the preserved extracellular matrix and viable SCs provide a critical scaffold for
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regeneration. The main limitations of ANT are limited donor nerve availability and risk of donor
site complications, including sensory loss and neuroma formation [22]. These drawbacks have
led to the search of alternative strategies such as nerve allografts and tissue-engineered conduits.
Processed nerve allografts, which retain the extracellular matrix but lack immunogenic cellular
components, mimic ANT architecture and have shown success in bridging short gaps, though

efficacy in long-gap repair remains limited [23].

Alternatively, tissue-engineered conduits made from biodegradable natural polymers or non-
biodegradable and biodegradable synthetic polymers are being utilized. The U.S. Food and
Drug Administration (FDA) has approved several nerve conduits for clinical use, including
those composed of natural polymers such as collagen and chitosan, as well as synthetic
polymers like polyvinyl alcohol (PVA) and polyglycolic acid (PGA). These conduits exhibit
degradation periods ranging from 3 to 48 months. They are designed to be non-cytotoxic, non-
irritating, and to possess favorable physical properties. However, despite these advantages,
many of these conduits fail to support complete recovery, particularly in cases involving large

nerve defects [24].

Among conduits, the muscle filled-in vein conduit (MVC) has attracted attention. This construct
uses a segment of vein filled with skeletal muscle to prevent collapse, guide axonal growth, and
promote SC migration. MV Cs provide a bioactive environment enriched in neurotrophic factors
such as nerve growth factor (NGF) and brain derived-neurotrophic factor (BDNF), supporting
SC proliferation and axonal guidance [25], [26], [27], [28]. Despite these advantages, MVCs
often underperform compared to ANT particularly in long-gap reconstructions [29]. The major
limitation of such conduits is the lack of viable SCs, which are essential for successful

regeneration.

To overcome this, cell-based therapies have been explored, using stem cells such as bone
marrow-derived, adipose-derived, neural, umbilical cord, and epithelial stem cells. These
therapies have shown regenerative potential but face challenges including poor survival after
engraftment, risk of tumorigenesis, immune rejection, vascular complication, and ethical
concerns [30], [31]. A promising alternative involves the use of extracellular vesicles (EVs)
derived from stem cells. EVs from adipose-derived stem cells (ASCs) are nanoscale vesicles
secreted by cells that carry neurotrophic factors, proteins, lipids, and nucleic acids which can
enhance axonal elongation, modulate immune responses, and activate resident SCs after PNI
[32], [33]. A drawback of EVs is the binding non-specificity, where a significant number of the
injected EVs are taken up by non-targeted, healthy cells [34]. To enhance the targeting of the
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EVs, minimal modification of surface markers can increase the reactivity with the target
antigen. In the case of PNI, laminin can be targeted which is upregulated by SCs when they
differentiate into the pro-regenerative repair phenotype. Due to this enhanced affinity to
laminin, these recombinant EVs are proposed to home to the site of nerve injury following
intravenous administration, enhancing the EV uptake and consequently promoting the

regenerative process.

1.5 Experimental models in PNI research
To test biomaterial and surgical techniques before bringing it to a clinical setting, conduits and
treatments must be tested in-vitro and in-vivo. For in-vivo testing, different animals have been

used, with the rat sciatic model being the most common.

The mouse model is an attractive model for studying PN regeneration specifically to investigate
relevant genes through transgenic knock-out, mutation or overexpression [35]. Mice are cheap,
simple to handle and care for, and allow therefore for large study groups. Their size, however,
is a limitation, as their nerves are small and complex surgeries, such those involving large
defects, require great microsurgical skills. Due to this size limitation and functional testing in
rats being easier, the rat model is more commonly used for in-vivo work for PN regeneration.
The handling of rats is relatively similar to that of the mice, by being economically favorable.
The use of transgenic rats is less available than mouse models, however due to the popularity
of the rat model, functional tests for sensory and motor recovery are more standardized [36].
The translation of data obtained from rodent work to humans needs to be evaluated carefully,
due to differences in nerve and gap lengths, rats exhibiting faster axonal regeneration rates, and
generally better regeneration [37]. By only testing conduits on single animals models like the
sciatic nerve rat model, skewed results could be obtained leading to inaccurate assessment of

risks and benefits for human applications [37].

Larger defects can be studied in alternative animal models like the rabbit, sheep and monkey,
the use of these animals however raises ethical concerns and generally require more care and

collaboration as standardized assessment methods have not yet been established [35].

In the rat model, the sciatic nerve is the most investigated nerve, this popularity resulted in well-
established protocols and assessment methods but also comes with limitations. One of these
limitations is the site of the sciatic nerve being more protected against mechanical forces such

as bending and tension, this allows for investigations with a clearer overview of the mechanisms
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at hand but does not represent the most realistic clinical situation [37]. Additionally, the sciatic
nerve transection model comes with ethical concerns. The injury causes paralysis and sensation
loss of the hind limb; it is associated with auto-mutilation behavior. This causes the animal a
great amount of distress and it causes an increased burden in animal care [38], [39].
Alternatively, a forelimb model such as the median nerve can be used that shows improvements
regarding the ethical concerns related to the sciatic nerve model. The median nerve model only
partially impairs upper limb function as specific sensory and motor functions are preserved
through the ulnar and radial nerve. The rat forelimb anatomy and brachial plexus closely
resemble to the human brachial plexus. Considering that upper limb injuries are most prevalent
in PNI, the median nerve relates more to the clinical situation [40]. A drawback is the nerve size
limitation, where the sciatic nerve allows for greater nerve gaps, that are more relevant for the

human clinics.

1.6 Methods to assess PN regeneration

To evaluate PNI regeneration, several testing methods are used. In-vitro assessment is done to
assess toxicity and biocompatibility before they can move to the in-vivo stage and to limit
animal use [40], [41], [42]. In-vivo assessment for rodents is well established with methods
assessing motoric and sensory reinnervation combined with electrophysiological conduction

experiments and histology.

Sensory function is tested with the von Frey Filament test or Hargreaves test. The von Frey
Filament test works on the principle of the pain response against mechanical stimuli and is used
in mice and rat models. The animal is placed on a grid after which plastic pre-calibrated
filaments are applied to the plantar surface of the paw. By using filaments with different
stiffnesses the threshold can be determined that causes a paw withdrawal response [43]. The
Hargreaves test measures the nociceptive response to heat and works along the principle of
placing animals in a clear box on a glass surface. Underneath the glass surface, specifically
underneath the hind paw a controlled heat beam is placed. A timer is started and the time until

withdrawal is measured [44].

Motoric function can be assessed through several methods such as walking track analysis (e.g.,
CatWalk), staircase test, grasping test, and muscle weight ratios. The CatWalk system is a
computerize gait analysis method that assesses locomotor function. Animals voluntarily cross

a specialized glass walkway, where their paw contacts are illuminated by green light and
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recorded by a camera. It gives parameters that allow for the evaluation of injury-related changes
[45], [46]. The staircase test assesses the independent use of forelimbs in reaching and grasping
tasks. Food pellets are placed on the staircase and are presented at different stages with different
difficulties of reaching. The animals need to be food deprived and require training before
surgery to obtain useful data [35], [43]. In the grasping test animals are lifted by their tail and
grasp a grid that is connected to an electronic balance. The rats are lifted with increasing
firmness until they lose their grip, after which the negative value on the balance is noted. The
grasping test is a valuable test done regularly during the process of regeneration as it gives an
indication on the recovery process over time [47], [48]. Lastly muscle weight ratios are often
taken as a direct measure of atrophy upon injury. Values are then compared with the

contralateral side or with healthy controls [36], [49], [50], [51].

Electrophysiology is a widely used method for assessing motor axon regeneration and muscle
reinnervation. It is commonly employed to diagnose nerve-related conditions and evaluate
regeneration after injury [26], [39]. The compound muscle action potential (CMAP) is
particularly valuable for assessing motor nerve function. Several CMAP parameters are of
interest in the evaluation of nerve injury and regeneration, including latency, duration,
amplitude, and area under the curve (Fig. 1) [13]. The CMAP represents the summation of
individual motor unit’s action potentials [13]. The latency is measured in milliseconds and is
described as the time elapsed between stimulation and the first deflection of the baseline,
reflecting the fastest conducting axons [38]. It encompasses the time required for the stimulus
to travel along the nerve, the neuromuscular junction delay, and muscle fiber signal

transmission.
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The duration is the measure of the entire CMAP and reflects the homogeneity of the degree of
myelination of the motor axons in the nerve. The duration is either taken as negative duration
from the first deflection of the baseline (2) until the end of the negative peak (4), or as total
duration from the first deflection of the baseline (2) until recovery to the baseline at the end of
the CMAP (6) (Fig. 1). The CMAP amplitude is proportional to the number of conducting motor
axons in the nerve. CMAP amplitude may be influenced by the number of motor units
responding, the stimulus, the varying conduction velocities of the axons, and the increase in
motor size due to motor reinnervation. The CMAP amplitude is often taken as peak-to-peak

which is taken from the negative peak (3) to the positive peak (5). Alternatively, the CMAP

Voltage (mV)

Time (ms)

Fig.1. The compound muscle action potential (CMAP). The CMAP has several
characteristics: latency, duration, amplitude, and area under the curve. The latency is taking
from the point of stimulation (1) until the first deflection of the baseline (2). The negative
duration is taken from the first deflection of the baseline (2) until the end of the negative
peak (4). The negative amplitude is from baseline (2) to negative peak (3). The peak-to-peak
amplitude is from the negative peak (3) until the positive peak (5). The negative area under
the curve is represented by the light blue are of the negative peak. The total duration is from

the first deflection (2) until the recovery to baseline (6).
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negative amplitude can be taken which is measured from the baseline (2) to the negative peak
(3) (Fig. 1). The CMAP area under the curve is most accurate for reflecting the number of
myelinated axons and is often compared with histomorphometry. The area under the curve is

often taken as the area of the negative peak, marked by a light blue area in Fig. 1.

