AUGMENTATION OF NERVE
ALLOGRAFTS WITH ANGIOGENESIS
AND STEM CELLS

5, o

,,
77 o
=

T

4

7

=

B

TIAM MANA SAFFARI






AUGMENTATION OF NERVE ALLOGRAFTS
WITH ANGIOGENESIS AND STEM CELLS

Tiam Mana Saffari



Scan the QR code to view the

digital version of this thesis

Augmentation of Nerve Allografts with Angiogenesis and Stem Cells

ISBN: 978-94-6416-704-7

Cover design: Jim Postier (Mayo Clinic, Rochester, USA)
Layout: Marilou Maes, persoonlijkproefschrift.nl
Printing: Ridderprint | www.ridderprint.nl

Printing of this thesis was kindly supported by the Radboud University Medical Center, and
further financial support was kindly provided by Nederlandse Vereniging voor Plastische

Chirurgie (NVPC) and ChipSoft BV.

The author would like to acknowledge the National Institutes of Health (Grant R01 NS102360)

for providing funding for this work.

The work presented in this thesis was carried out in collaboration with the Mayo Clinic and the

Radboud Institute for Health Sciences.

Copyright © 2021 T.M. Saffari, Rotterdam, the Netherlands
All rights reserved. No part of this thesis may be reproduced, stored in a retrieval system, or

transmitted in any form or by any means without prior permission of the copyright holder.



Augmentation of Nerve Allografts with Angiogenesis and Stem Cells

Doctoral Thesis

to obtain the degree of doctor
from Radboud University Nijmegen
on the authority of the Rector Magnificus prof. dr. ].H.].M. van Krieken,
according to the decision of the Council of Deans
to be defended in public on Friday, September 10, 2021
at 14.30 hours

by

Tiam Mana Saffari
born on May 3, 1992

in Capelle aan den IJssel (the Netherlands)



SUPERVISORS
Prof. dr. D.J.O. Ulrich

Prof. dr. S.E.R. Hovius Erasmus Medical Center

DOCTORAL THESIS COMMITTEE

Prof. dr. R.H.M.A. Bartels

Prof. dr. M.J.A. Malessy Leiden University Medical Center
Dr. T.J. H. Ruigrok Erasmus Medical Center
PARANYMPHS

Drs. Bahar Golyardi

Drs. Tara Saffari



Augmentation of Nerve Allografts with Angiogenesis and Stem Cells

PROEFSCHRIFT

ter verkrijging van de graad van doctor
aan de Radboud Universiteit Nijmegen
op gezag van de rector magnificus prof. dr. ].H.J.M. van Krieken,
volgens besluit van het college van decanen
in het openbaar te verdedigen op
vrijdag 10 september 2021
om 14:30 uur precies

door

Tiam Mana Saffari
geboren op 3 mei 1992

te Capelle aan den IJssel



PROMOTOREN
Prof. dr. D.J.0. Ulrich

Prof. dr. S.E.R. Hovius Erasmus Medisch Centrum

MANUSCRIPTCOMMISSIE

Prof. dr. R. H.M.A. Bartels

Prof. dr. M. J.A. Malessy Leiden Universiteit Medisch Centrum
Dr.T.]. H. Ruigrok Erasmus Medisch Centrum
PARANYMFEN

Drs. Bahar Golyardi

Drs. Tara Saffari



To my entire family






TABLE OF CONTENTS

Chapter 1 General Introduction 11
Part]
The Role of Angiogenesis in Nerve Regeneration

Chapter 2 The Role of Vascularization in Nerve Regeneration of Nerve Graft: 31
A Review of Literature

Chapter 3 The Superficial Inferior Epigastric Artery Fascia Flap in Rats 51

Chapter 4 New Methods for Objective Angiogenesis Evaluation of Rat Nerves using 69
Microcomputed Tomography Scanning and Conventional Photography

Chapter 5 Revascularization Patterns of Nerve Allografts in a Rat Sciatic Nerve 87
Defect Model

Chapter 6 Surgical Angiogenesis Modifies the Cellular Environment of Nerve 107
Allografts in a Rat Sciatic Nerve Defect Model

Chapter 7 Surgical Angiogenesis of Decellularized Nerve Allografts Improves 131
Early Functional Recovery in a Rat Sciatic Nerve Defect Model

Part II
The Contribution of Angiogenesis and Stem Cells in Nerve Regeneration

Chapter 8 The Interaction of Stem Cells and Vascularization in Peripheral Nerve 159
Regeneration

Chapter 9 Functional Outcomes of Nerve Allografts Seeded with Undifferentiated 187
and Differentiated Mesenchymal Stem Cells in a Rat Sciatic Nerve
Defect Model

Chapter 10 Microcomputed Analysis of Nerve Angioarchitecture after Combined 211
Stem Cell Delivery and Surgical Angiogenesis to Nerve Allograft

Chapter 11 General Discussion 235

Chapter 12 Summary / Samenvatting 253

Appendices

Research Data Management 268
List of Publications 270
PhD Portfolio 272
Curriculum Vitae 276
A Letter to a Young Researcher 279
Acknowledgements 280






CHAPTER

ONE

General Introduction
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BACKGROUND

Peripheral nerve injuries occur in approximately 5% of all trauma cases. The majority
of these cases rarely recover completely and can cause lifelong physiological and
functional disabilities leading to a diminished quality of life 3. The most common
nerve injuries are caused by high energy traumas, such as motor vehicle accidents.
In addition, penetrating wounds and lacerations caused by tumor excision result in
injuries to the peripheral nervous system *°. The peripheral nervous system is one of
two components that make up the nervous system, with the other subdivision being
the central nervous system. The central nervous system, comprising the brain and
spinal cord, integrates data and conducts impulses via a network of peripheral nerves

consisting of bundles of nerve fibers or axons °.

ANATOMY OF THE PERIPHERAL NERVOUS SYSTEM

The peripheral nervous system consists of the somatic and autonomic division. The
somatic division is associated with voluntary movement and sensibility, controlled by
motor and sensory neurons, respectively. The autonomic division mediates visceral
functions, such as heart rate and digestion ’. This thesis will solely focus on the somatic
subdivision of the peripheral nervous system. Each peripheral nerve trunk consists
of many axons, supported by an outer surrounding layer of fibrous connective tissue
called the epineurium, and longitudinal blood vessels that supply the nerve with
nutrients (Figure 1). Within the nerve, axons are bundled into fascicles (depicted
with the square), each surrounded by their own perineurium. The epineurium and
perineurium consist of layers of fibroblasts and collagen to provide tensile strength.
Finally, the endoneurium surrounds each individual axon within the fascicles &.
Myelinating Schwann cells insulate the axon with a myelin sheath, consisting of many
regular layers of plasma membrane, that aids in conduction of nerve impulses. The
nodes of Ranvier facilitate saltatory conduction by allowing action potentials to jump

from node to node, resulting in increased velocity of conduction °.

The blood supply source to peripheral nerves is called the vasa nervorum, consisting
of small vessels that are adjacent to the nerve and torturous to allow for freedom of
translational movement of peripheral nerves, particularly in the vicinity of joints. The

vascular tree and the nervous branching networks are often patterned similarly in
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peripheral tissues and share several anatomical and functional characteristics °. The
embryologic formation of vessels is called angiogenesis and describes endothelial cells
to migrate toward and align with peripheral nerves in response to vascular endothelial
growth factor-A (VEGF-A) 1°. VEGF is a potent multifunctional cytokine that stimulates

angiogenesis and plays a large role in revascularization after injury to the nerve %

Perineurium
Endoneurium

Epineurium

©MAYO CLINIC

Figure 1. Schematic illustration of a peripheral nerve. The peripheral nerve is depicted with groups of
fascicles that are surrounded by the epineurium. Each fascicle of endoneurium contains up to several
thousands of axons. The nerve fascicle (depicted with the square) is enveloped by the perineurium.
Blood is supplied by a network of capillary-like micro vessels derived from arterioles and venules,
which are branches of major limb vessels. The zoomed image depicts the close relationship of vessels
and axons. When the nerve is injured, vascular endothelial cells guide the regeneration of peripheral
nerve axons by producing vascular endothelial growth factor (VEGF, green dots) to induce angio-
genesis. With permission of the Mayo Foundation, Copyright Mayo Foundation. All rights reserved.
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PERIPHERAL NERVE REGENERATION AFTER INJURY

Following traumatic peripheral nerve injury, the nerve undergoes a number of
processes. At the proximal stump, the neuronal cell body undergoes chromatolysis.
This is characterized by swelling within 48 hours, causing displacement of the nucleus
to one side of the cytoplasm (an eccentric nucleus) and fragmentation of the Nissl
granule (Figure 2) 12, The distal nerve segment undergoes a process known as Wallerian
degeneration to create a microenvironment conducive for axonal reinnervation 3.
Schwann cells clear cell debris through phagocytosis and by recruiting macrophages,
and release important neurotrophic factors and cytokines crucial for successful nerve
regeneration 24, Within two-three weeks, the axons and myelin degenerate along
the entire length of the nerve distal to the lesion, creating an empty tube for axons.
Schwann cells in the nerve segment proliferate by aligning longitudinally and form
bands of Biinger to guide the regenerating axons from the proximal nerve stump, thus
establishing reinnervation of the target muscle '>*’. Axonal regeneration proceeds at

arate of approximately 1 mm per day .

%/I(X\ \I[\ Fragmented axon Schwann cells

Myelin droplets Endoneurium

MAYC

@ 2014

Figure 2. Schematic illustration of Wallerian degeneration. A typical motor neuron with its axon
surrounded by myelin sheath, formed by Schwann cells, is depicted. Traumatic injury (e.g. axoto-
my) results in immediate tissue damage at the lesion site (marked by square). The proximal nerve
segment undergoes chromatolysis and swelling of the nucleus. Schwann cells that surround the
distal portion of the axon shed their myelinated lipids (droplets). Phagocytic activity is stimulated
by Schwann cells and macrophages to remove debris and subsequently release trophic factors in
the preparation of nerve regeneration. With permission of the Mayo Foundation, Copyright Mayo
Foundation. All rights reserved.
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Peripheral nerve recovery elicits a fine balance of axonal sprouting and scar formation,
following the principles of wound healing. In severe injuries, fibroblasts secrete large
amounts of collagen, resulting in the formation of dense scarring. Nerve scarring,

or fibrosis, can alter perineural microvasculature and impair nerve regeneration *°.

CURRENT APPROACHES FOR NERVE RECONSTRUCTION

The prevailing wisdom regarding the surgical management of the peripheral nerve gap
has changed over the past century. The current surgical intervention for peripheral
nerve reconstruction consists of microsurgical epineural suture of aligned proximal
and distal stumps, performed when a tension-free coaptation can be achieved 221,
Tension into the nerve cable is deleterious to nerve regeneration and has been
demonstrated to result in scar formation in the 1970s by Millesi and colleagues 2.
Following severe nerve trauma with excessive tension between nerve ends, primary
(end-to-end) repair is therefore is not possible, and nerve interposition is needed
to reconstruct the nerve defect. Although nerve interposition was thought to yield
inferior outcomes prior to the 1970s, the novel insights introduced interfascicular
tension-free nerve grafting with fascicles matching in size, as a new option for repair
of peripheral nerves 2. The speed at which nerves regenerate through the graft to
reach the motor endplate is time dependent, which can significantly affect motor
outcome and restoration of function 2#?°. Currently, there are several options for nerve

reconstruction, each associated with its own advantages and disadvantages.

Nerve autograft

For the reconstruction of segmental nerve defects, the gold standard remains the use
of an autologous nerve graft (autograft): the use of the patient’s healthy nerve, as donor,
to bridge the nerve gap %2. The autograft provides a scaffold for nerve regeneration,
while including preserved nervous architecture and biology, e.g. viable Schwann cells
and vasculature. Furthermore, the autograft is non-immunogenic and the preferred
option for reconstruction of motor and mixed nerves 2°. The disadvantages include
the associated donor site morbidity and limited availability ?”. The sural nerve, which
is purely sensory and easily harvested, is the most common nerve graft donor and
provides a graftlength up to 40 cm in adults (Figure 3). Donor nerve selection is based

on size match to the injured nerve, ease of harvest and minimizing postoperative
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deficit ?8. Autografts could be used in various techniques, including cable grafts which
comprise multiple lengths of a smaller diameter donor nerve to meet the caliber of the

recipient nerve (Figure 3), and for vascularized grafts 2°.

Sural nerve

Ve

Sural nerve segments

Figure 3. Schematic illustration of the sural nerve harvest. The sural nerve could be used as cable
grafts, by comprising multiple lengths of smaller diameter nerve aligned in parallel to meet the
caliber of the recipient nerve. With permission of the Mayo Foundation, Copyright Mayo Foundation.
All rights reserved.

Nerve allograft

The history of nerve allografts exceeds that of autografts, however, the need of systemic
immunosuppressive therapy and risk of disease transmission precluded widespread
use of this treatment modality 2>2°. Many experimental and clinical efforts have been
directed towards diminishing the antigenicity of the allograft by pretreatment with
irradiation, enzymatic treatment, detergent processing and cryopreservation. While
the internal nerve architecture and the basal lamina remain intact, these techniques

process the allografts to become acellular, thus reducing graft immunogenicity %3132,
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The downside of processing is that it modifies the nerve, by removing Schwann cells,
destroying neurotrophic factors and vascularity, resulting in an altered extracellular
matrix with reduced regenerative potency ***2. Introduced in 2007, the Avance® nerve
graft was the first commercially available nerve allograft and combined pretreatments
including chemical decellularization and gamma irradiation 33. Their outcomes have
demonstrated sufficient nerve regeneration over small distances not exceeding 3 cm,
however, remain inferior to fresh autografts in large nerve defects 3*3”. Therefore,
ongoing research has focused on augmentation of nerve allografts to enhance nerve

regeneration.

HISTORICAL BACKGROUND OF PERIPHERAL NERVE
REGENERATION RESEARCH LINE

Understanding of peripheral nerve injury and providing patient individualized
nerve substitute to improve nerve regeneration in large nerve defects is an ongoing
challenge for surgeons and nerve scientists. The goal is to enhance a decellularized
nerve allograft to equal autograft performances in large nerve defects. Augmenting
the nerve injury site of allografts to meet environmental advances of the autograft
holds promise for enhancing nerve regeneration. This thesis is part of an ongoing
research line with the Neural Regeneration Research Laboratory at Mayo Clinic, under
supervision of Prof. Shin and Prof. Bishop, and builds on the results of previously
conducted research that has focused on optimizing decellularized nerve allografts

and seeding these allograft with stem cells.

Optimizing nerve allograft decellularization

Previously established pretreatment techniques of nerve allografts provided
suboptimal results, especially with increasing gap distances 3¢. Therefore, the primary
approach in this research line focused on advancing decellularization techniques
to better support nerve regeneration. Decellularization of a nerve allograft was
successfully optimized by modifying previous processing protocols and adding
elastase, an enzyme that significantly reduces the amount of axonal debris and
immunogenicity, while maintaining ultrastructural properties. Furthermore, a
comparison was performed between preservation conditions at4 °C and -80 °C. Freeze-

storage at -80 °C was found to damage the basal lamina structure, leading to impaired
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functional recovery of 20-mm nerve gaps reconstructed with decellularized nerve
allografts in a rabbit peroneal nerve defect model ***°, Decellularization including
elastase and cold storage at 4 °C were identified as the optimal conditions and used

in subsequent experiments (Figure 4A, rectangle 1).

Figure 4A. Flowchart of historical background of this thesis. This thesis is part of an ongoing
research line and builds on the results of previously conducted research that has focused on op-
timizing a decellularized nerve allograft (rectangle 1) and seeding these allografts with stem cells.
With permission of the Mayo Foundation, Copyright Mayo Foundation. All rights reserved.

Augmenting decellularized allograft with stem cells

Schwann cells are essential within the context of peripheral nerve regeneration after
trauma and are crucial during Wallerian degeneration, however, difficult to transplant.
The acquisition of autologous Schwann cells requires harvest of large segments of
healthy nerve tissue, resulting in donor site morbidities “*2. As a result of these
limitations, research has been directed towards the use of mesenchymal stem cells
(MSC), which are easily accessible, and can be differentiated into Schwann cell-like
cells *2. The importance of MSCs in peripheral nerve regeneration relies on their ability
to enhance neurotrophic factors, promote myelin formation and their capacity to be
influenced by the microenvironment to differentiate into Schwann cell-like cells .
Despite progress in pre-clinical studies, translation to clinical practice is currently
limited by many unanswered questions on the application of MSCs in peripheral nerve

repair and their interaction with vascularity.

Previous research conducted in our research line has focused on individualizing
nerve allograft repair by addition of adipose-derived MSCs to the nerve allograft.

A new method was described and validated to dynamically seed MSCs on nerve
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allografts in vitro and evaluate their survivability in the rat. Rotation of tubes in which
decellularized nerve allografts were combined with MSCs, allowed for adherence of
MSCs to the nerve, without inducing trauma to the nerve or MSCs. After 12 to 24 hours
of dynamic seeding, seeding efficiency was found to be approximately 80% and cells
were distributed homogeneously over the surface of the grafts **. When placed in
vivo, labeled MSCs could be detected up to 29 days, without any migration of cells to
surrounding tissues *°. Differentiation of MSCs into Schwann cell-like cells, to induce
Schwann cell neuroregenerative properties, was successfully validated and found to
enhance secretion of various angiogenic factors and neurotrophic factors (Figure 4B,

rectangle 2) 647,

Figure 4B. Flowchart of historical background of this thesis. This thesis is part of an ongoing re-
search line and builds on the results of previously conducted research that has focused on seeding
the decellularized nerve allografts with stem cells. Moreover, stem cells were differentiated into
Schwann cell-like cells to resemble Schwann cell properties (rectangle 2). With permission of the
Mayo Foundation, Copyright Mayo Foundation. All rights reserved.

Augmenting decellularized allograft with angiogenesis

Vascularization is one of the great challenges faced in nerve reconstruction, especially
in nerve autograft substitutes such as nerve allografts that have been processed and do
not contain living cells *8. In nerve allografts, revascularization needs to be achieved
to ensure cellular survival and avoid central necrosis. This has been a longstanding
challenge in nerve grafts with large diameters and in long defects *¢°. The first free
vascularized nerve graft (VNG) was reported in 1976 and indicated in cases lacking
well-vascularized beds. VNGs have the advantage of overcoming a period of ischemia
and ensure continuous nutrition of the graft, which is suggested to prevent intraneural

fibrosis. However, evidence for their clinical superiority has remained inconclusive .
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Over the past decade, it has been suggested that vascular endothelial cells guide the
regeneration of peripheral nerve axons by producing VEGF, and subsequently VEGF
became the focus of numerous investigations. Clinical attempts to enhance nerve
allografts using VEGF led to conflicting results, suggesting that the specific molecular
regulations of angiogenesis following peripheral nerve injury are more complex 5%,
Prior to implementation of nerve allografts augmented with angiogenesis in the clinical
setting, understanding of processes that are necessary for new vessel formation after

nerve injury needs to be provided.

Augmenting decellularized allograft with stem cells and angiogenesis
combined

Stem cell-based therapy may offer a suitable treatment with several regenerative
benefits to restore neuronal function, including supporting remyelination and
revascularization of the affected organ *. Blood vessels, on the other hand, have been
postulated to be a systemic source of stem cells in regenerating tissues secondary to
their vascular origin °°. Studies that investigate the potential synergistic effects of
blood supply and stem cell delivery are lacking. To this end, the experimental approach
in this thesis has been to augment decellularized nerve allografts with angiogenesis

and stem cells combined.

PROJECT OBJECTIVE AND HYPOTHESIS

The objective of this thesis is to enhance peripheral nerve regeneration in nerve
allografts to meet outcomes of nerve autografts by augmenting the nerve injury
site with angiogenesis and stem cells (Figure 4C). This thesis’ hypothesis is that
augmentation of nerve allograft environment with angiogenesis and stem cells

improves nerve regeneration and revascularization.
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SPECIFIC AIMS AND OUTLINE OF THIS THESIS

In part ], the role of angiogenesis in revascularization and nerve regeneration will be

discussed.

In Chapter 2, the role of angiogenesis in nerve regeneration will be discussed and the
key regulation molecules that are suggested to mediate this process will be introduced.
Available literature on the mechanisms of angiogenesis and its effect in basic science

as well as clinical applications will be summarized.

How can we provide vascularity to the sciatic nerve area to investigate its role in nerve
regeneration and revascularization?

In Chapter 3, a surgical technique for a pedicled adipofascial flap in the rat will be
described to provide vascularity to the sciatic nerve area. This technique will be used

in following experiments in this thesis.

What are objective strategies to evaluate blood vessels in nerve samples?

New methods to objectively measure angiogenesis in nerve samples will be
investigated in Chapter 4. Using these techniques, we will investigate in Chapter
5, how augmentation of nerve allografts with angiogenesis affects revascularization

patterns in a rat sciatic nerve defect model over time.

What effect does angiogenesis have on nerve allografts at a cellular level?

In Chapter 6, the effect of augmentation of nerve allografts with angiogenesis will
be studied at a cellular level to investigate its effect on nerve fibrosis. In vivo gene
expression profiles will be evaluated and combined with immune cell evaluation in a

rat sciatic nerve defect model.

In Chapter 7, the impact of angiogenesis on functional motor recovery will be investigated.
Functional, electrophysiological, histological and immunofluorescence analyses will
be assessed to understand how augmentation of nerve allografts with angiogenesis

affects nerve regeneration.
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In part II, the contribution of angiogenesis and stem cells in nerve regeneration will

be discussed.

In Chapter 8, the interaction of stem cells and angiogenesis in nerve regeneration will
be investigated. Current available literature on stem cell-based therapy applications
in peripheral nerve injuries will be presented and its interaction with angiogenesis

in peripheral nerve regeneration will be discussed.

To understand the role of stem cells in nerve regeneration, the effect of augmentation
of nerve allografts with stem cells on functional motor recovery will be investigated in
Chapter 9. Both undifferentiated stem cells and stem cells differentiated into Schwann
cell-like cells will be seeded onto nerve allografts to understand their long-term effect

on nerve regeneration.

How does augmentation of nerve allografts with angiogenesis and stem cells combined
affect revascularization?

In Chapter 10, the microvascular architecture of nerve allografts after combined stem
cell delivery and angiogenesis in a rat sciatic nerve defect model will be evaluated. Both
undifferentiated stem cells and stem cells differentiated into Schwann cell-like cells
will be combined with angiogenesis and vascular distributions will be objectively

measured.

In the general discussion, described in Chapter 11, we will present the results of this
thesis in a broader perspective. The relevance of the results will be explained and
the significance of the findings will be described in light of the current literature to
discuss how this thesis advances the understanding of a still existing challenge: Could
we augment off-the-shelf decellularized nerve allografts to meet outcomes of autografts

in segmental nerve defects?

Future perspectives and research needed to translate these findings from bench to

bedside will also be described.

In Chapter 12, a summary in English and Dutch will be presented.
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ABSTRACT

Vascularization is an important factor in nerve graft survival and function. The
specific molecular regulations and patterns of angiogenesis following peripheral
nerve injury are in a broad complex of pathways. This review aims to summarize
current knowledge on the role of vascularization in nerve regeneration, including
the key regulation molecules, and mechanisms and patterns of revascularization
after nerve injury. Angiogenesis, the maturation of pre-existing vessels into new
areas, is stimulated through angiogenic factors such as vascular endothelial growth
factor (VEGF) and precedes the repair of damaged nerves. VEGF administration
to nerves has demonstrated to increase revascularization after injury; however, it
remained insufficient in improving functional recovery on the long term in basic
science research. In the clinical setting, vascularized nerve grafts (VNG) could be
used in the reconstruction of large segmental peripheral nerve injuries. VNGs are
postulated to accelerate revascularization and enhance nerve regeneration by
providing an optimal nutritional environment, especially in scarred beds, and
decrease fibroblast infiltration. This could improve functional recovery after nerve
grafting, however, conclusive evidence of the superiority of VNGs is lacking in human
studies. A well-designed randomized controlled trial comparing VNGs to NVNGs
involving patients with similar injuries, nerve graft repair and follow-up times is
necessary to demonstrate the efficacy of VNGs. Due to technical challenges, composite
transfer of a nerve graft along with its adipose tissue has been proposed to provide a
healthy tissue bed. Basic science research has shown that a vascularized fascial flap
containing adipose tissue and a vascular bundle improves revascularization through
excreted angiogenic factors, provided by the stem cells in the adipose tissue as well
as by the blood supply and environmental support. While it was previously believed
that revascularization occurred from both nerve ends, recent studies propose that
revascularization occurs primarily from the proximal nerve coaptation. Fascial flaps
or VNGs have limited applicability and future directions could lead towards off-
the-shelf alternatives to autografting, such as biodegradable nerve scaffolds which
include capillary-like networks to enable vascularization and avoid graft necrosis

and ischemia.
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INTRODUCTION

Vascularization is one of the great challenges faced in nerve reconstruction, especially
in nerve autograft substitutes such as nerve allografts or conduits that do not contain
living cells . In these substitutes, vascularization needs to be achieved to ensure
cellular survival and avoid central necrosis, which is observed in nerve grafts with
large diameters and long defects 2. The diffusion limit of oxygen to meet the demands
of cellular metabolism is around 100-200 pm, which is an essential to recognize when
evaluating the role of vascularity in neural regeneration **. There is an increased
understanding of nerve regeneration and cell biology with compelling evidence for
the association of arterial blood vessels and nerves, in particular the alignment of
peripheral nerves with blood vessels. The nervous system forms intricate branching
networks reaching every organ in the body and relies on the vascular tree to supply
oxygen and nutrients to meet substantial metabolic demands supporting organ

development °.

It has been suggested that vascular endothelial cells guide the regeneration of
peripheral nerve axons by producing vascular endothelial growth factor (VEGF) to
induce angiogenesis preceding the repair of damaged nerves ¢ (Figure 1). VEGF is a
potent multifunctional cytokine that stimulates the outgrowth of Schwann cells and
blood vessels, while enhancing axonal outgrowth from the dorsal root ganglia '°. As
a result, VEGF has become the focus of numerous investigations with regards to its
effects on the peripheral nerves 7', Clinical attempts to augment vascularization
and improve nerve graft outcomes using VEGF have led to conflicting results 16,
suggesting that the specific molecular regulations and patterns of angiogenesis

following peripheral nerve injury are broader and more complex.

In this review, the role of vascularization in nerve regeneration will be discussed,
including the key regulation molecules in vascularization, the vascular system of the
nerve, the mechanisms of vascularization and the application of vascularized nerve

grafts (VNG) in peripheral nerve reconstruction.
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Perineurium
Endoneurium

Epineurium
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Figure 1. Schematic illustration of the components of a peripheral nerve. The peripheral nerve is
depicted, demonstrating the axon protected by the endoneurium. The nerve fascicle is enveloped
by the perineurium. Groups of fascicles are surrounded by the epineurium. Each fascicle of endo-
neurium contains up to several thousands of axons. Blood is supplied by a network of capillary-like
microvessels derived from arterioles and venules, which are branches of major limb vessels. The
zoomed image depicts the close relationship of vessels and axons. When the nerve is injured, vascular
endothelial cells guide the regeneration of peripheral nerve axons by producing vascular endothelial
growth factor (VEGF, green dots) to induce angiogenesis preceding the repair of damaged nerves.
With permission of the Mayo Foundation, Copyright Mayo Foundation 2019. All rights reserved.

SEARCH STRATEGY

Literature research was performed using PubMed, Medline, Cochrane, Web of
Science and Google Scholar databases using the following combination of keywords:
“angiogenesis” OR “vascularization” OR “blood perfusion” AND “nerve regeneration”
OR “nerve graft” OR “nerve transplantation” until August 2019. The results were
further screened by title and abstract to only present studies in peripheral nerve
injuries in both animals and humans. Other inclusion criteria were articles (i) written
in English, (ii) published in the last 35 years and (iii) that had available abstracts.

Articles describing nerve studies in spinal cord surgery, facial and eye surgery were
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excluded. Six exceptionally valuable articles published prior to 1985 were included

based on snowballing.

MECHANISMS OF VASCULARIZATION

Formation of a vascular network of peripheral nerves

The processes underlying the formation of blood vessels are vasculogenesis and
angiogenesis . Vasculogenesis describes the formation of the primitive vasculature
in the embryo. After development of this primary vascular system, remodeling of pre-
existing vessels into new areas forms mature vasculature as a result of angiogenesis.
Central to the control of angiogenesis is VEGF, which is also critical to the maturation
and stabilization of vessels in this process . VEGF-induced effects are mediated

through receptor tyrosine kinases, predominantly expressed on endothelial cells *®.

A cadaver study identified five different patterns of blood supply to the nerves varying
from no dominant arterial pedicle to multiple dominant arterial pedicles forming a
continuous artery that accompanies the nerve '°. While identifying vascular supply to
peripheral nerve contributes to our knowledge, this does not clarify the mechanisms

of peripheral nerve revascularization.

Revascularization of the nerve

The vascular tree and the nervous system branching networks are often patterned
similarly in peripheral tissues and share several anatomical and functional
characteristics °. This parallel pattern has raised questions regarding their
interactions to explain whether both networks are independent of one another. In the
embryonic limb skin, endothelial cells migrate toward and align with peripheral nerves
in response to nerve and Schwann cell-derived VEGF-A; this is called angiogenesis
5. Subsequently, the pattern of axons provides a spatial template for the pattern of

arterial vessel branching resulting in congruence of these two networks.

Transplanted nerves have no vascular supply and need to undergo revascularization in
the recipient bed ?°. Experimental models have investigated the pattern of endoneurial

perfusion. These models provided evidence that the primary mechanism of
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revascularization in a conventional autograft is longitudinal inosculation (host vessels
grow into the graft from both ends and anastomose with donor vessels) 2123, The
evidence of peripheral neovascularization or dependence on the graft bed as a source
of revascularization had not evolved until later when centripetal revascularization,
growth from the surrounding tissue bed, was described ?*. Inosculation results in
endothelial-lined formed vessels at the nerve graft coaptation site. When the nerve
graft metabolic requirements exceed the ability of the inosculated vessels to provide
adequate blood flow, centripetal revascularization occurs from the surrounding bed
25, Previously, it was believed that inosculation occurs equally from both nerve graft
ends, but recent research using novel micro CT visualization techniques has shown
that inosculation occurs primarily from proximal to distal 227, This supports the fact
that success of the grafted nerve is partly affected by the length of the graft, as a
longer graft is subject to higher risk of necrosis in the mid-section ?>?”. Prolonged
denervation time leads to intraneural fibrosis and core necrosis negatively affecting
the nerve regeneration process 2. Moreover, it was realized that multiple thin diameter
cable grafts instead of single large diameter grafts could overcome central necrosis

secondary to faster revascularization in smaller diameter cables 28,

To appreciate the potential benefits and limitations of our understanding of
vascularization, it is important to comprehend the basic physiology of its effect on

nerve regeneration in basic science and clinical applications as discussed below.

EFFECT OF VASCULARIZATION ON NERVE REGENERATION

Basic science applications

Since 1976, studies have suggested the superiority of VNGs. The major reason for the
lack of evidence in peripheral nerve injuries is the fact that studies include the use
of different animal species, reconstructive strategies, follow-up times and outcome
measures to assess nerve regeneration. These methodological differences make
translation from animal models to humans challenging and nearly impossible. An

overview of the available studies is provided.

It is postulated that vascularity improves results of nerve grafts by increasing the

number of Schwann cells, while minimizing intraneural fibrosis and enhancing axonal
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regeneration ?°. Thus, vascularity would accelerate revascularization compared to
non-vascularized nerve grafts (NVNG) 3%, A well vascularized bed does not only
decrease fibroblast infiltration, but also provides an optimal nutritional environment
30 In a scarred, non-vascularized wound bed model, increase in myelination has been
found when providing vascularization 3*3%, However, no differences were found in
nerve conduction velocity 3%. When intraneural blood supply is limited, the fibroblasts
replace the Schwann cells, causing a fibrotic distal nerve and scarred endoneurial tube
28 In normal, vascularized beds, reported results have been conflicting. Some studies
found no differences between VNGs and NVNGs *-% in rat models, while in rabbit
models increased remyelination and enhanced contraction force have been reported
in VNGs *#2°, These results may be explained by the length of the gap and regeneration
process in these animal models. The rat model could be used as a bioassay to evaluate
treatments but translation to larger animals may be complicated as differences may

occur due to the small gap (<11 mm) and superlative regeneration rate in rats *°.

Other studies have focused on VEGF administration to the nerve site to enhance vessel
formation and thus nerve regeneration and subsequently motor recovery ”%. It has been
demonstrated that VEGF increases revascularization 7%, however, the application of
VEGF did not improve functional motor nerve recovery in the long term’. It is assumed
that producing a supportive microenvironment after nerve injury including stable
blood supply may have more effect than the application of VEGF alone. A vascularized
fascial flap containing adipose tissue and a vascular bundle has been suggested to
improve revascularization through the excreted angiogenic factors, provided by
the stem cells in the adipose tissue as well as the blood supply and environmental
support. The application of the superficial inferior epigastric artery fascial (SIEF) flap
to provide vascularization to the nerve graft site in an experimental model has been
described *! and found to increase revascularization of transplanted nerve allografts
7 (Figure 2). However, further animal studies are required to determine its role in

nerve reconstruction.
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Lateral branch
of SIE vessels

Camper fascia

Figure 2. Schematic drawing of the superficial inferior epigastric fascia (SIEF) flap harvest. De-
picted is the elevation of the flap from distal to proximal (A), providing a 4 x 3 cm adipofascial flap
(B) with lateral branch of the superficial inferior (SIE) vessels. The SIEF flap was tunneled subcuta-
neously toward the nerve without vascular twisting of the epigastric trunk (C) and wrapped around
the nerve graft reaching both anastomoses (D). The flap edges were trimmed if needed and two 10-0
nylon sutures were placed to secure the position of the SIEF flap (E). With permission of the Mayo
Foundation, Copyright Mayo Foundation 2019. All rights reserved.

Clinical applications

In 1870, Phillipeaux and Vulpian performed the first successful nerve autograft 274
in cases in which direct tensionless nerve repair could not be achieved. In the years
after, the increased application of cable grafting instead of trunk grafts, improved
clinical outcomes 2+*2#%, To further overcome the problem of ischemia in conventional
nerve grafts and optimize nutrient delivery, St. Clair Strange introduced the first
pedicled VNG in 1945 by using a pedicled ulnar nerve graft for the reconstruction of
the median nerve *%. [t was not until 1976, when the use of a free VNG was described; a
24 cm superficial radial nerve graft based on the radial artery to reconstruct a median
nerve in a 26-year-old woman *. Postoperative angiography at six weeks confirmed
successful transfer of the radial artery and positive Tinel’s sign progressed to the

distal border of the flexor retinaculum at six months, which indicated that at least a
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portion of the axons had recovered *°. Although this result was encouraging, technical
difficulties were recognized and the procedure was suggested to be only performed

in young patients, based on a case report and opinion of the authors.

In the 1980’s, several experimental and clinical studies investigated the effectiveness
of adding vascularization to a nerve graft 3735465, Some of these studies demonstrated
superior results of VNGs compared to NVNGs, while others suggested that the sensory-
and motor functional recovery after VNGs were not significantly enhanced. The risk
of thrombosis of the anastomosis in a VNG with subsequent necrosis of the nerve
graft was considered by some authors as concerning and they advised against use of
VNGs . Conclusive findings on the superiority of VNGs in a clinical setting remain
lacking due to multiple confounders, different duration of outcomes and the studies
being mostly case reports or small case series ***’. There is no clear consensus on the
clinical indications for VNGs. The application of VNGs should be considered in the
following cases: large length of nerve gap of more than 6-7 cm, large diameter of the
injured nerve, scarred recipient bed that could not support a NVNG and substantial
pre-operative delay of more than 24 months 103846475758 [t js imperative to understand
that this recommendation is based on case reports, small case series and the anecdote

of expert opinions.

Doi and colleagues compared 27 cases of free vascularized sural nerve grafts in the
upper extremity to 22 non-vascularized sural nerve grafts. These grafts were used
to repair axillary, median, ulnar, radial and digital nerves, with a mean nerve gap of
6.0 cm in the VNG group versus 4.7 cm in the NVNGs. Two years postoperatively, the
VNGs performed better in terms of rate of axonal regeneration, rate of EMG return
and motor- and sensory outcome °°, Significant changes were found evaluating (i)
the abductor pollicis brevis muscle (M2.5, S3 and M1, S2.3) for the median nerve, (ii)
the abductor digiti minimi muscle (M3.3, S3 and M2, S2) for the ulnar nerve and (iii)
extensor digiti communis muscle (M3.5 and M1) for the radial nerve, comparing the
successful VNGs to conventional grafts using the Medical Research Council (MRC)
scale, respectively. The authors concluded that VNGs are technically difficult and
equally good to conventional grafts. The variability in use e.g. different motor nerves,
mixed motor and sensory nerves, or sensory nerves, and difficulties in consistent

measures of outcome, combined with the small numbers, make a definite conclusion
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difficult. Nevertheless, others have endeavored describing techniques to repair defects

of larger than 12 cm %61,

Similarly, Terzis and Kostopoulos found good to excellent sensory return, depending
on the injury, after VNG reconstruction of 21 cases with upper extremity nerve injuries
in which NVNGs had failed. *’. In their lower extremity cases with injuries at the level
of the knee or thigh, these same techniques were applied to regain muscle strength
when denervation time was less than six months in patients reconstructed with large
nerve grafts and regained remarkable muscle strength of at least M4, mostly in traction

avulsion injuries °¢. Unfortunately, these results have yet to be duplicated.

VNGs are also often used in the reconstruction of proximal nerve lesions, such as
traumatic brachial plexus injuries (BPI) '°. In the largest BPI case series to date,
151 reconstructions for posttraumatic BPI were described °°. Free and pedicled
vascularized ulnar grafts were used for reconstruction and concluded that patients
with long denervation times (>12 months) yielded inferior results compared with those
that were operated earlier (<6 months) . A similar study found unsatisfying recovery
of elbow flexion and wrist extension after BPI when repaired around 4.6 months
after trauma >2. While there was no direct comparison to NVNGs in these studies, the
importance of denervation time was well-stated and described as less receptivity of
the neuromuscular junction when nerve repair is delayed for a long period of time ©2.
[tis accepted that outcomes are correlated with both the time course and the degree
of denervation, however, an exact cut off point has not been defined, which may be
worthwhile to evaluate. With no direct comparison to NVNGs, conclusions on the

superiority of VNGs is only speculated and not proven.