Regarding histological analysis, there are several histological, immunohistochemical, and
ultrastructural methods with specific applications for assessing tissue morphology, cellular
phenotypes, protein expression, and subcellular structures, respectively. Hematoxylin and eosin
(H&E) staining is most commonly used to stain tissues for light microscopy. Hematoxylin
labels nuclei blue and eosin is detectable as a pink stain in cell cytoplasm. It is the most used
staining in pathology and research using light microscopy, but not an adequate method for nerve
staining because the myelin sheaths are not labeled and they are thus difficult to be detected
[52], [53]. Masson’s trichrome staining is a common trichrome method in muscle histology and
is not often used for histological analysis of peripheral nerves. The quality of the staining is
better than H&E but does not stain myelin accurately. Pre-embedding the tissue in Osmium
tetroxide (OsOs4) allows for high accuracy in identifying myelin in light microscopy [54].
Schwann cells (SC) can be detected with specific glial markers, like glial fibrillary acidic
protein (GFAP) and S100. To specifically stain myelinated axons, staining can be used that
specifically stains the myelin sheath like: MCOLL, PO, MBP, MAG, and toluidine blue. Non-
myelinated axons are associated with Remak cells that can be visualized with immunostaining,
staining for p75, S100, and GFAP stains [11]. C-Jun is greatly upregulated upon nerve injury
and plays an important role in the regeneration process, it is downregulated upon myelination
[55]. The staining of this transcriptional factor can indicate the stage of regeneration and is
believed to not show any activity after myelination is complete. Alternatively to light
microscopy, nerve regeneration is assessed by Semithin and Transmission Electron Microscopy
(TEM) [11]. The preparation requires effective nerve tissue fixation, and myelin preservation
achieved with OsOs4 fixation. After Toluidine blue staining, tissues can be imaged and analyzed
with histomorphometrically analysis, in which the number of fibers, fiber density, and fiber

diameters are assessed.

Histomorphometry is a quantitative histological technique employed to evaluate structural
changes and regeneration outcomes in peripheral nerves. It provides detailed morphometric
data such as axon count, axon diameter, fiber diameter, myelin thickness, g-ratio (axon
diameter/fiber diameter), and fiber density. These analyses are typically performed on

transverse sections of nerve tissue stained with agents such as toluidine blue or osmium
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tetroxide, allowing for high-resolution imaging of myelinated fibers under light or electron
microscopy. The analysis can be performed using manual, semi-automatic or fully automatic
methods. Fully automatic methods are increasingly supported by machine learning algorithms,

enabling high-throughput processing and objective quantification [56].

Each method has distinct strengths and limitations and becomes more valuable when used in
combination with the others, offering a comprehensive understanding of nerve regeneration

[57].

1.7 Aim of this thesis

This thesis investigates the regenerative potential of extracellular vesicles (EVs) derived from
adipose-derived stem cells, with modifications to enhance their laminin-binding, in the context
of peripheral nerve repair over gap defects. Current clinical strategies show superior
regenerative outcomes with autologous nerve transplants compared to more accessible nerve
conduits. However, the limited availability and associated donor site morbidity of ANTs
necessitate the development of effective alternatives, such as synthetic or biologically derived

nerve guidance conduits.

In this study, a delayed repair model of the rat median nerve with a 7 mm gap was employed to
simulate clinical scenarios in which immediate nerve repair is not feasible. A muscle filled-in
vein conduit was evaluated as an alternative to the autologous nerve transplant, with both repair
strategies receiving either wildtype or laminin-binding enhanced EVs. The primary objective
was to determine whether EV treatment could improve regeneration outcomes in the muscle

filled-in vein conduit to a level comparable with the autologous nerve transplant.

Additionally, this thesis explores a novel and cost-effective approach to histomorphometric
analysis by employing AxonDeepSeg (ADS), an automated segmentation tool, in combination
with myelin basic protein (MBP) immunostaining. It is hypothesized that this method enables
reliable automated quantification of myelin and axonal structures, with morphometric data that

meaningfully correlates with electrophysiological outcomes.
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2 Methods

2.1 Animals

48 male Lewis rats with an average weight of 484g (432-522¢g), underwent surgery to remove
7-mm of the right median nerve. After this transection, the right flexor digitorum superficialis
(FDS) muscle, normally innervated by the median nerve, began to lose mass (Fig. 2a). After 8
weeks, the left median nerve was removed and transplanted onto the right arm for half of the
animals (n=24) (Fig. 2b-c). The other 24 animals received a muscle filled-in vein conduit
constructed from the left gracilis muscle and left epigastric superficialis vein to be transplanted
unto the right median nerve gap. This conduit is fabricated by pulling the vein tissue over the
muscle tissue creating a tube-like structure. The left median nerve was also removed in the
MVC group, resulting in all animals portraying denervation in the left FDS muscle. Additional
to the conduit, the animals received ASC derived EV therapies: wildtype, modified EVs with
increased laminin-binding properties, and a PBS vehicle control (Fig. 1d). In the conduit groups
(n=48, MVC: n=24, ANT: n=24), rats were evenly assigned to three EV treatment conditions,
8 received wild-type EVs (5x1078 /20 uL), 8 received modified EVs (51078 /20 uL), and 8
animals received PBS as a control treatment (Table 1). Following a 12-week recovery period,
the animals were assessed to compare two types of conduits: autologous nerve transplant and

muscle filled-in vein conduit. Weight data from a separate study, in which the rats were
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Fig. 2. Illustrative description of autologous nerve transplant, median nerve surgery and EV
treatment. (a) Right median nerve excision. (b) after 8 weeks the left side is opened and (c)
median nerve is excised and transplanted to the right injury site. (d) Left median nerve is
fixed with sutures to the distal and proximal native ends, EV treatment is injected intraneural

(either modified, wildtype or control).
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monitored until sacrifice, was used to assess whether all animals and groups in this study

followed normal growth patterns.

Table 1: Distribution of animals according to their surgical treatment

Treatment Number of animals

Autologous nerve transplant with wildtype EVs 7
Autologous nerve transplant with modified EVs
Autologous nerve transplant with control vehicle
Muscle filled-in vein conduit wildtype EVs
Muscle filled-in vein conduit with modified EV's

Muscle filled-in vein conduit with control vehicle

~N 0 0 39

2.2 Electrophysiology

Electrophysiology is performed to measure CMAPs, which reflect the functional reinnervation
of muscles and the efficacy of nerve regeneration. The experiment was performed at the end of
the 12-week recovery period, for which the animals first were anesthetized. The rat was placed
in the supine position and the limbs were taped to the surgery table to ensure stability and
immobilization during the procedure. Underneath the rat, a heating pad was placed to maintain
the rats body temperature. The right arm was surgically opened and held open with surgical
retractors. Then the median nerve was dissected free of surrounding tissues. A sterile plastic
was placed underneath the nerve and between the electrode and surrounding tissues to prevent
noise. During this procedure 4 animals were observed to have ruptured median nerves and were

therefore excluded from the study.
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The electrode placement was done microscopically. A

bipolar stimulating electrode was positioned with a

micromanipulator distal and proximal to the repaired nerve Na d
segment, slightly beyond the respective suture points. The / Y Ry
active electrode was placed in the right flexor digitorum %m \/

superficialis muscle, and the reference electrode in the
second digit. A ground electrode was placed in the right
hind limb (Fig. 3) (Natus® Ultra Disposable Subdermal
Needle Electrodes). For the measurements, the software-
controlled electrical stimulation and electromyogram

recording device (Keypoint® Focus EMG / NCS / EP

System) was connected to a notebook computer. The IS

Keypoint software was used in the configuration of motor Fig, 3. Illustrative description of

nerve conduction specifically for the median nerve. This electrophysiology set up
setup measured the CMAP latency, duration, amplitude,

and area under the curve. The exact parameters measured were the latency, total duration, peak-
to-peak amplitude, and area under the curve as described by Fig. 1.

Prior to measurement, the rectal temperature was recorded as a control, since temperature
affects electrophysiology [58]. Then surrounding electrical equipment was turned off during
the measurements to minimize interference. Current stimulation was applied from 0 to 1.5 mA
in 0.1 mA increments and extended up to 2.0 mA to reach supramaximal stimulation. The

experiment was performed on both the distal and proximal sites of the nerve transplant, past the

sutures.

2.3 Histology

2.3.1 Sample preparation

After the electrophysiological measurements, the animals were sacrificed after which a segment
of the right median nerve containing the reconstructed nerve segment was excised as well as
both left and right FDS muscle. For histological evaluation, harvested regenerated right median
nerves and both FDS muscles of all animals were subjected to staining and evaluation. The FDS
muscles were immediately weighed to obtain the wet muscle weight, photographed and
measured on millimeter paper (Fig. 4). After this, all tissues were fixed for 24h in

paraformaldehyde, followed by 1h of washing in flowing water, dehydration for 1h at 50%
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Fig. 4. Freshly harvested FDS muscles weighed and photographed on millimeter paper.

Representative image from animal No. 20 from the ANT + modEVs groups

ethanol and then stored in 70% ethanol. Further histological preparation was performed by the
histology team who embedded the samples in paraffin, cut the samples in transverse direction
on a microtome in 4 um sections, and placed them on glass slides. For the median nerves 4
slices were stained per nerve, cut at a location proximal, proximal to the middle, distal to the
middle and distal to the sutures (Fig. 5). The proximal (cut 1) and distal (cut 4) locations match

the electrophysiology stimulation locations.