To summarize, the above mentioned studies have used VNGs to repair large nerve
defects to improve outcomes in complex and unique cases. Ideally, clinical studies
comparing VNGs to NVNGs should be randomized and involve patients with similar
injuries, nerve graft repair and follow-up times. Due to diversity in cases, critical
analysis has not been feasible to date, recognizing a still existing clinical problem.
Moreover, reconstructions are evaluated mostly by investigating axonal regeneration
via Tinel’s sign, EMG return and functional motor recovery. While these outcome
measurements are clinically relevant, they are not a direct reflection of the applied

vascularization. Very recent research investigated the use of ultrasound to describe
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intraneural hypervascularization proximal to the site of nerve injury °. Although
the increased blood flow does not directly implicate for patient management, it may
reflect neovascularization and provide insight into pathophysiological processes after
nerve injury treatments or serve as a potential prognostic tool, as it is known that
the number of endoneurial capillaries significantly increases after nerve injury °*.
Implementing ultrasound as prognostic tool in future clinical trials would allow for

direct measurement of the vascularization.

Technical challenges

The most frequently used VNGs are the saphenous and sural nerve graft, due to their
dominant arterial pedicles and the acceptable donor site morbidity '°. Several other
VNGs, as described above, are associated with higher donor site morbidity or are
mainly used in free flap reconstructions and not solely as nerve grafts. In very specific
patients with brachial plexus avulsions of C8 and T1, the ulnar nerve can be used as a

VNG based on the superior collateral artery ° (Figure 3).

Figure 3. Vascularized ulnar nerve graft (VUNG) harvest. Depicted is the harvest of the ulnar
nerve (small arrow), based on the superior ulnar collateral artery (SUCA, denoted with large arrow,
A) in a patient with a C8-T1 brachial plexus root avulsion. B denoted a close-up view of the SUCA
joining the ulnar nerve (ulnar nerve denoted with small arrow, SUCA denoted with large arrow).
The completion of the harvest of the entire length of the ulnar nerve based on the SUCA measured
approximately 30 cm (C, SUCA denoted with arrow). The VUNG was used to graft the C6 root to the
lateral cord. In D the vascular anastomosis of the SUCA to the thoracoacromial trunk was depicted.
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Vascularization of a long nerve segment can be achieved by using a VNG alone, placed
together or enveloped with a NVNG, or a vascularized adipose flap can be placed
around a NVNG to induce angiogenesis °”. When using a sural nerve graft, blood supply
will be based on the sural artery or the saphenous vein can be arterialized °°. In cases of
alarger nerve defect, grafts up to 60 cm could be harvested from the saphenous nerve,
depending on the height of the patient ¢”. Other options are the superficial peroneal
nerve with its vascular pedicle, to reconstruct multiple nerves ranging from 14 to 30
cm %6, or the superficial radial nerve which could be harvested with the radial artery .
To use this VNG, however, it is advocated that the radial artery should be reconstructed

with a vein graft, in order to minimize donor site morbidity.

Although VNGs have the potential to improve nerve reconstruction after injury, the
surgeries are demanding and require microvascular experience. Technical challenges
in matching diameter by cabling, while preserving blood supply, and finding recipient
vessels if done as a free tissue transfer may prevent widespread adoption. In addition,
considerations in the clinical application include location of obtaining sufficient
peripheral nervous tissue and the associated donor site morbidity. Not only is the
choice of donor site of importance, the injury site limits graft options as well, especially
when the injury is situated near joint creases. In these cases, the environment of the
nerve graft could be optimized by using a vascularized adipose-nerve composite
transfer. Foo and colleagues described a novel technique of transferring a posterior
interosseous nerve graft along with vascularized synovial and adipose tissue based on
abranch of the posterior interosseous artery for neuromas of digital nerves, to provide
a healthy tissue bed . In large nerve defects with concomitant vascular trauma,
immediate revascularization of a damaged artery has priority, limiting options for
VNG harvest. In these cases, vascularized allografts could be applied 7°, potentially

vascularized with the use of a flap.
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FUTURE DIRECTIONS

Although several studies have discussed the surgical techniques of VNGs 19687172
the clinical use has been sparse. Limited availability of VNGs in patients with nerve
injuries stimulates the need for alternative methods for introducing vascularity to
nerve reconstructions. The number of biomedical companies involved in regenerative
medicine and tissue engineering has been steadily increasing, representing future
interest in off-the-shelf suitable alternatives to autografting, such as biodegradable
scaffolds which maintain mechanical properties and ultrastructure. Both biomaterials
and decellularized nerve grafts have been combined with growth factors or stem cells
to provide options to reconstruct nerve defects 727*. Moreover, exosomes, extracellular
vesicles carrying microRNA, derived from Schwann cells, macrophages or stem
cells provide exciting prospects for future treatment as the exosomes overcome the
obstacles associated with cell therapy 7>7¢. Other promising techniques include the
generation of capillary-like networks in scaffolds to support the growth and viability
of tissue substitutes that require blood supply, mainly when nutrient demand cannot
be covered by diffusion processes in the center of these three-dimensional (3D)

constructs 7778,

Future 3D printing may be able to precisely recreate the structure of the scaffold to
mimic a native nerve. Apart from the design and ultrastructure of the scaffold, several
different factors are important and currently studied, such as biodegradation. The slow
pace of nerve regeneration necessitates the scaffold to not be a fast degrading polymer,
especially when reconstructing large defects. Moreover, the acetic environment
created by the degradation of biocompatible polymers needs to be addressed in order
to maintain a healthy bed for nerve regeneration 7°. Other considerations may be the
thickness of the outer scaffold, which should not exceed 100-200 pm which is the
diffusion limit of oxygen, aforementioned *. The application of 3D printed nerves with
or without vessels will evolve over the next decade and may be implemented and
improve outcomes in peripheral nerve injuries, especially to successfully repair large

segmental defects.
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CONCLUSIONS

Peripheral nerves are living dynamic tissues that thrive on nutritive blood supply.
The interaction of vessels and nerves after a nerve injury is complex. Although the
relationship between angiogenesis and neuroregeneration was originally thought to
be related to nutritional factors, recently more evidence advocates for the Schwann
cells to guide neuronal precursors via a complex pathway of factor secretion, among
which VEGF, to enhance nerve regeneration. Revascularization of nerve grafts after
injury relies mostly on environment and primarily on inosculation from host vessels.
Clinical studies comparing VNGs to NVNGs remain lacking and existing studies are
inconclusive. Future studies should be randomized and involve patients with similar
injuries, nerve graft repair and follow-up times to be able to critically elucidate
differences between VNGs and NVNGs. The technical obstacles could be overcome
by provision of vascularized fascial flaps that enhance revascularization. The field of
tissue engineering is evolving and predicted to take a larger part in treatment options

for peripheral nerve injuries using biodegradable scaffolds.
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ABSTRACT

Background

An adipofascial flap in the rat may provide new options for adding vascularization to
scarred or nonvascularized beds for a variety of research studies. Current literature
lacks sufficient description for a simple reproducible flap model for a vascularized
pedicled flap in rats, in particular for neovascularization of allograft nerves for
reconstruction of sciatic nerve defects. The purpose of this study was to describe a
surgical technique and determine long-term survivability for the pedicled superficial
inferior epigastric artery fascial (SIEF) flap in the rat to meet requirement for a

tunneled adipofascial flap to add vascularization to the sciatic nerve area.

Materials and Methods

The technique and use of a 4 x 3 cm SIEF flap are described. Twenty Lewis rats
underwent the technique to determine feasibility. The flap was wrapped around
processed allograft nerve reconstructions and viability of the flap was evaluated after
12 and 16 weeks. To visualize vessels, nerve grafts were harvested at 12 weeks and

stained with hematoxylin-eosin and an antibody against microvessels (CD-34).

Results

All flaps remained viable after survival of 12 and 16 weeks. Complications included
one hematoma formation and two lymphocele formations which did not have any
impact on the flap. Inmunohistochemistry confirmed an increase in microvessels and
Schwann cell nuclei in the SIEF group compared to nerve samples from the unoperated,

contralateral side.

Conclusions

A pedicled adipofascial flap model in the rat to provide a vascular bed for sciatic nerve
reconstruction is detailed with long-term survivability evaluation of the flap. This flap
is technically simple to be harvested and is suitable for revascularization procedures

of various tissues in the lower abdomen, genital area, thigh or upper limb of the rat.



THE SUPERFICIAL INFERIOR EPIGASTRIC ARTERY FASCIA FLAP IN RATS |

[
w

INTRODUCTION

It has been postulated that the application of either vascularized nerve grafts or a
vascularized flap wrapped around the nerve graft will improve outcomes of nerve
grafts in severely scarred tissue beds . A well vascularized bed becomes more critical
as length and caliber of a nerve graft increase . The literature regarding pedicled
fascial flaps in animals is scarce. The free superficial inferior epigastric artery (SIEA)
flap in rats was first described in 1967 by Strauch and Murray ’. This free tissue transfer
could be designed in various sizes and has been applied in different investigational
and training models (e.g. distal flap necrosis 2, ischemia reperfusion injury *1¢, and
microvascular training '7). In the rat, no previously described facial flaps have been
described or used to wrap around the sciatic nerve '*'°. One study had been performed
elevating a SIEA flap and evaluated for short term viability after seven days *°. While
this pedicled flap was demonstrated to be safe and avoids the potential risk of free
flap failure (microvascular anastomosis complications), long-term viability was never
assessed 2% Another study described pedicled flaps to vascularize nerve grafts in an
intratemporal facial nerve defect model and focused on histological outcomes 8. The
sciatic nerve defect model is a well-established model to investigate multiple outcomes
varying from functional motor outcomes to histology 2!%. A pedicled flap model in
rats to provide vascularization to the nerve wound bed has not been described and
requires validation prior to measurement of other outcomes. Therefore, the purpose of
this study was to describe a reproducible surgical technique and determine long-term
survivability for the pedicled superficial inferior epigastric artery fascial (SIEF) flap
in the rat to meet requirement for a tunneled adipofascial flap to add vascularization

to the sciatic nerve bed.

METHODS

Animals

The study was approved by our Institutional Animal Care and Use Committee (IACUC
A3348-18). Twenty male adult Lewis rats, weighing 250-300 grams (Envigo, USA) had
a unilateral 10 mm sciatic nerve gap repaired with an decellularized processed nerve
allograft . Ten Sprague-Dawley rats (Envigo, Madison, WI, USA) weighing 250-300

grams served as major histocompatibility mismatch donors 252°, A 15-mm segment of
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the sciatic nerve was harvested bilaterally. The nerves were cleaned from external
debris and decellularized using a five-day previously described decellularization
protocol ?*. The nerves were sterilized using y-irradiation and stored in a Sodium
Phosphate Buffer (PBS) at 4°C until surgery. During the survival period, the Lewis rats
were housed individually with a twelve-hour light-dark cycle and ad libitum access to

food and water. Flap viability was evaluated after 12 (N=10) and 16 weeks (N=10).

Anesthesia

Rats were anesthetized in an isoflurane chamber, shaved, prepped and positioned in
the nosecone to maintain anesthesia throughout the procedure. Body temperature was
maintained at 37°C with a heating pad. Preoperatively, the following were administered
subcutaneously; 5 mL of NaCl 0.9% to prevent dehydration, buprenorphine SR
(Buprenorphine SR-LAB, ZooPharm pharmacy, 0.6mg/kg) for pain control and
Enrofloxacin (Baytril, Bayer, Germany, 10mg/kg) providing infection prophylaxis.
Postoperatively, the rats were kept warm in towels. The rats were observed daily
until completion of the experiment. During sacrifice, rats were euthanized with 1 mL
intraperitoneal injection of Pentobarbital Sodium (Fatal Plus, 390 mg/mL, Vortech,

Dearborn, MI, USA).

Surgical procedure

The SIEF flap is a pedicled flap supplied by superficial inferior epigastric (SIE) vessels
including both the arteries and the accompanying veins. These vessels arise from
femoral vessels close to branches of the popliteal and saphenous vessels and are direct
branches of the cutaneous arteries and veins. The main trunk of the SIE vessels divides
into two branches. The main, lateral trunk branches from the femoral vessels in the
groin and enters the abdominal wall skin. The smaller medial branch extends toward
the medical abdominal skin to collateralize with a branch in the internal mammary

vessel ¥ (Figure 1).
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Figure 1. Schematic drawing of the rat superficial vascular abdominal anatomy. The superficial
epigastric artery originates from the femoral artery and divides into two branches to supply the
abdominal fascia: the lateral and the medial branch. Close to the bifurcation lie the iliac nodes. With
permission of the Mayo Foundation, Copyright Mayo Foundation 2019.
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Figure 2. Schematic drawing of the 4 cm paramedian incision. This incision allows for harvesting
the flap without damaging the superficial inferior epigastric (SIE) vessels or other vessels supplying
the abdominal skin. With permission of the Mayo Foundation, Copyright Mayo Foundation 2019.
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The SIEF flap measured 4 x 3 cm and was designed in the ventral abdomen. After a 4
cm paramedian incision, on the ipsilateral side of the nerve reconstruction, the femoral

artery was identified in the groin (Figure 2).

The SIE lateral vessels were exposed proximally and protected with a vessel loop.
The flap was dissected distally, starting on the medial side. The superficial- and deep
membranous layers of subcutaneous tissue (Camper fascia and Scarpa fascia) were
separated from the abdominal muscles, leaving the fascia intact. Using microsurgical

scissors, the flap was raised toward the proximal branch of the SIE vessels (Figure 3).

A T — B —

Lateral branch
of SIE vessels

Camper fascia

Y ‘l ©2019
MAYO

Figure 3. Schematic drawing of superficial inferior epigastric fascia (SIEF) flap harvest. Depicted
is elevating the flap from distal to proximal (A), providing a 4 x 3 cm adipofascial flap (B) with lateral
branch of the superficial inferior (SIE) vessels. With permission of the Mayo Foundation, Copyright
Mayo Foundation 2019.

This dissection was performed under surgical loupe magnification to avoid damage
to the SIE vessels. While dissecting, lymph nodes in the inguinal area were seen and
preserved. Small vessel branches were anticoagulated using a bipolar as needed to
prevent postoperative hematomas. The epigastric nerve was consistently encountered

running in conjunction with the SIE vessels and transected in all cases. The flap was

3



58 | CHAPTER 3

raised to the level of the bifurcation of the femoral artery and then kept moist in gauze

until the nerve reconstruction was finished.

The sciatic nerve was fully exposed proximally from the inferior margin of the
piriformis muscle to approximately 5 mm distal to the bifurcation, under an operating
microscope (Zeiss OpMi 6, Carl Zeiss Surgica, Oberkochen, Germany). A 10-mm segment
of the sciatic nerve was excised by sharp transection with microsurgical scissors and
bridged with a 10-mm nerve allograft with six 10-0 nylon (10-0 Ethilon, Ethicon Inc.,

Sommerville, NJ, USA), epineural interrupted sutures on either side of anastomosis.

A 2 cm linear incision was made from the patella toward the pelvis to develop a wide
subcutaneous tunnel from the distal aspect of the nerve reconstruction toward the
femoral artery. A hemostat was passed through the distal incision into the inguinal
region, and the flap was delivered through the tunnel, with approximate 100° rotation
clockwise about its original axis (Figure 4). Caution was taken to prevent vascular
twisting. The 4 x 3 cm SIEF flap contained subcutaneous fat, inguinal fat, femoral
vasculature and SIE vessels and was tunneled subcutaneously toward the nerve

reconstruction without torsion of the pedicle (Figure 5A).

&019

Figure 4. Schematic drawing of flap rotation (A) and tunneling (B). The vessels were kept ventrally
and the flap was tunneled without vascular twisting of the epigastric trunk. With permission of the
Mayo Foundation, Copyright Mayo Foundation 2019.

The flap was wrapped around the nerve allograft with the SIE vessels in line with the

nerve and reaching both the proximal and distal anastomoses, as shown in Figure
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5B. The flap edges were trimmed to fit the defect (Figure 5C). Care was taken to ensure
that there was no tension on the nerve anastomoses while positioning the flap under
the reconstructed nerve. After ensuring that there was no pedicle compression in the
subcutaneous tunnel, the vascular pedicle remained freely mobile with full ranging
of the leg and that the nerve anastomoses were without tension, two loosely tied 10-0
nylon-sutures (10-0 Ethilon, Ethicon Inc., Sommerville, NJ, USA) were placed through
the SIEF flap (Figure 5D). Wounds were closed in layers, with muscle approximated
with 5-0 absorbable sutures (5-0 Vicryl Rapide, Ethicon Inc., Sommerville, NJ, USA), and

the skin of the leg and the abdomen was closed subcutaneously using the same suture.

Evaluation SIEF flap

The viability of the SIEF flap was evaluated at sacrifice by 12 and 16 weeks. This was
performed using the milking patency test . The SIEA was found and the vessel was
occluded with forceps distal to the flap. The other forceps was placed just distally to the
first. The vessel would be milked a few millimeters away from the flap. Thereafter the
proximal forceps would be released. Rapid filling from proximal to distal would indicate
that the artery was not occluded (1), if no filling occurred, the test would be scored a
(0). Viability of the flap was also characterized by color of the flap and active bleeding
at the edges of the flap.

Immunohistochemistry

At 12 weeks, immunohistochemical staining of the nerves was obtained to confirm
revascularization of the nerve. After sacrifice, the nerve grafts were harvested and
fixed in 10% formalin (Fisher Scientific, NH, USA) for 48 hours and then transferred
to 70% Ethanol and stored at 4°C. After embedding in paraffin, serial sections (5pm)
were obtained from distal parts of the nerve grafts. These sections were stained with
hematoxylin and eosin (H&E) and primary antibody rabbit anti-rat CD34 (1:4000, Abcam,
Cambridge, MA, USA) to visualize vascularization and fibrosis in the nerve graft. CD34
is a transmembrane phosphoglycoprotein and established as a marker of hematopoietic
cell types, including vascular endothelial progenitors and extensively expressed on blood
vessels #. Contralateral nerve samples were stained as control. Immunohistochemical
digital photographs were taken at 40x magnification with a microscope (Nikon Eclipse

50i) equipped with a digital camera. Images were qualitatively assessed.
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RESULTS

Evaluation SIEF flap

Successful flap transfer was accomplished in all rats. After 12 and 16 weeks rats were
sacrificed and flap viability was investigated. The patency of the artery was checked
with the milking patency test at sacrifice and all arteries were patent after 12 and 16
weeks survival. The flap was well vascularized and demonstrated active bleeding at

its margins. The vessels were in line with the nerve graft (Figure 6).

No flap necrosis occurred and no infections were seen. Of the 12 week survival rats,
lymphedema occurred in two, which did not infect or complicate recovery and resolved
by itself. In one rat, a small subcutaneous hematoma was seen on the abdominal side at
four weeks, which did not increase size during follow up and did not have any impact on

the SIEF flap. The 16 week survival rats did not show any complications. The SIEF flap

had an acceptable and aesthetic donor site scar without any observable loss of function.

Figure 6. Relation superficial inferior epigastric (SIE) vessels and nerve after 16 weeks. The white
dashed line surrounds the nerve allograft (A). Depicted is the close relationship between the nerve
allograft (A) and the SIE vessels (B) after 16 weeks of survival. Also, flap viability could clearly be seen.
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Immunohistochemistry

To assess the effect of the SIEF flap on nerve allograft samples, nerve samples were
stained for H&E and anti-CD34. Results of H&E staining in cross-sections of the nerve
showed no infiltration of inflammatory cells in either group at 12 weeks. As can be
concluded from the H&E staining, no fibrosis was seen. In the SIEF group, an increase in
vessels and Schwann cell nuclei was evident in the H&E stained samples. This increase
in vessels was consistent with the notable increase of CD34-positive microvessels in
nerve grafts that were surgically revascularized at 12 weeks compared to unoperated

nerve samples (Figure 7).

H&E

CD34

Figure 7. Inmunohistochemical digital photographs of nerve samples. Representative images of
H&E staining in control (contralateral unoperated nerve) and SIEF (vascularized flap wrapped around
the processed nerve allograft) samples at 12 weeks. Purple nuclei denote the Schwann cell nuclei.
Digital photographs were taken at 40x magnification. Scale bars, 200 um.
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DISCUSSION

The surgical technique for the rat SIEF flap harvest was described and evaluated.
While this flap has been reported previously in a few animal studies %%, long-term
viability has not been adequately assessed or determined. Additionally, a succinct

and detailed description of this technique in rats has not been illustrated or reported.

The main findings of this study were that the SIEF flap is an easy flap to raise and
remains viable in all rats after either a 12 or 16 weeks survival period. Complications
included two lymphoceles and one hematoma acutely, but no long term consequences
at 12 and 16 weeks.

The flap demonstrated to have 100 percent success rates after elevation without flap
failure or necrosis at the donor site. One major advantage is that the SIE vessels of the
rat are approximately 0.5 mm in diameter *°, which categorizes it as relatively large
and makes them to be easily dissected under loupe magnification. By only including the
lateral branch, necrosis at the donor site is prevented. This flap design can be applied to
other rat strains as well as rats of different sizes as the anatomical branches are easily
recognized. The pedicled flap eliminates the need for microvascular anastomosis and
minimizes flap failures secondary to surgical techniques. This pedicled flap allows
for a technically simple elevation without intramuscular dissection and a relatively
short operation time. An additional benefit is that the transplanted adipofascial
tissue can improve blood flow in adjacent tissues such as bone, nerve and muscles
and be a readily applied pedicle flap for studies on vascularization *3. The inclusion
of adipofascial tissue in the flap decreases intravascular resistance of the bundle,

resulting in improved blood flow in the flap which decreases the risk of thrombosis 2°31,

Immunohistochemical qualitative analysis of the nerve samples confirms the increase
in vascularity in the SIEF group (vascularized flap wrapped around the processed
nerve allograft) in both H&E and anti CD-34 sections at 12 weeks. Vasculature is
known to play a crucial role in supporting nerve regeneration following injury . A
lack of blood supply could lead to nerve hypoxia and damage, leading to nerve fibrosis
3334 At time of a nerve injury, Wallerian degeneration is activated causing Schwann
cell proliferation distal to the nerve injury 3>3¢, This process causes blood vessels

to precede Schwann cell migration and to stimulate axonal extension, describing
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an important interaction between Schwann cells and blood vessels ***”. Schwann
cells are known to produce neurotrophic factors to support neurite outgrowth 3.
After nerve injury, these cells and their secreted neuro-supportive factors enhance
axonal growth 3°. Although comparison of nerve allograft in a well vascularized bed
to the contralateral unoperated nerve is not an adequate comparison of nerve tissue,
the increase of vessels and Schwann cell nuclei in the nerve allografts confirm the
relationship between blood supply and nerve regeneration and suggest that addition
of a well vascularized bed to the nerve area may enhance nerve regeneration. This
study describes a pedicled adipofascial flap model in rats and validates its use in future

investigations in the rat sciatic nerve model.

CONCLUSIONS

This study demonstrated a total success rate of SIEF flap viability without necrosis at
12 and 16 weeks, providing evidence that this flap is durable and can be used for future
studies in a rat model. We recommend this simple technique to add vascularization
to various tissues in the lower abdomen, genital area, thigh and upper limb of the rat.
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ABSTRACT

Introduction
Nerve regeneration involves multiple processes which enhance blood supply that
can be promoted by growth factors. Currently, tools are lacking to visualize the

vascularization patterns in transplanted nerves in vivo.

Materials and Methods

A protocol to visualize the vasculature of the sciatic nerves has been developed with
two available techniques. In this study, we describe a step-by-step procedure for
preservation of the vasculature of sciatic nerve autografts (N=12) and contralateral
non-operated control nerves (N=12) in the Lewis ratat 12 and 16 weeks postoperatively.
After sacrifice of the rats, Microfil® contrast compound was injected and the nerves
were cleared while preserving the vasculature. The amount of vascularization was
measured by quantifying the vascular surface area using conventional photography
(two dimensional) and the vascular volume was calculated with micro-computed

tomography (micro CT, three dimensional).

Results

Successful preservation of vasculature was achieved in all nerve samples. Using
micro CT, the vascular volume was significantly increased from 12 to 16 weeks in
both groups. The same trend was seen in the vascular surface area, but this was not

significant. The correlation between both methods was statistically significant.

Conclusions

Both methods are considered to successfully reflect the degree of vascularization.
Application of this technique could be used to visualize and objectively quantify
angiogenesis of the transplanted nerve graft. Moreover, this simple method is easily
reproducible and could be extrapolated to any other desired target organ ex vivo in

small animals to investigate the vascular network.
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INTRODUCTION

It has been postulated that blood supply affects nerve regeneration '7, as it is reported
that vascular endothelial cells directly guide the regeneration of peripheral nerve
axons ’. Vascularization (angiogenesis) can be enhanced through growth factors &,
in particular angiopoietin-1 (Ang-1) an important angiogenic factor that promotes
vascular stabilization ° and vascular endothelial growth factor (VEGF) which enhances
intraneural angiogenesis ?. To quantify blood vessels in nerve grafts or conduits,
previous studies have focused on immunohistochemical staining '°'2. Unfortunately,

the amount of (neo)angiogenesis was not evaluated in these studies.

Histomorphometric analyses are used to describe angiogenesis, but are limited in
the ability to identify the three-dimensional interconnectivity of the vasculature in
serial histological sections ** and focuses on representing superficial blood flow
15, Connectivity defines the maximal number of branches that may be cut without
separating the structure '°. Insight in the connectivity of the vascular tree may
contribute to crucial description of neovascularization patterns. Therefore, two-
dimensional measures of vasculature deliver incomplete information 3. Three-
dimensional reconstruction of blood vessels in sciatic nerves of the rat has been
technically difficult because the average diameter of the small endoneurial vessels

in the ratis 8.8 mm *°.

Micro-computed tomography (micro CT) facilitates the visualization of contrast
enhanced microvessels and could separate vessels from surrounding tissues, such
as bone, fat tissue or nerve V. It provides three-dimensional volume imaging with
spatial resolution at the micrometer scale and is applied in many fields, for instance
in tumor visualization, cardiovascular plaque imaging > and evaluation of surgical

angiogenesis in a bone allotransplantation models 8-2°,

As technology continues evolving, modern micro CT systems are more commonly
available and are capable of generating very small voxels with short scan acquisition
times allowing both ex vivo and in vivo scanning '°. Moreover, due to voxels as small
as 1um, the vascular system in rat and even mice could now be visualized 32122 Ag

perfusion with a radiopaque contrast agent is the only requirement to delineate the
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vascular tree, a closer-meshed network of smaller vessels, contrast enhanced micro

CT can become a powerful tool in quantifying angiogenesis 3.

Information collected from conventional photography may complement the micro CT.
Photographs could be analyzed by measuring the ratio of vessel area and total nerve
area digitally %. More conventional methods such as manual vessel counts per sub-
segment of the nerve, providing a vessel density per mm?, have also been described
24 These techniques have never been verified and are questionably representative
for the entire quantification of the nerve vasculature when used solely. However,
with evolving technology, the quality of conventional photography has improved and
there are numerous photo editing software available providing a cost-effective way

to measure vessel and nerve surface areas.

The purpose of this study was to describe three-dimensional visualization of
the vascular system in the rat sciatic nerve and to quantify angiogenesis of nerve
reconstruction. The micro CT and conventional photography were used to objectively
quantify vascular volume and vascular surface area, respectively, as measurements of
angiogenesis in rat nerve. These methods will allow us to advance angiogenesis related
research by improving the tools for studying and understanding vascular development

and the mechanisms of neoangiogenesis.

MATERIALS AND METHODS

Animals

Animal experiments were approved by our Institutional Animal Care and Use
Committee (IACUC A3348-18). For this study, a total of 12 male Lewis rats (Envigo,
USA) were used, weighing between 250 - 300 grams, in which 10 mm unilateral sciatic
nerve gaps were repaired with a reverse autologous graft. All animals were housed

with ad libitum access to food and water, with a 12-hour light-dark cycle after surgery.

Experimental design

A unilateral 10 mm sciatic nerve gap was repaired with an ipsilateral reversed

autologous nerve graft to create a mismatch in the alignment of the nerve gap 252°,
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This group was considered the gold standard for nerve repair. Rats survived for either
12 or 16 weeks. At the time of the sacrifice, the nerve vasculature was preserved to

obtain the vascular volume and vascular surface area measurements.

Surgical procedure

After anesthesia in an isoflurane chamber, rats were shaved, prepped and positioned
in the nosecone to maintain anesthesia throughout the procedure. Preoperatively
the following were administrated subcutaneously; infection prophylaxis provided by
Enrofloxacin (Baytril, Bayer, Germany, 10mg/kg), 5 ml of NaCl 0.9% solution to prevent
dehydration and Buprenorphine SR (Buprenorphine SR-LAB, ZooPharm pharmacy,
0.6mg/kg) for pain control. During surgery, body temperature was maintained at

37°C with a heating pad.

The sciatic nerve was fully exposed proximally from the inferior margin of the
piriformis muscle to approximately 5 mm distal to the bifurcation, under an operating
microscope (Zeiss OpMi 6, Carl Zeiss Surgica, Oberkochen, Germany). A 10 mm segment
of the sciatic nerve was excised by sharp transection with microsurgical scissors. The
nerve graft was reversed and reconstructed with six 10-0 nylon (Ethilon, Ethicon Inc.,
Sommerville, NJ, USA), epineural interrupted sutures on either side of the anastomosis.
Wounds were closed in layers, approximating muscle with two 5-0 absorbable
interrupted sutures (5-0 Vicryl Rapide, Ethicon Inc., Sommerville, NJ, USA). The skin
was closed subcutaneously, using the same suture. Postoperatively, the rats were kept

warm with towels. The rats were observed weekly until completion of the experiment.

Perfusion of contrast

Twelve and 16 weeks postoperatively, rats were sacrificed. Access for aortic infusion
catheter placement was achieved via the abdomen. A large midline incision was made
in the abdomen to expose the aorta and vena cava. A small retractor was used to
retract the digestive organs providing stable exposure of the aorta and vena cava
throughout the experiment. The fat surrounding the thoracic aorta and vena cava was
cleaned using cotton tip applicators taking care not to harm the vascular structures.
The thoracic aorta and vena cava were ligated proximally with a 5-0 Vicryl suture (5-0

Vicryl Rapide, Ethicon Inc., Sommerville, NJ, USA) which was kept long to act as grip
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sutures. The ligation was placed as proximal as possible and distal to any large hepatic
bifurcations, depending on the anatomic variation. The aorta was dissected from the
vena cava distally using cotton tip applicators. This was performed approximately 1
cm proximal to the iliac bifurcation. A loose 5-0 Vicryl suture was placed under the
aorta. To facilitate the passage of contrast, a 24 Gauge catheter (Jelco IV Catheter
Radiopaque, Smiths Medical International, UK) connected to an IV tubing system,
was introduced in the aorta just distally to the proximally placed grip sutures, while
keeping the aorta on tension by slightly pulling the grip sutures (Figure 1). After the
catheter was fixated with the previously placed suture around the aorta distally, 2-3
ml of saline (NaCl 0.9%) was infused through the tubing system to evaluate the patency
of the aorta. The needle was removed off the cannula, while maintaining the cannula in
the artery. Care was taken that the tip of the cannula would still be proximal to the iliac
bifurcation, so that the contrast would reach both limbs. A yellow-colored (MV-122)
Microfil® compound (MV 8ml, diluent 15 ml, and curing agent 1.2 ml, Flow Tech, Inc.,
Carver, MA, USA) in a 50 cc syringe was connected to the tubing system to be infused
in the aorta. While putting pressure on the insertion site using gauze, the perfusion
was performed with constant perfusion of approximately 100 mmHg. The perfusion
was continued until the syringe was empty and yellow nailbeds on either paw were
observed. After the perfusion was completed, a clamp was placed on the cannula to
prevent leakage of the infused contrast. The rat was kept at room temperature while

the agents cured for at least 90 minutes.

Collection and clearing of samples

After the vascular bed was perfused and the contrast cured, the sciatic nerve was
exposed and harvested extending to approximately 3 mm on either side of the
anastomoses. The contralateral nerve samples were harvested as non-operated,
control samples (N=12). The nerve samples were collected in phosphate buffered
saline (PBS) and cleared for five days by immersion in graded series of ethyl alcohol
as follows: the samples were first placed in 25% ethyl alcohol and at successive 24-48
hour intervals the concentration was raised to 50%, 75%, 95% and 100%. As the
final step, the samples were immersed in methyl salicylate. If tissue had not cleared,
a second clearing starting from 95% ethyl alcohol stage was performed to repeat the
final steps of the clearing procedure. This procedure allowed clearing of all structures,

with exception of the opacified microvascular structures that were filled with contrast.
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Figure 1. Schematic drawing of the insertion of the catheter into the rat aorta. Long sutures
indicate the grip sutures that have ligated the aorta and vena cava proximally. Short cut suture
serves to hold catheter in place while injecting the Microfil® contrast compound into both common
iliac arteries of the rat. With permission of the Mayo Foundation, Copyright Mayo Foundation 2019.

Outcome measurements

Micro CT for calculating the vascular volume

After clearing had taken place, the samples were scanned in a SkyScan 1276 micro CT
(Bruker Corporation, Billerica, MA, USA) at 40 kV voltage, 200 pA current and 10 pm
resolution to calculate vascular volume. Three samples were scanned at a time, taking
approximately 26 minutes per scan with frame averaging set at three in order to reduce
noise. Three-dimensional images of the samples were reconstructed using Hierarchical

InstaRecon software (NRecon, 1.7.4.2., InstaRecon, 2.0.4.0. InstaRecon). This software



76 | CHAPTER 4

was used to adjust the following parameters while reconstructing the images; Beam
Hardening Correction (%) was set at 51, Ring Artifact Correction at 9, Smoothing at
1, Post alignment compensation and Histogram windows were manually adjusted
for each scan. After obtaining reconstruction of the images, AnalyzePro software
(AnalyzeDirect, Inc., Overland Park, KS, USA) was used to measure the volume of the
vasculature and the volume of the total nerve. A vessel/nerve area ratio was calculated

and expressed in percentages (vessel%).

Photography for calculating the vascular surface area

After micro CT scanning was completed, the nerve samples were stretched by
suturing both nerve ends onto a solid holder. Detailed pictures of the samples were
obtained using a Canon 5D Mark IV camera, (Manual Mode, ISO 200, 1/200th of a
sec, f/16), a Canon MP-E 65mm Macro lens and a Canon MT-26-RT Twin Lite Macro
strobe light source. During photography, samples were placed in a petri dish with
methyl salicylate in order to obtain clean photographs allowing for the specimen to
be separated from the background for better measurement. The petri dish was placed
on a black background to achieve maximum contrast with the yellow vessels in the
nerve samples. Polarized light was used to reduce reflections and a 1:1 magnification
was used to ensure consistency of the pictures. To correct for the surface area that
altered depending on the angle of the image, two pictures of each nerve sample were
obtained; one of the front whereafter the holder was flipped and the picture of the
other side was obtained. With NIS-Elements software (NIS-Elements BR 4.51.01), the
total vessel area and the total vessel area in the graft were measured in a blinded
fashion. For each image, a vessel/nerve area ratio was calculated. The ratios of the

two images (front and back) were averaged per sample.

Statistical analysis

The vascular volume and the vascular surface area were analyzed and compared to the
non-operated side (control). A nonpaired student t-test for comparisons between time
points and between the two groups was used for statistical investigation. Correlations
were analyzed using Pearson’s correlation test. Results were reported as the mean

and standard error or the mean (SEM), and the level of significance was set at a < 0.05.



RESULTS

Macroscopic appearance of the vessels in nerve samples

Successful preservation of vasculature was achieved in all nerve samples (N=24). After
the clearing process, the nerve samples were transparent and vessels were filled with
Microfil®. For 3D imaging, the micro CT was used and allowed visualization of the
vessels in space (Figure 2). The size and position of the vessels were visualized. Figure
3 shows the macroscopic images of the nerve autografts at 12 and 16 weeks and a
control sample at 12 weeks obtained with a conventional digital camera. Sutures are
clearly visible and were used to set the borders of the analysis frame. As demonstrated,
the microvasculature was clearly visualized. The smallest diameter of blood vessels

detected was 9.3 pm using micro CT and 7.4 um using conventional photography.

Control

Autograft
12 weeks

Autograft
16 weeks

Figure 2. Micro computed tomography (micro CT) images of nerve samples. Micro CT images of
control nerve at 12 weeks (A), nerve autograft at 12 weeks (B) and nerve autograft at 16 weeks (C).
Nerve samples are positioned from proximal to distal (left to right, respectively). Scale bar is set a

1 millimeters (mm).



A Control

B Autograft
12 weeks

C Autograft
16 weeks

Figure 3. Macroscopic images of nerve samples obtained with conventional digital photography.
Photography images of same samples visualized in Figure 2. Microvessels could be clearly seen in
the control nerve at 12 weeks (A), nerve autograft at 12 weeks (B) and nerve autograft at 16 weeks (C).
Sutures that are used to repair the graft are visible in nerve autograft groups (B+C) and depict the
border of the analyzed frame. Nerve samples are positioned from proximal to distal (left to right,
respectively). Scale bar is set at 1 millimeters (mm).

Vascular volume measured with micro CT

The vascular volume was successfully measured using the micro CT. At 12 weeks,
the control nerve samples measured 4.83% vessel + 0.45 (mean * SEM) and this
had increased to 6.19% * 0.29 at 16 weeks. This increase between time points was
significant (P=0.045). The nerve autografts showed similar results in vascularity
between time points when compared to control nerve samples. The 16 week nerve
autograft samples (4.95% * 0.44) were superior to autografts at 12 weeks (3.53% *
0.43), P=0.043. These outcomes are depicted in Figure 4.



OBJECTIVE EVALUATION OF ANGIOGENESIS USING MICRO CT AND PHOTOGRAPHY | 79

Vascular volume
10-
* =3 Control

8- % Bl Autograft
f 6 e
s -T-

2_

0 T

12 weeks 16 weeks

Figure 4. Vascular volume of control and nerve autograft samples at 12 and 16 weeks using micro
CT. Results are expressed as a percentage (vessel %) of the total nerve area and are given as the
mean +SEM. *Indicates significance at P<0.05. SEM: Standard error of the mean.

Vascular surface area measured with conventional photography

After 12 weeks, the vascular surface area was 26.87% + 2.13 (mean * SEM) for the
non-operated control nerve samples, compared to 25.04% vessel + 2.77 for the nerve
autograft sample. After 16 weeks the control samples measured a vascular surface area
0f 33.71% * 2.60 and 28.11% + 3.47 for the autograft nerves. No significant differences

were found between the groups or time points (Figure 5).