2.3.1 H&E staining

Hematoxylin and Eosin (H&E) staining was performed to assess overall tissue morphology and
detect structural changes such as degeneration, inflammation, or regeneration. The staining was
performed by the team of histology on the right median nerve segment with a standard H&E

staining protocol.

2.3.2 Immunohistochemistry (IHC)

Immunohistochemical staining was performed on the right median nerve segments to evaluate
key cellular responses involved in PN regeneration. Three markers were selected to target
specific aspects of SC behavior and myelin integrity. C-Jun staining was used to identify
activated SCs engaged in the regenerative response, as c-Jun is a transcription factor
upregulated in the repair phenotype of SCs. Its nuclear localization allows identification of c-
Jun positive cells by brown nuclear staining, while all nuclei are counterstained blue with

hematoxylin. GFAP staining was performed to detect non-myelinating SCs, providing insight
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into the glial response to injury. GFAP-positive structures appear brown against a blue nuclear
counterstain. Finally, myelin basic protein (MBP) staining was used to visualize the extent of
myelination, enabling assessment of demyelination and remyelination in the regenerating
nerve. MBP staining served as the structural basis for subsequent histomorphometric analysis.
All immunostaining was performed by the histology team, with MBP staining conducted both

with and without hematoxylin counterstain to support imaging and segmentation needs.

2.3.3 IHC protocol

Immunohistochemical staining was performed on paraffin-embedded sections of the right
median nerve to evaluate cellular markers involved in peripheral nerve regeneration. Slides
were first deparaffined and rehydrated through a graded ethanol series into distilled water.
Antigen retrieval was performed using heat induced epitope retrieval (HIER): sections were
placed in EDTA buffer (pH9) and heated for 20 minutes, followed by steaming in the same hot
buffer for 20 minutes. After retrieval, slides cooled down for approximately 30 minutes before

being transferred to a humidified chamber for staining.

To block endogenous peroxidase and alkaline phosphatase activity, sections were incubated for
10 min with BLOXALL® dual enzyme blocking solution (Vector Laboratories, SP-6000).
Following this, the sections were incubated for 1 hour with the following primary antibodies:
(i) rabbit anti-c-Jun antibody (Abcam, ab40766, 1:200), (ii) rabbit anti-GFAP antibody
(Millipore, AB5804, 1:1000), (ii1) rabbit anti-MBP antibody (Abcam, ab133620, 1:1000). A fter
primary antibody incubation, slides were washed three times in TBS-T and then incubated for
30 minutes with a horseradish peroxidase (HRP)-conjugated secondary antibody (BrightVision
poly-HRP Anti-rabbit IgG, ImmunoLogic), ready to use. All incubation steps were followed by
three times washing in TBS-T.

The slides were incubated with NovaRed substrate (Vector Laboratories, ImmPACT
NovaRED®, SK4805) for 6 minutes allowing the enzymatic reaction to develop visible
staining. Sections were then counterstained with hematoxylin, followed by dehydration and

mounted with coverslips for microscopic evaluation.
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Fig 5. Schematic overview of histological cuts of median nerve. (1) proximal to graft, before

sutures, (2) proximal to middle of graft, (3) distal to middle of graft, and (4) distal to graft,
past the sutures.

2.3.5 MSB staining

Martius-Scarlet-Blue (MSB) staining was performed to evaluate fibrotic changes in muscle
tissue by differentiating collagen, muscle fibers, and fibrin, particularly in response to

denervation. The staining was performed by the team of histology on the FDS muscle sections.

Paraftin embedded tissues are first deparaffinized and rehydrated through graded alcohol into
distilled water. Slides were re-fixed in Bouin’s solution for 1 hour at 56°C. Excess yellow
coloration was removed by rinsing under running tap water for at least 30 minutes, with visual
inspection. Nuclear staining was performed with Weigert’s iron hematoxylin solutions A and B
mixed 1:1) for 5 minutes. Brief dedifferentiation was performed in 0.25% hydrochloric acid in
ethanol (HCI-EtOH). Sections were rinsed in running tap water for 5 minutes to allow bluing
of the nuclei. Sections were stained for solution A (Martius Yellow) for 2 minutes. Rinsed in
distilled water, then stained in solution B (Brilliant crystal scarlet) for 10 minutes. Washing
again in distilled water, then treated with solution C (1% phosphotungstic acid) for 10 minutes,
rinsed in distilled water. Then stained in solution D (Methyl blue) for 4 minutes. Briefly rinsed
in solution E (1% acetic acid). Rapid dehydration with automated tissue processor. Sections are

cleared in xylene for 5 minutes. To finish, slides were cover slipped.

All staining reagents used in this study were prepared in-house using analytical-grade chemicals
from Sigma Aldrich, Roth, and Merck. Bouin’s fluid, used for post-fixation, was freshly
prepared by combining 75 mL of saturated picric acid solution (1.3%, Sigma Aldrich, P6744-
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1GA, CAS 88-89-1), 25 mL of formaldehyde solution (=37%, acid-free, Roth, P733.2, CAS
50-00-0), and 5 mL of acetic acid (100%, Roth, 3738.1, CAS 64-19-7).

For the staining protocol, 5 dye and buffer solutions (A-E) were prepared according to
established histological procedures. Solution A was prepared by dissolving 0.5g of Martius
Yellow (Sigma Aldrich, 377767-25G, CAS 605-69-6) and 2g of phosphotungstic acid hydrate
(Sigma Aldrich, 79690-100G, CAS-12501-23-4) in 100 mL of 96% ethanol. Solution B
consisted of 1g of Brilliant Crystal Scarlet (Crystal Ponceau 6R, Sigma Aldrich, C0644-5G,
CAS 2766-77-0) dissolved in 100 mL distilled water, with the addition of 2 mL of acetic acid.
Solution C, used for differentiation, contained 1g of phosphotungstic acid hydrate in 100 mL of
distilled water. Solution D was prepared by dissolving 0.5g of methyl blue (Merck,
1163160050, CAS 28983-56-4) in 100 mL of distilled water with ImL of acetic acid. Finally,
solution E was used as a brief acidic rinse and consisted of 1mL of acetic acid in 100 mL of
distilled water. All solutions were prepared fresh and stored at 4°C in light-protected glass

containers until use.

2.3.6 Bright field microscopy

All stained sections were imaged using the Olympus Slideview VS200 ASW 4.1.1 slidescanner
with the 20x /0.80 objective (0.274 um/pixel). The images were evaluated with the Olympus
OlyVIA 4.2 image viewer software, in which images can be processed and converted for further

analysis.
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2.4 Histomorphometry of median nerve

To enable systematic and reproducible analysis of peripheral nerve morphology, a dedicated
workflow for histomorphometry was developed. Particularly, this pipeline integrates
immunohistochemically stained slices using MBP as a myelin sheath marker, an approach not
previously adapted for automated analysis. The pipeline was developed to facilitate semi-
automated segmentation and quantification of axons and myelin using AxonDeepSeg (ADS),
an open-source automated segmentation software. A visual representation of this workflow is
provided in Fig. 6. The analysis according to this workflow of the median nerve was performed
on all histological sections from the four anatomical sites, using MBP stained histological slices

without counterstain (Fig. 5).

S

/’

(2) Staining process

(1) Tissue collectio

]

J
| st

(3) Slide scanning

(7) Data analysis
(6) Automated (5) Preprocessing

segmentation
Fig. 6. Representative workflow of histomorphometry segmentation process. After the 12-
week recovery period, the median nerve is harvested and processing through paraffin
embedding, cutting process and slide montage. The slide is stained with specific MBP-staining
procedure and images through the OLYMPUS VS200 slidescanner. The images are evaluated
in OlyVIA and preprocessed in Imagel as preparation for segmentation. In AxonDeepSeg the
images are automatically segmented for axon and myelin. Then, Data analyses are performed

to obtain histomorphometric results.
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The established workflow includes the following steps: (1) tissue harvesting, (2) tissue
preparation and previously described histological processing with MBP staining, (3) obtaining
high-resolution images of the stained sections using brightfield microscopy (OLYMPUS
VS200, slidescanner), (4) Qualitatively evaluate images, (5) preprocessing of image files in
Imagel, to enhance the detection of myelin structures (find a more detailed description below),
(6) segmentation using ADS, (7) post-processing and quantitative analysis of axonal and myelin

features through the morphometrics option of ADS.

2.4.1 Preprocessing with ImageJ

For the preprocessing, images were first split into their red, green, and blue components using
the “split channels” function under the RGB color model. The red channel was closed showing
the weakest MBP signal, the other channels were merged again and converted to 8-bit grayscale
to enable intensity-based filtering. A Fast Fourier Transform (FFT) Bandpass Filter was then
applied to remove background noise and enhance structural features, using parameters to filter
large structures down to 20 pixels and filter small structures up to 1 pixel. Finally, a manual

threshold was applied with a cutoff value at 115, to segment MBP positive areas.

2.4.2 Automated segmentation with AxonDeepSeg

Segmentation was performed using the open-source automatic segmentation software,
AxonDeepSeg (Napari version 0.5.6) (ADS version 5.0.0) [59]. The software is designed for
histomorphometric analyses based on TEM, scanning electron microscopy (SEM), or bright
field images with osmium tetroxide fixation. For the analysis of MBP-stained slices, the bright
field model is applied. Specifically, the software applied the model seg generalist BF, which
is trained on bright-field microscopy images. Using this model, ADS segmented the images to
identify axons and myelin, from which histomorphometric data were extracted. To compensate
for potential errors, in automatic detection, manual corrections were performed, making the
method semi-automatic. This extracted histomorphometric parameters included the following

[53]:
— The total cross-sectional area
— The total fiber numbers
— Fiber density

— G-ratio
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— Axon diameter
— Fiber diameter

— Myelin thickness

Histograms are generated to visualize the distribution of axon and fiber diameters. Diameter
values were grouped into gradual 1pum intervals, and the number of fibers per bin was counted
for each animal individually. The data were subsequently grouped by anatomical level (cut 1-

4) to assess regional variation in diameter distributions across the nerve.