Correlations

The vascular volume and vascular surface area were significantly correlated with both

time points and groups (r=0.951, P=0.049).
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Figure 5. Vascular surface area of control and nerve autograft samples at 12 and 16 weeks using
digital photography. Results are expressed as a percentage (vessel %) of the total nerve area and
are given as the mean +SEM. SEM: Standard error of the mean.

DISCUSSION

In this study, the authors successfully preserved the vasculature of the sciatic nerve
in rats to provide more insight in the amount of angiogenesis and the patterns of
neoangiogenesis occurring in nerve regeneration. Due to the limited options available
to visualize the small vessels of the rat had previously impeded the understanding of

the underlying neoangiogenesis patterns after nerve graft reconstruction.

The utility of the method described in the current study is two-fold. First, it provides
an objective quantification of the amount of angiogenesis, independently from the size
of the vessels, in relation to the size of the nerve. Second, it eminently demonstrates
the patterns of angiogenesis in (transplanted) nerves. Nerve revascularization is
postulated to be composed of angiogenesis and neoangiogenesis; vessels that sprout
into the existing vascular tree and vessels that create new pathways #’. However,
this theory has yet to be objectively described. The vascularization of nerves and in
particular, the alignment of vessels in nerves is attributed to a directional role for

regenerating axons 2%, Applying the described techniques at several time points after
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nerve graft implementation may provide insight to the ratio between revascularization
components. These techniques may demonstrate the relationship between vessel
alignment and the level of nerve regeneration. Thus, allowing us to improve our
understanding of the process and the importance of vascular development in nerve

grafts.

Asblood vessels provide little inherent contrast, viscosity is one of the most important
properties of the implemented vehicle '°. With viscosity levels around 20-30, Microfil®
is the best available compound that injects both the arterial and venous system and
reaches even the smallest angiogenic vessels to allow complete study of the vascular
network *°. The injected Microfil® does not directly interact with the histology but
could influence the proportion of axon and nerve areas during the analysis. Therefore,
we would suggest harvesting other tissue prior to Microfil® injection to secure reliable

histologic analysis.

There are a few considerations associated with this technique. Although micro
CT systems become more commonly available with improving quality 5, it is still
conceivable that micro CT devices with small effective voxel size are not available for all
researchers. In this case, solely the described conventional photography strategy could
be used, as it is cost-effective, simple to perform and correlates with micro volume
measurements. However, conventional photography does not describe vascularization
in space and lacks detailed information. As only two sides of the nerve sample are
measured and the surface area could not be corrected for the thickness of the nerve
(i.e. depth of the obtained photo), representation of the amount of angiogenesis using
vascular surface area may be questionable. The difference between various groups
of nerve samples, however, could be described with conventional photography. The
micro CT has the advantage of precisely measuring vessel volume in relation to total
measured nerve volume. Also, clearing of samples is not necessary as the lead pigments
in Microfil® provide high contrast compared to background tissue to acquire complete

high resolution 3D images of the vessels '’

Our results indicate the significant correlation between the vascular volume and
the vascular surface area measurements demonstrating that the methods could be
used either complementary or separately, depending on the goals of the study. These

methods will allow us to advance angiogenesis related research by improving the

4
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tools for studying and understanding vascular development and the mechanisms of

neoangiogenesis.

CONCLUSIONS

This study provides accurate objective analysis of the newly formed vascular network
of the sciatic nerve. The use of the micro CT and conventional photography provides
many modalities for vascular exploration, allowing the exploration of the structure
and organization of blood vessels. These imaging methods are easily reproducible
and could be extrapolated to any other desired target organ ex vivo in small animals

to investigate the vascular network.
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ABSTRACT

Introduction

The specific patterns of revascularization of allograft nerves after addition of
vascularization remain unknown. The aim of this study was to determine the
revascularization patterns of decellularized processed nerve allograft after surgically

induced angiogenesis to the wound bed in a rat sciatic nerve model.

Materials and Methods

In 51 Lewis rats, sciatic nerve gaps were repaired with (i) autografts, (ii) nerve allograft
and (iii) nerve allograft wrapped in a pedicled superficial inferior epigastric artery
fascia flap (SIEF) to provide vascularization to the wound bed. At two, 12 and 16 weeks,
the vascular volume and vascular surface area in nerve samples were measured using
micro CT and photography. Cross-sectional images were obtained and the number of

vessels was quantified in the proximal, mid and distal sections of the nerve samples.

Results

At two weeks, the vascular volume of SIEF nerves was comparable to control (P=0.1).
The vascular surface area in SIEF nerves was superior to other groups (P<0.05). At 12
weeks, vascularity in SIEF nerves was significantly higher than allografts (P<0.05)
and superior compared to all other groups (P<0.0001) at 16 weeks. SIEF nerves had a
significantly increased number of vessels compared to allografts alone in the proximal

(P<0.05) and mid-section of the graft (P<0.05).

Conclusions

Addition of surgical angiogenesis to the wound bed greatly improves revascularization.
It was demonstrated that revascularization occurs primarily from proximal to distal
(proximal inosculation) and not from both ends as previously believed and confirms

the theory of centripetal revascularization.
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INTRODUCTION

The outcome of tissue transplantation critically depends on the revascularization
process and consequently regeneration of nerve is similarly dependent on this process
5, Neovascularization precedes neural regeneration and stimulates injured axons
and non-neuronal cells to produce a supportive microenvironment ¢. The nerve
vascularization consists of both an extrinsic and intrinsic blood supply ”. The intrinsic
system is formed by an extensive microvascular network that maintains blood supply
within a nerve (epineural, perineural and endoneural vessels) 8. The extrinsic system
consists of vessels that accompany a nerve outside of its epineurium. While it is known
that both the intrinsic and extrinsic blood supply systems are interrupted during
injury 7, little is known about the revascularization patterns after such an injury. In
1945, Tarlov and colleagues demonstrated by roentgenographic studies of transplanted
sciatic nerves that an important source of blood supply for grafts is from the
surrounding tissue °. Furthermore, they suggested that the vascular pattern between
normal nerves and vascularized nerve autografts is similar and revascularization
occurs along the preexistent vascular channels by ingrowth of blood vessels from
the host stumps (proximal and distal) as well as from the surrounding tissues °. In
order to improve clinical outcomes of free autologous nerve grafting, multiple nerve
grafts (cable grafts) were applied to increase surface area as it was postulated that
this would improve graft revascularization and avoid central necrosis which was
observed in larger diameter nerve grafts *1°. To improve outcomes of nerve autografts
in severely scarred tissue beds, the application of either vascularized nerve grafts
or vascularized flaps around nerve grafts has been suggested ''*. These theories
can not be extrapolated to the revascularization of nerve allografts, as in processed
nerve allografts, preexistent vascular channels have been removed during the process.
Little has been published regarding other strategies to revascularize processed nerve
allografts or the patterns that revascularization follows, partly due to the lack of an
appropriate model. Thus, there are remaining questions regarding the mechanism
and pattern of peripheral nerve allograft revascularization. The purpose of this study
was to explore the effect of surgical angiogenesis on processed nerve allografts and to
compare the revascularization patterns in nerve autografts, allografts and allografts

placed in a vascularized bed to provide insight into neovascularization of nerve grafts.
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MATERIALS AND METHODS

Animal experiments were approved by the Mayo Clinic Institutional Animal Care and
Use Committee (IACUC A3348-18). For this study, all animals were housed with ad

libitum access to food and water, with a twelve-hour light-dark cycle after surgery.

Experimental design

In a total of 51 male Lewis rats, weighing between 250-300 grams (Envigo, USA),
unilateral sciatic nerve gaps were repaired with three groups of nerve grafts. The
experimental design of this study is depicted in Table 1. In group I (autograft),
a unilateral 10-mm sciatic nerve gap was repaired with an ipsilateral reversed
autologous graft to create a mismatch in the alignment of the nerve fibers (gold
standard). For group II and III, decellularized processed nerve allografts were used
to reconstruct the nerve gap. In group III, these nerve allografts were placed in a
vascularized bed using a pedicled superficial inferior epigastric artery fascia (SIEF)

flap *°. Rats were sacrificed at two weeks (short-term), 12 and 16 weeks (long-term).

Table 1. Experimental design. SIEF flap: Superficial inferior epigastric artery fascial (SIEF) flap.

Groups  Surgery Survival time Survival time Survival time
2 weeks (N) 12 weeks (N) 16 weeks (N)

1 Autograft 5 6 6
] Allograft 5 6 6
1 Allograft + SIEF flap 5 6 6

Nerve allograft harvest and processing

Seventeen Sprague-Dawley rats (Envigo, Madison, W1, USA), weighing 250-300 grams,
served as donors for harvesting a 15-mm segment of the sciatic nerve bilaterally.
The sciatic nerves were cleaned from external debris and processed using a five-
day decellularization protocol . Sprague-Dawley rats were used to obtain a major
histocompatibility complex mismatch with the recipient Lewis rats 18, Briefly,
rats were anesthetized in an isoflurane induction chamber and euthanized with an
overdose of Pentobarbital Sodium (Fatal Plus, 390 mg/mL, Vortech, Dearborn, M],
USA). The nerves were harvested and collected in RPMI 1640 culture medium. After
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processing, the nerves were sterilized using g-irradiation and stored in a Sodium
Phosphate Buffer (PBS) at 4°C. All steps were carried out at room temperature with

agitation under sterile conditions and in laminar flow hood.

Surgical procedure

Rats were anesthesized in an isoflurane chamber, shaved, prepped and positioned in
the nosecone to maintain anesthesia throughout the procedure. Preoperatively, the
following were administered subcutaneously: 5 mL of NaCl 0.9% solution (to prevent
dehydration), Enrofloxacin (Baytril, Bayer, Germany, 10mg/kg, providing infection
profylaxis) and Buprenorphine SR (Buprenorphine SR-LAB, ZooPharm pharmacy,
0.6mg/kg, pain control). During surgery, body temperature was maintained at 37°C

with a heating pad.

The sciatic nerve on the left side of each rat was fully exposed proximally from
the inferior margin of the piriformis muscle to approximately 5 mm distal to the
bifurcation, under an operating microscope (Zeiss OpMi 6, Carl Zeiss Surgica,
Oberkochen, Germany). A 10-mm segment of the sciatic nerve was excised by sharp
transection with microsurgical scissors. In group I, the nerve segment was reversed
and placed as an interposition autograft with six 10-0 nylon (10-0 Ethilon, Ethicon Inc.,
Sommerville, NJ, USA), epineural interrupted sutures on either side of anastomosis.
In group II, the nerve gap was bridged with a 10-mm allograft with use of a similar
surgical technique. In group III, the gap was also repaired with a 10-mm allograft, but
consecutively a pedicled adipofascial flap was wrapped around the nerve allograft. The
superficial inferior epigastric artery fascial (SIEF) flap was harvested as previously
described °. Briefly, a 4-cm paramedian abdominal incision on the ipsilateral side of
the nerve reconstruction was made. The femoral artery was identified in the groin,
whereafter the superficial inferior epigastric (SIE) vessels were exposed. The 4 x 3 cm
SIEF flap containing subcutaneous fat, inguinal fat, the femoral vasculature and SIE
vessels, was tunneled subcutaneously toward the nerve reconstruction and wrapped
around the nerve. Both the proximal and distal nerve anastomoses were covered with

the flap.

In all groups, wounds were closed in layers, approximating muscle with two 5-0

absorbable interrupted sutures (5-0 Vicryl Rapide, Ethicon Inc., Sommerville, NJ,
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USA). The skin was closed subcutaneously, using the same suture. Postoperatively,
the rats were kept warm with towels. The rats were observed until completion of the

experiment.

Nonsurvival procedure

After completion of the designated survival period, rats were sacrificed and
neoangiogenesis was measured using two measures; the vascular surface area and

the vascular volume.

Anesthesia
At survival time points (two, 12 and 16 weeks), rats were anesthetized and euthanized

with 1 mL intraperitoneal injection of Pentobarbital Sodium.

Vascular preservation

Both thighs as well as the abdomen of the rat were shaved. On both sides, the sciatic
nerve was exposed carefully. The vasculature of the lower extremity was preserved by
aortic infusion . A long longitudinal cut was made medially to expose the vena cava
and aorta and these were cleaned from debris. These vessels were ligated as proximal
as possible using a 5-0 Vicryl suture (Vicryl Rapide, Ethicon Inc., Sommerville, NJ,
USA). Distal to the ligation, a catheter was inserted in the aorta. A yellow Microfil®
compound (MV 8ml, diluent 15 ml, and curing agent 1.2 ml, Flow Tech, Inc., Carver,
MA, USA) was infused into the aorta. After the contrast agents had cured, bilateral
sciatic nerves were harvested. Nerves were temporarily stored in PBS and cleared
in graded series of ethyl alcohol (25%, 50%, 75%, 95%, 100%) and placed in methyl
salicylate. Clearing the nerve tissue while preserving the injected Microfil® allowed

for measurement of the vascularity of the nerve segments.

Outcome measurements

Preserved vasculature in the nerve segments was quantified using a SkyScan 1276
micro computed tomography (micro CT, Bruker Corporation, Billerica, MA, USA) to
calculate the vascular volume (three dimensional) and a Canon 5D Mark IV camera,

(Manual Mode, I1SO 200, 1/200th of a sec, f/16), a Canon MP-E 65mm Macro lens and
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a Canon MT-26-RT Twin Lite Macro strobe light source for calculating the vascular

surface area (two dimensional), according to protocol .

Statistical analysis

The vascular volume and the vascular surface area were analyzed and compared to the
non-operated sciatic nerve (control). Analysis of variance (ANOVA) with Bonferroni
post-hoc tests were used for comparisons between groups and time points. Results
were reported as the mean and standard error or the mean (SEM), and the level of

significance was set at a < 0.05.

Cross sectional analysis

To describe the revascularization patterns in various parts of the nerve, cross
sectional images from micro CT imaging were obtained for the 12 and 16 week survival
periods. The length of the nerve between both anastomoses was divided into three
equal sections: proximal (partI), mid (part II) and distal (part III). For each section,
four cross sectional images were obtained. Cross-sectional images were divided into
three equally concentric rings (central (A), middle (B) and outer (C)). The number of
vessels was counted in each ring. Number of vessels in each part of the nerve (proximal,
mid or distal) and ring (central, middle or outer) were averaged and compared to
other groups of nerve grafts using multivariate analysis of variance (MANOVA) with
Bonferroni post-hoc testing. Results were reported as the mean and SEM, and the level

of significance was set at o < 0.05.

RESULTS

Macroscopic appearance of the vessels in the nerve samples

All rats were sacrificed at their designated survival periods and successful
preservation of vasculature was achieved in all nerve samples (N=51). After clearing
had taken place, the nerves were imaged using the micro CT to allow 3D visualization
of the vessels (Figure 1). Macroscopic photographs were obtained from these nerve

samples for 2D visualization of vessels (Figure 2).



Figure 1. Micro computed tomography (micro CT) images of nerve samples. Micro CT images of
control nerve (A), autograft (B), allograft (C) and allograft wrapped in a pedicled superficial inferior
epigastric fascial (SIEF) flap (D). Images were obtained at 16 weeks. Nerve samples were positioned
from proximal to distal (left to right respectively). Scale bar is set at 1 millimeter.

In the supplementary data videos of these nerve samples were provided to give a 3D representation
of the micro CT.



Figure 2. Macroscopic images of nerve samples obtained with conventional digital photography.

Images of the same samples visualized in Figure 2. Microvessels were clearly seen in the control
nerve (A), autograft (B), allograft (C) allograft wrapped in a pedicled superficial inferior epigastric
fascial (SIEF) flap (D). These photographs depicted nerve groups at 16 weeks. Sutures that were used
to repair the graft were visible in nerve graft groups (B,D) and depicted the border of the analyzed
frame. Nerve samples were positioned from proximal to distal (left to right respectively). Scale bar
is set at 1 millimeter.
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Vascular volume and vascular surface area at two weeks

The vascular volume was successfully measured in the three experimental groups
and compared to control. At two weeks, the control nerve samples measured 4.5 +
0.3% vessel (mean + SEM), compared to 2.5 + 0.3% in nerve autografts, 1.4 + 0.4%
in nerve allografts and 3.4 + 0.6% in the SIEF group. Control samples were superior

to autograft (P<0.05) and allograft (P<0.0001), and comparable to the SIEF group
(P=0.1, Figure 3A).

The vascular surface area measured 23.0 + 0.6% vessel in control samples, 23.4 +
0.9% in autografts, 13.8 + 1.5% in allografts and 28.7 + 1.1% in SIEF nerves. SIEF
nerves were superior to all other groups and allografts were inferior to all other groups

(P<0.01 compared to control, P<0.05 compared to autograft, P<0.0001 compared to

allograft) as shown in Figure 3B.

Short-term vascularization at two weeks
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Figure 3. Short-term vascularization at two weeks measured by vascular volume (micro CT, 3A) and
vascular surface area (conventional digital photography, 3B). Results of control, autograft, allograft
and allograft wrapped in a pedicled superficial inferior epigastric fascial (SIEF) flap expressed as
percentage (vessel %) of the total nerve area and were given as the mean + SEM. Please note that
the range of the Y-axes is different. * Indicates significance at P<0.05, ** P<0.01, *** P<0.0001.
SEM = Standard error of the mean.
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Long-term outcomes of vascular volume and vascular surface area

Vascularization outcomes obtained using vascular volume and vascular surface area
are shown in Table 2 for control, autograft, allograft and SIEF nerve samples at 12

and 16 weeks. Significance is visualized in Figure 4 (vascular volume) and Figure 5
(vascular surface area).

Vascular volume
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Figure 4. Vascular volume of nerve groups at 12 and 16 weeks using micro CT. Results of control,
autograft, allograft and allograft wrapped in a pedicled superficial inferior epigastric fascial (SIEF)
flap were expressed as a percentage (vessel %) of the total nerve area and were given as the mean +
SEM. *Indicates significance at P<0.05, *** P<0.0001. SEM = Standard error of the mean

Vascular surface area
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Figure 5. Vascular surface area of nerve groups at 12 and 16 weeks using digital photography. Re-
sults of control, autograft, allograft and allograft wrapped in a pedicled superficial inferior epigastric
fascial (SIEF) flap were expressed as a percentage (vessel %) of the total nerve area and were given as
the mean + SEM. *Indicates significance at P<0.05, *** P<0.0001. SEM = Standard error of the mean
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Table 2. Long-term outcomes of vascular volume and vascular surface area. Values were expressed

as the mean + standard error of the mean. SIEF: superficial inferior epigastric fascial (SIEF) flap.

Vascular volume Vascular surface area
Control

12 wk 50+0.3 26.0 £ 1.2

16 wk 57 +0.3 30.6 £ 1.1
Autograft

12 wk 35+04 25.0+2.8

16 wk 50+04 28.1+35
Allograft

12 wk 27 +0.2 18.0+ 2.2

16 wk 31+0.2 221 +£1.7

SIEF

12 wk 6.1+ 1.5 311 +22

16 wk 126 +£2.4 376 +£34

Revascularization patterns over time

Starting at two weeks, vascularization consisting of a mesh-network occurred from
both host stumps in nerve allograft and SIEF nerve samples, leaving the middle part
avascularized. This invasion of microvessels was more evident from the proximal than
from the distal end. Over time, these differences became more evident in the 12 and
16 week samples, as the sprouted vessels reached to the middle parts of the nerve.
In nerve autografts, longitudinal running vessels were recognized that ran along the
entire length of the nerve. These vessels appeared thicker compared to the newly

formed vessels in the allograft and SIEF nerve samples.

At 12 weeks, the proximal sections of the nerve samples showed that the addition
of vascularization to allograft nerves (SIEF group) resulted in the highest number
of vessels in the outer ring of the nerve (P<0.01). The SIEF group had significantly
more vessels in the middle and central ring as well, compared to the allograft alone
(P<0.05). In the mid-section of the nerve, the number of vessels in the allograft was
lowest compared to all other groups in the middle ring (P<0.05). In the central ring,
the allograft also measured the least number of vessels and was significantly inferior
to SIEF nerves and control nerves (P<0.05). The number of vessels in SIEF nerves and
control nerves were similar in the central ring of the mid-section of the nerve. In the

distal section of the nerve, a trend towards a higher number of vessels was seen in
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SIEF nerves, however, this was not significant. Schematic visualization of the number

of vessels in different parts of the nerve are depicted in Figure 6.

N of vessels in
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Figure 6. Nerve vascularization patterns of nerve groups at 12 and 16 weeks. Micro CT cross-sectional
images throughout the length of the nerve grafts were obtained. The length of the nerve was divided into
three sections: (I) proximal, (II) mid and (III) distal. The cross-sectional images were divided into three
rings: (A) central ring, (B) middle ring, (C) outer ring to count the number of vessels. Nerve tissue was
depicted in yellow and the vessels were depicted in red. Tables describe the number of vessels in each
of the rings per nerve section (proximal, mid and distal) for control, autograft, allograft and allograft
wrapped in a superficial inferior epigastric artery fascia (SIEF) flap. The first row denotes the number
of vessels (mean + SEM) at 12 weeks and the second row at 16 weeks. SEM = Standard error of the mean.

At 16 weeks, the proximal section of the nerve showed superiority of the number of
vessels in SIEF nerves in all three rings of the cross-sections compared to other groups
(P<0.0001 in outer ring, P<0.05 in middle and central ring). In the mid-section of the
nerve, the number of vessels in the outer ring was lowest in the allografts and inferior
to the SIEF and control nerve samples (P<0.05). In the middle ring, the SIEF group was
superior to allograft (P<0.0001) and control nerves (P<0.05) and in the central ring
the SIEF group measured the highest number of vessels and was superior to all other
groups (P<0.0001). In the distal section of the nerve, no significant differences were

found when comparing the groups and different rings (Figure 6).

DISCUSSION

Revascularization of nerve is postulated to occur from (i) extraneural vascular
contribution from surrounding beds (centripetal revascularization) and (ii)

longitudinal bidirectional inosculation from the proximal and distal ends of the graft
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92021 Tposculation results in endothelial-lined newly formed blood vessels starting
from day three, without formation of vessels in the middle segment of the graft %2423,
It is believed that the vessels in the mid-section are formed by ingrowth of blood
vessels from the surrounding bed, starting by day six to eight 2. The larger the grafts,
the longer it takes to be completely revascularized, with risk of fibrosis and central
necrosis ?%. Neovascularization is a complex process of critical importance involving
endothelial cells, sprouting from the parent vessel, and releasing of growth factors,
such as vascular endothelial growth factor (VEGF), a potent angiogenic factor required
during tissue repair %, The predominant mechanism (centripetal versus bidirectional

inosculation) of revascularization remains unknown.

The findings in this study are in line with the theory that inosculation occurs prior to
centripetal revascularization. At two weeks, early revascularization in nerve allografts
occurred from both nerve stumps, but primarily from proximal to distal. In allografts
wrapped in a pedicled flap, this amount of inosculation was greater, suggesting that an
improved vascularized bed promotes longitudinal inosculation, in particular proximal
inosculation. Favored proximal vascular advancement was also suggested by Chalfoun
and colleagues using microvascular blood flow imaging . This finding may support
the fact that success of the nerve graft is partly affected by the length of the nerve graft
22 as a longer graft is subject to higher risk of necrosis in the mid to distal sections.
Between autografts and control nerves a similar pattern of vascularization was seen,
indicating that reestablishment of blood supply occurs along preexisting vascular

channels 2226,

In VNGs (vascularized nerve grafts), neovascularization is triggered in the first 72
hours as the blood flow is equal or greater than that in normal nerves suggesting to
prevent early ischemia 22 This is clearly seen in the increase in vascular volume of
the revascularized allografts compared to the allografts at two weeks. The vascular
volume represents the actual volume of vessels in the nerve, whereas the vascular
surface area is more likely to be an estimation of vessels as a three dimensional
structure is converted to a two dimensional structure. In small nerve samples, a high
resolution of micro CT is crucial to identify the smallest vessels. When such a micro
CT is not available, vascular surface areas can be used to clarify differences between

experimental groups as similar trends between the vascular volume and vascular
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surface areas are seen and these methods are correlated *°, however, based on the

findings of this study, vascular volume is preferred.

The blood supply of the recipient bed affects the success of a nerve graft substantially,
which is believed to be resulting in early revascularization of the graft and ultimately
speed of axonal regeneration and degree of restored function of the target muscle 22
Central necrosis of thick nerve grafts has been a confirmed problem and commonly
described as necrosis of the central ring of the graft (core necrosis) ”?”-?%, Our data are
consistent with previous studies in which not only the core but also the central section
of the length of the allograft nerve has been shown to be predisposed to avascularity,
with potentially higher risk of necrosis 3°. A VNG greatly affects vascularization,
impeding both types of central necrosis. Due to a decrease in graft ischemic time,
VNGs are suggested to lead to faster nerve regeneration than nonvascularized nerve
grafts (NVNG) 3°. However, the rate of axonal regeneration has not found to be different
between non-vascularized and conventional nerve grafts 332 Functional recovery

needs to be tested, as suggested to be positively affected by VNGs .

The theoretical advantages of a VNG or provision of a well-vascularized bed for the
nerve graft are well accepted 7. Maintaining vascularization after nerve injury may
yield several advantages: not only may it restore extrinsic neural blood vessels that
were damaged during nerve trauma, intraneural fibrosis secondary to ischemia will
also be reduced. This may result in an increase of axonal regeneration particularly in
thicker grafts 2233, subsequently preventing target muscle atrophy ’. In order to have
these potential advantages, surgically provided vascularization to the nerve site needs
to be applied accurately. The vascular pedicle should be of large enough diameter to
support microvascular anastomoses in the case of free flaps. To overcome this problem
a simple pedicled flap could be used. Another condition that influences the outcomes
of the peripheral nerve is the fact that blood supply should emanate from a vascular
pedicle that travels parallel with the nerve over an adequate distance 233, The surgical
technique that provides the pedicled adipofascial flap has been validated while taken

these prerequisite conditions in account *°.

The limitation of this study is the large time gap between the short-term and long-
term outcomes. To better describe revascularization patterns, time points at four or

eight weeks may have provided additional information. Vascular response to nerve
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injury is composed of two phases: after the early first phase, triggered by Wallerian
degeneration in the first week, the second phase comprises from one to six weeks after
injury. This phase is characterized by the increase in number of vessels and associated
with nerve regeneration and axonal myelination ¢343°. However, differences between
these phases, or newly developed vessels could not be distinguished from older vessels

using these techniques.

CONCLUSIONS

The results of this study highlight the revascularization patterns after interposition
nerve grafting in rats over time. The importance of adding a well-vascularized bed for
nerve allografts, in means of a pedicled flap wrapped around a nerve, are objectively
measured and visualized over the length of the nerve as well as in the various cross
sectional rings of the nerve. Based on this study, we can conclude that the blood supply
of the recipient bed determines the degree of early revascularization of the nerve graft.
Furthermore, revascularization occurs primarily from proximal to distal (proximal
inosculation) and not from both ends as previously believed and confirms the theory

of centripetal revascularization.
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ABSTRACT

Background

A well-vascularized bed for nerve grafts may diminish nerve rejection by altering
the microenvironment and intricate paracrine mechanisms that control local cellular
pathways. The purpose of this study was to determine how surgical angiogenesis alters

the cellular environment of processed nerve allografts in a rat sciatic nerve defect model.

Materials and Methods

Unilateral sciatic nerve defects of Lewis rats (N=39) were repaired with (i) autografts, (ii)
decellularized processed nerve allografts, or (iii) allografts wrapped with a superficial
inferior epigastric fascial (SIEF) flap to provide vascularization. Animals were evaluated
at two weeks (N=5/group) for flow cytometry and gene expression profiles, and at 12
and 16 weeks (N=4/group/time point) for immunohistochemistry. Gene expression was
quantified by quantitative polymerase chain reaction (qQPCR) analysis of representative
biomarkers, including angiogenic, neurotrophic, immunotrophic and extracellular

matrix (ECM) genes.

Results

Flow cytometry revealed a significant increase in T helper population (CD4) in SIEF rats,
compared to baseline, untreated rats (P=0.02) after one week. Expression of several
angiogenic markers, including Cd34, Pecam1/Cd31, Vegfa and Mmp2 (P<0.05 compared
to autograft), as well as extracellular matrix proteins such as collagen type I (Col1A1)
and type III (Col3A1) (P<0.01, compared to allograft) was significantly increased in SIEF

samples and confirmed by immunohistochemistry.

Conclusions

Surgical angiogenesis of processed nerve allografts alters the cellular environment
confirmed with immune cells obtained from peripheral blood, gene expression profiles
and immunohistochemical staining. These immunological and angiogenic changes may

enhance short- and long-term outcomes of nerve regenerative strategies.
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INTRODUCTION

Traumatic injury to the peripheral nerve results in Wallerian degeneration at the
distal stump ?, causing discontinuation of the nerve and disturbance of blood supply,
consequently preventing nutrition delivery 2. Regeneration of nerve is achieved in a
series of actions mediated by vascular endothelial growth factor (VEGF) and Schwann
cell migration as a result of hypoxia during trauma 3. VEGF, originally known as vascular
permeability factor (VPF) is a signaling protein with vascular permeability activity that
plays arole in regulating new blood vessel formation to provide nutrients to the injury
site *°. Vasculature also allows endothelial cells to secrete growth factors that can be
beneficial for nerve regeneration by interacting with specific cell membrane surface
receptors and stimulating signaling pathways that regulate proliferation, survival,
migration and differentiation ¢”. The importance of growth factors as regulators of
post-injury tissue repair is well-established, however, direct delivery has not resulted
in improved outcomes as postulated 8% This apparent lack of efficacy at present
could be due to the incredible complexity of multiple cellular responses during tissue
healing, as well as technical obstacles related to management of the local delivery
and pharmacokinetics of growth factors. Recipient gene expression is profoundly
altered after nerve transplantation, however, these complex molecular events and
cellular responses are neither fully understood nor easy to dissect. The biological
functions of genes expressed in a paracrine environment influenced by angiogenic
and neurotrophic factors, cytokines controlling immune signal transduction, as
well as collagenous and non-collagenous extracellular matrix (ECM) proteins are
important parameters that are frequently encountered during acute nerve allograft
rejection. Combining gene expression profiles with flow cytometry data of immune
cells obtained from blood and long-term immunohistochemical staining may provide
mechanistic insights into the cellular effect of vascularization on nerve allografts. The
purpose of this study was to evaluate the cellular responses that control the healing
environment of processed nerve allografts in a rat sciatic nerve defect model after

addition of surgical angiogenesis.
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MATERIALS AND METHODS

Animal experiments were approved by the Institutional Animal Care and Use
Committee (IACUC A3348-18). All animals were individually housed with ad libitum

access to food and water, with a twelve-hour light-dark cycle until sacrifice.

Experimental design

Thirty-nine male Lewis rats, weighing between 200 to 300 grams (Envigo, Madison,
WI, USA), were randomly divided into three groups. All rats underwent excision of
a 10-mm portion of the sciatic nerve that was reconstructed with (i) autografts, (ii)
decellularized processed nerve allografts, or (iii) allografts wrapped around with
a superficial inferior epigastric fascial (SIEF) flap to provide vascularization to the
wound bed (SIEF group). At one and two weeks, CD4 and CD8 levels were measured
using flow cytometry. Four extra unoperated rats served for baseline control levels.
Animals were sacrificed at two weeks (N=5/group) or 12 weeks and 16 weeks (N=4/
group/time point) to evaluate gene expression profiles and immunohistochemistry

staining in the nerve graft samples, respectively (Table 1).

Table 1. Experimental design. SIEF flap: Superficial inferior epigastric artery fascial (SIEF) flap, qPCR:
quantitative polymerase chain reaction

Groups Outcome measurements Time points and N
| Autograft + gPCR analysis + At 2 weeks
" Allograft e T cell measurement in blood samples » 5samples/group
1] Allograft + . . . + At 12 and 16 weeks
* Immunohistochemistry analysis
SIEF flap » 4 samples/group

Nerve allograft harvest and processing

A total of thirteen male Sprague-Dawley rats, weighing 250-300 grams, (Envigo,
Madison, W1, USA) served as donors for the bilateral harvest of 15-mm segments of
the sciatic nerve. These rats were used to create a histocompatibility barrier ', The
sciatic nerves were cleaned from external tissue debris and treated using a five-day
decellularization protocol to generate acellular allografts as described previously 3.

Briefly, the nerves underwent multiple sequential washing steps, were incubated in
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chondroitinase and elastase, sterilized using g-irradiation and stored in phosphate

buffer saline (PBS) at 4°C until surgery.

Surgical procedure

Rats were anesthetized in an isoflurane chamber, shaved and positioned in the
nosecone to maintain anesthesia throughout the procedure. Preoperatively the
following were subcutaneously injected; Enrofloxacin (Infection profylaxis, Baytril,
Bayer, Germany, 10mg/kg), 5 mL of NaCl 0.9% and buprenorphine SR (pain control,
Buprenorphine SR-LAB, ZooPharm pharmacy, 0.6mg/kg). Body temperature was
maintained at 37°C with a heating pad.

The sciatic nerve was fully exposed proximally from the inferior margin of the
piriformis muscle to approximately 5 mm distal to the bifurcation, under an operating
microscope (Zeiss OpMi 6, Carl Zeiss Surgica, Oberkochen, Germany). A 10-mm
segment of the sciatic nerve was excised by sharp transection with microsurgical
scissors. In group I, the nerve segment was reversed and placed as an interposition
autograft with six 10-0 nylon (10-0 Ethilon, Ethicon Inc., Sommerville, NJ, USA),
epineural interrupted sutures on either side. In group II, the nerve gap was bridged
with a 10-mm nerve allograft using a similar surgical technique. In group III, a 10-mm
nerve allograft was used to reconstruct the nerve defect and wrapped in a pedicled
adipofascial flap harvested from the abdomen to provide vascularization to the nerve
allograft. Preparation of the superficial inferior epigastric fascial (SIEF) flap was
previously described '*. Briefly, a 4-cm paramedian abdominal incision was made on
the ipsilateral side of the nerve reconstruction. The femoral artery was identified in
the groin and the superficial inferior epigastric (SIE) vessels were exposed. The 4 x 3
cm SIEF flap containing subcutaneous fat, inguinal fat, the femoral vasculature and SIE
vessels, was tunneled subcutaneously toward the nerve reconstruction and wrapped
around the nerve. Both the proximal and distal nerve anastomoses were covered with
the flap. In all groups, wounds were closed in layers, approximating muscle with two
5-0 absorbable interrupted sutures. The skin was closed subcutaneously (5-0 Vicryl
Rapide, Ethicon Inc., Sommerville, N], USA). Postoperatively, the rats were kept warm

with towels.
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Blood collection

At one and two weeks postoperatively, rats were anesthetized using isoflurane
and blood was drawn from the tail vein to measure CD4 and CD8 levels. Rats were

positioned on a heat pad to dilate the tail vein during this experiment.

Flowcytometry

Per sample, 2 ml of blood was collected in heparin tubes. Within an hour, blood was
transferred to vials containing 1 ml of PBS. After decantation of Ficoll-Paque, vials
were centrifuged at room temperature at 2000 RPM for 30 minutes to separate the
buffy coat. The buffy coat of peripheral blood lymphocytes (PBL) was transferred
to a vial containing 1 ml of FACS buffer. This suspension was centrifuged at 4°C at
1500 RPM for 5 minutes, the supernatant was discarded and the pellet was used for
the next steps. For detection of CD4 and CD8 cells, PE-anti-CD4 monoclonal antibody
(clone W3/25, 1:100, ThermoFisher, IL, USA) and FITC anti-CD8 alpha monoclonal
antibody (clone 0X-8, 1:100, ThermoFisher, IL, USA) was used, respectively. Samples
were incubated on ice for 30 minutes, washed with FACS buffer and centrifuged at
4°C at 1500 RPM for 5 minutes. The supernatant was discarded and washing was
performed three times. Cells were fixated with 500 ul of 1% PFA and analyzed using

flow cytometry (FACScan, LSR II, BD™).

Messenger ribonucleic acid (nRNA) quantitative real time PCR (RT-qPCR)

All chemicals and primers for RNA extraction and analysis were purchased from
Millipore Sigma (St. Louis, MO) unless stated otherwise. After sacrifice, nerve grafts
within the sutures were collected in 1 mL Trizol (TRI Reagent, Sigma, USA), placed
on ice immediately and stored at -80°C. Samples were mechanically homogenized
(IKA Ultra Turrax T8 Homogenizer, NC, USA) and stored on ice for 15 minutes before
manual extraction of RNA. To 1 mL of Trizol suspension, 200 pl of chloroform was
added. Samples were vortexed, spun down at 4°C for 15 minutes at 12,000g and
the aqueous phase was carefully transferred to a new tube. After adding 500 pl of
isopropyl alcohol (2-propanol), samples were precipitated at -20°C for one hour and
spun down at 4°C for 20 minutes at 12,000g. The supernatant was removed and the

RNA pellet was washed with 75% Ethanol (EtOH). Samples were spun down for 20
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minutes at 7,500g in 4°C, the supernatant was removed, the RNA was resuspended in
15 pl RNAse free water and RNA concentrations were measured using a NanoDropTM
2000/2000c Spectrophotometer (ThermoFisher Scientific, Waltham, MA, USA).
Complementary DNA (cDNA) was generated using reverse transcriptase and obtained
in a concentration of 10 ng/ul. cDNA was amplified with a CFX384 real time PCR system
(Bio-Rad Laboratories, Inc., CA, USA) using SYBR Green detection.

Genes evaluated

Genes were selected based on their involvement in nerve regeneration and
neovascularization, as well as other biological properties and functions ”!*'7 (Table
2). Results were normalized to the mRNA for the general cytoskeletal protein 3-actin
gene (Actb) because this reference gene remains relatively invariable among many
tissues and cell types 8. The differences in gene expression levels were quantified
using the comparative delta crossover threshold (222¢") method *2°. Primer sequences

per gene are provided in the Appendix.

Immunohistochemistry

To visualize nerve fibers and vascularization, nerve grafts obtained from four rats
of each group were used for immunohistochemical staining at 12 and 16 weeks after
reconstruction. Nerve grafts were harvested, fixed in 10% formalin under agitation
for 48 hours, stored in 70% ETOH and embedded in paraffin. Cross-sectional sections
(5 pm) from the mid-distal portion of the graft were cut and stained for protein gene
product 9.5 (PGP9.5) a pan-neuronal marker (diluted 1:500, Agilent, USA), which stains
both myelinated and unmyelinated nerve fibers !, S100B, a common marker of neural
tissue (diluted 1:5000, Agilent, USA) and CD34 (diluted 1:4000, Abcam, USA), staining
vascular endothelial cells and extensively expressed on blood vessels 22, A qualitative
assessment of the number of blood vessels and nerve fibers in the nerve sections was

performed by four blinded observers, using an established scoring system 23.

Statistical analysis

Results of qPCR measurements were analyzed for each gene using analysis of variance

(ANOVA) corrected with Bonferroni post-hoc testing. Cytokine blood levels were
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analyzed using an unpaired student t-test. Results were reported as the mean and

standard error of the mean (SEM), and the level of significance was set at a < 0.05.

Table 2. Investigated genes including their description and function.

Gene Symbol Description Function

Gapdh Glyceraldehyde-3-phosphate Housekeeping gene
dehydrogenase

Actb Cytoskeletal protein B-actin Housekeeping gene

Neurotrophic markers

Gdnf Glial cell derived neurotrophic factor | Promotes survival of neurons by
prevention of apoptosis

Ngf Nerve growth factor Guider of axonal growth and promotes
Schwann cell activity

Pmp22 Peripheral myelin protein 22 Schwann cell growth, important
component of myelin

Ptn Pleiotrophin Neuronal protection

Angiogenic markers

Vegfa Vascular endothelial growth factor a Proliferation and migration of vascular
endothelial cells

Pecam1/Cd31 | Platelet endothelial cell adhesion Maintains vascular permeability barrier
molecule or Cd31

Mmp2 Matrix metallopeptidase 2 Expression is correlated with increased
angiogenesis

Cd34 Cd34 molecule Role in early hematopoiesis

Immunogenic markers

Cd4 Cd4 molecule Helper T cells
Cds Cd8 molecule Cytotoxic T cells
Tnf Tumor necrosis factor Inflammation — type M1 macrophages

Extracellular matrix (ECM) markers

Col1A1 Type | collagen Interaction with ECM

Col3A1 Type Il collagen Interaction with ECM

Fbin1 Fibulin1 Perineurium of peripheral nerve
Lamb2 Laminin subunit beta 2 Regulates cell growth, motility and cell

adhesion
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RESULTS
Peripheral T cells

To understand systemic levels of inflammation, we examined classical T cell markers in
blood samples. After one week, T helper population (CD4) was significantly increased
in SIEF rats (59.7+1.0%), compared to baseline, untreated rats (47.4+4.3%, P=0.02).
CD4 cells measured 58.6+3.0% in autografts and 54.8+3.5% in allografts at one week,
respectively. At two weeks, CD4 decreased to 48.9+5.8% in autografts, 57.1+4.0%
in allografts and 56.7£1.1% in SIEF rats, respectively (P=0.10). CD8 cells measured
23.2+1.2% and 21.7+3.0% in autografts, 22.2+1.0% and 22.8+1.2% in allografts and
22.7+0.2 and 23.7+0.9% in SIEF rats, at one and two weeks, respectively. No significant
differences in proportions of T cytotoxic/suppressor populations (CD8) were seen,
compared to baseline (26.2+1.9%, P>0.10), or between time points (P=0.20, Figure
1). These results indicate that CD4-positive T helper cells are selectively elevated in
SIEF rats.

Helper T cells (CD4) Cytotoxic T cells (CD8)

*

o
o
J
0
o
]

3 Control

El Autograft
E3 Allograft
[ SIEF

Percentage of CD4 cells (%)
N Py 2]
e e < <
>
Percentage of CD8 cells (%)
e 8 & 8

Figure 1. Helper T cells (CD4) and cytotoxic T cells (CD8) in peripheral blood. Percentage of live
cells in control (baseline) rats and rats in which the 10- mm sciatic nerve gap has been repaired with
autograft, allograft and allograft wrapped around with a superficial inferior epigastric artery fascial
(SIEF) flap to provide vascularization, at one week and two weeks post-surgery. Bars denote mean
+ SEM. *Indicates significance at P < 0.05. SEM: Standard error of the mean.
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Quantitative PCR analysis

Paracrine environment

To understand the local cellular environment near the nerve repair site, we examined
the relative expression of angiogenic and neurotrophic markers in rats in which
the nerve defect was reconstructed with autograft, allograft or allograft wrapped
around with a SIEF flap at two weeks (Figure 2). Expression of angiogenic markers
including Cd34, Pecam1/Cd31, Vegfa and Mmp2 exhibited a significant increase in SIEF
samples (0.050£0.011, 0.774+0.123 0.367+0.101 and 5.175+1.207 for these markers,
respectively) compared to autograft nerve (0.012+0.005, 0.222+0.025, 0.075+0.007
and 1.365%0.065 for these markers, respectively, P<0.05). Expression values for
allograft samples were 0.024+0.005 for Cd34, 0.681+0.167 for Pecam1, 0.152+0.020
for Vegfa and 2.628+0.437 for Mmp2. The relative expression of neurotrophic markers
such as Gdnf, Ngf, Pmp22 and Ptn was also analyzed. Expression of Gdnf and Ngf,
was below or near the level of detection (smaller than 0.02, data not shown). Pmp22
demonstrated significantly increased expression of allograft nerves (0.882+0.118)
compared to autograft (0.446+0.099, P<0.05) and SIEF nerves (0.182+0.030, P<0.05)
(Figure 2). Expression levels of Ptn revealed superiority of autograft (0.417+0.043,
P<0.01) and allograft (0.312+0.036, P<0.05) compared to SIEF (0.105+0.012), but the
expression levels that were detected are relatively low. These results indicate that the
addition of an adipofascial flap to the nerve allograft repair modifies the paracrine

environment.
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Figure 2. Gene expression profiles of paracrine environment including angiogenic and neuro-
trophic markers. Expression profiles for angiogenic markers included Cd34, Pecam1/Cd31, Vegfa
and Mmp2. Neurotrophic markers included Pmp22 and Ptn. Expression levels for Gdnf and Ngf were
<0.02, thus considered non-detectable. Gene expression profiles are shown for autograft, allograft
and allograft wrapped around with a superficial inferior epigastric artery fascial (SIEF) flap, and
were normalized to Actb. *Indicates significance at P < 0.05, **P < 0.01.
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Immunotrophic gene expression

Relative expression of immunotrophic genes was examined to assess the local
inflammatory environment (Figure 3). Expression of Cd4 was significantly highest
in allograft (0.913+0.058) compared to autograft (0.152+0.004, P<0.001) and SIEF
(0.585+0.096, P<0.05). Cd8 expression was highest in SIEF samples (0.243+0.035),
compared to autograft (0.069+0.010, P<0.001) and allograft (0.069+0.004, P<0.001).
Expression values for Tnfrevealed very low expression profiles in all three graft groups,
with significantly highest expression in SIEF samples (P<0.05). These results indicate

that distinct subtypes of T cells may be active near the grafts during nerve tissue repair.
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Figure 3. Gene expression profiles of immunotrophic markers including Cd4, Cd8 and Tnf. Gene
expression profiles from autograft, allograft and allograft wrapped around with a superficial inferior
epigastric artery fascial (SIEF) flap. Gene expression was normalized to Actb. *Indicates significance
at P <0.05, **P < 0.01, ***P < 0.001.
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Extracellular matrix gene expression

The activity of fibroblastic cell types in nerve regenerative surgery was investigated
by examining the expression of collagenous and non-collagenous extracellular matrix
proteins (Figure 4). SIEF nerves measured a significantly higher expression values
for Collal (139.850+31.192) and Col3al (31.257+7.284) compared to allograft nerves
(36.602+8.43 for Collal and 4.395+1.856 for Col3al, P<0.01), and superiority to
autograft nerves for Col3al (0.749+0.235, P<0.01), but not for Collal (69.211+5.028).
Fibulin (Fbln1) expression was lower in SIEF nerves (0.155+0.022) compared allograft
(0.401+0.093, P<0.05) and autograft (0.712+0.032, P<0.001). Laminin 2 (Lamb2)
expression was very low in all samples and did not significantly differ between graft
groups (0.138+0.009 for autograft, 0.092+0.029 for allograft and 0.094+0.011 for
SIEF) (Figure 4). The active expression of different collagen proteins is consistent
with the presence of fibroblastic cell types that generate fibrous repair tissues near

nerve grafts.
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Figure 4. Gene expression profiles of extracellular markers including Collal, Col3al, Fbinl and
Lamb2. Gene expression profiles from autograft, allograft and allograft wrapped around with a
superficial inferior epigastric artery fascial (SIEF) flap. Gene expression was normalized to Actb.
*Indicates significance at P < 0.05, **P < 0.01, ***P < 0.001.
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Immunohistochemistry

The in situ inter-relationship between nerve tissues and blood vessels in the nerve graft
tissue was assessed. Immunohistochemical signals were depicted using antibodies
against PGP 9.5, S100, identifying neural tissue, and CD34 for staining blood vessels
(Figure 5A). Established qualitative assessment showed a consistent distribution for
PGP 9.5 and S100 throughout the nerve tissue in all groups at 12 and 16 weeks (Figure
5B). CD34 showed differences in expression between groups and time points. Allograft
nerve tissue wrapped with the SIEF flap showed highest expression of CD34 at both
time points. At 12 weeks, CD34 was occasionally present in allograft nerve tissue,
while higher expressed in autograft and control nerve. At 16 weeks, CD34 expression
had increased slightly in allografts, but still lowest expression compared to other
groups. Representative mid-distal graft nerve sections of the four groups including
non-operated control and Haemotoxylin and Eosin (H&E) marker at 12 weeks are
depicted in Figure 5A. Collectively, these studies suggest that wrapping with the SIEF

flap enhances vascularization in nerve graft tissue.
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Figure 5. Density of protein gene product 9.5 (PGP9.5), S100 and CD34 immunoreactivity. (A)
Micrographs showing density in mid-distal graft sections from control nerve samples, autograft,
allograft and allograft wrapped with a superficial inferior epigastric fascial (SIEF) flap at 12 weeks.
Hematoxylin and Eosin (H&E) marker was used as principal stain. Scale bar is set at 100 pm. (B)
Qualitative assessment of immunohistochemistry. Density: 0 none, +/- occasional, + sparse, ++ few,
+++ moderate, ++++ abundant, assessment described by Ferretti et al. (2003)*.
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DISCUSSION

In this study, gene expression profiles combined with immunohistochemistry
staining against neuronal and angiogenic markers in nerve gaps repaired with
autograft, allograft and allograft wrapped around with a SIEF flap to provide
vascularization, were analyzed. These studies were conducted to understand the
regulatory mechanisms in the physiological microenvironment generated after nerve
transplantation and how vascularization of the nerve bed could alter this healing
niche. We examined the expression of the most prominent groups of genes that were
predicted to play a role in the effect of vascularization on nerve regeneration and
compared their expression in autograft, allograft and SIEF nerve samples, two weeks

after nerve reconstruction.

After nerve trauma, a series of responses occur that involves Wallerian degeneration 2.
During Wallerian degeneration, the axons and myelin degenerate in the distal stump of
the axotomized nerve, leading to phenotypic changes that promote axonal regeneration
125, The molecular changes in the paracrine environment, described as the immediate
extracellular environment, and the peripheral environment both contribute to form a

favorable environment for axonal outgrowth 2°.

Angiogenesis

Expression for all assessed angiogenic markers including Cd34, Pecam1/Cd31,
Vegfa and Mmp2, was increased in allografts wrapped with the SIEF flap compared
to autograft and allograft alone. The increase for these markers in SIEF group was
shown to be statistically significant compared to autograft. Previous studies revealed
that VEGF expression is significantly upregulated during the early phases after nerve
trauma, while a strong downregulation was shown in degenerating nerve, suggesting
its possible role during the regenerative process ?’. Our results corroborate these
findings and could be explained by the fact that the decellularized nerve allograft
is free from vascular cells and undergoes revascularization immediately following
nerve reconstruction, whereas this is not necessary in autografts. The process of
revascularization is upregulated when providing an adipofascial flap around the
nerve allograft. Imnmunohistochemical staining against CD34 revealed that long-term

vascularity is enhanced at 12 and 16 weeks in allografts wrapped with the SIEF flap.
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This improved vascularization is predicted to facilitate nerve graft survival and neural

tissue regeneration.

Neuronal expression

Neurotrophic factors play essential roles in axonal guidance, myelination and neuronal
survival %8, In this study, Gdnf and Ngf expression levels were shown to be near to non-
detectable. Gdnf was shown to promote survival of neurons by prevention of apoptosis
1529 and Ngf to promote Schwann cell activity 3°-32. Yet, these genes were only found to
be upregulated in sensory nerves and not in motor nerves 173334 providing a plausible
explanation for these findings. Data on neurotrophic factors is limited and would
require additional longitudinal studies with multiple time points to draw definitive
conclusions regarding their modulation. Studies presented to date have shown that
expression of Gdnf and Ngf is highly variable and clearly fluctuates over the course
of the first 21 days in vitro ”. Long-term results in this study, showed no differences
in neuronal expression between groups using immunohistochemistry against PGP
9.5 and S100. Neurotrophic factors after nerve repair are highly variable and require

additional studies prior to drawing definitive conclusions.

Immunology

Two classical subpopulations of T cells are involved in rejection of tissue allografts
35, In our study, the fraction of CD4 positive T cells measured in peripheral blood
were significantly increased in allografts wrapped with the SIEF flap at one week
postoperatively. No differences between groups were found for CD8 positive T cell
when compared to control baseline levels. A previous study has found a peak of
cytotoxic CD8 T cells 3, but this finding did not replicate under our experimental
conditions. Processed decellularized nerve grafts, used in this study, are acellular and
are not expected to evoke immune rejection to any large extent that it would result
in recruitment of CD8 positive cells to the graft site. Immunotrophic genes showed
measurable differences in mRNA levels, but these levels were close to background
levels thus precluding definitive interpretation. The alloimmune response involves
many cytokines influencing the progression of the response leading to either allograft

survival or rejection *¢. Based on these findings, it could be concluded that nerve defect
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repaired with a nerve graft results in immunotrophic changes locally, and also in the

peripheral environment.

Extracellular matrix (ECM)

Collagen is found in most connective tissues and plays a key role in each phase of
healing after injury *". In vitro, high levels of ECM-related gene expression profiles
demonstrate cell adhesion and cell-to-cell communication abilities ”. In rat skin, type
[1I collagen is associated with early increase in collagen synthesis and may function
in supporting healing ¥. These studies are consistent with our observation that ECM

related gene expression is increased in SIEF nerve tissue.

Strengths and limitations

Evaluation of gene expression profiles in a surgical nerve repair model in which a
pedicled adipofascial flap supports vascularization of nerve allografts represents a
new approach to understand how vascularization alters the local healing environment.
Molecular results can support the assessment of functional outcomes and provide
mechanistic answers to success or failure of nerve repair strategies by elucidating
effects of surgical angiogenesis on nerve allografts. Unfortunately, the set-up of these
experiments did not allow for functional recovery outcomes. Future animal studies
will focus on combining molecular results with functional motor outcomes to describe

the effect of surgical angiogenesis on nerve regeneration in more detail.

Another limitation of the current in vivo study is the lack of gene expression profiles
evaluation over time. Gene expression may vary over time and following these
profiles over a time course may provide more information. One obstacle remains
the experimental logistics, the cost of surgery and animal maintenance to obtain
longitudinal results that permit assessment of nerve vascularization over time. We
also appreciate the limitation that gene expression profiles may be altered due to the
trauma or inflammation caused at time of surgery, and that some growth factors and
EMC proteins in the healing environment are triggered in vivo only and cannot be

recapitulated in vitro.
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CONCLUSIONS

This study demonstrates that addition of a pedicled adipofascial SIEF flap to the
nerve allograft increases vascularity when compared to allografts only and alters
immunotrophic factors locally and in peripheral blood. Results obtained from
peripheral blood, gene expression profiles and immunohistochemistry at both short-
and long-term suggest that surgical angiogenesis alters the cellular environment of

processed nerve allografts to potentially enhance nerve regeneration.
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APPENDIX

Table 1. mRNA primer sequences per gene

Gene Symbol Sequence

Gapdh Fwd: 5" AGTGCCAGCCTCGTCTCATA 3’
Rev: 3' GATGGTGATGGGTTTCCCGT 5

Actb Fwd: 5 CAGCCTTCCTTCCTGGGTATG 3'
Rev: 3' AGGGTGTAAAACGCAGCTCA 5’
Neurotrophic markers

Gdnf Fwd: 5*CTGACCAGTGACTCCAATATGC 3'
Rev: 3' TTAAGACGCACCCCCGATTT 5'

Ngf Fwd: 5" CACTCTGAGGTGCATAGCGT 3’
Rev: 3' CTATTGGTTCAGCAGGGGCA 5'

Pmp22 Fwd: 5" GTCTGGTCTGCTGTGAGCAT 3’
Rev: 3' GCCATTGGCTGACGATGGTG 5

Ptn Fwd: 5 GCCGAGTGCAAACAAACCAT 3’
Rev: 3' TGATTCCGCTTGAGGCTTGG 5

Angiogenic markers

Vegfa Fwd: 5 AGAAAGCCCATGAAGTGGTGA 3’
Rev: 3 GCTGGCTTTGGTGAGGTTTG 5'

Pecam1/Cd31 Fwd: 5" TTGTGACCAGTCTCCGAAGC 3’
Rev: 3' TGGCTGTTGGTTTCCACACT &'

Mmp2 Fwd: 5" AGAGGATACCCCAAGCCACT 3'
Rev: 3' ATAGCTGTGACCACCACCCT 5

Cd34 Fwd: 5" AGTACCCACACGGATGGAGTG 3’
Rev: 3' CTCGAGAACAGCCAGGTACA 5
Immunogenic markers

Cd4 Fwd: 5" AAGGACTGGCCAGAGACTCA 3’
Rev: 3' TTTCTTGTTCTCCAGCTCGCA &'

Cds Fwd: 5" CTCATCTGCTGCCACAGGAA 3’
Rev: 3' GCCCGGTCTCTTGTGAGAAA 5

Tnf Fwd: 5" CTGTGCCTCAGCCTCTTCTC 3'
Rev: 3' GCTTGGTGGTTTGCTACGAC 5'

Extracellular matrix (ECM) markers

Col3A1 Fwd: 5 CCCGGCAACAATGGTAATCC 3’
Rev: 3' GACCTCGTGCTCCAGTTAGC 5

Col1A1 Fwd: 5" TGACTGGAAGAGCGGAGAGT 3’
Rev: 3' GATAGCGACATCGGCAGGAT 5'

Fbin1 Fwd: 5 TGAGAACTATCGCCGCTCTG 3’
Rev: 3' GGGTGAACTCTCGGAAGGTG 5’

Lamb2 Fwd: 5" AGTACCCACACGGATGGAGTG 3’
Rev: 3' CTCGAGAACAGCCAGGTACA 5
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ABSTRACT

Background

Surgical angiogenesis applied to nerve grafts has been suggested to enhance nerve
regeneration after nerve injury. We hypothesized that surgical angiogenesis to
decellularized nerve allografts would improve functional recovery in a rat sciatic

nerve defect model.

Materials and Methods

Sixty Lewis rats were divided in three groups of 20 animals each. Unilateral sciatic
nerve defects were repaired with (i) autografts, (ii) decellularized allografts and
(iii) decellularized allografts wrapped with a superficial inferior epigastric fascial
(SIEF) flap to add surgical angiogenesis. Twelve and 16 weeks after surgery, nerve
regeneration was assessed using functional, electrophysiological, histological and
immunofluorescence analyses. Ultrasonography was used during the survival period
to noninvasively evaluate muscle atrophy and reinnervation by measuring cross-

sectional muscle area.

Results

Surgical angiogenesis of allografts demonstrated significantly improved isometric
tetanic force recovery at 12 weeks, compared to allograft alone, which normalized
between groups at 16 weeks. Cross-sectional muscle areas showed no differences
between groups. Electrophysiology showed superiority of autografts at both time
points. No differences were found in histological analysis, besides a significantly
inferior N-ratio in allografts at 12 weeks. Immunofluorescent expression of CD34,
indicating vascularity, was significantly enhanced in the SIEF group compared to

allografts at 12 weeks, with highest expression at 16 weeks compared to all groups.

Conclusions
Surgical angiogenesis with an adipofascial flap to the nerve allograft increases
vascularity in the nerve graft, with subsequent improvement of early muscle force

recovery, comparable to autografts.
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INTRODUCTION

Traumatic nerve injuries are a common cause of severe disability and result in loss
of sensory- and motor function *. The gold standard remains end-to-end tension-free
neurorrhaphy 23, When this is not possible, autograft interposition is needed, requiring
harvest of a functional autologous nerve with the associated donor site morbidity *.
Experimental models have investigated allogenic nerves, processed allografts,
conduits and vein grafts for the reconstruction of peripheral nerve injuries >7. While
these substitutes have demonstrated successful recovery, outcomes have yet to exceed
the results of autografts. It is widely accepted that functional results are poor when
nerve grafts are transplanted into scarred recipient beds ¢ and that independent blood

supply of nerve grafts could improve outcomes **°.

Processed nerve allografts are devoid of cellular materials, have no vascular supply
and undergo revascularization from the surrounding tissue bed via centripetal
revascularization . Surgical addition of vascularization (surgical angiogenesis) has
the advantage of ensured blood supply, potentially minimizing the period of ischemia
and diminishing fibrosis and central necrosis. Imnmediate revascularization promotes
axonal regeneration '?and faster reinnervation, which could reduce denervation-
induced muscle atrophy 3. Furthermore, the addition of cellular-based therapy such
as adipose-derived mesenchymal stem cells (MSC), could influence vascularization *3.
Adipose tissue itself is a rich source of MSCs, with proven beneficial effects on nerve
regeneration *18 The superficial inferior epigastric artery fascial (SIEF) flap is an
easily harvested flap that provides surgical angiogenesis while improving nutrition
and circulating pluripotent cells to the wound site, as well as a layer of adipose
tissue to the nerve injury bed, a potential source of stem cells '°. Application of either
vascularized nerve grafts (VNG) or vascularized flaps around nerve grafts has been
suggested to improve outcomes, however, there are conflicting clinical and basic
science reports on its efficacy 223, In the present study, we investigated the effect of
surgical angiogenesis of decellularized nerve allografts on functional motor recovery
after segmental nerve repair in rats by comparing allografts placed in a vascularized

bed to allografts alone and autografts.
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MATERIALS AND METHODS

Animal experiments were approved by the Institutional Animal Care and Use
Committee (IACUC A3348-18). A total of 60 male Lewis rats, weighing 200-300 grams
(Envigo, USA), were randomly divided into three groups. All rats underwent excision of
a 10-mm portion of the sciatic nerve. In group I (nerve autograft, gold standard), this
nerve defect was repaired with an ipsilateral reversed autologous graft. In group II, the
same gap was reconstructed with a 10-mm processed nerve allograft. In group III, the
allograft was wrapped with a SIEF flap *°. All groups had survival periods of 12 and 16
weeks (N=10 per time point/group) for evaluation of outcomes. Time points were chosen
based on previous research and the neuroregenerative capacity of rats °. Muscle atrophy

and reinnervation was noninvasively measured over time using ultrasonography.

Nerve allograft harvest and processing

Twenty male Sprague-Dawley rats, weighing 250-300 grams, (Envigo, USA) served as
donors for harvesting 15-mm segments of the sciatic nerve bilaterally. This species
of rats were specifically chosen to create a histocompatibility mismatch to the Lewis
rats 2*2%, The sciatic nerves were cleaned from external debris and processed into
acellular allografts using a nerve decellularization protocol 2. Nerves were harvested
under sterile conditions and underwent a series of washing steps, were sterilized using

g-irradiation and stored at 4°C until use 2°.

Surgical procedure

Rats were anesthetized in an isoflurane chamber, shaved and positioned in the nose
cone to maintain anesthesia throughout the procedure. Preoperatively Enrofloxacin
(Infection prophylaxis, Baytril, Germany, 10mg/kg), 5 mL of NaCl 0.9%, and
buprenorphine SR (pain control, Buprenorphine SR-LAB, ZooPharm pharmacy, 0.6mg/
kg) were injected subcutaneously. Body temperature was maintained at 37°C with a

heating pad.

The sciatic nerve was fully exposed proximally from the inferior margin of the
piriformis muscle to approximately 5-mm distal to the bifurcation, under an operating

microscope (Zeiss OpMi 6, Carl Zeiss Surgica, Oberkochen, Germany). A 10-mm segment
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of the sciatic nerve was excised by sharp transection with microsurgical scissors. In
group [, the nerve segment was reversed and placed as an interposition autograft
with six 10-0 nylon (10-0 Ethilon, Ethicon Inc., NJ, USA) epineural interrupted sutures.
In group 1], the nerve gap was bridged with a 10-mm nerve allograft using a similar
surgical technique and in group III this nerve allograft was wrapped with a pedicled
SIEF flap as previously described *.In short, the femoral artery was identified in the
groin and the superficial inferior epigastric (SIE) vessels were exposed. The SIEF flap
was tunneled subcutaneously toward the nerve reconstruction and wrapped around

the nerve to surround both nerve anastomoses (Figure 1).

of SIE vessels

Camper fascia 1

Figure 1. Schematic drawing of the superficial inferior epigastric fascia (SIEF) flap harvest.
Depicted is the elevation of the flap from distal to proximal (A), providing a 4 x 3 cm adipofascial flap
(B) based on the lateral branch of the superficial inferior (SIE) vessels. The SIEF flap was tunneled
subcutaneously toward the nerve without vascular twisting of the epigastric trunk (C) and wrapped
around the nerve graft reaching both anastomoses (D). The flap edges were trimmed if needed and
two 10-0 nylon sutures were placed to secure the position of the SIEF flap (E). With permission of
the Mayo Foundation 2019 for Medical Education and Research. All rights reserved.
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Wounds were closed in layers, approximating muscle with two 5-0 absorbable
interrupted sutures (5-0 Vicryl Rapide, Ethicon Inc., NJ, USA) and the skin was closed
subcutaneously. After surgery, all animals were individually housed with ad libitum

access to food and water.

Survival period evaluation

During the survival period, ultrasonography was used to measure cross-sectional
scans of the tibial anterior muscle in the 16-week survival group and these were

compared to the contralateral side, as previously described %’.

Non-survival evaluation

At 12 and 16 weeks, the rats underwent a non-survival surgical procedure. Anesthesia
was induced by an intraperitoneal injection of ketamine (Ketaset, 80 mg/kg; Fort
Dodge Animal Health, lowa, USA) and xylazine (10mg/kg) and maintained by ketamine
(40mg/kg) throughout the procedure. Rats were kept warm at 37°C on the heating

pad during this experiment.

Ankle contracture angle - The ankle contracture angle was determined by measuring
the angle between the anterior side of the tibia and the dorsal aspect of the paw with

the ankle in maximal passive plantar flexion 528,

Electrophysiology (compound muscle action potential, CMAP) - The main sciatic nerve
proximal to the graft was exposed and CMAP was measured using a miniature
bipolar electrode connected to VikingQuest portable electromyelogram (Nicolet
Biomedical, Madison, WI). A non-recurrent single stimulation was used with duration
of 0.02milliseconds at an intensity level of 2.7mA. The maximal amplitude of the

depolarization curve was recorded °.

Maximum isometric tetanic force (ITF) - Maximum ITF measurements were performed
as previously described *°. Quantification of the ITF provides reproducible evaluation

of functional recovery.
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After rats were euthanized with Pentobarbital Sodium (Fatal Plus, 390 mg/mL,
Vortech, MI, USA), tissues were collected. Tibial muscles were carefully dissected
and weighed to evaluate muscle mass. Sciatic nerves and peroneal branches were

harvested bilaterally and immediately stored in fixative.

Histology - Peroneal nerve samples were processed and subsequently infiltrated in
50%, 75% and finally 100% epoxy resin and polymerized at 65°C for 12-18 hours to
allow cutting 1-pm transverse sections. Samples were stained on a warming plate
with toluidine blue (Fisher Scientific, Pennsylvania, USA) for 2-2.5 minutes to evaluate
histological outcomes. Nerve area, myelin thickness, axon count, total axon area were
determined using NIS-Elements software (NIS-Elements BR 4.51.01), and the N-ratio
(ratio between the myelinated fiber area and tissue cable area), indicating the number

of axonal sprouting and maturation of the regenerating nerve 3°-32, was calculated.

Immunofluorescence - Sciatic nerves were embedded in paraffin, sectioned transversely
to a thickness of 5-pm and reacted with immunofluorescent markers CD34, staining
vascular endothelial cells and extensively expressed on blood vessels ¥, and protein
gene product 9.5 (PGP 9.5), a pan-neuronal marker, staining both myelinated and
unmyelinated nerve fibers 3%, to quantify vascularity and axons, respectively. The
CD34 primary antibody (1:2000, rabbit monoclonal, Abcam, UK) was diluted in
background reducing diluent (Dako, Agilent Technologies Inc., CA, USA) and incubated
for 60 minutes. PGP9.5-Alexa 568 conjugate (1:50, rabbit polyclonal, Dako), using the
Zenon-Alexa 568-Rabbit IgG kit (Fisher Scientific) was incubated for 60 minutes, prior
to staining with the appropriate secondary antibody (Alexa Goat-Anti-Rabbit 488,
1:200, Fisher Scientific). Counterstain was performed using Hoechst 33342 (Fisher
Scientific) for 10 minutes, to stain cell nuclei. Slides were cover slipped and images
were obtained using confocal microscope (Zeiss LSM 780, Carl Zeiss Surgical GmbH,
Oberkochen, Germany). The total nerve area was defined by the combined area of
tissues positively stained for any of PGP 9.5, CD34 and Hoechst. Density of axons and

vascularity were normalized to the total nerve area and expressed in percentages.

A detailed description of evaluation measurements is provided (See Appendix).
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Statistical analysis

Testing was performed on both the experimental left side and on the contralateral
right side, and results were expressed as a percentage of the values of the left to
the right side (L/R ratio in %), to diminish the effect of normal biologic variability
between animals. Two-way analysis of variance (two-way ANOVA) for ultrasonography
analysis and one-way ANOVA for all other outcomes, corrected by Bonferroni post-hoc
testing was used for statistical investigation. Sample size (N=10) was calculated by
our statistician based on power analysis to find significant differences in functional
recovery between groups. All results were reported as the mean and standard error

of the mean (SEM), with level of significance set at a<0.05.

RESULTS

Animal weight

Differences in sacrifice weight among groups at 12 weeks (P=0.33) and 16 weeks

(P=0.23) were not significant.

SIEF group

All arteries were patent at both sacrifice time points and the flap was actively bleeding

during dissection.
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Wet muscle mass

At 12 weeks, the autograft muscle mass (66.6 + 2.1% of the contralateral tibial muscle)
was superior in comparison to allografts (57.6 * 2.5%, P=0.01) and the SIEF group
(56.0 £ 1.4%, P<0.01). At 16 weeks, autografts measured 70.8 + 1.8%, allografts 65.9
* 3.4% and SIEF 61.8 + 1.5%. The autograft was only significantly superior to the SIEF
group (P<0.05) (Figure 2).
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Figure 2. Wet muscle mass of the tibial anterior muscle at 12 and 16 weeks for the autograft, al-
lograft and the allograft wrapped with a superficial inferior epigastric artery fascial (SIEF) flap.
Results are expressed as a percentage of the experimental left side to the unoperated right side
(L/R Ratio) and are given as the mean + SEM. *Indicates significance at P<0.05, ** P<0.01). N=10 per
group. SEM: Standard error of the mean.

Ankle contracture angle

At 12 weeks, the ankle contracture angle measured 81.6 + 3.1% in the autograft group,
72.7 £ 1.2% in allografts and 75.8 £ 2.1% in SIEF. Autografts had a significant larger
angle compared to allografts (P<0.05). At 16 weeks, all groups normalized to similar

results with around 80% recovery.
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Electrophysiology

Recovery of the CMAP at 12 weeks showed that autograft (57.2 + 2.9%) was superior
to allograft (35.9 + 3.6%, P<0.001) and SIEF (46.5 + 2.6%, P<0.05). This same pattern
was seen at 16 weeks; the autograft (66.0 + 3.3%) was superior to the allograft (45.9
+4.8%, P<0.01) and the SIEF (53.1 + 3.1%, P=0.03, Figure 3).
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Figure 3. Compound muscle action potential (CMAP) at 12 and 16 weeks for the autograft, allograft
and the allograft wrapped with a superficial inferior epigastric artery fascial (SIEF) flap. Results
are expressed as a percentage of the experimental left side to the unoperated right side (L /R Ratio)
and are given as the mean + SEM. *Indicates significance at P<0.05, ** P<0.01, ***P<0.001). N=10 per

group. SEM: Standard error of the mean.
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Isometric tetanic force

At 12 weeks, the recovery of the tibial muscle ITF measurements was 54.7 + 4.7%
for the autograft, 33.3 + 2.7% for allografts, and 52.4 + 4.9% for SIEF (Figure 4). In
both autografts and the SIEF group, ITF recovered significantly better compared to
allografts alone (P<0.01 and P=0.01 respectively). SIEF and autograft ITF outcomes
were not different (P=0.58). At 16 weeks, no significant differences were found

between groups (autograft 77.3 + 7.1%, allograft 74.0 + 5.5%, SIEF 70.2 £ 3.5%, P=0.64).
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Figure 4. Isometric tetanic force testing (ITF) at 12 and 16 weeks for the autograft, allograft and
the allograft wrapped with a superficial inferior epigastric artery fascial (SIEF) flap. Results are
expressed as a percentage of the experimental left side to the unoperated right side (L/R Ratio) and
are given as the mean + SEM. *Indicates significance at P<0.05, ** P<0.01). N=10 per group. SEM:

Standard error of the mean.
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Muscle atrophy over time

A marked loss of tibial muscle cross-sectional area of 60% was found in week four
in all groups, followed by an increase up to 16 weeks. At 16 weeks, recovery muscle
loss was averaged at 64.8 + 5.3% for autograft, 66.4 + 7.3% for allograft and 72.0 *
4.9% for SIEF (Figure 5). No significant differences were found among groups at the

different time points.
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Figure 5. Cross-sectional scans of tibial anterior muscle determined by ultrasonography. Nerve
defects repaired with autograft, allograft and the allograft wrapped with a superficial inferior epi-
gastric fascial (SIEF) flap are followed up in time until sacrifice. Results are expressed as a percentage
of the experimental left side to the unoperated right side (L/R Ratio) and are given as the mean *

SEM. N=10 per group.

Histological outcomes

No significant differences between groups were found with regard to axon area, axon
count and myelin area. The nerve surface area was comparable between groups at
12 weeks. At 16 weeks, nerve area was significantly larger in autografts compared
to allografts (P<0.01) and SIEF (P<0.001). Also, nerve area in allograft was larger
compared to SIEF (P<0.05). At 12 weeks, the N-ratio showed inferiority of the allograft
compared to the autograft and the SIEF group (P<0.05). At 16 weeks, no significant
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differences were found between groups (Figure 6). An overview of representative

nerve sections of the different groups has been provided (Figure 7).
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Figure 6. N-Ratio at 12 and 16 weeks for the autograft, allograft and the allograft wrapped with a
superficial inferior epigastric artery fascial (SIEF) flap. The N-ratio at 12 weeks showed allograft
to be inferior to autograft and allograft wrapped with the SIEF flap. At 16 weeks no differences were
found between groups. Results are given as the mean + SEM. *Indicates significance at P<0.05). N=10
per group. SEM: Standard error of the mean.

Control Autograft Allograft

Figure 7. Micrographs of toluidine blue staining of control, autograft, allograft and the allograft
wrapped with a superficial inferior epigastric artery fascial (SIEF) flap. Black scale bar is set at 100
nm for upper level photographs. The lower level photographs are taken at a higher magnification;

this scale is set at 10 nm.
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Evidence of nerve tissue and vascularity

Representative mid-distal graft nerve sections of the experimental groups including
control are shown in Figure 8A-D. PGP.9.5 expression showed a consistent distribution
throughout the nerve tissue in all groups, as seen in the micrographs. Quantification
measured a similar expression between groups for both time points (Figure 8E).
Vascularity, determined by CD34 staining, showed consistent distribution throughout
the nerve tissue in control and autograft (Figure 8A,B). In allografts, CD34 was mostly
expressed in the outer surface of the nerve sample and only little present in the core
of the nerve. Wrapping with the SIEF flap resulted in an increased expression in the
core of the allograft with consistent distribution throughout the nerve tissue (Figure
8C,D). Quantification measured significant inferiority in allograft compared to other
groups at 12 weeks (8F, P<0.001). At 16 weeks, vascularity was significantly higher
in the SIEF group compared to other groups (P<0.01 compared to control, P<0.05
compared to autograft, P<0.001 compared to allograft only).
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Figure 8. Evidence of nerve tissue and vascularity, determined by immunofluorescent staining of
protein gene product 9.5 (PGP9.5) and CD34, respectively. Micrographs showing density in mid-distal
graft sections from control nerve samples (A), autograft (B), allograft (C) and allograft wrapped with
a superficial inferior epigastric artery fascial flap (SIEF, D) at 12 weeks. PGP.9.5 expression, staining
both myelinated and unmyelinated nerve fibers showed a consistent distribution throughout the
nerve tissue in all groups. Vascularity, determined by CD34 staining, showed consistent distribution
throughout the nerve tissue in control and autograft (A,B). In allografts, CD34 was mostly expressed
in the outer surface of the nerve sample and only little present in the core of the nerve. Wrapping
with the SIEF flap resulted in an increased expression in the core of the allograft with consistent
distribution throughout the nerve tissue (C,D). Density of axons and vascularity (normalized to the
combined area of tissues positively stained for any of PGP9.5, CD34 and Hoechst) is shown on the left
page, respectively, expressed in percentages. Error bars denote mean + SEM. *Indicates significance
at P<0.05, ** P<0.01, *** P<0.001). Scale bars are set at 100 um. SEM: Standard error of the mean.
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DISCUSSION

Interest in the role of vascularity in nerve regeneration has been longstanding *°.
In the past, experimental animal models have investigated the effects of vascular
growth factors such as vascular endothelial growth factor (VEGF) 3¢, or sought to
measure the effect of microsurgical repair of nerve graft with vascular pedicles (e.g.
VNG) on nerve regeneration 222233738 VEGF contributes to angiogenesis via several
mechanisms and has also been suggested to influence nerve regeneration 3¢3° by
stimulating outgrowth of Schwann cells, the original facilitators of nerve regeneration
4041 These cited studies have reported conflicting results and are difficult to compare.
One previous study evaluated functional recovery in rats and found improved sciatic
functional index in VNGs at eight and 12 weeks ?°. This is in line with our study, which
showed increased muscle force when allografts were wrapped within an adipofascial
flap when compared to allografts alone at 12 weeks. Because of its reproducibility, ITF
has become a widely used standardized technique to assess mechanical function and
the contractile properties of muscles *2#%, This study and others have demonstrated
that ITF is a reliable technique in determining the degree of functional recovery of a

reinnervated muscle as a direct measure of reinnervation >44-4°,

Electrophysiological outcomes trended to be superior in the allograft wrapped within
the SIEF, compared to nerve allograft alone. As CMAP is greatly affected by factors
such as changes in temperature and electrode location, there is greater variability than
ITF data *'. Although others have reported VNGs to have significantly higher nerve

conduction velocity than non-VNGs %, this could not be corroborated in our study.