2.5 Muscle analysis

Muscle analysis was performed through muscle weighing and fibrin area calculation to quantify
muscle atrophy or preservation by comparing muscle mass of healthy muscles to the weight
after nerve injury and regeneration. The FDS muscles are evaluated by comparing the muscle
weight, circumferential area and fibrin percentage between the groups. The right FDS muscle
underwent an 8-week denervation period (median nerve removal) followed by a 12-week
reinnervation period. The left FDS muscle was left untouched for the 8-week period after which
it was denervated (left median nerve segment removed) for 12 weeks. The right FDS muscle is
evaluated using the ratio of right to left.

FDSright

muscle ratio =
FDSyef¢

Additionally the right FDS muscle is evaluated as a percentage of the average healthy FDS

muscle weight obtained from 4 control animals [47].

FDS,igne X 100%
FDShealthy

weight percentage of healthy FDS muscle =

The muscle was prepared by the histology team and stained for Martius-Scarlet-Blue (MSB).
This trichrome-type staining results in red-colored fibrin and muscle tissues and blue-colored
collagen and older fibrin clusters. The circumferential area of the muscles was measured in
OlyVIA with the Freehand Polygon tool. Spearman’s correlation was calculated for the
relationship between the FDS muscle surface area and the muscle weight of the left FDS muscle

using GraphPad Prism software, in which P<0.05 was considered statistically significant.

The fibrin area was calculated in Fiji (ImagelJ). In ImagelJ the plugin Colour Deconvolution was
used which is useful to unmix dyes in bright field microscopical images with histology stains

[60]. In this plugin the vectors were chosen for Azan-Mallory staining which give compatible
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results for MSB muscle staining. From this the second color (pink) was chosen to further
process. The image was converted into a grayscale 8-bit image from this the threshold was taken
with the automatic thresholding function. The scale was set to match the pixel size of the images
obtained from the slide scanner. Then analyze particles was used from 10 to infinity to filter out
noise which ultimately gives the total “pink™ area, representing fibrin/muscle tissue. Then for
comparative purposes the percentage of fibrin area of total area was calculated with the

following equation:

Areaﬁbn-n X 100%

Fibrin area percentage oftotal muscle area =
Areatotal muscle

2.6 Data extraction and statistics

The CMAP latency, duration, amplitude, and area under the curve were extracted from each
curve for each stimulus current amplitude (mA) to analyze the results. The software used for
the experiments did not support raw data export, so key points of the CMAP signal, such as
onset, maximum negative peak, zero crossing, maximum positive peak, and end, had to be
manually selected. This was necessary to ensure consistent and comparable measurement of
latency, duration, amplitude, and area under the curve across all animals and individual
recordings. The parameters were determined with different approaches. CMAP amplitude and
area under the curve are reaching a maximum plateau when reaching the supramaximal
stimulation intensity therefore the maximum observed value is used for statistical analysis. For
CMAP duration and latency, the curves reached a plateau of which the average is taken for
statistical analysis. This plateau is found by plotting each animal’s latency against the stimulus
value (mA) from which the plateau is determined. Statistical analysis was done with GraphPad
Prism software, version 10 for macOS (GraphPad Software San Diego, CA). Normality tests
showed no consistent normal distribution for the investigated groups therefore the Kruskal-
Wallis (non-parametric) test was done with Dunn’s multiple comparisons test. P<0.05 was

considered statistically significant.

The data of the electrophysiological measurement is compared to the histomorphometric data
with a simple linear regression taking the 7 histomorphometry parameters as independent and

the 4 electrophysiological as dependent [26].
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3 Results

3.1 Animal weight
Body weight increased steadily over time in all animals, with no significant differences
observed between experimental groups (Fig. 7). Detailed individual body weight trajectories

are provided in Appendix A1.1.
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Fig. 7. Increase in body weight over time. Values represent mean + standard deviation. The

vertical line at 8 weeks indicates the time point of the secondary surgery, during which nerve

repair with ANT or MVC and EV treatment was performed.

3.2 Electrophysiology

In-vivo electrophysiological assessment of the median nerve showed a significant difference
between the ANT + modEV and the MVC + modEV groups, where the ANT achieved greater
peak-to-peak CMAP amplitudes and area under the curve (Fig. 8). The amplitude difference
reflects better muscle reinnervation for the ANT and greater area under the curve reflects a

greater total muscle response for ANT than for MV C (Table 2). No significance was found for
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latency and duration. Within the conduit groups no significance was found due to the large

standard deviation.

Table 2: Mean and Standard Deviation of CMAP Parameters for MVC and ANT across EV

treatment groups

Wildtype EV Modified EV Control
ANT MVC  ANT MVC ANT  MVC
Latency (ms) Distal 151+ 135+ 134+ 136+ 148+ 1.52+
029  0.64 020  1.83 040  1.17
Proximal 129+ 121+ 120+ 1.0l 116+  1.02+
0.57 055 0.28 144 025 075
Duration Distal 643+ 530+  6.68+ 346+ 6.17+ 472+
(ms) 1.81  2.69 043 299 132 334
Proximal 6.04+  5.06+ 695+ 3.05+ 6.19+ 435+
1.65  2.57 073 350 080 28I
Amplitude  Distal 870+  3.65t 1129+ 229+ 1144+ 3.86+
(mV) 374 4.06 2.87%% 390 645 475
Proximal 9.37+ 632+  11.10+ 222+ 10.00+ 3.00+
429  6.06 293*% 388 632 476
Areaunder  Distal  7.12+ 322+ 874+ 181+ 855t 283+
the curve 334 4.00 224%% 307 512 3.40
(mV*ms)  yroximal 732+ 533+ 9.1+ 1.88+ 7.70+  2.54+
344 555 2.79* 330 518  3.86

Note. EV treatment groups included modified EVs, wildtype EVs, and vehicle control.
Statistical significance between MVC and ANT was assessed using the Kruskal-Wallis test

followed by Dunn’s post hoc test (*p<0.05, **p<0.01 between ANT and MVC).
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24). Statistical significance was

22) and muscle filled-in vein conduit (n

area under the curve. Data are presented for 6 experimental groups, including autologous

determined using ANOVA followed by the Kruskal-Wallis multiple comparison test (*p

(CMAP) parameters analyzed include (a-b) latency, (c-d) duration, (e-f) amplitude, and (g-h)
<0.05, **p<0.01).

Fig. 8. Quantitative electrophysiology CMAP data. The compound muscle action potential

nerve transplant (n
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3.3 H&E staining

Representative H&E-stained section of the ANT and MVC groups revealed distinct
morphological differences in tissue structure and remodeling at the implantation site (Fig. 9).
In the ANT groups, a clearly defined layer of loose connective tissue around the epineurial layer
was consistently observed, especially in sections in the implant (cut 2 and 3), suggesting

progressive remodeling and possible structural stabilization.

In contrast, the MVC conduit sections retained recognizable native muscle fibers within the
center of the graft (anatomical levels 2 and 3). These muscle fibers often displayed a vacuolated
appearance with clear, white regions within the cytoplasm. These regions are interpreted as
adipose tissue, a sign of muscle fiber atrophy and degeneration, a known phenomenon during
muscle tissue remodeling when not functionally reinnervated [61]. The nerve tissue mainly

formed inside the vein walls, confirmed with MBP staining (Fig. 12)

ANTWT ANTMOD ANT CTRL MVC WT MVCMOD MVC CTRL
1
|
2
3 :
4
0.450 mm

Fig. 9 H&E staining of median nerve across autologous nerve transplant (ANT) and muscle
filled-in vein conduit (MVC) and extracellular vesicle treatment at four anatomical locations.
Representative bright field images of 12-week regenerated nerve post 8-week delay at 4
anatomical sites: (1) proximal of implant, (2) proximal of conduit middle cut, (3) distal of
conduit middle cut, and (4) distal of conduit. The origin of the images can be found in Table

Al.l.
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3.4 c-Jun staining

Immunostaining for c-Jun was used to assess cellular activation in response to nerve injury and
regeneration, with a focus on SCs, but recognizing that c-Jun can also be expressed in other cell
types such as neurons, fibroblasts, and immune cells. Strong nuclear c-Jun expression was
observed throughout the nerve transplant for the ANT treated groups, indicating cellular
activation, primarily attributed to SCs, but potentially also involving other reactive or
regenerative cell types. In the MVC treated group, c-Jun expression within the conduit
(anatomical sites 2 and 3) was limited, with higher levels detected proximal and distal to the
transplant, suggesting localized activation outside the central graft (Fig. 10). The ANT group
treated with modified EVs showed variable expression, with some animals exhibiting
widespread c-Jun activity and others showing little to none. This may reflect differences in
regenerative status, where low or absent c-Jun expression could indicate a completed resolved

repair response or completed regeneration.
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ANT WT ANTMOD ANTCTRL MVCWT MVCMOD MVCCTRL

Fig. 10. c-Jun staining of central regions of histological sections from 4 median nerve sites
across autologous nerve transplant (ANT) and muscle filled-in vein conduit (MVC) with
extracellular vesicle treatment. Representative bright field images of regenerated nerves at 12
weeks post repair following an 8-week delay, shown at 4 anatomical sites: (1) proximal of
implant, (2) proximal of conduit middle cut, (3) distal of conduit middle cut, and (4) distal of

conduit. Image identifiers can be found in Table A1.1.