Denervated tibial muscles were characterized by differences in muscle mass and
ultrasound measurements. Serial cross-sectional muscle scans in vivo provided insights
into muscle atrophy and reinnervation over time, but was not sufficiently sensitive
enough to determine small differences between groups in our rat model. Although our
results did not show a significant difference in muscle mass between allograft and SIEF
group, wrapping with the SIEF flap provided a significant, large improvement in muscle
force at 12 weeks. Muscle mass includes enlarging but non-contractile muscle fibers,
resulting in possible indistinguishable differences in innervated and non-innervated

muscles 324748 It is easy to interpret, however, doubtful to be useful as an evaluation
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tool of functional recovery. Muscle force may therefore be a parameter that expresses

functional recovery better than muscle mass or cross-sectional area 2.

Histological parameters did not result in differences between groups with respect to
axon count, axon area and myelin area. A low N-ratio, seen in allografts at 12 weeks,
could be indicative of a relatively larger amount of fibrous tissue *°, compared to SIEF
and autografts. This indicates that provision of vascularization to nerve allograft
wound bed may decrease fibrosis of the nerve. This is clearly visualized with the
expression of CD34 that indicated vascularity in allografts predominantly in the outer
layer, while the SIEF flap enhanced vascularity with abundant distribution throughout
the nerve graft, reaching the core of the nerve. As few experimental studies have
evaluated VNGs or addition of adipofascial flaps '>?, it remains difficult to compare
findings. A previous study has found that at three weeks post-operatively, fat graft
wrapping around the nerve coaptation increased lymphocyte infiltration rates and
macrophage migration; processes that are involved in the early neural regeneration
period *°. This previous study did not find improved neovascularization after fat
graft wrapping '°, possibly due to the chosen end-point and limitations in evaluating
vascularity. Despite this study, little has been reported on the effect of adipose tissue

placed around nerve reconstructions.

Itis assumed that a pedicled adipofascial flap containing adipose tissue and a vascular
bundle improves revascularization of the nerve allografts through excreted angiogenic
factors and nutrition, provided by the vascular bundle and stem cells in the adipose
tissue, while preventing fibrosis and core necrosis 1*5*°!. Blood vessels have been found
to precede neural regeneration and stimulate injured axons and non-neuronal cells to
produce a supportive microenvironment after nerve injury >52°3, Moreover, capillary
changes as well as Schwann cell migration suggest axon growth 4, explaining improved
early functional recovery. Although surgical angiogenesis to the allograft continued
increasing vascularity in the graft at 16 weeks, functional outcomes did not improve
at this time point. This raises the possibility of a ceiling effect of vascularity on nerve
regeneration. Addition of other factors combined with surgical angiogenesis, such as
stem cells, may be another potential strategy to further improve regeneration. The
importance of stem cells relies on their ability to secrete various growth factors, such
as neurotrophic factors to stimulate myelin formation, and its potency is emphasized

to be influenced by its microenvironment (i.e. paracrine properties) °°. Adipose tissue,
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rich in growth factors and stem cells, may be combined with stem cells delivered to
the nerve allograft to achieve a higher state of therapeutic potential®®*7, potentially

resulting in synergistic mechanisms to enhance nerve regeneration.

In this study, surgical angiogenesis to nerve allograft produced statistical improvement
in a number of measured variables at 12 weeks. These differences were less apparent
at 16 weeks, consistent with the well-known superlative nerve regenerative capacity
of the rat. It could be speculated that earlier time points prior to 12 weeks, would be
ideal in future studies as interventions that result in improved and more rapid nerve
regeneration in the logistical growth phase are potentially clinically relevant. This can
be ascertained from the recent study by Tang and colleagues, whose ITF outcomes at
16 weeks are in line with the results of this study for all groups *¢. The effect of surgical
angiogenesis to nerve allograft could be evaluated at earlier time points or in a larger
nerve gap model to overcome these limitations *%. Additionally, future research may
further investigate the impact of fibrosis in the nerve graft to elucidate the suppression
of fibrosis during axonal regeneration or the combined effect of surgical angiogenesis

and stem cells to improve regeneration.

CONCLUSIONS

Wrapping of processed nerve allografts with a pedicled adipofascial flap to provide
surgical angiogenesis increases vascularity of the allograft, as well as improves early
muscle force recovery when compared to allografts alone. Although we still do not
have a nerve graft substitute that performs as well as autograft nerve, these data
support the use of surgical angiogenesis as part of the equation required to improve

processed nerve allograft outcomes.
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APPENDIX - MATERIALS AND METHODS

All outcomes were performed bilaterally and compared to the non-operated,

contralateral side.

Ultrasonography - was performed using a GE Vivid 7 Ultrasound system (General
Electric, Fairfield, CT, USA) and the cross-sectional area (X-C area) was determined
bilaterally using Adobe Photoshop CC 2018 (Adobe Systems Incorporated, San Jose,
CA,USA) L

Maximum ITF measurements - were performed bilaterally as previously described with
optimization of preload 2.In short, the tendon of the tibial anterior muscle was exposed
via a second skin incision and incised at the insertion. The leg was fixed to a platform
with two Kirschner wires and the tendon was attached to the force transducer. A
bipolar stimulator was used to generate the stimulus to the peroneal nerve branch and
acquire a signal which was processed using LabVIEW (National Instruments, Austin,

Texas). The muscle was kept hydrated with warm 0.9% NaCl during the experiment.

Histological outcomes - A 3-mm segment of both peroneal nerves of all rats (N=10/
group/time point), 5-mm distal to the graft, was harvested and immediately stored
in Trumps solution. Samples were processed with 0.1M Phosphate Buffer, 1% Osmium
tetroxide in buffer, graded series of alcohols and acetone. Samples were subsequently
infiltrated in a 50%, 75% and finally 100% epoxy resin and polymerized at 65°C for
12-18 hours. Samples were cut into 1-um sections, placed on slides, stained with
toluidine blue (Fisher Scientific, Pittsburgh, Pennsylvania, USA) for 2-2.5 minutes

and coverslipped.

Immunofluorescent outcomes - Sciatic nerve graft samples and the contralateral sciatic
nerves were harvested, fixed in 10% formalin for 48 hours and stored in 70% ethanol,
until embedding in paraffin. Samples were sectioned transversely to a thickness of
5-um and retrieved for 20 minutes using Epitope Retrieval2 (EDTA based; Leica).
Samples were incubated in 10% Normal Goat Block (Fisher Scientific, Pittsburgh,
Pennsylvania, USA) for 30 minutes and reacted with immunofluorescent markers CD34
% and protein gene product 9.5 (PGP 9.5) 4, to quantify vascularity and nerve fibers,

respectively. The CD34 primary antibody (rabbit monoclonal; Abcam, UK) was diluted
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to 1:2000 in Background Reducing Diluent (BRD, Dako, CA, USA) and incubated for 60
minutes. Secondary antibody used for CD34 visualization was Alexa Goat-Anti-Rabbit

488 (Fisher Scientific), diluted at 1:200 in BRD; slides were incubated for 60 minutes.

This was followed by PGP9.5-Alexa 568 conjugate diluted in BRD at 1:50, incubated
for 60 minutes. PGP9.5 primary antibody (rabbit polyclonal; Dako) was conjugated to
Alexa 568 using the Zenon-Alexa 568-Rabbit IgG kit (Fisher Scientific) 15 minutes prior
to incubation. Counterstain was performed using Hoechst 33342 (Fisher Scientific)
for 10 minutes, to stain cell nuclei. Slides were coverslipped with an aqueous based

ProLong Gold antifade mounting media (Fisher Scientific).

Images of the stained slides were obtained using a fluorescence laser confocal
microscope (Zeiss LSM 780, Carl Zeiss Surgical GmbH, Oberkochen, Germany). The
total nerve area was calculated by the total combined area of tissues positively stained
for any of PGP 9.5, CD34 and Hoechst (staining cell nuclei) per nerve section. Images

(N=8/group/time point) were analyzed using Image] software.
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ABSTRACT

The degree of nerve regeneration after peripheral nerve injury can be altered by the
microenvironment at the site of injury. Stem cells and vascularity are postulated to be a
part of a complex pathway that enhances peripheral nerve regeneration, however, their
interaction remains unexplored. This review aims to summarize current knowledge
on this interaction, including various mechanisms through which trophic factors are
promoted by stem cells and angiogenesis. Angiogenesis after nerve injury is stimulated
by hypoxia, mediated by vascular endothelial growth factor, resulting in the growth
of pre-existing vessels into new areas. Modulation of distinct signaling pathways in
stem cells can promote angiogenesis by the secretion of various angiogenic factors.
Simultaneously, the importance of stem cells in peripheral nerve regeneration relies
on their ability to promote myelin formation and their capacity to be influenced by the
microenvironment to differentiate into Schwann-like cells. Stem cells can be acquired
through various sources that correlate to their differentiation potential, including
embryonic stem cells, neural stem cells, and mesenchymal stem cells. Each source of
stem cells serves its particular differentiation potential and properties associated
with the promotion of revascularization and nerve regeneration. Exosomes are a
subtype of extracellular vesicles released from cell types and play an important role
in cell-to-cell communication. Exosomes hold promise for future transplantation
applications, as these vesicles contain fewer membrane-bound proteins, resulting in
lower immunogenicity. This review presents pre-clinical and clinical studies that focus
on selecting the ideal type of stem cell and optimizing stem cell delivery methods for
potential translation to clinical practice. Future studies integrating stem cell-based
therapies with the promotion of angiogenesis may elucidate the synergistic pathways

and ultimately enhance nerve regeneration.
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INTRODUCTION

Patients with peripheral nerve injuries (PNI) can face severe disability resulting
in sensory loss, motor deficits, and neuropathic pain. These deficits may result in a
devastating impact on a patient’s quality of life . Despite advancements in microsurgical
techniques and basic and translational research, surgical reconstruction of PNIs
continues to have unsatisfactory clinical outcomes, particularly for reconstructions of
major mixed motor and sensory nerves 3. When end-to-end tension-free neurorrhaphy
is not possible, the current gold standard remains reconstruction with autologous
cabled nerve graft interposition after excision of the injured nerve stumps. Harvest
of autologous nerves faces associated drawbacks, such as permanent donor site
morbidity with loss of sensation in the distribution of the harvested nerve *7. Attempts
to create a commercially available nerve graft substitute have resulted in a variety
of bioabsorbable synthetic conduits or decellularized human allograft nerves. Their
clinical efficacy has yet to equal or surpass autologous nerve grafts, especially for

defects greater than three centimeters ®.

Engineering of a synthetic substrate for nerve regeneration to mimic the ultrastructure
of autologous nerve has been extremely challenging. The use of human allograft fresh
nerves for reconstruction requires systemic immunosuppression to prevent graft
rejection and is associated with side effects, such as severe opportunistic infections
910 An alternative to fresh human allograft nerves or to engineering a nerve graft is
to decellularize and process human allograft nerve. Decellularized allografts serve
as a temporary scaffold for regenerating nerve fibers and do not require systemic
immunosuppression due to diminished graft rejection potential. Decellularized
allografts provide the essential ultrastructural elements and may be pretreated with
irradiation, cold preservation, trophic factors, or seeded with Schwann cells or stem
cells, to advance outcomes after peripheral nerve reconstruction *!, Stem cell-based
therapy may offer a suitable treatment with several regenerative benefits to restore
neuronal function, including supporting remyelination and revascularization of the
affected organ 2. Specifically, stem cells that have been differentiated into Schwann-
like cells, mimicking the function of the original facilitators of axonal regeneration,
may enhance neuron survival to improve functional outcomes *3. Growth factors
secreted by stem cells may enhance angiogenesis, the sprouting of new capillaries

from preexisting ones, to promote revascularization 7.
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The exact interaction between stem cell and vascularity remains unexplored
and is postulated to be part of a complex pathway that enhances peripheral nerve
regeneration. This review will provide an in-depth perspective of currently available
stem cell-based therapy applications in PNIs and discusses the interaction between
stem cells and vascularity in peripheral nerve regeneration. Furthermore, sources
of stem cells, methods of delivery to the injury site, relevant pre-clinical studies and

clinical trials, and future applications will be reviewed.

Search strategy and selection criteria

Literature research was performed using PubMed, Web of Science, MEDLINE and
Google Scholar databases, using the following search terms: angiogenesis, vascularity,
nerve regeneration, nerve transplantation, nerve graft, neural stem cells, mesenchymal
stem cells, exosomes and various combinations of the above terms. Available English
studies discussing stem cells and vascularity in peripheral nerve injuries in both

animals and humans were included until July 2020.

Interaction of stem cells, vascularity and nerve regeneration

The interaction of stem cells, vascularity, and axon regeneration is complex (Figure 1).
The paracrine property of stem cells is much broader than previously was appreciated.
When stimulated by surrounding tissues, stem cells have the ability to affect
vascularity via cell-to-cell communication, differentiation, and release of angiogenic
factors, such as vascular endothelial growth factor (VEGF) 8-2°, On the other hand,
stem cells demonstrate the capacity to stimulate the upregulation of neurotrophic
factors to enhance nerve regeneration as a response to nerve injury 12122, After nerve
injury, angiogenesis is stimulated by hypoxia, usually mediated by VEGF, resulting in
the growth of pre-existing vessels into new areas. It is postulated that these newly
modeled vessel tracks precede the repair of damaged nerves 162324 The therapeutic
potency of stem cells in nerve regeneration and vascularity is influenced by its
microenvironment. The interaction of the environment, stem cells, and vascularity

with respect to peripheral nerve regeneration will be discussed per causal order below.
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Figure 1. Schematic drawing of interaction between stem cells, vascularity, and nerve regen-
eration. After a nerve injury, paracrine cues are provided to stem cells to produce trophic and
angiogenic factors that enhance nerve regeneration and angiogenesis, respectively. Blood supply
mobilizes stem cells and delivers nutrients and trophic factors to the site of injury to improve nerve
regeneration. Blood supply is not only important for the survivability of stem cells but also precedes
nerve regeneration after nerve trauma. Copyrighted and used with permission of the Mayo Founda-
tion for Medical Education and Research; all rights reserved.

Stem cells and revascularization of nerve

Blood vessels have been postulated to be a systemic source of stem cells in
regenerating hematopoietic cells secondary to their vascular origin. Embryologically,
hematopoietic stem cells emerge closely in the vicinity of vascular endothelial cells
2526 The subendothelial zone, located in the tunica intima of blood vessels, has been
specifically implicated as a source of endothelial progenitor cells (EPC) #. Evidence has

demonstrated that other structural layers also serve as niches for stem cells that are



164 | CHAPTER 8

mostly quiescent and are activated in response to injury 8. The close vicinity of these
progenitor cells to the circulation allows for their mobilization to the region of interest
to facilitate a number of processes including tissue regeneration ?°. Differentiation
of mesenchymal stem cells (MSC) into Schwann-like cells enhances the secretion of
various angiogenic factors, including angiopoietin-1 and VEGF-A, resulting in enhanced
angiogenic potency and neurite outgrowth 7-3°, MSCs differentiated into Schwann-like
cells specifically, have been shown to increase revascularization of nerve allografts

after in vivo reconstruction of sciatic nerve defects in rats 3.

Revascularization of nerve and neural regeneration

Following PNI, axons and myelin degenerate distally to the injury site by interactions
of Schwann cells and macrophages in a process known as Wallerian degeneration 3233,
During regeneration, blood vessels precede axonal extension and serve as tracks for
Schwann cells to migrate and guide axonal growth, suggesting an interdependence
between neurite outgrowth and vascularity 3+35. VEGF is central to the control of
angiogenesis and critical in the process of maturation and stabilization of vessels 3¢%7.
In addition to stimulating the outgrowth of Schwann cells and blood vessels, VEGF also
enhances axonal outgrowth from dorsal root ganglia 3%. It has been proposed that VEGF
improves hematopoietic stem cell survival by an internal autocrine loop mechanism
3839 This mechanism implies that it is not accessible for extracellular inhibitors, such
as antibodies, to block this loop and proposes that the VEGF-dependent loop is solely

generated in stem cells and not in endothelial cells *°.

VEGF had become the focus of numerous basic science studies and was used to
augment nerve grafts. However, it was found that the angiogenic effect of VEGF did
not translate into enhanced motor recovery *°, suggesting that the role of vascularity
in nerve regeneration does not depend on one element solely, but is broader and more
complex ?*. Recent research investigated the effect of an adipofascial vascularized flap
on nerve revascularization in nerve allografts using novel microcomputed imaging.
These results suggest that revascularization patterns follow longitudinal inosculation,
the growth of host vessels from nerve coaptation ends, occurring primarily from
proximal, rather than from both nerve ends, as previously believed *'*2. Organized
longitudinally running vessels provide modeled vessel tracks to precede the repair

of damaged nerves *16.23.24,
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Stem cells and nerve regeneration

The importance of stem cells in peripheral nerve regeneration relies on their ability
to enhance neurotrophic factors, promote myelin formation, and their capacity to
be influenced by the microenvironment to differentiate into Schwann-like cells 2.
Schwann cells are essential within the context of peripheral nerve regeneration after
trauma and are crucial during Wallerian degeneration, however, difficult to transplant
*43, The acquisition of autologous Schwann cells requires the harvest of large segments
of healthy nerve tissue, resulting in donor site morbidities. Additionally, proliferation
of Schwann cells in vitro is associated with an extensive culturing and expansion
time period. As a result of these limitations, research has been directed towards the
use of MSCs, which are easily accessible, and can be differentiated into Schwann-like
cells *. Schwann-like cells are found to express neurotrophic factors and to interact
through multiple pathways to support the repair of injured nerves ”**. These factors
and pathways include nerve growth factor (NGF), brain-derived neurotrophic factor
(BDNF), and myelin related growth factors. BDNF is upregulated in motor neurons
and increases myelin thickness in regenerating nerves while promoting remyelination
and axonal sprouting **. In myelin sheath formation, a number of myelin proteins are
induced such as myelin basic protein (MBP), peripheral myelin protein-22 (PMP22), and
pleiotrophin (PTN). PTN is involved in myelinated axon regeneration specifically and is
increasingly expressed in differentiated MSCs in comparison to undifferentiated MSCs
4647 The level of growth factors in the microenvironment influences the sequential
growth factor production by the transplanted stem cells, emphasizing their paracrine

feedback properties.

Only 5% of all types of stem cells can spontaneously differentiate into Schwann cells,
however, pre-differentiation towards the desired phenotype in vitro via chemical
induction or transfection with growth factors has been shown to be a more effective
method to increase the number of Schwann-like cells. 2484, Drawbacks of pre-
differentiation include the need for additional preparation time and higher costs,
making this process less favorable for clinical translation '7. More investigation is
needed to confirm the optimal dosage of transplanted stem cells, delivery methods,
in vivo survivability, and interaction mechanisms with their environment prior to

conducting clinical studies.
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STEM CELL SOURCES

Stem cells can be categorized as embryonic stem cells or adult stem cells according to

their development stage, which relates to their differentiation potential.

Embryonic stem cells

In 1998, Thomson et al. described the isolation of pluripotent cell lines from the inner
cell mass of human blastocyst-stage embryos . Following this discovery, stem cells
have been harvested from several fetal as well as adult tissues (Figure 2). Embryonic
stem cells (ESC) are undifferentiated cells, capable of self-renewal and have superior
differentiation potential and long-term proliferation capacity compared to adult stem
cells. ESCs have the ability of in vivo myelination since they can differentiate into
neurons and glial cells of the central and peripheral nervous system. In humans, the use
of ESCs in neural tissue engineering is primarily inhibited by the ethical controversy
of the use and destruction of a human embryo. Additional limitations include ESC’s
immunogenicity and carcinogenic potential including teratoma formation which limits
clinical translation. Differentiation of ESCs into specialized neural cell lines remains

challenging and protocols have only been established for a few cell lines #5154,

Neural stem cells

Neural stem cells (NSCs) are naturally capable of differentiating into neurons or glial
cells and play a role during neurogenesis in the development of the brain and spinal
cord, which almost exclusively occurs during embryogenesis. In human adults, NSCs
are located in the subventricular zone and hippocampus and have a limited role in
the regeneration of central nervous system injuries °*5>°%, While several basic science
studies suggest enhancement of nerve regeneration following NSC administration to
the injury site after both acute and chronic PNI °*5758, commercially available NSCs have
been reported to be associated with the formation of neuroblastoma after implantation
%9, Additional limitations to application in humans include the technical difficulties
associated with cell harvest and the need to direct differentiation of specialized
neural cell lines. The application of NSCs could greatly benefit clinical practice if these

limitations can be overcome °8,
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Figure 2. Schematic overview of different sources of stem cells. Embryonic stem cells are obtained
from the inner cell mass of the blastocyst and therefore require destruction of the embryo. Nerve
stem cells are harvested from the subventricular layer of the lateral ventricle and the subgranular
layer of the hippocampus. Bone marrow-derived stem cells are harvested from the marrow cavity
of long bones. Adipose-derived stem cells are derived from subcutaneous fat and are abundantly
available following commonly performed procedures such as liposuction. Skin derived precursors
are harvested from the dermis and represent a related population of cells harvested from hair fol-
licles. Fetal tissue provides populations of cells from amniotic membrane, amniotic fluid, umbilical
cord blood, umbilical cord tissue, and Wharton'’s jelly. Dental pulp stem cells can be harvested from
deciduous teeth. Copyrighted and used with permission of the World Journal of Stem Cells; all rights
reserved. Directly cited from % - Augmenting peripheral nerve regeneration using stem cells- A
review of current opinion.

Mesenchymal stem cells

The multipotent MSCs can be derived from the bone marrow and a wide range of non-
marrow sources, including adipose tissue, peripheral blood, amniotic fluid, umbilical
cord, tendon and ligaments, hair follicle, synovial membranes, olfactory mucosa,
dental pulp and fetal tissue °°. Their potential for differentiation, ease of isolation,
and immunomodulation have contributed to their considerable application in tissue

regeneration. MSCs have the ability to differentiate into all mesoderm lineages: adipose
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tissue, bone, muscle, and cartilage °* and serve as targets for genetic modification.
Depending on the appropriate stimuli and environmental conditions, MSCs have
shown to express plasticity and transdifferentiation and can be differentiated into
non-mesenchymal lineages, such as neurons, astrocytes, Schwann-cell like cells and
myelinating cells of the peripheral nervous system to enhance nerve regeneration
+12.5362 Bone marrow-derived and adipose-derived MSCs are the most commonly used

stem cells for PNI.

Bone marrow-derived mesenchymal stem cells

Bone marrow-derived mesenchymal stem cells (BMSCs) can differentiate into non-
mesodermal lineages such as neurons, astrocytes, and Schwann-like cells under
appropriate environmental conditions 2. Consequently, BMSCs may enhance neurite
outgrowth and express neurotrophic factors (NGF, BDNF, glial cell line-derived
neurotrophic factor (GDNF), and ciliary neurotrophic factor) as well as extracellular
matrix components including collagen, fibronectin, and laminin. Administration of
BMSCs to nerves contributes to enhanced angiogenesis °*3-%. A number of studies
in rodent models have found that BMSC application to conduits and acellular nerve
grafts resulted in superior functional outcomes in nerve regeneration compared to
untreated grafts >3, BMSCs demonstrated dose-dependent enhancement of the extent
of myelination, thickness of myelin sheath, and axonal thickness in a rat sciatic nerve
model . When cultured, BMSCs lack immune recognition and have immunosuppressive
action, which may overcome induced immune rejection after allogenic transplantation
5268 Although BMSCs are more easily harvested than ESCs and NSCs and have minimal
ethical use issues, BMSCs have inferior proliferation capacity and differentiation
potential. The harvesting procedure is invasive and painful for donors and the quantity

of stem cells obtained is lower compared to other sources 23,

Adipose-derived mesenchymal stem cells

Adipose-derived mesenchymal stem cells (ADSCs) can easily be harvested from
abundant adipose tissue with minimally invasive procedures such as liposuction.
Compared to BMSCs, ADSCs show superior stem cell fraction, proliferation, and
differentiation potential. ADSCs can be differentiated into a Schwann cell-like
phenotype, sharing functional and morphological characteristics, and similar
effectivity levels as autologous Schwann cells. It is postulated that ADSCs facilitate

endogenous Schwann cell recruitment by expressing growth factors such as NGF, VEGF,
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and BDNF leading to a long-lasting therapeutic effect promoting nerve regeneration
and protection, which outlasts the life span of ADSC 53%°7°, Interestingly, ADSCs are
reported to support angiogenesis by direct differentiation into vascular endothelium,
as well as by associated paracrine effects %72, Difficulties include the unfavorable
differentiation potential towards adipocytes 7. Nonetheless, ADSCs are currently
the most practical source of stem cells to obtain and have been and continue to be

translated to clinical use °3.

Other types of MSCs including fetal derived stem cells, skin-derived precursors,
muscle-derived stem/progenitor cells, hair follicle stem cells and dental pulp stem
cells, as well as induced pluripotential stem cells are detailed in Table 1 %%, Currently,
inherent disadvantages associated with MSC-based therapy still exist: instability of
the cellular phenotype, high cost, ethical issues, and difficulties of cellular origin 7.

These difficulties may be overcome by the application of exosomes.

Exosomes

Recent research has proven that the therapeutic effect of MSCs is highly likely to be
accredited to the indirect regeneration of endogenous Schwann cells through cellular
paracrine mechanisms, which are partially thought to be mediated by MSC exosomes 7°.
MSC exosomes are a subtype of extracellular vesicles released from all cell types, but
particularly from stem cells. MSC exosomes located in nearly all biological body fluids
including blood, urine, breast milk, ascites, and saliva 7°. These particles maintain
cell-to-cell communication by delivering proteins, lipids, DNA, mRNA, and micro
ribonucleic acids miRNAs (miRNA), and other subtypes of RNA, which regulate cell
biological behavior and can be used to mediate intercellular communication 77-8°. MSC
exosomes are found to increase axonal regeneration and promote local angiogenesis
by transmitting a number of genetic materials, neurotrophic factors and proteins to
axons and thereby restoring the homeostasis of the microenvironment 7. Furthermore,
MSC exosomes have been proven to promote the proliferation of Schwann cells and
reduce their apoptosis rate by upregulating the pro-apoptotic Bax mRNA expression
resulting in increased regeneration #. It is postulated that MSC exosomes are mediators
of communication with vascular endothelial cells resulting in enhancement of the
plasticity of blood vessels following PNI 82. MSC exosome-based therapy provides many

benefits including the decrease of associated risks with transplantation as exosomes
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contain fewer membrane-bound proteins. These characteristics present MSC exosomes
with lower immunogenicity, the ability to cross biological barriers, and to be more
stable over time 7#%. The primary limitation of exosomes application is the limited
scientific support and lack of standardized techniques for its isolation, quantification
and purification. The efficacy of injected MSC exosomes and the effect of MSC exosomes

travelling through the body remains unknown and to be explored 8.

Additionally, no guidelines for ethical safety assessment exists yet. MSC exosomes
have great potential to be utilized for future therapeutic strategies in clinical practice

following PNI if these challenges can be addressed 7.

Mode of stem cell delivery

Stem cells can be delivered to the nerve reconstruction site by a variety of methods
(Table 2). The selection of the delivery method depends on the intended mechanism
of action of the stem cells. The process of microinjection (either intra-neural, around
the nerve, intramuscular or intravenous) decreases the viability of stem cells due to
the traumatic damage secondary to the pressure build-up in the syringe and flow
through the needle during injection. Furthermore, intra-neural microinjection of stem
cells is associated with damage of the nerve ultrastructure with unpredictable cell
distributions, obstruction of axonal ingrowth, and leakage of cells #1753858¢_Dynamic
seeding has been a successful technique in delivering stem cells and results in an
efficient and uniform distribution of stem cells. When cells are dynamically seeded on
the surface of a decellularized nerve allograft, these cells remain viable on the nerve
surface allowing for interaction with the nerve ultrastructure and resulting in the
upregulation of neurotrophic factors 22, According to Mathot et al., an efficiency of at
least 1 x 10°MSCs on a 10-mm nerve graft is needed to generate noticeable outcomes.
Induced differentiation of MSCs may have an effect on the final efficiency, as delivery
methods have only been tested on undifferentiated MSCs, however, its effect remains
unknown . Controversy remains on the optimal method of delivery and requires

further evaluation.
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The regenerative potential of cell-based therapy

The regenerative potential of cell-based therapy following nerve injury is particularly
relevant for large diameter and long nerve defects ¥. In rodent models, extensive
research using stem cells in peripheral nerve repair suggests that the application of
stem cells enhances functional motor outcomes. It has been shown that stem cells
elevate expression of neurotrophic factors, angiogenic growth factors and contribute
to angiogenesis **5%6388 The exact survivability of stem cells in vivo, however, is difficult
to investigate and remains largely unknown. When MSCs were dynamically seeded
on nerve allografts, in vivo survivability up to 29 days was found using luciferase-
based bioluminescence imaging #. This suggests that survivability of stem cells may
be hampered by rejection, inflammation, or migration. Larger animal models are also
investigating augmentation of nerve repair outcomes by the provision of BMSCs to
nerve grafts ?°°1, Tissue-engineered nerve grafts enhanced with autologous BMSCs
have been used to repair 50 mm-long median nerve defects in rhesus monkeys. After
one year, histological and morphometric analyses of regenerative nerves found results
comparable to autograft repair. Blood samples and histopathological examination of
nerve found no immune rejection, confirming that tissue-engineered nerve grafts
augmented with BMSCs were safe to use in monkeys 2. Extensive investigations of
safety in preceding pre-clinical trials have provided the data necessary to proceeding

evaluation of MSCs in clinical trials *.

Clinical stem cell application is novel and has been applied to several fields including
treatment for cardiovascular diseases with promising results . Several clinical
trials investigating central nervous system diseases, including spinal cord injury
and traumatic brain injury, have proven the safety of MSC application. Ongoing trials
suggest that MSCs prepare the environment of injury for axonal ingrowth and stimulate
angiogenesis. While this is promising, more studies are needed to assess the time and
route of administration to obtain more consistent data °*. In the field of PNI, most
clinical trials related to stem cell treatment focus on hemifacial spasm, burn wound
healing and diabetic peripheral neuropathy * and are still in the early phases. Although
the application of Schwann cells is not desired due to the aforementioned limitations,
the first FDA-regulated dose phase I trial on human Schwann cell transplantation in
spinal cord injuries has found promising results with no adverse effects °. Currently,

little pre-clinical or clinical research has addressed the interaction of stem cells and
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vascularity in nerve regeneration, which creates an opportunity for elucidating its

synergistic pathways in future research.

Future applications

Future applications integrating stem cell-based therapies with the promotion of
angiogenesis are needed to enhance nerve regeneration through multiple pathways.
Feasibility with respect to cost and time efficiency is needed for translation to clinical
practice. Current research developing future applications includes prevascularized

stem cell nerve conduits, three-dimensional printing, and hydrogel scaffolding 267,

Fan et al. have developed a novel prevascularized nerve conduit based on a MSC
sheet for treating spinal cord injuries, resulting in enhanced nerve regeneration and
revascularization °¢. Other novel research has focused on three-dimensional printing
in order to fabricate a nerve guidance conduit with stem cells that reproduces the
complex nerve features of a patient’s long nerve defect, such as branching nerve
networks and intrinsic chemical mechanisms that steer regenerating motor and
sensory axons along correct anatomical pathways. Three-dimensional printing may
provide the desired personalized dimensions and structures for nerve regeneration

and cell organization %’.

Another novel future application focusses on promising stem cell delivery methods,
which are still in early stages of research, such as stem cell encapsulation delivered
in a hydrogel scaffold 2°°%. Hydrogels constructed of natural biomaterials, including
collagen and fibrin, as well as synthetic biomaterials such as poly(lactic-co-glycolic
acid) (PLGA) and polyethylene glycol (PEG), may act as carriers for delivery of stem
cells or growth factors. The use of hydrogel as a scaffold is attractive due to its high
water content mimicking an extracellular matrix as well as its ease of delivery.
Hydrogel degradation can be designed to respond to tissue proteases and to deliver
stem cells or other growth factors in a timely manner to coincide with the processes
of angiogenesis. In vascular tissue engineering, PLGA hydrogels have been designed to
ensure a controlled release of angiogenic factors such as VEGF for an extended release
time. Basic criteria for the use of hydrogel include effective cell adhesion to the gel
matrix, sufficient stem cell survival in the hydrogel, safety for the micro-environment,

and mechanical stability 2*°°. The use of prefabricated conduits or encapsulated cells
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locally delivered in a hydrogel is feasible, has strong potential to enhance survival

of transplanted cells and may be less immunogenic when combined with exosomes.

As tissues consist of multiple cell types, potential synergistic therapeutic benefit
may occur when multiple stem cell types are administered simultaneously. By
combining the properties and secretion of a mixture of neuroregenerative as well
as vascular growth factors, cytokines and miRNA, regenerative capacities may be
enhanced. Currently, limited data supporting combined cell type administration
exist, however, may be promising for future applications %1, The ideal type of stem
cell for translation needs to be easily accessible and harvested, proliferate rapidly
without carcinogenic consequences, and immune-compatible. Locally delivered cell-
based therapy is expected to increasingly take part in enhancing outcomes after nerve

reconstruction in the next decades.

CONCLUSIONS

Improved understanding of the interaction of stem cells and vascularity will provide
therapeutic targets to improve outcomes after peripheral nerve reconstruction.
The degree of nerve regeneration after PNI is particularly dependent on the local
environment of injury and may be altered to promote functional recovery. The
microenvironment may be modulated by stem cells and angiogenesis. This topic
of interest is complex and involves the secretion of trophic factors that enhance
regeneration and revascularization. Revascularization of nerve is suggested to
enhance nerve regeneration by organized longitudinally running vessels that provide
modeled vessel tracks to precede the repair of damaged nerves. The effect of stem cells,
on the other hand, is dependent on their differentiation potential and stimulation by
paracrine cues, which are provided by the environment during nerve regeneration.
This review discusses the synergistic pathways of stem cells and vascularity and their
interaction with nerve following PNI. Despite advancements in well-designed pre-
clinical studies, translation of stem cells to clinical practice is currently impeded by
ethical issues, risk of tumorigenesis, unknown side-effects and technical challenges.
Future research may be shifted towards the use of exosomes, to overcome difficulties
associated with the harvest and culture of stem cells. Local modulation of nerve
environment is still evolving, and the importance of stem cell and vascularity-based

therapies is expected to take a larger partin treatment options of PNIs.
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ABSTRACT

Background

Mesenchymal stem cells (MSCs) have the potential to produce neurotrophic growth
factors and establish a supportive micro-environment for neural regeneration. The
purpose of this study was to determine the effect of undifferentiated and differentiated
MSCs dynamically seeded onto decellularized nerve allografts on functional outcomes

when used in peripheral nerve repair.

Materials and Methods

In 80 Lewis rats a ten millimeter sciatic nerve defect was reconstructed with (i)
autograft, (ii) decellularized allograft (iii) decellularized allograft seeded with
undifferentiated MSCs, or (iv) decellularized allograft seeded with MSCs differentiated
into Schwann cell-like cells. Nerve regeneration was evaluated over time by cross
sectional tibial muscle ultrasound measurements, and at 12 and 16 weeks by isometric
tetanic force measurements (ITF), compound muscle action potentials (CMAP), muscle

mass, histology and immunofluorescence analyses.

Results

At 12 weeks, undifferentiated MSCs significantly improved ITF and CMAP outcomes
compared to decellularized allograft alone, while differentiated MSCs significantly
improved CMAP outcomes. The autografts outperformed both stem-cell groups
histologically at 12 weeks. At 16 weeks, functional outcomes normalized between
groups. At both time points, the effect of undifferentiated versus differentiated MSCs

was not significantly different.

Conclusions

Undifferentiated and differentiated MSCs significantly improved functional outcomes
of decellularized allografts at 12 weeks and were similar to autograft results in the
majority of measurements. At 16 weeks, outcomes normalized as expected. Although
differences between both cell-types were not statistically significant, undifferentiated
MSCs improved functional outcomes of decellularized nerve allografts to a greater
extent and have practical benefits for clinical translation by limiting preparation time

and costs.
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INTRODUCTION

Peripheral nerve defects not amendable to direct end-to-end neurorrhaphy require
reconstruction with interposition nerve graft which could be accomplished with
autograft, allograft or synthetic bioabsorbable conduits, each with their benefits
and controversies 3. Decellularized nerve allografts have been proposed as an ideal
alternative to overcome donor site morbidity and limited supply of autografts 47.
Improvement of outcomes of decellularized allografts by addition of host derived
mesenchymal stem cells (MSCs) has been proposed to overcome the limitations of
decellularized allograft nerves by producing trophic factors resulting in a favorable
micro-environment for tissue regeneration #*, MSCs are hypothesized to not only
stimulate tissue regeneration, but potentially form extracellular matrix components,
enhance angiogenesis, inhibit scar formation and control immune responses '°. Adipose
derived MSCs are easily accessible and proliferate faster than bone marrow derived
MSCs, while having a similar effect on nerve regeneration and are thus ideal for

translation to clinical use -8,

In comparison to undifferentiated MSCs, MSCs differentiated into Schwann cell-
like cells express neurotrophic and angiogenic genes to a greater extent than
undifferentiated MSCs in vitro '©121, Several in vivo studies using different MSC-
delivery strategies did not demonstrate clear differences between the outcomes of
undifferentiated and differentiated MSCs 22, Others reported that differentiated MSCs
led to longer regenerating axon distance in vivo 2225 without resulting in improved
functional outcomes ?'. The differentiation process of MSCs requires additional
preparation time and expensive differentiation factors, which should be considered

in translating bench work to clinical application .