3.5 GFAP staining

GFAP staining revealed positive GFAP signal in the first anatomical location (cut 1) for all
treatment groups, where GFAP-positive cells are found diffusively throughout the tissue (Fig.
11). The positive signal seams coherent with non-myelinating SCs in contact with axons. In
the conduit cuts (cut 2 and 3) less diffusive signal is found, rather strong signals at blood vessels
(ANT). In the MVC the strongest GFAP positive signal is found in the vein demonstrating
different morphology than found in the proximal parts, not matching expected non-myelinating

SCs relating to axons. The ANT groups display again diffusive GFAP positive signal in the
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distal cut (4), likely displaying non-myelinating SCs related to non-myelinated axons,
throughout the tissue. The MVC displays few diffusive GFAP signal and has strong signal in
blood vessels, and connective tissues. Not all animals displayed the same intensity of signal in

the outer connective tissue layers, and blood vessels.

ANTWT ANTMOD ANTCTRL MVCWT MVCMOD MVCCTRL

62.63.um

Fig. 11. GFAP staining of central regions of histological sections from four median nerve sites
across autologous nerve transplant (ANT) and muscle filled-in vein conduit (MVC) with
extracellular vesicle treatment. Representative bright field images of 12-week regenerated
nerve with 8-week repair delay at 4 anatomical sites: (1) proximal of implant, (2) proximal of
conduit middle cut, (3) distal of conduit middle cut, and (4) distal of conduit. Images are taken
at the interface between muscle and vein (MVC groups cuts 2 and 3) the remaining images are
taken randomly from the middle of the nerve tissue. Image identifiers can be found in Table

Al.l.
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3.6 MBP staining

MBP staining was used to assess myelination of delayed regenerated nerves. Both the ANT and
MVC groups showed MBP-positive regions, indicating remyelination (Fig. 12). With the ANT
groups displaying a denser and more continuous MBP signal compared to the MVC group. The
ANT has a clear central region surrounded by a thick layer of connective tissue which contains
several myelinated axon bundles, but with the largest number of axons located in the center.
The MVC group exhibits very few and patchy MBP distribution in the central regions as well
as in the outer layers, and has a slight increase in MBP-positive signal in the most distal
segment. The nerve fibers are observed in the vein segment of the MVC conduit, and few in

fascicles between the muscle tissue.

ANT WT ANT MOD ANT CTRL MVCWT MVCMOD  MVCCTRL

» 0.432 mm

Fig. 12. MBP with Hematoxylin counterstain of median nerve across autologous nerve
transplant (ANT) and muscle filled-in vein conduit (MVC) and extracellular vesicle treatment
at four anatomical locations. Representative bright field images of 12-week regenerated nerve
post 8-week delay at 4 anatomical sites: (1) proximal of implant, (2) proximal of conduit middle
cut, (3) distal of conduit middle cut, and (4) distal of conduit. Image identifiers can be found in

Table A1.1.
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3.6.1 Automated segmentation of axon and myelin

To quantify axon and myelin morphology during regeneration, automated segmentation was
performed using the deep learning-based tool AxonDeepSeg (ADS). Raw images yielded
inconsistent segmentation quality (Fig. 13b and e). Therefore, a standardized preprocessing step
was performed, including contrast enhancement, implemented prior to segmentation (Fig. 13d).
Following preprocessing, ADS produced consistent accurate segmentation of axons and myelin
sheaths across the various test groups with the most accurate results in the ANT treated groups
compared to the MVC, due to poor regenerated structures being harder to recognize by the

software (Fig. 13c and f).

Fig. 13. AxonDeepSeg masked median nerve cross section images. (a) Original brightfield
image of a cross-section stained for myelin basic protein (MBP). (d) Corresponding image after
preprocessing using Imagel. (b, €) Segmentation mask generated by AxonDeepSeg on the
unprocessed image, showing axon and myelin detection. (c, f) Segmentation mask generated
from the preprocessed image, demonstrating improved resolution. MBP image is from an

animal (rat No. 10) of the ANT with control EV group.
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Fig. 14 shows a higher magnification view of the ADS segmentation results from Fig. 13,
allowing for clearer visualization of individual axons and myelin sheaths. This figure enables
closer inspection of how the segmentation algorithm identifies and outlines neural structures in
the preprocessed images. Compared to the overview provided in Fig. 13, the increased
magnification here highlights the detailed performance of the segmentation, offering a more

precise understanding of how axon and myelin boundaries are detected.

j 13.7um

Fig. 14. Higher magnification view of AxonDeepSeg segmentation on MBP-stained nerve
cross section. (a) Original brightfield image of a cross-section stained for myelin basic protein
(MBP). (b) Segmentation mask generated by AxonDeepSeg on the unprocessed image,
showing axon and myelin detection. (c) Corresponding image after preprocessing using

ImageJ. MBP image is from an animal (rat No. 10) of the ANT with control EV group.

From the axon-myelin segmentation ADS allowed for histomorphometric calculation of all
cuts, which resulted in a CSV file including: the coordinates of the axon, axon diameter, g-ratio,
myelin thickness, and number of axons. The fiber diameter was calculated through the axon
diameter and g-ratio. The morphometrics are compared between groups for each cut, the
comparison between proximal and distal to the injury (cut 1 and 4) is depicted in Fig. 15. All
parameters for each cut are organized in the appendix images A1.2-A1.5. The total number of
myelinated axons decreases from proximal to distal of the injury, however, for the ANT this
difference is insignificant whereas for the MVC this is a significant difference. Also, it is noted
that the proximal number of axons in the MVC is greater than in the ANT (table 3). The same
results are found for the nerve fiber density as this relates to the total amount of axons. Slightly
smaller fiber diameters are found for the proximal cut compared to the distal cut, which is
reversely observed in the g-ratio where the g-ratio is greater proximally than distally (Fig. 15d

and f).
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Fig. 15. Histomorphometric data of the treatment groups comparison at proximal and distal

median nerve locations. The data is calculated from MBP stained images from anatomical sites
(c) nerve fiber density, (d) axon diameter, (e) fiber diameter, (f) G-ratio, and (g) myelin
thickness. Statistical significance was assessed with the Brown-Forsythe and Welch test

followed by Dunnett’s T3 multiple comparisons test (*p<0.05, **p<0.01, ***p<0.001,

proximal (1) and distal (4) to the injury. (a) total number of nerve fibers, (b) nerve surface area,
*HAxp<0.0001).
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Table 3: Descriptive statistic of histomorphometric parameters for MVC and ANT across EV

treatment groups

Wildtype EV Modified EV Control
ANT MVC ANT MVC ANT MVC
Proximal 6001+ 8615+ 5960+ 8747+ 4051+ 7451+
(cut 1) 3851 3623 2653 2086 2250 2187
Number of Mid graft 4491+ 268+ 4644+ 38.25+ 3897+ 110+
axons (N)  (cut3) 2176 549.5 1045 58.99 843.1 159.7
Distal 2727+ 559.7+4 2237+ 293.4+ 2783+ 551.1+
(cut 4) 1682 734.2 790.1 418.4 1250 719.7
Axon Distal 3.080+ 2.627+  3.090+ 2,535+ 2972+  2.538+
diameter (cut 4) 0.2975 0.4743 0.1659 0.7167 0.2306 0.6158
(nm)
. Proximal 0.7387+ 0.6019+ 0.6792+ 0.6954+ 0.6709+= 0.6106+
lt\l/f‘yim (cut 1) 0.2409  0.2019  0.2117 0.1867 0.1119 0.1716
ickness
(um) Distal 0.5459+ 0.4226+ 0.5281+ 0.4721+ 0.5041+ 0.5609+
(cut 4) 0.1125 0.02863  0.09855 0.2736 0.0853 0.2927

Note. EV treatment groups included modified EVs, wildtype EVs, and vehicle control.

The distribution of axon and fiber diameters for the ANT groups is shown in Fig. 16 and 17.

Across all anatomical levels (cuts 1-4), axons diameters most commonly ranged between 2 and

3 um, while fiber diameters peaked around 4 pm and exhibited a slight leftward shift. No

notable differences in the diameter distribution patterns were observed between the different

cuts or treatment groups, suggesting a consistent morphological profile throughout the nerve.

Corresponding data for the MVC group can be found in the appendix (Fig. A1.6 and A1.7).
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Fig. 16. Histogram representation of fiber diameter distribution between the treatment groups
in the anatomical cuts. Yellow represents the ANT + wtEV group, orange the ANT + modEV
group, and brown the ANT + control vehicle group. The cuts are located proximal from the
injury (1), proximal of the middle of the injury (2), distal of the middle of the injury (3), and
distal from the injury (4).
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Fig. 17. Histogram representation of axon diameter distribution between the treatment groups
in the anatomical cuts. Yellow represents the ANT + wtEV group, orange the ANT + modEV
group, and brown the ANT + control vehicle group. The cuts are located proximal from the
injury (1), proximal of the middle of the injury (2), distal of the middle of the injury (3), and
distal from the injury (4).

3.7 MSB staining and muscle analysis

MSB-stained cross-sections of the FDS muscle revealed clear differences in tissue composition
across treatment groups following median nerve injury and regeneration (Fig. 18). Color
deconvolution of the staining allowed for visualization and quantification of muscle and
connective tissue components (Fig. 19). Analysis showed varying levels of fibrin and collagen
content, with some groups displaying pronounced muscle atrophy and increased connective
tissue, while other preserved more muscle fibers (Fig. 20). These differences reflect the extent
of functional nerve regeneration, with better outcomes associated with reduced fibrosis and
greater muscle integrity. As expected, the ANT groups demonstrated larger amounts of muscle

tissue in the FDS on the repaired side (right) and greater amounts of connective tissue on the
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injured non-repaired side (left). The largest amount of muscle fiber was found in the groups
receiving EV treatment (both wildtype and modified). The MVC treated groups demonstrated
inconsistent results between animals, but most showed large amounts of connective tissue (Fig.
18).

ANT treated animals demonstrated greater right FDS muscle weights (ANT + wtEV: 0.162 +
0.02001g, ANT + modEV: 0.161+ 0.03011g, ANT + CTRL: 0,151+ 0.01943g) versus MVC
(MVC + wtEV: 0.08943 + 0.03857g, MVC + modEV: 0.07538+ 0.03760g, MVC + CTRL.:
0.09786 + 0.02914¢g) (Fig. 21b), and achieved greater muscle regrowth towards the healthy
muscle weight (ANT + wtEV: 67.23+ 8.303%, ANT + modEV: 66.76 +12.50%, ANT + CTRL.:
62,67 £ 8.065%) compared to MVC treated animals (MVC + wtEV: 37.11+ 16.01%, MVC +
modEV: 31.28 £ 15.60%, MVC + CTRL: 40.61 + 12.09%) (Fig. 21d). Spearman’s correlation
showed a significant correlation between left FDS muscle weight and muscle surface area

(r=0.3859, p=0.0097).

ANT ANT ANT MVC MVC MVC
WT MOD CTRL WT MOD CTRL
1) ; ) :{‘3\
Right " & il v
left = r
1.5 mm

Fig. 18. MSB staining of right and left FDS muscle with autologous nerve transplant (ANT) or
muscle filed-in vein conduit (MVC) and different extracellular vesicle treatments.
Representative bright field images of 8 week denervated and 12-week potentially re-innervated
muscles (upper row) and 12 week denervated muscles (lower row). Image identifiers can be

found in Table A1.1.
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.Cnlnur_z R:0.09289875, G:0.8662008, B:0.49098468
Colour_3 R:0.18732849, G:0.36765483, B:0.9237484

Fig. 19. MSB stained cross-section of the right FDS muscle from an animal (rat No. 5) in the
ANT Control EV group. The image was processed using Colour Deconvolution in ImageJ with
Azan-Mallory vectors, separating the MSB stain into its constituent components (e): (b)

collagen (blue), (¢) muscle fibers/fibrin (red/pink), and (d) erythrocytes (yellow).
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Fig. 20. Fibrin area fraction of total FDS muscle. (a) Fibrin area fraction of right FDS muscle
with the different grafts and EV treatments, (b) fibrin area fraction of left 12-week denervated
FDS muscle. Statistical significance was determined using ANOVA followed by the Kruskal-
Wallis multiple comparison test (*p<0.05).
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(c) ratio between right and left FDS muscle, (d) Percentage of right FDS muscle weight to

healthy FDS muscle. Statistical significance between ANT and MVC was assessed with the

Brown-Forsythe and Welch test followed by Dunnett’s T3 multiple comparisons test (*p<0.05,

**p<0.01, ***p<0.001 between ANT and MVC).
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3.8 Correlation of Histomorphometry and Electrophysiology

The P values obtained by the F statistic applied to find significant correlations between the
histomorphometric and electrophysiological data after performing a simple linear regression
analysis are shown in Table 4. Significant linear correlations with p<0.05 could be found for
11 cases (Fig. 22). These were between (a) CMAP duration and total amount of fibers (y =
0.0005243 x X + 4.785) (b) CMAP amplitude and total amount of fibers (y = 0.002102 x
X +3.828), (¢c) CMAP Area under the curve and total amount of fibers (y =
0.001550 x X + 3.168), (d) CMAP amplitude and nerve fiber density (y = 556.2 X X +
4.661), (¢) CMAP area under the curve and nerve fiber density (y = 399.9 x X + 3.825), ()
CMAP duration and axon diameter (y = 2.272 X X — 0.7041), (g) CMAP amplitude and axon
diameter (y = 5.070 X —6.829), (h) CMAP area under the curve and axon diameter (y =
3.758 x X —4.717), (i) CMAP amplitude and fiber diameter (y = 3.371 X X — 5.520), (j)
CMAP duration and G-ratio (y = 12.67 X X — 3.635), and (k) CMAP duration and myelin
thickness (y = —4,670 X X + 8.092). Only statistically significant correlations between
histomorphometric parameters and electrophysiological data are reported in the main text. A
complete overview of non-significant correlations can be found in Appendix Fig. A1.8 and

Al.9.

Table 4: F statistic of simple linear regression analyses between the histomorphometric and
Neurographic data

Neurographic parameters
Latency Duration Amplitude Area under

the curve

Histomorphometric parameters

Total amount of fibers (N) 0.0992  0.0386*  0.0002" 0.0005"
Cross sectional area 0.5609  0.3564 0.0731 0.0833
Nerve fiber density 0.8540  0.1283 0.0036" 0.0086"
Axon diameter 0.3586  0.0014"  0.0026" 0.0050"
Fiber diameter 0.3266  0.1707 0.0302° 0.0618
G-ratio 0.8458  0.0011"  0.0964 0.0732
Myelin Thickness 0.8258  0.0241°  0.4949 0.3746

The numbers correspond to P values. Significant values (p<0.05) are marked with an asterisk.
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4 Discussion

The current study was conducted with the aim to assess the regeneration potential of a 7-mm
median nerve gap with MVCs compared to the golden standard of the ANT with additional EV
(wildtype, modified, and control) therapy. This study investigated nerve regeneration by
combining electrophysiology ~with muscle weighing, immunohistochemistry, and

histomorphometry.

4.1 Electrophysiology

No significant differences were found between the ANT and MVC regarding the latency and
duration, representing the fastest conducting nerve fibers and the consistency of the type of
motor fiber. A mean difference in CMAP amplitude and area under the curve is found between
the ANT and the MVC confirmed by a significant difference between ANT + modEV and MVC
+ modEV. The improved outcome in CMAP of the ANT compared to the MVC are coherent
with literature, but values cannot be directly compared while they opted for a non-invasive
method [48]. No significant differences were found between the EV treatments groups, due to
a large variation between animals within the groups. The CMAP values obtained in this study
can be compared to those reported by Wang et al. [38]. In their baseline measurement, they
recorded an onset latency of 1.5 ms, an amplitude of 8,2 mV, a duration of 1.3 ms, and an area
of 4.7 mV* ms. They also presented data from four weeks post-operation, revealing an onset
latency of 10.1 ms, an amplitude of 0.1 mV, a duration of 12.3 ms, and an area of 0.5 mV* ms.
From this comparison, it is evident that the latencies and ANT amplitudes found in our
experiment are similar to the baseline measurement described by Wang et al. [38]. However,
the durations in our findings are longer and align more with the results observed in Wang et
al.’s four-week post-operative data. A significant difference between the two experiments lies
in the method of nerve repair; Wang et al. transected the median nerve and immediately repaired

it through primary neurorrhaphy; therefore, they did not use a gap conduit.

The electrophysiology results should be interpreted cautiously due to several study limitations.
During the electrophysiology assessments, different nerve morphologies were observed; some
animals exhibited thinned nerves near the sutures, while others did not. This difference could
have arisen from the placement of the sutures or the animals' physical activities post-surgery.
Additionally, nerve thinning might have occurred when positioning the nerve onto the

stimulation electrodes and clearing it from surrounding areas. The micromanipulator setup with
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the stimulating electrode had inconsistent stability, which led to instances where the nerve was
abruptly stretched, potentially causing plastic deformation in its underlying structures.
Consequently, this could impair nerve conduction, meaning the results might not accurately
reflect true regeneration [39]. To mitigate this limitation, it's essential to practice the procedure
and ensure the stability micromanipulator and the stimulating electrode fixture. Achieving this
can be done by carefully organizing the surgery table and providing plenty space for the
electrode setup. This limitation is not only related to the electrode placement but also is relevant
for the repair surgery. In the surgery, it is possible that the nerve is stretched, this causes tension
and when exceeding about 8% of elongation there is a change of inducing detrimental effects
on nerve repair, in which for example SC activation is inhibited preventing axonal regeneration
[62].

Additionally, the metals of the stimulating electrode were bendable, causing an inconsistent
distance between the anode and cathode. This might result in differences in CMAP data as it
can influence the threshold and amount of fibers it activates [63]. This can be resolved with the
use of a more substantial stimulating electrode less prone to bending, where the distance can be

standardized.

One major limitation was the electrode placement in the FDS muscle. During the measurement
this electrode could move due to physical movement of the muscle which resulted in changes
in the electrophysiology data, reinsertion then also resulted in different CMAP results showing
the high variability due to electrode placement. This issue is not easily resolved other than that
the researcher must thoroughly analyze the results during the experiment and frequently check
the placement in the FDS. A precaution taken was that only one researcher carried out the

electrode placement to minimize the variability between different researchers.

The analysis itself also came with limitations as the equipment is designed for clinical
assessment where the raw data is not needed for diagnosis. The software therefore does not
allow for raw data extraction of the individual curves for each stimulus, resulting in the values
needing to be extracted manually. As the software does not estimate the end of the action
potential very well, this must be determined by the researcher which can cause errors. It is
attempted to limit these errors by the extraction of data being performed only by one researcher.
The same limitation applies to the extraction of the latency and duration, as they are not simply
the maximum value obtained with increasing stimuli, but rather the average of the plateau. Not
all results were as straightforward to analyze possibly causing slight differences. These

differences are expected to be very minimal and should not change the final conclusions.
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The electrophysiology did not show significance between the treatment groups except for the
difference between MVC and ANT. The animals were part of a larger study that included
functional assessment over the 12-week period using grip strength testing. Following
electrophysiological measurements, the animals were sacrificed, and the median nerve and FDS
muscle were harvested for histological analysis. These results combined will create a bigger

picture and potentially show significant differences between the EV treatment groups.

To repeat this study, it would be recommended to standardize the placement and the distance
between the stimulating and recording electrode and stabilize the set up to limit plastic
deformations of the nerve. Alternatively, non-invasive electrophysiology could give useful
insights of the regeneration process as it is one of the methods with the earliest detection of
reinnervation, where the muscle conduction can be analyzed throughout the regeneration
period. This would show the decrease in latency and duration and the increase in amplitude and

area under the curve [38], [48], [57].