Recent studies have reported a non-traumatic strategy to adhere undifferentiated
and differentiated MSCs to the surface of decellularized allografts, leading to a 29-day
in vivo survival of seeded MSCs 2%, The adherence of MSCs to the decellularized
allograft has demonstrated an interaction between MSCs and the extracellularly
matrix leading to enhanced expression of neurotrophic, angiogenic, extracellular
matrix and regulatory cell cycle genes in the first three (differentiated MSCs) to

seven (undifferentiated MSCs) days after seeding in vitro, implying a direct effect of
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differentiated MSCs after implementation while undifferentiated MSCs require time

to interact with the environment 4,

A comparative study focusing on functional outcomes can elucidate the effect of
different cells and their different effective phases on motor nerve regeneration.
The purpose of this study was to determine the effect of dynamically seeding
undifferentiated and differentiated MSCs onto decellularized nerve allografts’ with

respect to functional and histologic outcomes in a rat sciatic defect model.

MATERIALS AND METHODS

Experimental design

After IACUC institutional review committee and our Institutional Review Board
approval (IACUC protocol A2464-00), a 10 mm segmental defect of the sciatic nerve of
80 male Lewis rats weighing 250-300 grams (Envigo, Madison, W1, USA) was repaired
with a 10 mm (i) reversed autograft, (ii) decellularized allograft (iii) decellularized
allograft seeded with undifferentiated MSCs, or (iv) decellularized allograft seeded
with differentiated MSCs. The decellularized allografts originated from Sprague-
Dawley rats and were specifically chosen for their histocompatibility mismatch to
Lewis rats 2>3°, This simulates the clinical setting where an allogenic processed nerve
graftis seeded with autologous MSCs. After 12 and 16 weeks, functional, histological

and immunofluorescence outcomes were evaluated.

Nerve allograft collection, processing and seeding

Sixty sciatic nerve segments from 30 Sprague-Dawley rats (Envigo, Madison, W1, USA)
weighing 250-350 grams served as nerve allografts. After anesthesia with isoflurane,
rats were euthanized, shaved and sterilely prepped. The sciatic nerve was exposed,
removed under an operating microscope (Zeiss OpMi6, Carl Zeiss Surgical GmbH,
Oberkochen, Germany) and processed according to a previously published protocol ’.
After sterilization with g-irradiation, nerves were stored at 4°C in Phosphate Buffered

Saline (PBS) until surgery.
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Stem cell preparation and differentiation

MSCs were derived from the inguinal fat pad of inbred Lewis rats according to protocol
16, Cells were previously characterized by plastic adherence, pluripotency towards
mesodermal lineages, the expression of mesenchymal stem cell markers CD29 (88.2%)
and CD90 (88.3%) and the absence of hematopoetic cell markers CD34 (91.1% absent)
and CD45 (86.0% absent) 2628,

Both cell-types were cultured in an incubator at 37°C (5% CO,) and the growth medium
was changed every 72 hours. Passage six MSCs were used in this experiment for both

differentiated and undifferentiated MSCs.

MSC culture

The stromal cell pellet was re-suspended in normal growth medium consisting of
a-MEM (Advanced MEM (1x); Life Technologies Corporation, NY, USA), 5% platelet
lysate (PLTMax®; Mill Creek Life Sciences, MN, USA), 1% Penicillin/Streptomycin
(Penicillin-Streptomycin (10.000 U/mL; Life Technologies Corporation), 1% GlutaMAX
(GlutaMAX Supplement 100X; Life Technologies Corporation) and 0.2% Heparin
(Heparin Sodium Injection, USP, 1.000 USP units per mL; Fresenius Kabi, IL, USA).

MSC differentiation

MSCs were differentiated into Schwann cell-like cells using a differentiation cocktail
containing 0.14% Forskolin (Sigma-Aldrich corp., MO, USA), 0.01% basis fibroblast
growth factor (bFGF; PeproTech, NJ, USA), 0.005% platelet-derived growth factor
(PDGF-AA; PeproTech) and 0.02% Neuregulin-1 31 (NRG1-b1; R&D systems Inc, MN,
USA) . Differentiation was assessed by immunocytochemistry for the expression of
S100 (S100; ThermoFisher Scientific, MA, USA), Glial fibrillary acidic protein (GFAP,
mouse anti-GFAP; ThermoFisher Scientific) and neurotrophin receptor p75 (p75
NTR, rabbit anti-p75 NTR; ThermoFisher Scientific). Goat anti-rabbit fluorescein
isothiocyanate (FITC) and goat anti-mouse cyanine 3 (CY3, both ThermoFisher
Scientific) were used as secondary antibodies. Cell nuclei were labeled with

4',6-diamidino-2-phenylindole (DAPI).
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Seeding protocol for allograft nerves

To attach the undifferentiated and differentiated MSCs to the decellularized nerve
allografts they were dynamically seeded according to a previously described protocol
28, Either 1x1076 undifferentiated MSCs or 1x10”6 differentiated MSCs in 10mL growth
medium were placed in a conical tube containing a decellularized nerve allograft. The
conical tube was then placed on a bioreactor that was positioned in an incubator at
37°C (5% CO,). After the bioreactor had rotated for 12 hours, the nerve grafts with
the attached MSCs were taken out of the tubes and directly implemented in the Lewis
rats. The dynamic seeding strategy previously resulted in 80% and 95% adherence of
cells on the surface of the processed allografts for undifferentiated and differentiated

MSCs, respectively 2728,

Surgical procedure of the recipient animals

Under isoflurane anesthesia the right sciatic nerve of the Lewis rat was exposed. A 10
mm segment of the sciatic nerve was excised and reconstructed with a 10 mm graft
under an operating microscope (Zeiss OpMi6, Carl Zeiss Surgical GmbH, Oberkochen,
Germany). The epineurium was sutured with six 10-0 sutures (10-0 Ethilon, Ethicon
Inc., USA), the muscle was approximated (6-0 Vicryl Rapide, Ethicon Inc.) and the skin
was closed with a continuous subcutaneous suture (5-0 Vicryl Rapide, Ethicon Inc.).
All rats received 5mL of 0.9% saline solution, 0.6mg/kg Buprenorphine and one dose
of 30mg/kg diluted trimethoprim/sulfadiazine subcutaneously (Tribissen, Five Star
Compounding Pharmacy, Clive, IA). Postoperatively, the rats were individually housed

and provided with food and water ad libitum with a 12-hour light-dark cycle.

Ultrasound measurements

The cross-sectional tibial muscle area of six randomly selected rats per group was
evaluated with ultrasound measurements of both sides at baseline and at two, four,
eight, twelve and sixteen weeks after surgery as previously described using a GE Vivid
7 Ultrasound system (General Electric, Fairfield, CT, USA) 3%, Cross-sectional area
was calculated with Adobe Photoshop CC 2018 (Adobe Systems Incorporated, San
Jose, CA, USA).
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Nonsurvival procedure

At 12 and 16 weeks, ten rats of each group underwent a non-survival procedure.
Anesthesia was induced by isoflurane, followed by intraperitoneal injection of
Ketamine (80mg/kg) and Xylazine (10mg/kg) and maintained by additional doses of
Ketamine (40mg/kg).

Compound Muscle Action Potentials (CMAP) - A miniature bipolar electrode was clamped
around the sciatic nerve proximal to the nerve graft. One ground electrode was
placed in surrounding musculature and two recording electrodes were superficially
placed in the anterior tibial muscle. The CMAP was measured using a VikingQuest
portable electromyelogram (Nicolet Biomedical, Madison, WI). A non-recurrent single
stimulation with a duration of 0.02ms at an intensity level of 2.7mA was applied.

Maximal amplitude measurements were obtained bilaterally 333,

Isometric Tetanic Force (ITF) - The ITF was measured bilaterally per the protocol of
Shin and colleagues *. The peroneal nerve and tibial muscle were exposed and the
hind limb was secured to a testing platform with K-wires through the femur and ankle.
The tibial tendon was secured to a clamp in anatomical position and attached to a
force transducer (MDB-50; Transducer Techniques, Temecula, CA, USA) whose signals
were processed using LabView (National instruments, Austin, Texas). A miniature
electrode (Harvard Apparatus, Holliston, MA, USA), stimulated by a bipolar stimulator
(Medtronic, Minneapolis, MN, USA) was clamped around the peroneal nerve branch
of the sciatic nerve. The muscle tension and the stimulator frequency were optimized
after which the maximal ITF was obtained. The tibial muscle was kept moist with

warm saline.

Wet tibial muscle mass - Rats were euthanized with an overdose of pentobarbital (Fatal
Plus, 390 mg/mL, Vortech, Dearborn, MI, USA) intraperitoneally. Tibial muscles were

harvested bilaterally and wet muscle mass was determined after removing the tendon.

Histology - A three millimeter segment of both peroneal nerves of all rats were collected
and placed into Trumps solution. Specimens were processed with 0.1M Phosphate
Buffer, 1% Osmium tetroxide in buffer, graded series of alcohol and acetone. The

samples were infiltrated in a 50%, 75% and finally 100% epoxy resin and polymerized
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at 65°C for 12-18 hours. Samples were cut in sections at 0.6 microns, placed on slides and
stained on a warming plate with Toluidine blue for 2-2.5 minutes. The total tissue cable
area (nerve area), axon area, axon count and myelin area were obtained using a Nikon
Eclipse 50i microscope and Image Pro Plus Software. The N-ratio was calculated by

dividing the myelinated fiber area (axon area and myelin area) by the tissue cable area *°.

Immunofluorescence - Both sciatic nerves of five randomly selected rats per group
were dissected and fixed in 10% formalin for 48 hours. Nerves samples were vertically
embedded in paraffin and sections from the exact middle were stained for Schwann
cell marker S100 and protein gene product 9.5 (PGP9.5), a pan neuronal marker.
Immunohistochemical staining was performed at the Pathology Research Core (Mayo
Clinic, Rochester, MN, USA) using the Leica Bond RX stainer (Leica, Buffalo Grove, IL,
USA). The S100 (rabbit polyclonal; Dako, Agilent Technologies Inc., Carpinteria, CA, USA)
and PGP9.5 primary antibody (rabbit polyclonal; Dako, Agilent Technologies Inc.) were
diluted to 1:5000 in Background Reducing Diluent (Dako, Agilent Technologies Inc.)
and incubated for 60 minutes with the samples, prior to staining with the appropriate
secondary antibody (Alexa Goat-Anti-Rabbit 488, 1:300, for S100 and Alexa Goat-Anti-
Rabbit 568, 1:200 for PGP9.5) and counterstained with Hoechst 33342 (all ThermoFisher
Scientific, MA, USA). Images of the stained slides were obtained with a fluorescence laser
confocal microscope (Zeiss LSM 780, Carl Zeiss Surgical GmbH, Oberkochen, Germany).

The mean fluorescent density of both stains was measured using Image] software.

Statistical analysis

All obtained images were blinded and all outcomes were expressed as a percentage
of the contralateral side to correct for biological variability between rats. Non-
physiologic outcomes were excluded from analysis after review by a statistician
and an independent researcher. Two-way analysis of variance (ANOVA) was used
for the cross-sectional tibial area measurements. One-way ANOVA was used to
compare all other outcome measures between groups. Post-hoc Bonferroni was used
to correct for multiple comparisons. Outcomes were expressed as the mean and the
standard error of the mean (SEM). Outcomes of cross-sectional tibial muscle area
were expressed as mean difference and the standard error of the mean difference.

The level of significance was set at a<0.05.



RESULTS
MSC differentiation
Differentiated MSCs showed immunofluorescence for the markers S100, GFAP and p75

NTR, corresponding to Schwann cells that served as positive controls. Undifferentiated

MSCs did not show expression of these markers (Figure 1).

Figure 1. Differentiation of MSCs into Schwann-like cells. Comparison of immunocytochemistry
between undifferentiated MSCs (A-D-G), differentiated MSCs (B-E-H) and Schwann cells (C-F-I).
Cells are tested for the presence of Schwann cell marker S100 (green, A-B-C), glial cell marker GFAP
(red, D-E-F) and neurotrophin Receptor p75 (green, G-H-I). Cell nuclei are DAPI-stained (blue). 40X
magnificantion, white scale bar =40mm.



196 | CHAPTER9

Functional outcome measurements

Cross-sectional tibial muscle area

No significant differences between the groups were found (Figure 2). Within group
comparisons only showed significant differences between the consecutive time points
zero and two weeks after surgery for autografts, allografts and allografts seeded with
differentiated MSCs. The lowest tibial muscle area in all groups was reached at two
weeks (40-60% of the unoperated side) and improved upto 16 weeks, with a cross-

sectional tibial muscle area ratio of approximately 75%.

Ultrasound measurements of the
cross-sectional tibial muscle area
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Figure 2. Cross-sectional tibial muscle area ratios (R/L) over time. No significant differences were
found between groups. Autografts (+15.77 +6.56%) and unseeded allografts (+11.33 £9.22%) had the
strongest increase in muscle area between 8 and 12 weeks, while allografts seeded with undiffer-
entiated MSCs (+16.13 +3.83%) and differentiated MSCs (+10.87 +9.29%) experienced their strongest
increase between 4 and 8 weeks after surgery. uMSCs: undifferentiated MSCs, dMSCs: differentiated

MSCs, error bars: Standard error of the mean.
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Compound Muscle Action Potential (CMAP)

At 12 weeks, CMAP ratio of unseeded allografts (13.48 +5.00%) was significantly
inferior to autografts (53.78 +5.82%) (P<0.001), allografts seeded with undifferentiated
MSCs (44.32 +7.20%) (P=0.004) and differentiated MSCs (48.89 +5.37%) (P<0.001,
Figure 3). At 16 weeks, CMAP ratio was normalized between all groups, with 57.51
+7.54% for autografts, 52.26 +5.80% for allografts, 66.04 +7.28% for allografts with
undifferentiated MSCs and 61.49+8.16% for allografts with differentiated MSCs.
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Figure 3. Compound muscle action potential ratios (CMAP, R/L) at 12 and 16 weeks. CMAP recovery
of unseeded allografts was significantly inferior compared to all other groups at 12 weeks. uMSCs:
undifferentiated MSCs, dMSCs: differentiated MSCs, * indicated P<0.05, ** indicated P<0.01, ***
indicated P<0.001, error bars: Standard error of the mean.
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Isometric Tetanic Force (ITF)
The ITF ratio of allografts seeded with undifferentiated MSCs (49.74 +£6.80%) was

significantly higher compared to unseeded allografts (26.32 +4.36%) (P=0.017) at
12 weeks (Figure 4). The ratio in autografts (44.16 +3.32%) and allografts seeded
with differentiated MSCs (43.10 £4.59%) did not demonstrate significant differences
with any of the other groups. At 16 weeks, the ITF ratio of autografts (51.11 +4.98%),
allografts (56.22 +4.44%), allografts with undifferentiated MSCs (56.12 +6.51%) and
allografts with differentiated MSCs (53.86 +4.47%) did not significantly differ.
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Figure 4. Isometric Tetanic Force ratios (R/L) at 12 and 16 weeks. ITF recovery of unseeded al-
lografts were significantly inferior compared to allografts seeded with undifferentiated MSCs at 12
weeks. uMSCs: undifferentiated MSCs, dMSCs: differentiated MSCs, * indicated P<0.05, ** indicated
P<0.01, *** indicated P<0.001, error bars: Standard error of the mean.
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Muscle mass

At 12 weeks, unseeded allografts measured a significantly lower tibial muscle mass
ratio (49.54 £2.30%) compared to autografts (59.84 +1.64%) (P=0.021, Figure 5).
Allografts with undifferentiated and differentiated MSCs measured a muscle mass ratio
of 57.68 +2.87% and 55.21 £2.36% respectively. At 16 weeks, the muscle mass ratio of
allografts seeded with undifferentiated MSCs was 59.96 +3.79%, which significantly
differed from autografts (74.13 +1.90%) (P=0.002). Unseeded allografts and allografts
seeded with differentiated MSCs had a muscle mass ratio of 69.09 £1.54% and 70.09

+2.60% respectively.
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Figure 5. Wet tibial muscle mass ratios (R/L) at 12 and 16 weeks. Autografts showed a significantly
higher muscle mass recovery compared to unseeded allografts at 12 weeks, and allografts seeded
with undifferentiated MSCs at 16 weeks. uMSCs: undifferentiated MSCs, dMSCs: differentiated
MSCs, * indicated P<0.05, ** indicated P<0.01, *** indicated P<0.001, error bars: Standard error

of the mean.
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Histology

All obtained histology and immunofluorescence values are displayed in table 1.
Figure 6 provides representative nerve sections of the different groups. At 12 weeks,
autografts had a significant larger axon area ratio compared to unseeded allografts
(P<0.001), allografts seeded with undifferentiated MSCs (P<0.001) and allografts
seeded with differentiated MSCs (P=0.004). At 16 weeks, no significant differences in
axon area ratio between groups were found. The axon count, myelin area and nerve
area measures did not demonstrate any significant differences between groups at any
of the time points. Autografts had a significant higher N-ratio compared to unseeded
allografts (P=0.023) and allografts seeded with undifferentiated MSCs (P=0.040)
at 12 weeks. At 16 weeks, autografts had a significantly better N-ratio compared to
unseeded allografts (P=0.003), allografts with undifferentiated MSCs (P=0.025) and
allografts with differentiated MSCs (P=0.002) (Figure 7).

Table 1. Histology and immunofluorescence outcomes obtained at 12 and 16 weeks for all groups.
Outcomes are displayed as the mean and the standard error of the mean (SEM).

Autografts Allografts Allografts + Allografts +
undifferentiated MSCs differentiated MSCs

Axon area
12 weeks 27.58 £2.93% 10.14 £1.89% 11.76 £1.62% 15.48 £2.27%
16 weeks 35.95 +4.63% 2190 £+3.41%  20.07 +3.18% 20.84 +5.65%
Axon count
12 weeks 56.87 £7.47% 32.42 +5.38% 39.61 £5.11% 47.39 +5.55%
16 weeks 50.93 £7.20% 38.94 £2.67%  42.04 £6.91% 43.37 +13.49%
Myelin area
12 weeks 5712 +4.77% 38.43 £7.18% 40.11 £3.58% 46.86 +4.06%
16 weeks 69.63 £8.12% 57.53 £6.25% 50.69 +5.72% 41.93 £7.33%
Nerve area
12 weeks 7797 £7.58% 63.77 £5.74% 61.58 +£3.53% 71.09 £6.23%
16 weeks 77.37 £8.55% 79.18 £8.09% 66.27 £7.40% 60.74 £8.77%
N-ratio
12 weeks 59.06 +2.48% 4262 +5.89%  46.58 +3.59% 46.58 +3.59%
16 weeks 72.22 +2.93% 53.57 +3.04% 57.53 £+2.74% 51.71 £5.34%
S$100 density
12 weeks 96.48 £1.16% 97.84 £1.65%  92.85 +3.17% 94.88 £3.11%
16 weeks 102.37 £6.94%  93.54 £2.38%  94.61 +3.86% 95.92 +5.90%
PGP9.5 density
12 weeks 106.95 £16.30% 105.26 +4.88% 101.13 £9.55% 98.62 +7.97%
16 weeks 92.81 £5.15% 101.89 +£12.22% 98.13 £13.88% 76.68 £6.25%
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Figure 6. Examples of obtained images of peroneal nerve sections stained with toluidine blue at

12 weeks of follow-up. Scale bar upper images = Imm, lower images = 0.5mm.
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Figure 7. N-ratios (R/L) at 12 and 16 weeks. Autografts had a significant better N-ratio than unseed-
ed allografts and allografts seeded with undifferentiated MSCs at 12 weeks and compared to other
groups at 16 weeks. uMSCs: undifferentiated MSCs, dMSCs: differentiated MSCs, * indicated P<0.05,
** indicated P<0.01, *** indicated P<0.001, error bars: Standard error of the mean.



Immunofluorescence

S100 and PGP9.5 density outcomes are displayed in table 1. Examples of obtained
immunofluorescence images are displayed in Figure 8. Between group comparisons
showed no significant differences in S100 and PGP9.5 density ratio at both time points
(Figure 9).

Allograft + Allograft +
Control Autograft Allograft uMSCs dMSCs

Figure 8. An overview of immunofluorescent staining of S100 (Schwann cells, green) and protein
gene product 9.5 (PGP9.5, red), respectively. Micrographs showing density in mid-distal graft
sections from control nerve samples, autograft, allograft, allografts seeded with undifferentiated
mesenchymal stem cells (uMSC) and mesenchymal stem cells differentiated into Schwann cell-
like cells (AMSC) at 12 weeks. Cell nuclei are stained with Hoechst (blue) and obtained with 20X
magnification. The white scale bar is set at 0.2 mm.
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Figure 9. Immunofluorescent staining of protein gene product 9.5 (PGP9.5) and S100 at 12 and 16
weeks. Density of axons (normalized to the combined area of tissues positively stained for any of
PGP9.5, S100 and Hoechst) is shown in A and B, respectively, expressed in percentages. No
differences were found between groups or time points for either PGP 9.5 or S100. uMSCs =
undifferentiated MSCs, dMSCs = differentiated MSCs. error bars Standard error of the mean.
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DISCUSSION

Despite advances in decellularization techniques for allograft nerves, nerve autograft
remain the gold standard for segmental defect reconstruction of critical motor or
sensory nerves €. To overcome the limitations of decellularized allograft nerves, MSCs
have been hypothesized to improve outcomes of decellularized allograft nerves ’” by
producing proteins and cytokines that establish a micro-environment favorable for
neural regeneration #1213 Differentiated MSCs have been demonstrated to exert their
neurotrophic effectimmediately after implementation by expressing increased levels
of neurotrophic genes, while undifferentiated MSCs require additional time to interact
with the surrounding tissue prior to expressing neurotrophic genes '*. The purpose
of this study was to determine the effect of dynamically seeding undifferentiated and
differentiated MSCs onto decellularized nerve allografts 7 with respect to functional
and histologic outcomes in a rat sciatic defect model, in order to determine which cell-

type has greatest clinical potential.

In this study, MSCs were successfully differentiated into Schwann cell-like cells '¢ and
dynamically seeded onto decellularized nerve allografts ?”. Compared to unseeded
allografts, undifferentiated MSCs led to significant improvement of both ITF and
CMAP (P=0.017 and P=0.004) outcomes at 12 weeks, while differentiated MSCs only
led to significant improved CMAP outcomes (P<0.001). These findings correspond
to the study of Hou and colleagues whom observed that (differentiated) MSC-seeded
grafts recovered earlier than acellular grafts when measuring electrophysiology,
with significant results at 12 weeks *. Differences between groups normalized at
16 weeks which is consistent with the study of Tang and colleagues, demonstrating
normalizing ITF measurements at 16 weeks of follow-up *. Functional assessment
did not result in any significant differences between both cell-types for all functional
outcome measures at 12 and 16 weeks, which is in line with published studies of Orbay
and Watanabe 223, The hypothesized consequences of different effective phases of

both cell-types could not be confirmed in this study.

At 16 weeks, no significant differences in functional outcomes between groups were
found, except for muscle mass recovery that was significantly better in autografts
than in allografts seeded with differentiated MSCs (P=0.002). Although muscle mass is

easily obtainable, itis an indirect measurement of motor outcome as enlarged muscle
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fibers do not neccesarily feature improved contractility 3¢. ITF has been described
to objectively quantify contractility of muscle fibers and is easily reproducible .
The vulnerability of CMAP measurements, which is affected by the placement of all
individual electrodes, may explain why the CMAP outcomes are greater than the ITF

measures *°,

Histologically, the autografts had significantly better N-ratios in the peroneal nerves
at both time points compared to all other groups. Although not examined, this could
be explained by less formation of fibrosis in autografts **. Due to small groups and
insufficient sensitivity of density measures, the histology outcomes could not be
significantly confirmed by immunofluorescence outcomes, but unseeded nerve
allografts subjectively seem to contain less Schwann cells and axons compared to all

other groups.

Autografts were used as control group to test whether MSCs could improve outcomes
of decellularized allografts up to a level equal to that of autografts. While an additional
control group in which sham surgery is performed would also be interesting to include,
it would require the undesirable and precious use of additional animals. Alternatively,
outcomes of the operated side were normalized to the unoperated control side in order
to relate the test-outcomes to normal nerve and muscle function (providing a R/L

ratio).

The significant differences between groups presented at 12 weeks and normalized after
16 weeks, insinuates that nerve regeneration in motor nerves in rats will occur after 12
weeks, independently from the type of nerve repair. This finding may be correlated to
the demonstrated finite survival of MSCs up to 29 days in vivo. It is suggested that MSCs
significantly enhance nerve regeneration up to 12 weeks after which the superlative
neuroregenerative capacity of rats takes over, due to the apoptosis of the MSCs *2. The
superlative neuroregenerative capacity of rats is a commonly described explanation
and can be mitigated in a larger animal model 23°. Absent significant differences when
comparing cross-sectional tibial muscle areas is also a likely consequence of using a
small animal model with small cross-sectional nerve areas, relatively leading to larger
standard errors and less significant differences between groups 332, Future research
should be performed on multiple time points in larger animal models with larger nerve

gaps to potentially translate outcomes to humans.
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Considering the overall goal to improve outcomes of decellularized nerve allografts
in clinical practice, clinical applicability should be considered when interpretating
results. The use of autologous differentiated MSCs requires approximately 4-5 weeks
of preparation time, compared to 2-3 weeks for undifferentiated MSCs . Moreover, the
costs of the differentiation cocktail required to differentiate MSCs into Schwann cell-
like cells are high and add to the costs of extended cell culture. Differences between
undifferentiated an differentiated MSCs were not statistically significant in light of
the analyzed factors, but undifferentiated MSCs improved functional outcomes of
decellularized nerve allografts to a greater extent than differentiated MSCs. Taking all
of these factors into consideration, undifferentiated MSCs have the greatest potential
for bench-to-bedside application. Hypothetically, at the day of presentation in a clinical
setting, adipose tissue can be obtained using minimally invasive techniques from the
patient with nerve injury, MSCs can then be derived from this tissue and cultured
for approximately two weeks after which the MSCs can be dynamically seeded onto
an off-the-shelf commercially available nerve allografts, 12 hours in advance of the
nerve repair. Translation to a larger animal model to ensure the enhanced functional
outcomes, study of the capacity of human MSCs to be seeded on clinically available
nerve allografts and FDA approval are potential hurdles that need to be addressed

prior to application of the presented strategy in clinical practice.

CONCLUSIONS

Undifferentiated and differentiated MSCs significantly improved functional outcomes
of decellularized allografts at 12 weeks in motor nerves and equaled the autograft
results in the majority of outcome measurements. At 16 weeks, outcome measures
normalized as expected. Considering clinical applicability, undifferentiated MSCs are
more attractive as outcomes did not significantly differ between both cell-types, and

differentiation requires increased time and cost.
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ABSTRACT

Introduction

Detailed three-dimensional (3D) evaluation of microvasculature is evolving to be a
powerful tool, providing mechanistic understanding of angiomodulating strategies.
The aim of this study was to evaluate the microvascular architecture of nerve
allografts after combined stem cell delivery and surgical angiogenesis in a rat sciatic

nerve defect model.

Materials and Methods

In 25 Lewis rats, sciatic nerve gaps were repaired with (i) autografts, (ii) allografts, (iii)
allografts wrapped in a pedicled superficial inferior epigastric artery fascia (SIEF) flap
to provide surgical angiogenesis, combined with (iv) undifferentiated mesenchymal
stem cells (MSC) and (v) MSCs differentiated into Schwann cell-like cells. At two weeks,
vascular volume was measured using microcomputed tomography, and percentage

and volume of vessels at different diameters were evaluated and compared to controls.

Results

The vascular volume was significantly greatest in allografts treated with
undifferentiated MSCs and surgical angiogenesis combined, compared to all
experimental groups (P<0.01 compared to autografts, P<0.0001 to allografts, P<0.05 to
SIEF and SIEF combined with differentiated MSCs, respectively). Volume and diameters
of vessel segments in nerve allografts were enhanced by surgical angiogenesis. These
distributions were further improved when surgical angiogenesis was combined with

stem cells, with greatest increase found when combined with undifferentiated MSCs.

Conclusions

The interaction between vascularity and stem cells remains complex, however, this
study provides some insight into its synergistic mechanisms. The combination of
surgical angiogenesis with undifferentiated MSCs specifically, results in the greatest
increase of revascularization, size of vessels, and stimulation of vessels to reach the

middle longitudinal third of the nerve allograft.
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INTRODUCTION

The outcome of tissue transplantation critically depends on tissue revascularization
! Nerve trauma is often associated with extensive soft tissue damage, enhancing
disability and impeding restoration of limb function 2. In adult traumatic brachial plexus
injuries, concomitant vascular injury portends a worse functional outcome following
reconstruction ®, emphasizing the role of vascularization in nerve reconstruction
and subsequently nerve regeneration. A few studies suggest that revascularization
patterns of allograft nerves after reconstruction is via proximal inosculation, a process
of revascularization occurring primarily from proximal to distal *°. Diminishing
fibrosis and central necrosis in nerve grafts by early revascularization of the graft
may enhance axonal regeneration, especially in larger diameter nerve grafts *. Surgical
angiogenesis by a pedicled adipofascial flap is a potential strategy to improve the

microcirculation and thus revascularization 8.

Stem cells offer several regenerative benefits to peripheral nerve regeneration,
including secretion of trophic factors that promote angiogenesis, remyelination and
a supportive microenvironment °. Adipose-derived mesenchymal stem cells (MSC)
specifically are relatively easy to be isolated and are capable of differentiating into

mesoderm lineages *1°.

The combination of surgical angiogenesis and MSCs to allograft nerves may further
improve neovascularization in allografts. Detailed three-dimensional (3D) evaluation
of microvasculature is becoming a powerful tool to provide mechanistic understanding
of angiomodulating strategies and could be applied to investigate this interaction in
nerve allografts !*. The purpose of this study was to evaluate the early microvascular
architecture of nerve allografts enhanced with stem cell delivery and surgical

angiogenesis in a rat sciatic nerve defect model.
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MATERIALS AND METHODS

Animal experiments were approved by the Mayo Clinic Institutional Animal Care and
Use Committee (IACUC A3348-18).

Experimental design

Twenty-five male Lewis rats, weighing between 250-300 grams (Envigo, USA), were
randomly divided into five groups to reconstruct unilateral sciatic nerve gaps, depicted
in Table 1. In group I, a unilateral 10-mm sciatic nerve gap was repaired with an
ipsilateral reversed autologous graft to create a mismatch in the alignment of nerve
fibers (gold standard). For group II-V, decellularized allograft nerves were used to
reconstruct the nerve gap. In group 11, a 10-mm allograft was used to reconstruct the
nerve gap. In group III-V, these nerve allografts were placed in a vascularized bed
using a pedicled superficial inferior epigastric artery fascia (SIEF) flap to provide
surgical angiogenesis °. Prior to surgery of group IV and V, allografts were dynamically
seeded with undifferentiated MSCs and MSCs differentiated into Schwann cell-like
cells, respectively, combining stem cells and surgical angiogenesis. After survival
of two weeks, Microfil® was injected to preserve vasculature and microcomputed
tomography (micro CT) analysis of blood vessel morphology and distribution was
performed 2. Results were compared to non-operated sciatic nerve (control) samples
(N=10).

Table 1. Experimental design. dMSC: differentiated mesenchymal stem cells, SIEF: superficial
inferior epigastric artery fascial (SIEF) flap, uMSC: undifferentiated mesenchymal stem cells.

Groups Description Survival time Outcome measurements
2 weeks (N)
1 Autograft | Autograft 5 Micro computed analysis
Il |Allograft | Decellularized allograft 5 + Vascular volume
| SIEF Decellularized allograft + SIEF f 5 " Volume of vessels (mm)
+
ecellulanized aflogra ap « Percentage of vessels (%)
IV | uMSCs + Decellularized allograft + 5
SIEF undifferentiated MSCs + SIEF flap
V  dMSCs + Decellularized allograft + 5
SIEF differentiated MSCs + SIEF flap
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Nerve allograft harvest and processing

Ten male Sprague-Dawley rats (Envigo, Madison, W1, USA), weighing 250-300 grams,
served as donors for harvesting a 15-mm segment of the sciatic nerve bilaterally.
Sprague-Dawley rats were used to obtain a major histocompatibility complex mismatch
with the recipient Lewis rats '*'*. After rats were anesthetized in an isoflurane
inducted chamber and euthanized with an overdose of Pentobarbital Sodium (Fatal
Plus, 390 mg/mL, Vortech, Dearborn, MI, USA), sciatic nerves were collected, cleaned
from external debris and processed using a five-day decellularization protocol utilizing
elastase and chondroitinase to become acellular allografts '°. After processing, the
nerves were sterilized using g-irradiation and stored in phosphate buffer saline at 4°C.
All steps were carried out at room temperature with agitation under sterile conditions

and in a laminar flow hood.

Mesenchymal stem cell preparation and culture

Rat MSCs from a previously characterized lineage were used for experiments . These
MSCs were derived from the inguinal fat pad of inbred Lewis rats '/, characterized by
plastic adherence, pluripotency towards mesodermal lineages, the expression of MSC
surface markers CD29 and CD90, and absence of hematopoietic cell surface markers
CD34 and CD45 8. The stromal cell pellet was re-suspended in growth medium
consisting of advanced Minimum Essential Medium (a-MEM (1x); Life Technologies
Corporation (LTC)), 5% platelet lysate (PLTMax®; Mill Creek Life Sciences, MN,
USA), 1% Penicillin/Streptomycin (Penicillin-Streptomycin (10.000 U/mL; LTC), 1%
GlutaMAX (GlutaMAX Supplement 100X; LTC) and 0.2% Heparin (Heparin Sodium
Injection, USP, 1.000 USP units per mL; Fresenius Kabi, IL, USA).

Mesenchymal stem cell differentiation

MSCs were differentiated into Schwann cell-like cells according to protocol Y. This
protocol has shown to morphologically change 81.5% of the MSCs exposed to the
differentiation medium into a typical spindle-like shape . Cells were treated with

R-mercaptoethanol (Sigma-Aldrich, MO, USA) and all-trans-retinoic acid (1:1000 of
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stock dilution, 35 mg/mL diluted in dimethyl sulfoxide (DMSO); Sigma-Aldrich), prior
to introducing a differentiation solution to the growth medium containing 0.14%
Forskolin (10 mM dissolved in DMSO, Sigma-Aldrich), 0.01% basis fibroblast growth
factor (bFGF; 100 mg/mL dissolved in 5 mM Tris Hydrochloride buffer, PeproTech,
NJ, USA), 0.005% platelet-derived growth factor (PDGF-AA; 100 mg/mL dissolved
in 10 mM acetic acid, PeproTech) and 0.02% Neuregulin-1 31 (NRG1-b1; 100 pg/
mL reconstituted in phosphate buffered saline (PBS), R&D systems Inc, MN, USA).

Successful differentiation was previously assessed by immunohistochemistry '8,

All MSC cultures were maintained at subconfluent levels in a 37 °C incubator with 5%
CO2 and passaged with TrypLE (Invitrogen, UK). Growth medium was changed every

72 hours. In this experiment, passage five cells were used to seed allografts.

Seeding allograft nerves with mesenchymal stem cells

For group IV and V, ten allografts were dynamically seeded for 12-24 hours with 1x10"6
undifferentiated MSCs (N=5) and 1x1076 differentiated MSCs (N=5), respectively '°.
Briefly, decellularized nerve allografts were sterilely combined with 1x10”6 cells in
a TubeSpin® Bioreactor tube (Midwest Scientific, MO, USA) containing cell culture
medium (Figure 1A). Tubes were placed on a bioreactor with a fixed speed of 18 RPM
in the incubator for 12-24 hours until surgery. Seeding efficiency using this dynamic

seeding strategy has been previously validated 5.

Surgical procedure

Rats were anesthetized in an isoflurane chamber, shaved, prepped and positioned in
the nosecone to maintain anesthesia throughout the procedure. Preoperatively, the
following were administered subcutaneously: 5 mL of NaCl 0.9% solution (to prevent
dehydration), Enrofloxacin (Baytril, Bayer, Germany, 10mg/kg, providing infection
prophylaxis) and Buprenorphine SR (Buprenorphine SR-LAB, ZooPharm pharmacy,
0.6mg/kg, pain control). Body temperature during surgery was maintained at 37°C

with a heating pad.
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Figure 1. Nerve graft seeding technique and schematic drawing of the superficial inferior epigas-
tric fascia (SIEF) flap harvest. Depicted is the stem cell isolation from adipose tissue and dynamic
seeding of nerve allografts (A). The elevation of the flap from distal to proximal is depicted in B,
providing a 4 x 3 cm adipofascial flap based on the lateral branch of the superficial inferior (SIE)
vessels. The SIEF flap was tunneled subcutaneously toward the nerve without vascular twisting of
the epigastric trunk and wrapped around the nerve allograft reaching both anastomoses (C). Flap
edges were trimmed and two 10-0 nylon sutures were placed to secure the position of the SIEF
flap. With permission of the Mayo Foundation, Copyright Mayo Foundation 2020. All rights reserved.
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The left sciatic nerve of each rat was fully exposed proximally from the inferior
margin of the piriformis muscle to approximately 5 mm distal to the bifurcation,
under an operating microscope (Zeiss OpMi 6, Carl Zeiss Surgica, Oberkochen,
Germany). A 10-mm segment of the sciatic nerve was excised by sharp transection
with microsurgical scissors. In group I, the nerve segment was reversed and placed as
an interposition autograft with six 10-0 nylon (10-0 Ethilon, Ethicon Inc., Sommerville,
NJ, USA), epineural interrupted sutures on either side of the repair. In group II, the
nerve gap was bridged with a 10-mm decellularized allograft with use of a similar
surgical technique. In group II1I-V, surgical angiogenesis was provided to the allograft
(group III), combined with undifferentiated MSCs (group 1V) and differentiated MSCs
(group V), respectively. In detail, the nerve gap was repaired with an allograft which
was consecutively wrapped in the pedicled SIEF flap ©. Briefly, the femoral artery was
identified in the groin on the ipsilateral side of the nerve reconstruction, whereafter
the superficial inferior epigastric (SIE) vessels were exposed. The 4 x 3 cm SIEF flap
containing subcutaneous fat, inguinal fat, the femoral vasculature and SIE vessels,
was tunneled subcutaneously toward the nerve reconstruction and wrapped around
the nerve, covering both the proximal and distal nerve repair, providing surgical

angiogenesis to the entire nerve allograft (Figure 1B).

In all groups, wounds were closed in layers, approximating muscle with two 5-0
absorbable interrupted sutures (5-0 Vicryl Rapide, Ethicon Inc.). The skin was closed
subcutaneously, using the same suture. Postoperatively, the rats were individually

housed and provided with food and water ad libitum with a 12-hour light-dark cycle.