4.2 Histology

4.2.1 H&E staining

Stossel (2017) reported morphological patterns in both the ANT and MVC groups that are
partially consistent with the findings in this study [48]. Specifically, they observed increased
loose connective tissue surrounding the epineurium in the ANT group and residual muscle
tissue in the MVC group, findings that align with our observations. However, they noted that
all remaining muscle tissue had disappeared after 12 weeks post repair, which contrasts with
our results, where muscle remnants were still clearly detectable at the same time point [48].
Furthermore, Stdssel did not report any presence of adipose tissue, whereas our H&E staining
revealed distinct adipose deposits, particularly in the ANT group. Notably, other studies have
also observed persistence of grafted muscle fibers that did not fully degenerate and remained
visible at the time of analysis [64], [65]. Consistent with previous research [66], the MV C group
in our study exhibited a higher concentration of muscle tissue in the central regions of the graft

compared to the periphery, suggesting region specific preservation or regeneration patterns.

4.2.2 c-Jun staining
C-Jun staining was most prominent in the proximal part of the median nerve and was rarely

found in the MVC group (Fig. 10). This pattern reflects the biological role of c-Jun as a
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transcription factor upregulated in SCs following peripheral nerve injury. Since the MVC
construct lacks native SCs, c-Jun expression in this group would require SC migration into the
conduit, which appears limited. In contrast, the proximal and distal attachments of the conduit
(anatomical sites 1 and 4) consist of native median nerve tissue that contains resident SCs,

which explains the localized c-Jun expression at these regions.

The ANT groups demonstrated c-Jun activity throughout the graft, with positive staining
observed at all anatomical locations. Among these, the ANT + wtEV group exhibited the most
consistent c-Jun activity across animals, while the ANT+ modEV group showed high inter-
animal variability, ranging from complete absence to widespread expression of c-Jun. While
overall c-Jun activity was higher in the ANT groups compared to MVC, no direct correlation
between c-Jun expression and regenerative outcome could be established, particularly regarding
the modified ANT group. This indicates that c-Jun expression alone may not reliably predict

the degree of regeneration.

It is important to note that while c-Jun is often used as a marker of SC activation, it is not
exclusive to SCs; other cell types involved in injury responses and regeneration, such as
fibroblasts and macrophages, can also express c-Jun. this underscores the need for caution when

interpreting c-Jun staining in complex tissue environments.

Moreover, c-Jun is known to be rapidly upregulated within the first two weeks post-injury and
declines thereafter [67], [68]. Downregulation of c-Jun is a prerequisite for remyelination, as it
functions as a negative regulator of myelination [55]. Given that c-Jun staining in this study
was performed 20 weeks post-injury, the observed expression likely reflects heterogeneous
regenerative states among animals. Some animals may still be undergoing active regeneration,

while others may have progressed to later stages where c-Jun expression has diminished.

Due to the qualitative nature of the current assessment and the variability of c-Jun expression,
establishing a clear link with functional outcomes such as electrophysiological recovery
remains challenging. Future studies should incorporate quantitative analysis of c-Jun
expression, ideally in combination with other markers of regeneration and myelination, to more

accurately determine the stage of regeneration and the role of c-Jun in this process.

4.2.3 GFAP staining

GFAP-positive staining can reflect various SC stages following nerve injury and regeneration.

In uninjured peripheral nerves, GFAP is primarily expressed by non-myelinating SC,

56



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfigbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

particularly Remak cells. After injury or during SC dedifferentiation, GFAP expression is
upregulated, especially during the early regenerative phase, making GFAP a marker for
immature/dedifferentiated SCs and transient repair SCs with a pro-regenerative phenotype [69].
However, due to these overlapping expression profiles, a single GFAP staining alone cannot

reliably distinguish between these SC subtypes.

To better localize non-myelinating SCs, an attempt was made to overlay GFAP and MBP
staining images to visualize their spatial relationship. The aim was to identify GFAP-positive
cells situated between myelinated axons. However, the overlay was technically limited: GFAP
signal intensity was relatively low, and the images were taken from non-consecutive tissue
sections, resulting in imperfect alignment. Consequently, the composite images did not permit

a clear anatomical distinction between GFAP- and MBP- positive regions.

Qualitative assessment revealed GFAP-positive cells predominantly in the proximal nerve
segment. This observation aligns with previous studies, which demonstrated that GFAP-
positive SCs invade the MVC conduit from both proximal and distal stumps as early as 12 hours
post-surgery, and by 115-140 hours, the graft is fully infiltrated with GFAP-positive cells [25],
[70]. The proximal staining pattern observed in our study is also consistent with that of intact

nerves, where GFAP labels non-myelinating SCs not associated with myelinated axons [71].

In contrast, GFAP staining within the MVC displayed more diffuse and heterogenous patterns,
differing notably from the proximal nerve segment. A network-like GFAP signal was observed,
but it lacked the structural organization typical of native SC arrangements. Inter-animal
variability was substantial with some animals showing strong edge staining, while others had
minimal edge signal and overall weak staining. Interestingly, animals with low edge signal also
exhibited lower GFAP positivity throughout the tissue, suggesting strong edge effects may
reflect processing artifacts rather than true biological signal. Additionally, GFAP-positive
regions often corresponded to disrupted or ruptured areas observed in HE staining, further
raising the possibility that some of that signal may originate from mechanical damage rather

than genuine non-myelinating SCs.

4.3.4 MBP staining

MBP staining showed a clear drop in the number of myelinated axons in the MVC when moving
from proximal of the injury (cut 1) which still represents native nerve tissue, to the MVC (cut
2 and 3). The appearance of the regeneration of axon in the ANT is compatible with previous

studies, however the MVC did not match the morphometrical patterns found in other studies

57



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfigbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

[64]. The ANT groups displayed a peripheral localization of nerve bundles, coherent with the
findings with the H&E staining, displaying most muscle tissue in the center [65], [66].

Previous studies have shown similar fiber densities between the ANT and MVC but a difference
in morphology exists, with the MVC displaying regeneration characterized by fascicle
formation [64], [66]. This present study also observes the presence of fascicle formation,
however, it reveals that fiber densities in the MVC are significantly lower than those found in

the ANT.

4.3 Histomorphometry

Histomorphometry can be expensive and time consuming. It relies on the use of osmium
tetroxide to segment axon and myelin, which is a toxic substance that does not allow for the
other stainings performed in this study (c-Jun, GFAP, H&E, MBP) [13], [54]. AxonDeepSeg is
an opensource software that has been proven to give accurate segmentations for brightfield
images stained with osmium + toluidine blue staining [72]. This study applied the same
segmentation model with myelin basic protein staining. For the MBP staining it is important to
use solely the myelin stain without a counterstain, as the counterstain will stain nuclei that will
come up after the preprocessing as axons, which causes the ADS to wrongly identify them. The
preprocessing allows for better segmentation by the ADS program, however, the segmentation
becomes inaccurate in poorly regenerated instances. In the case of poor regeneration, MBP
staining is very faint causing artifacts to show up during the preprocessing thresholding stage.
When ADS segments this poorly regenerated preprocessed image, artifacts are falsely marked,
and results are inaccurate. In these cases, manual segmentation would give more accurate

results.

Histomorphometrically analysis revealed differences in axon counts across the various group
and anatomical locations (Fig. 15a). In both the ANT and MVC groups, the number of
myelinated axons decreased progressively through the conduit when compared to the native
proximal nerve tissue at cut 1. However, this reduction was only statistically significant in the
MVC groups, suggesting poorer regenerative capacity in the MVC conduits compared to ANT
[73]. The results for the ANT group are consistent with literature showing a gradual decline
fiber numbers along the conduit, yet still maintaining higher axon counts than healthy controls

[51].
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A similar trend was previously reported by Stossel et al. (2017), where ANT grafts displayed
significantly higher axon counts at distal sites compared to MVC constructs [48]. Nevertheless,
the total number of myelinated axons in both ANT and MVC groups in this study was lower
than those reported by Stdssel et al. (2017), potentially due to methodological or biological

differences.

Notably, at the proximal site (cut 1), the MVC group exhibited a higher average number of
axons than the ANT group (Table 3). This may be attributed to axonal sprouting, a response
observed when axons either reach a termination point or are unable to progress further. In the
case of MVC conduits, the inability of axons to effectively enter the graft likely results in

termination and local sprouting just before the entry point [74].

A notable finding in the MVC group was the reduction in axon number in the central portion
of the conduit, followed by an increase in total fiber count at the distal segment (Table 3).
Several factors may explain this pattern: axons may have initially grown into the outer vein
wall and been lost during histological processing, or alternatively, tightly packed axons in the
center may have dispersed more widely by the distal segment, resulting in an apparent increase

in fiber number.

A statistically significant decrease in nerve fiber density between the proximal (cut 1) and distal
(cut 4) sites was also observed in the MV C group, but no in the ANT group. Since no significant
differences in nerve cross-sectional area were found (Fig. 15b and d), the changes in density

are directly attributable to differences in axon number.

Notably, the nerve cross-sectional areas measured in this study were closer in value to healthy
nerve controls (0.396 + 0.009 mm?) than those reported by Stossel et al. (2017) for injured and
repaired nerves [48]. Axon diameter remained stable across the conduit in both groups,
however, in the distal MV C segments diameters became more irregular, suggesting inconsistent
or stalled regeneration (Table 3). This observation aligns with findings from Ikeda and Oka
(2012), who demonstrated that successful regeneration is typically characterized by increasing
fiber diameter over time [75]. The broad range of diameters seen in MVC groups may indicate
delayed regeneration, where some axons are still actively growing, while others may have

stagnated.

No significant differences in average fiber diameter were found across groups. However, myelin
thickness was observed to decrease towards the distal end of the conduit in all groups, with the

MVC+ modified EV group showing a statistically significant reduction (Fig. 15g). Despite this,
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average axon and fiber diameters were in line with previously published data [48], while myelin

thickness was slightly lower.

The frequency distribution histograms of the fiber and axon diameters are portraying a left shift,
and match values of previous studies [76]. It is expected that with longer recovery times, a right
shift towards larger nerve diameters would be observed [48], [77]. Notably, healthy controls in
other studies involving the sciatic nerve show a distribution that have peaks at 4.5 and 9.5 pm,
a pattern that occasionally found in fiber diameters in the distal segment after a longer

regeneration period in transection-regeneration studies [48], [76], [77].

4.4 Electrodiagnostic and histomorphometric correlation
A strong correlation between the CMAP area and total amount of axons was expected and

confirmed validating the ADS application with MBP staining [48].

Previous correlation studies have shown that velocity relates to fiber diameter and amplitude to
the total number of fibers and size of the fibers [73], [78]. These results match the statistically
significant correlations found in this study that show a strong relationship between the CMAP
duration and axon diameter and the CMAP amplitude with total number of axons, axon, and
fiber diameter. Latency was not significantly correlated with the axon or fiber diameter,
however it would be expected to see a shorter latency with larger diameter, this relation,
although not significant is observed (Fig. A1.8 and A1.9). However, since the distance between
the electrodes wasn’t measured and therefore this distance was not standardized, this evaluation
is problematic [78]. An increase in the CMAP duration relates to temporal dispersion, where a
variation in motor axon conduction velocities of the different motor fibers causes a longer
duration [78]. This possibly explains the increase in duration with an increase in total number
of fibers found in this study. With a larger number of fibers resulting in a greater variation in

conduction velocities and therefore greater temporal dispersion leading to increased duration.

A clear correlation is found between myelin thickness and duration, where the CMAP duration
decreases with an increase in myelin thickness, which is coherent with general understanding
that myelination increases conduction velocity [7]. Similarly, the g-ratio, representing the
degree of myelination through the ratio between fiber and axon diameter shows an increased
duration with larger g-ratio. This is coherent with the fact that a larger g-ratio indicates a thinner

myelin sheath relative to the axon’s diameter.
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The correlations found confirmed with literature that the method of segmentation using MBP
and the open-source software ADS is a suitable and realistic method of histomorphometrical

analysis.

4.5 MSB muscle staining

Histological analysis of the flexor digitorum superficialis (FDS) muscle using MSB staining
provided valuable insight into the tissue remodeling processes following peripheral nerve injury
and repair using ANTs and MVCs. In particular, the quantification of fibrin and collagen using
the Colour Deconvolution plugin in ImagelJ served as key indicator of post-denervation muscle
pathology and the extent of recovery during reinnervation. Although MSB staining was used in
this study, color deconvolution based on the Azan-Mallory matrix yielded consistent and
interpretable results. Despite differences in staining protocols, the color profiles were
sufficiently similar to allow effective separation of tissue components.

Collagen content, as visualized by the distinct blue staining in MSB sections, is increased in
animals with poor reinnervation, and was mainly observed in MVC treated animal coherent
with the second stage in muscle degeneration where muscle fibers are replaced by fat and

fibrous connective tissue [79], [80].

4.6 Muscle weight analysis

The muscle analysis compares the test groups based on the right FDS muscle weight. It is
expected that the groups with greater median nerve regeneration will show greater muscle
weights compared to the poorly regenerated median nerves. This muscle weight is compared to
the left FDS muscle which underwent a 12-week denervation-atrophy period. All groups
received the same procedure on the left median nerve and therefore no significant differences
between the groups were expected. In the ratio comparison of right FDS divided by the left FDS
muscle, values greater than 1 are expected indicating greater right FDS muscle weights (in the
case of median nerve regeneration) compared to the left FDS muscle weight (12-week
denervation). This ratio indicates greater muscle reinnervation for ANT treated animals
compared to MVC (Fig. 21c¢). Stdssel et al. (2018) found a similar result in which they took the
ratio between injured and non-injured site, here the ratio is <I, still with the largest values
indicating the greatest muscle weight and thus muscle reinnervation [29]. A significant

difference is found, between the ANT + wtEVs and the ANT + CTRL when taking the right to
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left FDS muscle ratio. This result indicates an improvement in muscle reinnervation with the
usage of wildtype EVs, but as the result is scaled by the contralateral side amplified effects
could occur. In this case the ANT with control treatment shows a greater average contralateral
muscle weight compared to the ANT with wildtype EV treatment (Fig. 21a). The average right
FDS muscle is slightly heavier for the ANT with wildtype EV treatment than the ANT with
control treatment causing an amplification with the contralateral side when taking the ratio (Fig
21b, c). Therefore, this method of evaluation does not come without flaws and cannot be
considered as foolproof. The percentage of the right FDS muscle weight to the healthy FDS
muscle weight is described by Bertelli and Mira (1995) [47]. In which significant differences
between ANT and MVC are found but not within the conduit between EV treatment groups
(Fig. 21d). The ANT groups regained more weight compared to previous studies and the MVC
groups had results closer resembling complete excision without any type of conduit [50].
Generally, the muscle weights of graft treated sides are lower than their untreated contralateral

side with ANTs resulting in greater muscle weights than tube-grafted injuries [49].

4.7 Future directions

Although positive differences in fibrin area and muscle weight were observed between the ANT
control and ANT EV-treated groups, no significant differences were found between the wildtype
and laminin-enhanced  modified EVs.  Furthermore,  histomorphometric  and
electrophysiological analysis revealed no differences between the EV-treated groups and
controls. Therefore, additional experiments are required to analyze the mechanisms by which
EV treatment might enhance peripheral nerve regeneration. As regeneration is only assessed at
the end of the regeneration period, no differences throughout are analyzed. Therefore, non-
invasive electrophysiology could be performed as well as histology of the first days after injury
and repair to analyze whether the EV treatment has enhanced SC dedifferentiation, proliferation

and axonal regrowth in the beginning of the regeneration period.

This research has revealed promising results for the use of the open-source software ADS in
combination with more accessible and affordable immunostaining with MBP. However, based
on the results much progress can still be made. The preprocessing already benefited the
segmentation tremendously; however further optimization can push the accuracy of the
segmentation to the next level. Additionally, ADS allows for training the model on specific

images, which ultimately would be the next step to have a model working specifically for MBP
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stained images. From there the model needs to be validated and tested on other nerve segments

before it can be implemented as a standardized method in PN regeneration assessment.
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5 Conclusion

The primary aim of this thesis was to investigate the regenerative potential of extracellular
vesicles derived from adipose-derived stem cells, with modifications to enhance the laminin
binding in the context of peripheral nerve repair over a gap defect of 7 mm in the rat median
nerve model. The goal was to improve nerve regeneration primarily to enhance functional
recovery in a delayed repair setting and to advance the effectiveness of non-autologous nerve
transplants to a level at which they may become competitive with autologous nerve
transplantation (ANT). A secondary objective was to establish a new pipeline for
histomorphometric analysis using open-source software ADS in combination with MBP
staining, with the goal of enabling efficient, reproducible, and financially accessible assessment

of nerve regeneration.

Overall, rat median nerve reconstruction with ANTs resulted in more complete axonal
regeneration than reconstruction of the nerve lesions using MVCs. No significant differences
were found between the EV treatments groups in any of the assessment methods, therefore no
conclusions can be made on the functionality of these treatments. A significant difference
however was found between the ANT and MVC, where the ANT showed superior results in
electrophysiology, histomorphometry, muscle weight, and fibrin area. Regarding histology,
ANT portrayed typical morphology with a layer of connective tissue surrounding the densely
axon populated center with H&E staining. The MV C groups displayed preserved muscle tissue
and substantial adipose tissue formation in the layer around the muscle tissue. C-Jun activity
was found more pronounced in the center of the ANT graft compared to the MVC conduit,
however, the ANT group also showed that no clear relation between functional regeneration
(with electrophysiology) and c-Jun expression was found. GFAP-staining was successful in the
proximal segment and in the whole ANT, however, was inconclusive within the MVC conduit,
requiring alternative immunohistochemical stainings to obtain a better overview of the cellular

mechanisms at hand.

The histomorphometric analysis pipeline appeared successful, demonstrating expected
correlations with electrodiagnostic data. Manual segmentation will be the next step to validate
the use of ADS for MBP-stained images, supporting the extension of histomorphometric

analysis from peripheral to central nervous system applications.
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A1.9. Non-statistically significant correlations between neurographic and histomorphometric
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Table A1.1: Overview of animals used for representative images in each figure.

ANT ANT ANT MVC MVC MVC
WT MOD CTRL WT MOD CTRL

H&E AE7830~ AE7833~ AE7802~ AE7816~ AE7803~ AE7813~

(Fig. 7) E2R38 E2R41 E2R10 E2R24 E2R11 E2R21

c-JUN  AE7830~ AE7798~ AE7802~ AE7816~ AE7803~ AE7813~

(Fig. 8) E2R38 E2R6 E2R10 E2R24 E2R11 E2R21

GFAP  AE7830~ AE7839~ AE7802~ AE7828~ AE7803~ AE7826 ~

(Fig. 9) E2R38 E2R47 E2R10 E2R36 E2R11 E2R34

MBP AE7830~ AE7833~ AE7802~ AE7816~ AE7806~ AE7813 ~

(Fig. 10) E2R38 E2R41 E2R10 E2R24 E2R14 E2R21

MSB AE7830~ AE7833~ AE7802~ AE7816~ AE7806~ AE7813 ~

(Fig. 15) E2R38 E2R41 E2R10 E2R24 E2R14 E2R21
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