Nonsurvival procedure

Two weeks after surgery, rats were anesthetized and euthanized with 1mL
intraperitoneal injection of Pentobarbital Sodium. After preserving nerve vasculature
by injection of yellow Microfil® compound (MV 8mL, diluent 15mL, and curing agent
1.2mL, Flow Tech, Inc., Carver, MA, USA) in the descending aorta according to protocol,

nerve samples were harvested bilaterally and cleared using graded series of ethanol 2.
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Outcome measurements

Preserved vasculature in the nerve segments was quantified using a SkyScan 1276
micro CT (Bruker Corporation, Billerica, MA, USA) at 40kV voltage, 200 pA current
and 10 pum resolution, as previously described 2. Three-dimensional images of the
samples were reconstructed using Hierarchical InstaRecon software (NRecon,
1.7.4.2., InstaRecon, 2.0.4.0. InstaRecon) and AnalyzePro software (AnalyzeDirect,
Inc.,Overland Park, KS) was used to segment blood vessels. The volume of the

vasculature was expressed as a percentage of the total nerve volume (vessel%).

Evaluation of blood vessel morphology

For all transplanted nerve groups and controls, a vasculature tree skeleton was
generated using an ERODE/DILATE program (written by the Department of Physiology
and Biomedical Engineering at Mayo Clinic, Rochester, MN) '°. This program allowed
for optimal morphological information of the entire vasculature network including
measurement of the following morphological parameters; volume and percentage of
vessels at different diameters. Using this program, the volume of vessels within a
selected lumen diameter range was estimated. Specifically, the distance between the
two most distant lying voxels within these vessels was determined to describe vessel
thicknesses. The average of the local voxel thicknesses within the structure yields the
vessel thickness (lumen diameter in um). As the cubic voxel side dimension was 10
um, the nerve microvessels were always derived in 20 um increments. Due to a finite
imaging field, some vessels could not be visually connected and were excluded from
the data. The volume (in mm?®) and percentage (in %) of the averaged vessel counts

were calculated for each group to depict the vascular distribution.

Analysis

Vascular volume results were analyzed and compared to ten non-operated sciatic
nerve (control) samples, randomly selected from two rats of each experimental
group. The nerve samples were included in the study if they underwent successful
preservation of vasculature, defined by observation of yellow nailbeds on either paw.
Investigators could not be blinded to the experimental groups during perfusion of

Microfil®, but the micro CT was performed by an independent technician to provide
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unbiased data. Analysis of variance (ANOVA) with Bonferroni post-hoc tests were used
for comparisons between groups. Spatial distribution analysis was performed using
the ERODE/DILATE program *. Diameter groups with a minimum of two values per
diameter range were included for analysis. Results were reported as the mean and

standard error of the mean (SEM), and the level of significance was set at a < 0.05.

RESULTS

During follow-up, no SIEF flap necrosis occurred and no infections were seen (groups
[1I-V). At sacrifice, all SIEF flaps were well vascularized and demonstrated active
bleeding at its margins. Successful preservation of vasculature was achieved in all

nerve graft samples (total of N=25) and unoperated control nerve samples (N=10).

Macroscopic appearance of the vessels in the nerve samples

Nerve samples were imaged using the micro CT for 3D visualization of the vessels,
depicted in Figure 2. Revascularization consisting of a mesh network occurred
from both host stumps in nerve allograft samples, leaving the middle longitudinal
third (referred to as mid-section) of the nerve avascular (2C). Surgical angiogenesis
enhanced the mesh network of microvessels sprouting into the nerve towards the mid-
section (2D). When surgical angiogenesis was combined with undifferentiated MSCs,
revascularization reached the mid-section of the graft, showing microvessels along
the entire length of the nerve graft (2E). This increase was less evident when surgical
angiogenesis was combined with differentiated MSCs (2F). In nerve autografts, thicker
longitudinally running vessels were recognized along the entire length of the nerve

(2B), comparable to unoperated control (2A).

Vascular volume

Vascular volume outcomes of all groups are described in Table 2 and results are depicted
in Figure 3. The vascular volume in allografts was found to be lowest compared to
all groups and significantly inferior to control (P<0.0001) and SIEF combined with
undifferentiated MSCs (P<0.0001). SIEF combined with undifferentiated MSCs was

significantly superior compared to all experimental groups (P<0.01 compared to



autograft, P<0.0001 to allograft, P<0.05 to SIEF only and P<0.05 to SIEF combined with
differentiated MSCs, respectively), and comparable to control (P=0.15).

A Control

B Autograft

C Allograft

D SIEF

E uMSC+SIEF

F dMSC+SIEF

Figure 2. Micro computed tomography (micro CT) images of nerve samples. Micro CT images of un-
operated control nerve (A), autograft (B), allograft (C), and allograft wrapped in a pedicled superficial
inferior epigastric artery fascial (SIEF) flap (D), combined with undifferentiated mesenchymal stem
cells (uMSC, E) or mesenchymal stem cells differentiated into Schwann cell-like cells (AMSC, F).
Images were obtained at two weeks. Nerve samples were positioned from proximal to distal (left
to right, respectively). Scale bar is set at 1 mm. In the supplementary data, videos of these nerve
samples are provided to give a 3D representation of the micro CT.
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Table 2. Outcomes of vascular volume. Results were expressed as mean% vessel + SEM, SEM:
Standard error of the mean. dMSC: differentiated mesenchymal stem cells, SIEF: superficial inferior
epigastric artery fascial (SIEF) flap, uMSC: undifferentiated mesenchymal stem cells.

Groups Vascular volume
Control 4.52 +0.33
Autograft 2.51 +0.26
Allograft 1.35 + 0.41
SIEF 3.38 £ 0.56
uMSCs + SIEF 5.57 +0.72
dMSCs + SIEF 316 + 0.18
Vascular volume
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Figure 3. Vascular volume of nerve groups at 2 weeks using micro computed tomography (micro
CT). Results of control nerve, autograft, allograft, and allograft wrapped in a pedicled superficial
inferior epigastric artery fascial (SIEF) flap, combined with undifferentiated mesenchymal stem cells
(uMSCH+SIEF) or mesenchymal stem cells differentiated into Schwann cell-like cells (AIMSC+SIEF).
Results were expressed as a percentage (vessel%) of the total nerve area and given as the mean *
SEM. *Indicates significance at P < 0.05, **P < 0.01, ***P < 0.0001. SEM: Standard error of the mean.

Blood vessel morphology

Evaluation of the nerve angioarchitecture allowed for determination of the distribution
of blood vessels in nerve sample groups. Diameters of blood vessels found in autograft

nerves ranged from 0-220 pm, 0-200 pm in allografts and 0-200 pum in control nerves
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(Figure 4). For the SIEF group this was found to be ranging from 0-240 pum, 0-340

um when combined with undifferentiated MSCs and 0-300 pm when combined with

differentiated MSCs, respectively (Figure 5).
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Figure 4. Spatial vessel distribution of control, autograft and allograft groups, based on volume

and percentage of vessel segments. Histograms presenting the relative proportion of a given

diameter distribution of blood vessels in control, autograft and allograft nerve groups. Results were

analyzed based on volume (A) and percentage (B), and presented as the mean + SEM. Vessel diameters

were given in 20 pm increments and were ranging from 0-220 um. SEM: Standard error of the mean.
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Figure 5. Spatial vessel distribution of allograft groups combined with surgical angiogenesis and
stem cell delivery, based on volume and percentage of vessel segments. Histograms presenting the
relative proportion of a given diameter distribution of blood vessels in allograft, allograft wrapped in
a pedicled superficial inferior epigastric fascial (SIEF) flap, combined with undifferentiated mesen-
chymal stem cells (uUMSC+SIEF) or mesenchymal stem cells differentiated into Schwann cell-like cells
(dMSCH+SIEF) groups. Results were analyzed based on volume (A) and percentage (B) and presented as
the mean + SEM. Vessel diameters were given in 20 um increments and were ranging from 0-340 pum.
SEM = Standard error of the mean.
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Spatial distribution of blood vessels

Control, autograft and allograft nerves

The vessels were distributed per volume, to describe a vessel segment volume prior
to sprouting into a new segment and per percentage to denote the lumen diameter
distribution, respectively. The relation of the volume to the diameter within blood
vessels was distributed in a linear matter (Figure 4A). The greatest volume measured
0.55+0.07mm? for autografts, 0.21+0.07 mm? for allografts and 0.46+0.05 mm? for
controls, respectively (4A). For allografts, most of these vessels were 0-20 pm (48%)
and these vessel counts decreased as diameters increased. For autografts, the majority
of vessels were between 20-80 pm (21% for 20-40 pm, 22% for 40-60 um and 20%
for 60-80 um). A similar bell-shaped pattern was observed in controls, where most
vessels were distributed between 20-100 pm (16% for 20-40 um, 20% for 40-60 pum,
22% for 60-80 um and 17% for 80-100 um) (Figure 4B).

Allograft, SIEF and SIEF nerves combined with stem cells

The volume of vessels was largely increased when allografts were wrapped within
a SIEF flap and further increased when combined with stem cells. Largest volume
of vessels and diameter were found when SIEF was combined with undifferentiated
MSCs (1.30+£0.23 mm?, Figure 5A). The greatest measured volume for SIEF combined
with differentiated MSCs was 0.79+0.12 mm?3 and 0.52+0.06 mm? for SIEF, respectively
(Figure 5A). Addition of the SIEF flap resulted in an increased vessel diameter
compared to allograft only, resulting in 18% of vessels being between 20-40 um and
the vessels to be more uniformly distributed with regard to diameter (Figure 5B).
This increase in vessel diameter was more prominently visible in nerve allografts that
received both surgical angiogenesis and stem cell delivery; resulting in the distribution
to be skewed to the right (i.e. larger vessels). Blood vessels in the differentiated MSCs
and SIEF group combined, showed little percentage of small vessels (2% for 0-20
pum) with a peak of 18% for 40-60 pm and broad distribution towards 300 pm. When
undifferentiated MSCs were combined with the SIEF flap, it resulted in the broadest
distribution of vessels compared to all other groups, with majority of vessels to be

distributed between 0-140 pm (5B).
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Overview of volume distribution

To give an overview of all groups, volumes of vessels with corresponding diameters
were presented as means and combined in one figure (Figure 6). The control and
autograft showed a similar distribution of vessels, with a large overlap. Allografts
showed the lowest volume of vessels and this pattern was increased when wrapping
within a SIEF flap, with regard to both volume and diameter distribution. The addition
of stem cell seeding further improved these distributions, with greatest increase found

when combined with undifferentiated MSCs.

Overview volume distribution
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Figure 6. Overview of blood vessel diameter distribution based on volume after three-dimen-
sional reconstruction using micro computed tomography (micro CT). Diameter distribution of
blood vessels of control, autograft, allograft, allograft wrapped in a pedicled superficial inferior
epigastric fascial (SIEF) flap, combined with undifferentiated mesenchymal stem cells (uMSC+SIEF)
or mesenchymal stem cells differentiated into Schwann cell-like cells (AIMSC+SIEF). Groups were

ranked based on volume and presented as the mean to give an overview of all groups.
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DISCUSSION

Nerves are vascularized through two systems: the extrinsic and intrinsic blood supply.
Both systems serve as a nutrient system and are responsible for the cellular metabolism
of the nerve 2°. After injury, blood flow is increased to help prevent the nerve from
ischemia 2!, resulting in a cascade of biological processes over time including activation
of angiogenesis, sprouting of vascular endothelial cells and remodeling of blood vessels
2 Invascularized nerve grafts, blood flow was found to be increased compared to non-
vascularized nerve grafts, starting from the first postoperative day ?*. This finding is
in line with our study, which demonstrated enhanced vascularity in nerve grafts to
which surgical angiogenesis via a SIEF flap was applied. The combination of surgical
angiogenesis and stem cells, in particular undifferentiated MSCs, resulted in further
enhancement of vascularity and has not been previously described. Stem cells are
known for their paracrine properties and exert different functions when influenced
by their environment 2% Differentiation of MSCs in Schwann cell-like cells results in
specific gene expression profiles and are found to express high gene-levels in the
first 72 hours after seeding on nerve samples in vitro, while undifferentiated MSCs
are characterized by enhanced gene-levels after one week . Specifically, vascular
endothelial growth factor (VEGF) was expressed in higher levels by undifferentiated
MSCs compared to differentiated MSCs 25, potentially explaining the findings in
this study. Undifferentiated MSCs combined with the SIEF flap not only increased
vascularity, but also resulted in revascularization of the mid-section of the graft at
two weeks (Figure 2E), emphasizing that stimulation of centripetal revascularization

is determined by the surrounding tissue *?.

Previous studies have reported increased vascularity in decellularized allografts
treated with differentiated MSCs versus undifferentiated MSCs at 16 weeks ?’.
Vascularity was measured using a two-dimensional method, which lacks details of
nerve angioarchitecture compared to a 3D method. Additionally, this study did not
evaluate the provision of surgical angiogenesis. With different experimental designs,
it is difficult to compare our results at two weeks to their 16 week outcomes ?’. The
synergistic effect of stem cells and surgical angiogenesis is hypothesized to be due to
the adipofascial flap providing vascular delivery of trophic factors, sufficient nutrients
and oxygen, resulting in less hypoxia vital to sustaining survivability of stem cells 5%,

Stem cells have a neuroprotective and immunomodulatory effect causing less fibrosis
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and scarring, subsequently resulting in improved diffusion to meet the demands of
cellular metabolism 2+3%31, The interaction between stem cells and vascularity remains

complex and has not been thoroughly investigated.

The organization of vessels in reconstructed nerves has been of interest. Only
few studies have explored the 3D microvasculature of peripheral nerves 273%35,
emphasizing the necessity for imaging of nerve revascularization in conjunction
with nerve reconstruction after trauma. It has been suggested that the amount of
revascularization is enhanced at the sites of nerve coaptation in response to the acute
hypoxia during nerve trauma 3>3¢. Macrophages play an important role as sensors of
hypoxia to induce angiogenesis during this process *’. In addition, vessels away from
the coaptation sites were found to be more organized and less frequently branched
%, This is in line with our results, specifically in the nerve allografts that have been
wrapped with a SIEF flap that was combined with undifferentiated MSCs. Blood vessels
are found to provide directionality to Schwann cell movement and may therefore play

a guidance role to neuronal precursors to enhance nerve regeneration 3”35,

Detailed evaluation of nerve angioarchitecture to the capillary level using
3D-skeletonization and its further analysis provided in this paper contributes to
understanding of vessel organization. Although the interpretation of the macroscopic
images suggests that larger diameter longitudinally running vessels are seen in
autografts and controls (Figure 2), the vessel distribution analysis states differently
and shows that nerve graft groups wrapped within the pedicled SIEF flap result in
larger diameters of vessels (Figure 5). This incongruence may be reconciled in a
few ways. First, the macroscopic images are depicted longitudinally, not providing
visual insight into the lumen diameters of the vessels. Second, the volume of vessels
(Figures 4A and 5A) depict the volume of vessel segments prior to its sprouting into a
new segment. Although the measured volume segments of groups receiving surgical
angiogenesis are comparable to or higher than controls and autografts, these account
for a smaller portion in terms of percentage. Third, the vessel distribution analysis
solely analyzes the provided 3D-skeleton without correcting for the total quantified
vascular volume. This suggests that the evaluated spatial distributions need to be
interpreted independently from the total volume to overcome a distorted picture of

data.
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Other limitations include the effective voxel size (10 mm). As such, the smallest
branches are not visible, resulting in some arterial and venous trees not to be connected
in the macroscopic figures. Furthermore, the use of Microfil® is limited to ex vivo
analysis of specimens, hampering longitudinal studies in one animal *°. Although these
limitations exist, visualization of vessels after Microfil® preservation remains a highly
advanced yet relatively simple technique with a broad application range to evaluate

vessel volume and distributions in any organ or animal model 2.

Future studies are needed to explore the role of surgical angiogenesis and stem cell
delivery on nerve allografts on the long-term in rats and in larger animal models (e.g.
rabbits) to provide evidence needed for clinical translation in the future. As limited
studies are available that discuss their role on the immunogenicity of nerve allografts
2540 increased understanding of the alteration of the micro-environment of nerve and
its effect on immune tolerance will contribute to improve reconstructive options for

peripheral nerve injuries.

CONCLUSIONS

Accurate interpretation of 3D angioarchitecture provides insight into hierarchical
assembly and changes in vascular patterns, thus understanding of the interaction
between vascularity and stem cells. Based on this study, we can conclude that surgical
angiogenesis contributes to revascularization of nerve allografts. The combination of
surgical angiogenesis with undifferentiated MSCs specifically, results in the greatest
increase of revascularization, size of vessels, and stimulation of vessels to reach the

mid-section of the nerve allograft.
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GENERAL DISCUSSION

The study of peripheral nerve regeneration potential dates back to ancient times,
with the first descriptions found in Galen’s writings in the second century A.D. 1.
Despite advancements in research and microsurgical techniques, complete motor
recovery from peripheral nerve injuries and reconstruction is still rarely achieved.
With regeneration proceeding at a rate of 1 mm per day, reinnervation of target
neuromuscular junctions may take months and a prolonged delay may result in
irreversible changes in the target muscle resulting in detrimental functional recovery
24 Providing reconstruction options to meet the critical window of time, therefore,
has remained a focus of research in 2021 and has led to the research question of this
thesis: Does augmentation of nerve allografts with angiogenesis and stem cells improve

revascularization and subsequently nerve regeneration?

The discussion is divided in two parts: the role of angiogenesis (Part I) and the
combined effect of angiogenesis and stem cells (Part II). Furthermore, future
perspectives and research needed to translate these findings from bench to bedside

are explored.

PART I: THE ROLE OF ANGIOGENESIS IN NERVE REGENERATION

In the 1980’s, several experimental and clinical studies investigated the effectiveness
of adding vascularization to a nerve graft. Sensory and functional motor recovery
results were conflicting when comparing vascularized nerve grafts (VNG) to non-
vascularized nerve grafts (NVNG) 11, To this end, the addition of vascular endothelial
growth factor (VEGF) to nerve allografts was investigated in a rat sciatic nerve defect
model. Unfortunately, VNGs face many technical obstacles and are indicated in large
nerve defects to improve outcomes in complex and unique cases %13, With no direct
comparison to NVNGs, conclusions on the superiority of VNGs is only speculated and
not proven. The overarching faced problem is that only case studies are available
and no controlled studies exist that evaluate the provision of vascularization to
the nerve bed. Transplantation of a nerve graft based on its arterial pedicle (VNG)
is technically challenging and does not alter the tissue bed. The aim of Chapter 3
was to validate a surgical technique that provides angiogenesis to the nerve bed.

The pedicled superficial inferior epigastric artery fascial (SIEF) flap in the rat was
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validated to provide vascularity to the sciatic nerve area. This flap was raised from the
abdomen, rotated and subcutaneously tunneled towards the sciatic nerve. The pedicled
SIEF flap was wrapped around the nerve graft, covering the entire nerve and both
reconstruction sites. This technique was proven reliable, demonstrated a total success
rate of flap viability without necrosis at 12 and 16 weeks, did not require microsurgical
repair of blood vessels and therefore decreased the risk of complications. This method
was used in the subsequent studies of this thesis to evaluate the role of vascularization

on nerve allografts.

To understand the effect of the SIEF flap on nerve grafts and the mechanisms of
vascularization, I aimed to evaluate the amount of (neo)angiogenesis. Previous
studies have focused on immunohistochemical staining, which lacks the three-
dimensional (3D) interconnectivity of the vasculature in serial histological sections
1415 Therefore, conventional photography and microcomputed tomography (micro CT)
were investigated to objectively quantify vascular surface area and vascular volume,
respectively, as measurements of angiogenesis in the nerve. These novel techniques
were validated in Chapter 4 and objectively provided detailed two-dimensional (2D)
and 3D information. The ultimate goal is to describe neoangiogenesis -the formation
of new blood vessels- ¢ in nerve. This would allow us to evaluate and compare
neoangiogenic effects of various treatments. However, the distinction between pre-
existing and newly formed vessels is technically difficult. The decellularized nerve
allograft is per definition acellular and undergoes revascularization in vivo after
implementation. Measuring angiogenesis in decellularized nerve allografts over time
gives an estimation of the newly formed vessels and could be compared to allografts

augmented with a adipofascial flap to evaluate the effect of vascularization.

By combining the described techniques in Chapters 3 and 4, Chapter 5 investigated
how augmentation of nerve allografts with angiogenesis affects revascularization
patterns over time. The findings provided evidence for answering two important
questions. First, it was shown that augmentation of nerve allografts with angiogenesis
increases revascularization. While this finding does not come unexpected, it strongly
supports the vascular contribution of the surrounding bed. Revascularization of nerve
is postulated to occur from (i) extraneural vascular contribution from surrounding
beds (centripetal revascularization) and (ii) longitudinal bidirectional inosculation

from the proximal and distal ends of the graft 7%, One may argue that the muscular

11
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bed in this experimental design was not poorly vascularized, questioning the
relevance of adding an adipofascial flap. Nevertheless, it seemed that the vascular
bundle being in close vicinity and traveling parallel with the nerve over an adequate
distance in the adipofascial bed was a contributing factor to revascularization 2.
In contrast, the revascularization of nerve allografts that were not wrapped in a
vascularized adipofascial flap remained poor. The second finding suggests that an
improved vascularized bed promotes longitudinal inosculation, in particular proximal
inosculation, and confirms the theory of centripetal revascularization. There has
been controversy regarding the mechanism of revascularization and studies have
investigated this topic using various approaches to assess angiogenesis including
histology 22?3, angiography >?*%> and evaluation of blood flow >!826-28, While previous
studies support bidirectional longitudinal inosculation from the proximal and distal
ends of the nerve graft 7194, a more recent study by Chalfoun and colleagues is in
line with our findings and also favored proximal vascular inosculation 2¢, Advanced
technology, such as micro CT, used in this study, provides the ability to identify 3D
interconnectivity of the vasculature and may be used to describe spatial differences

in revascularization in more detail ?°.

What effect does angiogenesis have on nerve allografts at a cellular level?

Theoretically, a well vascularized bed enhances the local cellular environment near the
nerve repair site -the paracrine environment- to support tissue healing after injury and
subsequently diminish fibrosis *°. The hallmark of fibrosis is the chronic accumulation
of myofibroblasts, which are the primary extracellular matrix (ECM)-secreting
cells. Depending on the ECM composition, this could lead to either physiological or
pathological tissue repair .. Myofibroblasts in fibrotic diseases originate from several
sources, including from phenotypic differentiation of fibrocytes and transition of
endothelial cells, often regulated by transforming growth factor (TGF)-f 3%3. While
chronic hypoxia stimulates this differentiation, it has been suggested that acute
hypoxia induces angiogenesis which subsequently decreases the conversion of
fibroblasts into pro-fibrotic myofibroblasts 343° (Figure 1). Furthermore, angiogenesis

is critical for ECM synthesis that is needed for remodeling successful tissue repair ¢%7.
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Collagens are abundantly present in the ECM of peripheral nerves. Of the 29 collagen
types, type I and II1, specifically, are believed to provide mechanical support for axonal
growth and regeneration after peripheral nerve injury 3#3°. In this chapter, a significant
increase was found in gene expression profiles of collagen type I and III in nerve
allografts wrapped around with the SIEF flap. These SIEF samples also confirmed
increased angiogenesis, using various angiogenic markers i.e. Cd34, Pecam1/Cd31,
Vegfa and Mmp2. Furthermore, using flowcytometry, peripheral T cells were evaluated
in the blood samples of rats. At one week postoperatively, T helper population (CD4)
was significantly increased in SIEF rats, compared to baseline, untreated rats. These
data support the hypothesis that an adipofascial flap plays a role in suppressing nerve
fibrosis after injury, by providing both an immune tolerant paracrine environment and
increasing angiogenesis to the nerve allograft. Achieving a reduction of fibrotic tissue

formation is a desired aim and hallmark of improved nerve regeneration.

The in vivo setting of Chapter 6 brings along both advantages as disadvantages that
need to be addressed. First, this study lacks gene expression profile evaluation over
time. Gene expression varies significantly over time and following these profiles over
a time course may provide more information. Due to experimental logistics, costs
of surgery and animal maintenance, obtaining longitudinal gene expression values
remains more feasible in vitro ***1. Second, data on baseline expression in healthy
peripheral nerves is scarce, making it difficult to understand causal relationships
in gene regulation pathways. On the other hand, the in vivo setting allowed for
environmental cues, such as growth factors and supporting cells, reflecting changes
in the context of the ECM environment. These cues influence the proliferation and
differentiation of immune cells and stem cells, reflecting a physiologically realistic

context #2,

In Chapter 7, the aim was to investigate the impact of angiogenesis on motor recovery.
While various outcome measurements are available to assess motor recovery, isometric
tetanic force (ITF) has remained a reliable technique in determining the degree of
motor recovery of a reinnervated muscle as a direct measure of reinnervation *3. In
this chapter, it was found that augmentation of decellularized nerve allografts with
angiogenesis resulted in enhanced early motor recovery, comparable to autografts. The

contributing factors hypothesized to be leading to this result are twofold and answer
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the main objective for Part I: Does augmentation of nerve allografts with angiogenesis

improve revascularization and subsequently nerve regeneration?

First, the SIEF flap increases vascularity which precedes nerve regeneration.
Enhanced vascularity in the nerve graft was objectively measured using micro CT,
photography, gene expression, immunofluorescence, and subjectively scored after
immunohistochemical staining. The literature review, presented in Chapter 2,
suggests that angiogenesis precedes the repair of damaged nerves and is therefore in
line with this hypothesis. Second, the SIEF flap diminishes nerve fibrosis, leading to
enhanced nerve regeneration. The N-ratio presents the number of axonal sprouting
and maturation of the regenerating nerve and a low N-ratio could be indicative of a
relatively larger amount of fibrous tissue **. A significant lower N-ratio was found
in nerve allografts, compared to allografts augmented with angiogenesis and nerve
autografts. In Chapter 2, it was presented that prolonged denervation time leads to
intraneural fibrosis and core necrosis which negatively affects the nerve regeneration
process *. The SIEF flap is found to not solely improve revascularization, but also to
decrease graft ischemic time, subsequently impeding necrosis *¢. Taken together with
the gene expression results described in Chapter 6, the hypothesis could be made that
awell vascularized bed, provided by the SIEF flap, suppresses nerve fibrosis. However,
more extensive research is needed to further evaluate perineural scar formation and
its effect on nerve regeneration. The future perspectives will be presented later in

this chapter.

In conclusion, evidence is provided that decellularized nerve allografts could be
augmented with angiogenesis through the adipofascial SIEF flap, which provides a
well vascularized bed for the nerve graft. This well vascularized bed stimulates a
broad spectrum of paracrine actions, not solely induced by the secretion of VEGF,
providing an anti-inflammatory microenvironment. This environment is suggested to
enhance revascularization of the nerve graft, diminish nerve fibrosis and subsequently

improve nerve regeneration.

11
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PART II: THE CONTRIBUTION OF ANGIOGENESIS AND STEM CELLS IN
NERVE REGENERATION

Neural stem cell (NSC) research is not novel. The discovery of adult NSCs and
neurogenesis occurred in the 1960s and since then a great amount of research has been
focusing on increasing our understanding of NSCs *-*. Despite advancements, stem
cell transplantation still remains in pre-clinical stages and has to make significant
headways into clinical practice. Stem cell-based therapy may offer a suitable treatment
with several regenerative benefits to restore neuronal function, including supporting
remyelination and revascularization of the affected organ *°. Specifically, stem cells
that have been differentiated into Schwann cell-like cells, mimicking the function of the
original facilitators of axonal regeneration, may enhance neuron survival to improve
motor outcomes 52, Growth factors secreted by stem cells may enhance angiogenesis,
the sprouting of new capillaries from preexisting ones, to promote revascularization
5356, On the other hand, vasculature serves as a niche for stem cells that are mostly
quiescent and are activated in response to injury °”°¢, The interaction of stem cells with
vascularity and its contribution to nerve regeneration remains complex, however, it is
postulated to be interconnected and interdependent. To understand the mechanisms

of action, studies have been designed to investigate interactions per causal order.

Previous studies have shown that seeding of adipose-derived mesenchymal stem cells
(MSC) onto decellularized nerve allografts results in an elevation of neurotrophic
and angiogenic factors ***1. Using our established techniques to objectively measure
angiogenesis, revascularization was found to be increased in nerve allografts that
were seeded with MSCs compared to unseeded nerve allografts °°. These MSCs were
dynamically seeded onto nerve allografts, leading to evenly distributed cells on the
outer surface of nerve grafts. This technique does not damage the nerve infrastructure
nor is harmful to cell viability %, While many researchers have questioned how
the presence of MSCs on the outer surface may elicit therapeutic potential for nerve
regeneration, I hypothesize that the stem cell secretome, i.e. the paracrine factors
secreted by stem cells and utilized for inter-cell communication, plays a more
important role in this process than the location of the MSCs 2. The stimulated stem cell
secretome and the circular coverage of the nerve graft with MSCs have contributed to
the centripetal pattern of increased revascularization *°, together leading to enhanced

motor outcomes of nerve allografts seeded with undifferentiated and differentiated
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MSCs, presented in Chapter 9. Undifferentiated MSCs delivered to the nerve allograft

specifically, results in a significant increase in isometric tetanic force.

How does the augmentation of nerve allografts with stem cells enhance motor recovery?
I could hypothesize that stem cells improve a pro-tolerogenic cellular paracrine
environment for nerve allografts, resulting in stimulation of neurotrophic and
angiogenic growth factors, ultimately leading to enhanced motor recovery.
Undifferentiated and differentiated MSCs each exert different interactions with the
surrounding microenvironment leading to their individual stem cell secretome over
time in vitro *°. However, it remains unclear how the differences in interactions with the
microenvironment may change in vivo over a period of months, as the finite survival
of MSCs is described up to 29 days in rats . It is believed that the growth factors,
secreted by MSCs, stimulate neuroregenerative cascades which consecutively remain
active past stem cell survival, resulting in motor outcome changes at 12 weeks. At 16
weeks, outcomes between all groups have been normalized, consistent with the well-

known superlative nerve regenerative capacity of the rat .

After investigating the independent effects of (i) angiogenesis (Part I of the general
discussion) and (ii) stem cells on nerve regeneration, these two have been combined

to evaluate their effect on microvascular architecture of nerve allografts.

In Chapter 10, it was found that the combination of angiogenesis with undifferentiated
MSCs resulted in the greatest increase of revascularization of nerve allografts
compared to all experimental groups. Not only has this combined treatment led to
the increase of quality (i.e. size and distribution) of vessels, but it has also regulated
directionality of vessels resulting in reaching the mid-section of the nerve allograft.
While angiogenesis combined with differentiated MSCs resulted in a mesh network
of non-organized microvessels, longitudinally running vessels along the entire
length of the nerve graft were found when undifferentiated MSCs were combined
with angiogenesis. Although the interaction of angiogenesis and stem cells has not
been investigated previously, these findings provide evidence for a novel interaction
that may further enhance nerve regeneration. I hypothesize that the (i) increase in
vascularity and (ii) supportive paracrine microenvironment, provided by stem cells
and SIEF flap, aid in diminishing fibrosis of the nerve graft, subsequently leading

to enhanced nerve regeneration. This may be further supported by (iii) organized

11
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longitudinally running vessels that provide modeled vessel tracks to precede the repair

of damaged nerves 53556566,

Contemplating the above mentioned results, I could argue which subtype of MSCs is
most beneficial for nerve regeneration. While differentiated MSCs specifically, have
been shown to improve revascularization when seeded onto nerve allografts °?, the
effect of undifferentiated MSCs is more evident in enhancing motor recovery. This
may put my hypothesis that revascularization leads to improved motor recovery in
question. However, no evidence regarding the in vivo secretome of undifferentiated
MSCs compared to differentiated MSCs seeded onto nerve allografts has been available,
making it difficult to understand the interaction of these cells with nerve in the rat
model. Second, due to the lack of a high resolution micro CT scanner, these results
were found using conventional photography at 16 weeks °°. This 2D method lacks
information regarding the interconnectivity of the vascular tree and solely considers
a 16 week time point, limiting our understanding of the vessel organization over time.
Third, seeding of nerve allografts with differentiated MSCs led to a mesh network
of non-organized microvessels in the nerve . This is in line with results found in
Chapter 10. Concluding from prior results presented in this thesis, organized vessels
may precede growing axons while non-aligned vessels may lack this guidance function.
More research is needed to understand how the augmentation of nerve allograft with
stem cells has led to enhanced motor outcomes at 12 weeks and to tie these in with
our findings prior to drawing conclusions. In reality, considering the prolonged culture
time and higher costs of differentiated MSCs ¢7¢¢, the fact that differentiated MSCs are
not proven superior to undifferentiated MSCs and that the latter results in an enhanced
motor recovery to a greater extent, [ believe that undifferentiated MSCs are more

desirable for clinical application.

CONCLUSIONS

The results from this thesis have expanded our mechanistic understanding of
revascularization of nerve and provide evidence for the use of vascularized adipofascial
flaps to enhance nerve allograft outcomes. The ability of vasculature to provide a niche
for stem cells, which are activated in response to injury, suggests that blood vessels
are more widely involved in tissue regeneration than was previously appreciated. Not

solely the amount of vascularity is of importance, but the distribution and direction
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of newly formed vessels are equally important to facilitate axonal outgrowth. The use
of stem cells in peripheral nerve regeneration holds significant promise as these cells
have the ability to respond to appropriate stimuli in their microenvironment, resulting
in enhanced motor outcomes. Augmentation of nerve allografts with undifferentiated
MSCs results in longitudinally running vessels along the entire length of the nerve
graft, providing guidance for axon growth. In contrast, differentiated MSCs lead to
a mesh network of non-organized microvessels in the nerve, possibly lacking this
guidance. Although current evidence explaining their cellular interaction with nerve
and vascularity during regeneration remains insufficient, practical considerations
lean towards the use of undifferentiated MSCs. Aforementioned possible pathways
for further nerve regeneration research are provided to enhance mechanistic
understanding during the process of nerve regeneration and to achieve results with

allografts comparable to nerve autografts.

FUTURE PERSPECTIVES AND RESEARCH

Numerous important questions regarding the cellular interactions in vivo remain:
What is the exact number of stem cells needed to exert a beneficial effect? What is the
optimal route of stem cell administration and does the provision of vascularity actually
prolong the viability of stem cells? These unanswered questions are contributing to
the fact why stem cell nerve research is still ongoing and its application has yet to
make headways into clinical practice. Some may have the same arising question: will
this ever happen? Science is beautifully complex and not all breakthroughs in basic
science will eventually be clinically relevant or feasible. However, they do expand
our mechanistic understanding of complex biological processes. The key elements of
successful nerve regeneration are fibrocytes, Schwann cells and vascularity. Finding
these three elements, or their substitution, in a fine balance remains a challenge. I
believe that the results provided in this thesis serve as a stepping stone towards new
insights. The interaction between stem cells, vascularity and nerve regeneration is
depicted in Figure 2 and hypothesizes how these factors interact to eventually lead
to enhancing nerve regeneration of nerve allografts. Currently, few studies have
addressed the interaction of stem cells and vascularity in nerve regeneration, which

creates an opportunity for elucidating its synergistic pathways in future research.

11
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Figure 2. Schematic drawing of interaction between stem cells, vascularity, and nerve regen-
eration. After a nerve injury, paracrine cues are provided to stem cells to produce trophic and
angiogenic factors that enhance nerve regeneration and angiogenesis, respectively. Blood supply
mobilizes stem cells and delivers nutrients and trophic factors to the site of injury to improve nerve
regeneration. Blood supply is not only important for the survivability of stem cells but also precedes
nerve regeneration after nerve trauma. Copyrighted and used with permission of the Mayo Founda-
tion for Medical Education and Research; all rights reserved.
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o Planned experiments at Mayo Clinic: the nerve research line will be advanced

towards the investigation of long-term results after combined angiogenesis and
stem cell delivery to evaluate motor recovery. To overcome the superlative nerve
regenerative capacity of the rat, studies will then be translated to a larger nerve gap
model in rabbits. The rabbit model will allow for confirmation of the independent
effect of angiogenesis and stem cell delivery found in rats and assess the combined

application which will provide stronger evidence for clinical translation.

Augmentation of nerve autografts with angiogenesis: while the goal is
to augment off-the-shelf decellularized nerve allografts to meet outcomes of
autografts, it would be interesting to investigate the effect of angiogenesis on
nerve autograft to enhance nerve regeneration. Future experimental research could
compare the autograft wrapped within a pedicled SIEF flap to the autograft alone
to assess motor recovery outcomes. This has great potential for clinical translation,
as many pedicled adipofascial flap options currently exist that could augment the
autologous sural nerve, or any other autologous donor nerve, depending on the

location of the injury.

The role of adipose tissue in nerve fibrosis: another interesting future aspect
for investigation would be to assess the role of adipose tissue in perineural scar
formation. Scar formation after peripheral nerve injury is a significant clinical
problem that impedes regeneration °*7°. Results from this thesis suggest that the
adipofascial flap provides a supportive microenvironment that diminishes nerve
fibrosis. Further histologic assessment could be performed to evaluate the collagen
deposition, and cellular count of fibroblasts and inflammatory cells in nerve
tissue 7'. The experimental groups could include (i) nerve graft wrapped within
a pedicled adipofascial flap and (ii) autologous fat grafting administered to the
nerve graft, compared to the (iii) nerve graft alone. The concept of fat grafting has
been longstanding in the field of reconstructive surgery and has become a dynamic

modality to improve functional outcomes and aesthetic form in clinical practice 2.
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SUMMARY

Enhancing decellularized nerve allograft to equal autograft performances has been an
ongoing challenge for surgeons and nerve scientists. This thesis is part of a research
collaboration with the Mayo Clinic (MN, USA) and builds on the results of previously
conducted research, leading to this thesis called “Augmentation of nerve allografts
with angiogenesis and stem cells”. The hypothesis of this thesis was if augmentation of
decellularized nerve allograft environment with angiogenesis and stem cells improves
nerve regeneration and revascularization. In Chapter 1 a general introduction on
peripheral nerve injury and reconstruction including a historical background of the

research line and an overview of the specific aims of this thesis is provided.

PART I: THE ROLE OF ANGIOGENESIS IN NERVE REGENERATION

In Part I, the role of angiogenesis in nerve regeneration has been investigated,
represented by Chapter 2-7. The review in Chapter 2 details the role of vascularization
in nerve regeneration of nerve grafts including all relevant publications until August
2019. The processes underlying the formation of blood vessels are described and an
overview of the effect of vascularization on nerve regeneration in basic science and
clinical applications is provided. Nerve characteristics such as length of the gap, nature
of the nerve (e.g. motor nerves, mixed motor and sensory nerves, or sensory nerves)
and the regeneration rate per animal were found to cause difficulty in comparison. In
clinical studies, outcomes were strongly correlated with the time course and degree
of denervation. Well-designed clinical studies comparing vascularized nerve grafts
(VNG) to non-vascularized nerve grafts (NVNG) remain lacking and existing studies
are inconclusive. Although VNGs have the potential to improve nerve reconstruction
after injury, the surgeries are demanding and require microvascular experience.
The conclusions suggest that technical obstacles could be overcome by provision of
vascularized flaps that may enhance revascularization of reconstructed peripheral

nerve injuries.

In Chapter 3, the surgical technique for the superficial inferior epigastric artery
fascial (SIEF) flap has been described that provides vascularization to the nerve bed.
Outcomes demonstrated a total success rate of SIEF flap viability without necrosis at 12

and 16 weeks, providing evidence that this flap is durable and could be used for future
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studies in this thesis. We recommend this simple technique to add vascularization to

various tissues in the lower abdomen, genital area, thigh, and upper limb of the rat.

To objectively measure angiogenesis in nerve samples, the use of conventional
photography and micro computed tomography (micro CT) was investigated in
Chapter 4. Vascular volume and vascular surface area, calculated with micro CT
and photography respectively, both reflect vessel percentage of the nerve graft and
could be used in the same samples. Besides the amount of vascularity, these methods
allow for dimensional visualization of vessels to allow for insight in the connectivity
of the vascular tree. The micro CT specifically, provides three-dimensional (3D)
interconnectivity of the vasculature and contributes to crucial description of
neovascularization patterns. Our results indicated a significant correlation (r = 0.951,
p = 0.049) between the vascular volume and the vascular surface area measurements,
demonstrating that these methods could be used either complementary or separately,

depending on the aims of the study.

In Chapter 5, described techniques in Chapter 3 and Chapter 4 were combined to
investigate revascularization patterns in a rat sciatic nerve defect model over time.
Starting at two weeks, vascularization consisting of a mesh network occurred from
both host stumps in decellularized nerve allografts and SIEF nerve samples, leaving
the middle part avascularized. Over time, sprouted vessels reached the middle parts
of the nerve and this was more evident from the proximal than from the distal end.
The SIEF flap significantly improved revascularization of allograft nerve at two, 12
and 16 weeks compared to allograft alone. In nerve autografts, longitudinal running
vessels were recognized that ran along the entire length of the nerve. These vessels
appeared thicker compared to the newly formed vessels in the allograft and SIEF nerve
samples, comparable to unoperated samples (negative control). This study suggests
that an improved vascularized bed promotes longitudinal inosculation, in particular

proximal inosculation, and confirms the theory of centripetal revascularization.

In Chapter 6, the effect of angiogenesis was studied at a cellular level in a rat
sciatic nerve defect model to investigate its effect on nerve fibrosis. In this study,
we demonstrated that a well vascularized bed (i.e. SIEF flap) enhances the local
cellular environment near the nerve repair site, called the paracrine environment,

to support tissue healing after injury and subsequently diminish fibrosis. Fibrocytes

12
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and endothelial cells can be activated towards myofibroblasts to participate in
the formation of nerve fibrosis. Angiogenesis was recognized in slowing down the
differentiation towards pro-fibrotic myofibroblasts. In SIEF rats, an increased T helper
population (CD4* cells) was found after one week postoperatively in peripheral blood,
indicating that immune reactive changes could be detected peripherally. The use of
flowcytometry to detect peripheral T cells in blood samples is feasible and could be
expanded to multiple time points and a larger set of immune cells to provide a broader

evaluation of the short-term immune reaction.

The results presented in Chapter 7 show that augmentation of decellularized nerve
allografts with angiogenesis improves early functional recovery in a rat sciatic nerve
defect model. The mechanisms directing towards this result are twofold. First, the SIEF
flap increases vascularity which precedes nerve regeneration. Enhanced vascularity
in the nerve graft was measured using micro CT, photography (Chapter 5), gene
expression levels, immunohistochemical staining (Chapter 6) and immunofluorescence
(Chapter 7). Second, the SIEF flap diminishes nerve fibrosis, leading to enhanced nerve
regeneration. This is supported by analyzed collagen deposition levels (Chapter 6)
and the fact that an improved N-ratio was found in SIEF compared to allograft only
(Chapter 7). A well vascularized bed, provided by the SIEF flap, not solely improves
revascularization, butis also suggested to decrease graft ischemic time, subsequently

impeding necrosis.

PART II: THE CONTRIBUTION OF ANGIOGENESIS AND STEM CELLS IN
NERVE REGENERATION

In Partl], the contribution of angiogenesis and stem cells in nerve regeneration has been
investigated, represented by Chapter 8-10. In Chapter 8, a review on the interaction of
stem cells and vascularity in peripheral nerve regeneration is provided. Stem cells can
be acquired through various sources that correlate to their differentiation potential,
including embryonic stem cells, neural stem cells, and mesenchymal stem cells (MSC).
Each source of stem cells serves its particular differentiation potential and properties
associated with the promotion of revascularization and nerve regeneration. The effect
of stem cells is dependent on paracrine cues provided by the environment during nerve
regeneration. Despite advancements in pre-clinical studies, translation of stem cells

application to clinical practice is currently limited by ethical issues, culture technique
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challenges and risk of tumorgenesis. To overcome the difficulties associated with the
harvest of stem cells, delay in culture and high costs of stem cells, future research

could be directed towards the use of exosomes.

In Chapter 9, the outcomes of stem cell seeding onto decellularized nerve allograftsin a
rat sciatic nerve defect model are provided. The main finding was that seeding of nerve
allografts with both undifferentiated MSCs and MSCs differentiated into Schwann
cell-like cells resulted in improved functional outcomes. Seeding with undifferentiated
MSCs leads to a significant increase in force. It is hypothesized that stem cells
promote a tolerogenic cellular paracrine environment for nerve allografts, resulting
in the stimulation of neurotrophic and angiogenic growth factors, ultimately leading
to enhanced functional recovery. Undifferentiated MSCs and MSCs differentiated
into Schwann cell-like cells each exert different interactions with the surrounding
microenvironment leading to their individual stem cell secretome over time. When
taken preparation time, costs and achieved effect on functional recovery into account,
undifferentiated MSCs have more potential for future research in peripheral nerve

reconstruction.

In Chapter 10, the combined effect of angiogenesis and stem cells on microvascular
architecture of decellularized nerve allografts was evaluated in a rat sciatic nerve
defect model. Vascular volume was measured using micro CT and spatial distribution
analysis was used to evaluate volume and diameter of vessel segments. These
distributions were enhanced in nerve allografts augmented with angiogenesis and
further improved when angiogenesis was combined with MSCs. The greatest increase
of vascular volume, size of vessels and revascularization of the mid-section of the
nerve allograft was found when angiogenesis was combined with undifferentiated
MSCs. This combination is hypothesized to work synergistically resulting in organized
longitudinally running vessels that provide modeled vessel tracks to precede the repair

of damaged nerves.

In Chapter 11, the results of this thesis are discussed in light of current literature.
Furthermore, possible pathways for further nerve regeneration research are provided.
After nerve injury, vascular endothelial cells guide the regeneration of peripheral nerve
axons by producing vascular endothelial growth factor (VEGF). This process is induced

by hypoxia and stimulates a cascade of pathways. A well vascularized bed stimulates a

12
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broad spectrum of paracrine actions, not solely induced by the secretion of VEGF, and
provides an anti-inflammatory microenvironment. This environment is suggested to
enhance revascularization of the decellularized nerve allograft, diminish nerve fibrosis
and subsequently improve nerve regeneration. A pedicled adipofascial flap is a durable
and simple technique to provide vascularization to the nerve wound bed and create
such an microenvironment. Both the provision of undifferentiated and differentiated
MSCs improved functional outcomes of decellularized nerve allografts. The delivery of
undifferentiated MSCs is favored considering the shorter culture time and the greater
functional recovery that was achieved. The combination of undifferentiated MSCs and
angiogenesis specifically, leads to the increase of quality (i.e. size and distribution)
of vessels and is postulated to regulate directionality of vessels. The distribution and
direction of newly formed vessels are believed to be equally important to facilitate

axonal outgrowth.
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NEDERLANDSE SAMENVATTING

Sinds de introductie van gedecellulariseerde allogene zenuwtransplantaten (allograft)
wordt er gestreefd naar het verbeteren van de uitkomsten om de resultaten van
de autogene zenuwtransplantaten (autograft) te behalen. Dit proefschrift getiteld
“De toevoeging van vascularisatie en stamcellen aan allogene zenuwtransplantaten”
is voortgekomen uit een samenwerking met de Mayo Clinic (Verenigde Staten)
en gebaseerd op de resultaten van eerder verricht onderzoek. De hypothese van
dit proefschrift is dat de toevoeging van vascularisatie en stamcellen leidt tot een
verbeterde zenuw regeneratie en revascularisatie van gedecellulariseerde allogene
zenuwtransplantaten in de rat. In Hoofdstuk 1 wordt een algemene inleiding gegeven
over perifere zenuwschade en reconstructie. Daarnaast worden de voortgaande

resultaten van de onderzoekssamenwerking gepresenteerd en de doelstellingen van

dit proefschrift beschreven.

DEEL I: DE ROL VAN ANGIOGENESE IN ZENUWREGENERATIE

In het eerste deel van dit proefschrift is de rol van angiogenese in zenuwregeneratie
onderzocht. Dit deel resulteerde in 7 hoofdstukken, waarbij in het tweede hoofdstuk
een overzicht wordt gegeven van de rol van vascularisatie in zenuwregeneratie in
de vorm van een review. In dit literatuuronderzoek zijn alle relevante studies
geincludeerd, welke zijn gepubliceerd tot en met augustus 2019. De embryogenese
van bloedvaten wordt besproken en daarnaast wordt een overzicht gegeven van het
effect van vascularisatie in zenuwregeneratie in zowel basaal onderzoek als klinische
studies. De lengte van het te reconstrueren zenuwdefect, type zenuw (motorische,
gemengde of sensorische zenuw) en diermodel verhinderden directe vergelijking
van de gevonden resultaten. In klinische studies waren de uitkomsten gecorreleerd
met de mate van zenuwschade en het beloop na een letsel. Wegens het tekort aan
goed ontworpen klinische studies was er onvoldoende bewijs gevonden voor het
gebruik van gevasculariseerde zenuwtransplantaten versus niet-gevasculariseerde
zenuwtransplantaten. Alhoewel gevasculariseerde zenuwtransplanten een potentieel
herbergen om uitkomsten na zenuwreconstructie te verbeteren, tonen de resultaten dat
de operaties vaak complexer zijn en microvasculaire ervaring vereisen. De resultaten
van dit artikel indiceren het gebruik van een gevasculariseerde adipofasciale lap om

uitkomsten na zenuwreconstructie te verbeteren.
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In Hoofdstuk 3 is een chirurgische techniek beschreven voor de gesteelde adipofasciale
lap (SIEF), gevoed door de oppervlakkige epigastrische slagader (SIEA). Deze lap wordt
geoogst in het abdomen, geroteerd op de vaatsteel en subcutaan getunneld naar het
been. Daar wordt deze lap om de nervus ischiadicus heen gewikkeld om vascularisatie
toe te voegen aan het zenuwbed. Na een follow-up van 12 en 16 weken was de lap
vitaal in alle gevallen. De resultaten van deze studie valideren de SIEF lap als een
betrouwbare techniek om vascularisatie toe te voegen en bieden bewijs om deze lap
te gebruiken in de experimenten van dit proefschrift. Wij zouden het gebruik van de
SIEF lap aanraden om vascularisatie toe te voegen in het bekken, de genitaal regio en

het bovenbeen van de rat.

In Hoofdstuk 4 onderzochten wij methoden om de vaatstructuur van getransplanteerde
zenuwen in de rat dimensionaal te kunnen beschrijven en de angioneogenese objectief
te meten. Door middel van conventionele fotografie (tweedimensionaal) werd het
vasculaire oppervlak gemeten en met behulp van micro computertomografie (micro
CT, driedimensionaal) werd het vasculaire volume in kaart gebracht in dezelfde zenuw.
Daarna kon voor elke techniek de bloedvat/zenuw ratio worden berekend welke werd
gepresenteerd in percentages (vessel%). Voorts konden deze technieken worden
gebruikt om de vasculaire patronen in kaart te brengen om de nieuwvorming van vaten
(angioneogenese) te beschrijven. Wegens het driedimensionale beeld van de micro CT,
droeg deze techniek hier in het bijzonder aan bij. De correlatie tussen beide methoden
was significant (r = 0.951, p = 0.049) voor beide tijdspunten. Deze resultaten tonen aan

datbeide technieken kunnen worden toegepast afhankelijk van het doel van de studie.

Het vijfde hoofdstuk combineert de technieken beschreven in Hoofdstuk 3 en 4
om revascularisatie van gedecellulariseerde allogene zenuwtransplantaten ter
reconstructie van perifeer zenuwletsel in de rat te beschrijven. Na twee weken
begon revascularisatie in de allogene zenuwtransplantaten in combinatie met een
SIEF lap vanuit beide zenuwuiteinden op gang te komen bestaande uit dunne, kleine
bloedvaatjes. Het middelste deel bleef vooralsnog avasculair. Gedurende de follow-up
bleek de groei van de nieuwgevormde vaten evidenter vanuit proximaal dan vanuit
distaal. Het toevoegen van de SIEF lap verbetert de revascularisatie van allogene
zenuwtransplantaten significant op 2, 12 en 16 weken, vergeleken met alleen het
allogene zenuwtransplantaat. In autogene zenuwtransplantaten werden grotere

longitudinaal lopende vaten herkend over de gehele lengte van de zenuw, vergelijkbaar
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met ongeopereerde controle zenuwen. Deze studie toont aan dat revascularisatie
primair van proximaal wordt aangestuurd (proximale inosculatie) en niet van beide
uiteinden zoals voorheen werd gedacht. De centripetale revascularisatie theorie
wordt bevestigd, welke de mate van revascularisatie aan de mate van bloedtoevoer

correleert.

In Hoofdstuk 6 hebben wij ons gericht op het evalueren van de moleculaire
mechanismen die ten grondslag liggen aan het effect van angioneogenese op
zenuwregeneratie en zenuwfibrose. De resultaten van deze studie toonden aan
dat een goed gevasculariseerd zenuwbed de paracriene signalering stimuleert.
Bij paracriene signalering diffuseren de signaalmoleculen (o.a. groeifactoren)
lokaal in het omliggende weefsel en grijpen deze aan op dichtbij gelegen cellen om
weefselregeneratie na letsels te bevorderen en fibrose te verminderen. Bij fibrose
differentiéren fibrocyten en endotheelcellen zich tot myofibroblasten. Wanneer
myofibroblasten zijn gevormd, kunnen bindweefselenzymen worden gesecreteerd
welke aanleiding geven tot pathologische zenuwfibrose. De resultaten van dit
hoofdstuk wijzen aan dat angioneogenese dit proces kan afremmen. Na een week
waren CD4 T helper cellen significant verhoogd in het perifere bloed van zenuwen waar
een SIEF lap om het allogene zenuwtransplantaat was gewikkeld. Deze bevinding geeft
aan dat de lokale veranderingen perifeer gedetecteerd kunnen worden met behulp van
flowcytometrie. Deze techniek blijkt betrouwbaar om perifere immuuncellen in het
bloed te detecteren en kan worden uitgebreid met het aantal markers en tijdspunten

om een beter overzicht te geven van de immuunreactie na zenuwreconstructie.

In Hoofdstuk 7 hebben wij ons gericht op het evalueren van functieherstel in ratten
waarbij een gesteelde lap is toegevoegd aan het allogene zenuwtransplantaat. Er werd
gevonden dat de spierkracht, gemeten met de isometrische tetanische krachttest, na 12
weken significant was verbeterd door angioneogenese. Deze bevinding kan als volgt
verklaard worden: allereerst zorgt de SIEF lap voor een toename van vascularisatie in
de zenuwen. Deze nieuwgevormde bloedvaten vormen routes en zullen de regeneratie
van axonen langs dit traject aansturen. De toegenomen vascularisatie is gemeten met
behulp van micro CT, conventionele fotografie (Hoofdstuk 5), genexpressie, immuno-
histochemie (Hoofdstuk 6) en immuno-fluorescentie (Hoofdstuk 7). Ten tweede
reduceert de SIEF lap de vorming van zenuwfibrose in de allogene zenuwtransplantaten.

Dit bevordert de zenuwregeneratie, resulterend in een verbeterde spierkracht. Dit
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wordt ondersteund door de geanalyseerde collageen deposities (Hoofdstuk 6) en
het feit dat een verhoogde N-ratio werd gevonden na toevoeging van de SIEF lap
(Hoofdstuk 7). De N-ratio representeert de graad van myelinisatie, waarbij een lagere
ratio suggererend is voor fibrose. Een goed gevasculariseerd zenuwbed, verzorgd door
de SIEF lap, leidt niet alleen tot een toename in revascularisatie van de zenuwen, maar

vermindert de ischemietijd welke necrose tegengaat.

DEEL II: DE CONTRIBUTIE VAN ANGIOGENESE EN STAMCELLEN AAN
ZENUWREGENERATIE

In het tweede deel van dit proefschrift is de rol van angioneogenese en stamcellen
in zenuwregeneratie onderzocht (Hoofdstuk 8-10). In Hoofdstuk 8 beschreven wij
de interactie van stamcellen, vascularisatie en zenuwregeneratie in een review.
Er zijn meerdere bronnen voor pluripotente stamcellen. Afhankelijk van de graad
van differentiatie, en dus het differentiatiepotentieel, kunnen verschillende type
stamcellen worden onderscheiden waaronder embryonale stamcellen, neurale
stamcellen en stamcellen verkregen vanuit vetweefsel (mesenchymale stamcel, MSC).
De eigenschappen van een stamcel hebben effect op het uitrijpen tot verschillende
soorten gespecialiseerde cellen (differentiatie), welke via paracriene signalering
geassocieerd zijn met het bevorderen van revascularisatie en zenuwregeneratie.
Ondanks de vooruitgang in stamcelonderzoek, bestaat er een risico van oncogenese en
zijn de kweekcondities nog niet optimaal, hetgeen het klinisch gebruik van deze cellen
limiteert. Daarnaast zijn er cruciale uitdagingen voor het optimaliseren van de bron
en de beschikbaarheid van de stamcellen en de kosten van het differentiatieproces.
Om deze redenen kan in de toekomst aangestuurd worden op onderzoek naar nieuwe

ontwikkelingen zoals het gebruik van exosomen.

In Hoofdstuk 9 zijn de functionele uitkomsten van allogene zenuwtransplantaten
na toevoeging van ongedifferentieerde en gedifferentieerde MSCs in het ratmodel
gepresenteerd. Het toevoegen van zowel ongedifferentieerde als gedifferentieerde
MSCs resulteerden in verbeterde functie. Ongedifferentieerde MSCs in het bijzonder,
toonden een significante toename in spierkracht, gemeten met de isometrische
tetanische krachttest. De hypothese is dat stamcellen de paracriene signalering
bevorderen om afstoting van het allogene transplantaat tegen te gaan danwel te

verminderen. Dit samenspel van signalen is complex en betreft onder andere een
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toename in gesecreteerde angiogene en neurotrofe groeifactoren, welke leidt tot een
toename in spierkracht. Wanneer ongedifferentieerde MSCs worden gedifferentieerd
tot gespecialiseerde cellen die de functie van Schwanncellen nabootsen, noemen wij ze
‘Schwann cell-like’ cellen of gedifferentieerde MSCs. Beide typen MSCs stimuleren een
individuele secretie van groeifactoren, gemoduleerd door interacties met extrinsieke
signalen vanuit de micro-omgeving. Wanneer wij het effect op functioneel herstel en
de verschillen in kweekcondities in acht nemen, betogen wij dat ongedifferentieerde

MSCs meer potentieel bieden voor therapeutische toepassingen.

Voor een beter begrip van het effect van angioneogenese en stamcellen op
revascularisatie, werden deze gecombineerd toegepast in Hoofdstuk 10 om de
microvasculaire architectuur in allogene zenuwtransplantaten in een ratmodel
beter te evalueren. Het vasculaire volume werd in kaart gebracht met behulp van
micro CT en de distributiepatronen werden geanalyseerd om inzicht te geven in
het volume en de diameter van de vaatsegmenten. De resultaten van dit hoofdstuk
toonden aan dat deze distributies werden verbeterd na de toevoeging van de
SIEF lap. Wanneer aan de allogene zenuwtransplantaten hiernaast ook MSCs
werden toegevoegd, namen de vaatsegmenten verder toe in volume en diameter.
De combinatie van ongedifferentieerde MSCs en angioneogenese zorgde voor de
grootste toename van vascularisatie, vaatgrootte en -volume en een revascularisatie
vanuit de zenuwuiteinden tot het midden van het transplantaat. Wij geloven dat de
combinatie van een goed gevasculariseerd zenuwbed en stamcellen synergistisch
werkt, resulterend in de organisatie van vaatstructuren om zo de zenuwregeneratie

in goede banen te leiden.

In Hoofdstuk 11 zijn de bevindingen uit dit proefschrift bediscussieerd in een breder
perspectief en zijn suggesties en aanbevelingen voor toekomstig onderzoek gedaan.
Na zenuwletsel spelen vasculaire endotheelcellen een grote rol. Onder hypoxische
omstandigheden neemt de productie van vasculaire endotheliale groeifactor
(VEGF) toe, welke de endotheelcellen aanzet tot proliferatie. Voorts spelen de
nieuwgevormde bloedvaten een rol in het leiden van regenererende perifere axonen.
Een goed gevasculariseerd bed stimuleert de paracriene signalering en creéert een
anti-inflammatoire micro-omgeving voor het transplantaat, geinduceerd door een
cascade van cytokinen en niet enkel door VEGF. Deze omgeving kan de revascularisatie

van gedecellulariseerde allogene zenuwtransplantaten verbeteren, zenuwfibrose
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verminderen en hiermee de zenuwregeneratie bevorderen. Het toevoegen van een
vaatbed met behulp van een gesteelde adipofasciale lap is een betrouwbare en simpele
techniek om deze omgeving te creéren. Zowel de toevoeging van ongedifferentieerde als
gedifferentieerde MSCs verbetert functioneel herstel van gedecellulariseerde allogene
zenuwtransplantaten. Het gebruik van ongedifferentieerde MSCs heeft de voorkeur
gezien de significante toename in kracht en het kortere kweekproces. Wij betogen dat
de combinatie van een goed gevasculariseerd zenuwbed en stamcellen synergistisch
werkt, resulterend in de organisatie van vaatstructuren om zo de zenuwregeneratie
in goede banen te leiden. Voor dit proces spelen zowel de distributie als de richting

van de nieuwgevormde bloedvaten een rol in het leiden van regenererende axonen.
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RESEARCH DATA MANAGEMENT

The FAIR data principles are guiding principles on how to make data Findable,

Accessible, Interoperable and Reusable.

All animal experiments were conducted in accordance with institutional, national
and international guidelines for animal care and the federal law concerning animal
welfare. The studies were reviewed and approved by the Institutional Animal Care

and Use Committee (IACUC).

Data of the experiments is collected using Labview, Analyze Pro and NIS-Elements
software (NIS-Elements BR 4.51.01). Data has been transferred and handled using
Excel to calculate the operated/nonoperated ratios in %. These numbers could be
used to perform statistical analysis. Data is stored and archived as described with

the FAIR principles, see below.

Findable

Since this is a collaborative research, with an international and interdisciplinary
approach to research, the data is stored at the Mayo Clinic. Regular backups are done to
protect against accidental or malicious data loss. Encryption is used for safely storing

and sending files.

Accessible

Authentication and authorization is provided once a research fellow is part of the
research line and access is granted to the secured folder. Research fellows are in close
communication and their fellowships often overlap to provide exchange of knowledge
and help to understand and access the data. A group Dropbox is available with progress
papers to provide understanding to all research students that are involved in these
projects. Each research fellow provides a Dropbox folder with the most recent research
knowledge and latest updates that are necessary to conduct and understand the data

and projects.
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Interoperable

The data is integrated with previous data from the ongoing research line. Applications
for processing data are provided on Mayo Clinic computers and data could be analyzed

using standard analysis programs such as PRISM or SPSS.

Reusable

The principal investigator (PI) of the Neural Regeneration Research Laboratory, Prof.
Alexander Y. Shin, has access to all data and has a clear understanding of all data and
research projects that are being conducted. Clear point-by-point protocols have been
provided in organized folders that could be used to replicate the experiments and data
or combine these in different settings. Data and samples remain accessible by the PI,

PhD candidate and laboratory members for 10 years after publication of each study.



270 | APPENDICES

LIST OF PUBLICATIONS

Publications included in this thesis

1. Saffari TM, Bishop AT, Shin AY. The superficial inferior epigastric artery fascia flap in rats. ]
Reconstr Microsurg Open 2020;5:e7-e14.

2. Saffari TM, Mathot F, Bishop AT, Shin AY. New methods for objective angiogenesis evaluation of rat
nerves using microcomputed tomography scanning and conventional photography. Microsurgery.
2020;40(3):370-376.

3. Saffari TM, Bedar M, Hundepool CA, Bishop AT, Shin AY. The role of vascularization in nerve
regeneration of nerve graft. Sep 2020. Neural Regen Res 15(9).

4. Saffari TM, Mathot F, Friedrich PF, Bishop AT, Shin AY. Revascularization patterns of nerve
allografts in a rat sciatic nerve defect model. ] Plast Reconstr Aesthet Surg. 2020 Mar 73(3).

5. Saffari TM, Badreldin A, Mathot F, Bagheri L, Bishop AT, van Wijnen AJ], Shin AY. Surgical
angiogenesis modifies the cellular environment of nerve allografts in a rat sciatic nerve defect
model. Gene. 2020 Aug 15;751.

6. Saffari TM, Mathot F, Thaler R, van Wijnen A], Bishop AT, Shin AY. Microcomputed analysis of
nerve angioarchitecture after combined stem cell delivery and surgical angiogenesis to nerve
allograft. ] Plast Reconstr Aesthet Surg. 2020.

7. Saffari$, Saffari TM, Ulrich DJO, Hovius SER, Shin AY. The interaction of stem cells and vascularity
in peripheral nerve regeneration. Neural Regen Res. 2021;16(8):1510-1517.

8. Mathot F, Saffari TM, Rbia N, Nijhuis THJ, Bishop AT, Hovius SER, Shin AY, Functional outcomes
of nerve allografts seeded with undifferentiated and differentiated mesenchymal stem cells in a
rat sciatic nerve defect model. Plastic and Reconstructive Surgery. 2021 Jun 21.

9. Saffari TM, Mathot F, Friedrich PF, Bishop AT, Shin AY, Surgical angiogenesis of decellularized

nerve allografts improves early functional recovery in a rat sciatic nerve defect model. Plastic

and Reconstructive Surgery. 2021.



APPENDICES | 271

Other publications

10.

Saffari TM, Schiittenhelm BN, van Neck JW, Holstege JC. Nerve reinnervation and itch behavior
in a rat burn wound model. Wound Repair Regen. 2018,.Jan;26910:16-26.

Saffari TM*, Bijlard E* van Bodegraven EAM, Mureau MAM, Hovius SER, Huygen FJPM. Sensory
perception and nerve fiber innervation in patients with keloid scars: an investigative study. Eur
] Dermatol. 2018 Dec 1;28(6):828-829 * contributed equally.

Rbia N, Bulstra LF, Saffari TM, Hovius SER, Shin AY. Collagen nerve conduits and processed nerve
allografts for the reconstruction of digital nerve gaps: a single-institution case series and review
of the literature. World Neurosurg. 2019;127:e1176-e1184.

Saffari TM, Bedar M, Zuidam JM, Shin AY, Baan CC, Hesselink DA, Hundepool CA. Exploring the
neuroregenerative potential of tacrolimus. Expert Rev Clin Pharmacol. 2019 Nov;12(11).

Zuo K], Saffari TM, Chan K, Shin AY, Borschel GH. Systemic and local FK506 (tacrolimus) and its
application in peripheral nerve surgery. ] Hand Surg Am. 2020 Aug;45(8).

Saffari TM, Arendt CJ, Bishop AT, Spinner R], Shin AY. Role of tacrolimus in return of hand function
after lower trunk brachial plexus injury in a lung transplantation patient: a case report. BMJ Case
Rep. 2020 May 6;13(5).

Saffari TM, Chan K, Saffari S, Zuo K], Borschel GH, Shin AY, Combined local delivery of tacrolimus
and stem cells in fibrin gel is a viable potential treatment for enhancing peripheral nerve
regeneration, Biotechnol Bioeng 2021 Jul;118(7):2804-2814.

Saffari S, Saffari TM, Moore AM, Shin AY. Peripheral Nerve Basic Science Research-What Is
Important for Hand Surgeons to Know? ] Hand Surg Am. 2021;46(7):608-618.

Ikumi A, Gingery A, Toyoshima Y, Zhao C, Moran SL, Livia C, Rolland T, Peterson T, Sabbah MS,
Boroumand S, Saffari TM, Behfar A, Shin AY, Amadio PC. Administration of purified exosome
product in a rat sciatic serve reverse autograft model. Plastic and Reconstructive Surgery. 2021
Jun 21.

Bedar M, Saffari TM, Friedrich PF, Giusti G, Bishop AT, Shin AY. Maximum isometric tetanic force

measurement of the tibialis anterior muscle in the rat. ] Vis Exp. 2021(172).



272 | APPENDICES

Institute for Health Sciences

Radboudumc

PHD PORTFOLIO

Name PhD Candidate: T.M. Saffari PhD Period: 2078 -2021

Department: Plastic and Reconstructive ~ Radboudumc Supervisors: Prof. D.J.O. Ulrich
Surgery and Prof. S.E.R. Hovius

Graduate School: Radboud Institute for ~ Mayo Clinic Supervisor: Prof. A.Y. Shin
Health Sciences Radboudumc

Year(s) ECTS

TRAINING ACTIVITIES

a) Courses & Workshops

Mayo Clinic College of Medicine, Rochester, Minnesota, USA

« Animal Handling Courses of Rat and Pig, Mayo Clinic, MN, USA 2018 1.25
* Human Specimen Course Institutional Review Board (IRB) 2018 1.25
* Microsurgery Course, Mayo Clinic, MN, USA 2018 3.00
« Microsurgery, Erasmus Medical Center, the Netherlands 2018 3.00
« Statistics Course, Mayo Clinic, MN, USA 2018 4.00
» Animal Blood Drawing Course, Mayo Clinic, MN, USA 2019 0.20
« Scientific Writing Course, Mayo Clinic, MN, USA 2019 2.00
Radboud Institute for Health Sciences, Radboudumc, the Netherlands

» Graduate School Specific Introductory Course 2020 075
« Scientific Integrity Course Radboudumc 2020 1.00
b) Seminars & Lectures

» Trimed Hand Course, San Diego, USA 2018 0.50
» Trimed Cadaver Lab, MN, USA 2019 0.50
« Aptis Cadaver Lab, MN, USA 2019 1.00
« Axogen Cadaver Lab, MN, USA 2020 1.00
c) Conferences & Symposia

Attendance conferences

» American Society of Surgeons of the Hand (ASSH), Boston, USA 2018 0.75
» American Society of Peripheral Nerve, Palm Springs (ASPN), USA 2019 1.00
» American Society of Surgeons of the Hand (ASSH), Las Vegas, USA 2019 0.75
» American Society of Peripheral Nerve (ASPN), Palm Springs, USA 2020 0.75
+ Plastic Surgery Research Council (PSRC), Online 2020 1.00
« Federation of European Societies for Surgery of the Hand (FESSH), Online 2020 1.25
« American Society of Peripheral Nerve (ASPN), Online 2021 1.00
« Plastic Surgery Research Council (PSRC), Online 2021 1.00
+ Federation of European Societies for Surgery of the Hand (FESSH), Online 2021 1.00
« Plastic Surgery The Meeting (PSTM), Atlanta, USA (November 2021, Registered) 2021 1.00

Radboud University ;ﬁ@iﬁ‘ Radboudumc



APPENDICES | 273

Institute for Health Sciences

Radboudumc

Attendance symposia

Mayo Clinic Orthopedic Research Council (MRC)
Jenifer Jowsey Research day, Mayo Clinic

Oral presentations

A retrospective comparison of collagen nerve conduits and processed nerve
allografts for the reconstruction of digital nerve gaps

- ASSH 2018
The interaction between mesenchymal stem cells, neoangiogenesis and
functional recovery of processed nerve allografts in peripheral nerve repair

- ASPN 2019
Neoangiogenesis patterns in surgical revascularized nerve allografts in a rat
sciatic nerve defect model

- ASPN 2020

- MRC 2019

- PSRC 2020

- FESSH 2020
Surgical angiogenesis to nerve allografts improves early functional recovery
in a rat sciatic nerve defect model

- MRC 2020

- PSRC 2020

- FESSH 2020
Combined local delivery of tacrolimus and stem cells in fibrin gel is a viable
potential treatment for enhancing peripheral nerve regeneration

- PSRC 2020

- ASPN 2021
Microcomputed analysis of nerve angioarchitecture after combined stem cell
delivery and surgical angiogenesis to nerve allograft

- ASPN 2021 - High ranked nerve abstracts

- FESSH 2021

- PSRC 2021

- PSTM 2021
Surgical angiogenesis modifies the cellular environment of decellularized
nerve allografts in a rat sciatic nerve defect model

- ASPN 2021

- FESSH 2021

Posters

The effects of surgical angiogenesis on motor recovery in processed nerve
allografts in a rat sciatic nerve defect model, ASSH 2019

Role of tacrolimus in return of hand function after lower trunk brachial plexus
injury in a lung transplantation patient: a case report, ASPN 2020

Combined local delivery of tacrolimus and stem cells in fibrin gel is a viable
potential treatment for enhancing peripheral nerve regeneration, FESSH 2020

2019, 2020
2019

2018

2019

2019, 2020

2020

2020, 2021

2021

2021

2019

2020

2020

0.20
0.10

0.5

0.5

2.00

0.50

2.00

1.00

0.50

0.50

0.50

Radboud University ;'%“ Radboudumc

o



274 | APPENDICES

Institute for Health Sciences

Radboudumc

d) Other
* Introduction day Mayo Clinic, MN, USA 2018 0.50
* Introduction day Radboudumc 2020 0.50
« Hand Surgery meetings and Grand Rounds, Mayo Clinic, MN, USA 2018, 2019 | 3.00
* Weekly Plastic Surgery Research Meeting Radboudumc 2020 1.50

« Peer revision of scientific publications for Plastic and Reconstructive Surgery 2019-2021 | 1.25
(PRS) and Plastic and Reconstructive Surgery Global Open (PRS GO)

Awards and Grants

« Jenifer Jowsey Orthopedic Research Fellow Award, Mayo Clinic, Rochester, USA 2019

» Michael van Vloten Foundation, personal funding for Research Fellowship, 2018
€10.000

« Catharine van Tussenbroek Foundation, personal funding for Research 2018
Fellowship, €1.250

+ Obaid vascularized composite tissue grant award, $100.000 2020

Enhancing the regenerative potential of allograft nerve reconstruction by
modulation of local environment. Contributed together with Prof. A.Y. Shin and

co-investigators

TEACHING ACTIVITIES

e) Supervision of students

» Minor Plastic Surgery Erasmus Medical School. “Reconstruction from head to 2018
hands".
- The role of vascularization in nerve regeneration 175
- The effect of tacrolimus in nerve regeneration 1.75
» Neural Regeneration Research Laboratory Mayo Clinic. Supervision of 2019-2021 | 7.00
M. Bedar (Research Fellow) and S. Saffari (Research Trainee)

TOTAL 56.00

Radboud University ;ﬁ@%} Radboudumc



APPENDICES | 275



276 | APPENDICES

CURRICULUM VITAE

Tiam Mana Saffari was born on May 37 1992 in Capelle
aan den IJssel, the Netherlands. During high school,
she was selected for the Junior Medical School (JMS)
program at the Erasmus Medical University. JMS is
a scientific pre-university program for ambitious
high school students and allows for entering Medical
School upon completion. As a 16-year-old student, she

observed her first case in the operation room which

was a trauma case of the hand from a circular saw table
(Dr. E.T. Walbeehm). This case sparked her firstinterest in peripheral nerve and hand
surgery. She completed JMS with a thesis on “Peripheral nerve injury in cold-intolerant
rats” (Dr. L. Duraku and Dr. E.T. Walbeehm). After graduating from Erasmiaans
Gymnasium (Rotterdam) in 2010, she started Medical School at the Erasmus University
in Rotterdam. Her special interest in reconstructive surgery did not fade away and
was further fueled during her elective Minor course on “Reconstruction from Head
to Hands: A Multidisciplinary View” during her third year. Mana was motivated to
apply for a research master and commenced the Neuroscience Master simultaneous
to the Master of Medicine. During the Neuroscience Master, she conducted research
on “Nerve reinnervation and itch behavior in a rat burn wound model” which resulted

in her first scientific paper (Dr. B.N. Schiittenhelm, Dr. J.C. Holstege).
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A LETTER TO A YOUNG RESEARCHER

Scientists stand on the shoulders of giants. It is without doubt that the realization of this
PhD thesis is a product of great teamwork and is built on research that has been previously
conducted. Although my name is written on the cover of this book that you hold in your
hands, it would not have been possible to achieve this without the support and collaboration

of many researchers and mentors.

The journey of a PhD is not always an easy one. While many see a list of publications as a
measure of success, [ would like to also show you the other side. As a PhD candidate you will
meet your own, unique obstacles on your way to graduation. We do not see the number of
rejections for every paper, prior to its acceptance. We do not see the long nights and weekends
of work. We do not see the failures. If you are struggling to hold on to your intrinsic motivation,
you are not alone. However, once you have reconnected with your intrinsic motivation, it
will be easier to persevere through the hardest parts of your training and to manage the
workload. I would like to encourage you to celebrate the victories, but also to embrace the
failures because these allow you to grow. As my mentor Dr. Shin said many times “Fall down

seven times, stand up eight”.

In my opinion, building a career is not possible without having great mentors. [ have been
grateful to learn from and to be supported by wonderful mentors. The true mentors of my life
have been my parents. The two most hard-working people that I have ever seen. My parents
taught me the value of education, how to be authentic in my actions and most importantly:

they taught me about humanity.

Dear students and researchers, while you are rising in your journey of becoming a great
surgeon, scientist or professor, please do not forget to stay human. Be kind to your colleagues
and be patient to the ones you teach. Your impact can be tremendous for the next generation.
Stand up for yourself or others in an unpleasant work environment. Speak up for diversity,
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