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ABSTRACT 

 

Introduction 

A nerve graft is occasionally necessary for the treatment of traumatic peripheral nerve lesions.  

The gold standard remains the autograft, despite the study of multiple nerve guides as 

alternatives.  This thesis utilizes a tissue-engineering approach to design an autologous nerve 

guide, with or without a capillary-like network.  

Material and Methods 

Human fibroblasts and endothelial cells were used to produce a tubular structure with a 

capillary-like network.  The potential for these different nerve guides produced with a tissue-

engineering approach to support nerve regeneration was studied with the rat sciatic nerve 

model. 

Results 

Tubular structures with and without a capillary-like network, composed entirely of human 

cells, can be produced with a new tissue-engineering technique.  Despite evidence of some 

axonal regeneration, preliminary in vivo studies in the rat were negative. 

Conclusion 

This thesis presents an innovative tissue-engineering technique for the production of 

autologous nerve guides from human cells, with a capillary-like network. 
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RESUME 

 

Introduction 

Une greffe nerveuse est parfois nécessaire pour le traitement des dommages aux nerfs 

périphériques.  L’autogreffe demeure le traitement standard, malgré l’étude de plusieurs 

guides nerveux comme alternative.  Cette thèse étudie la conception d’un guide tubulaire 

autologue, avec ou sans réseau de pseudo-capillaires, par une approche de génie tissulaire.  

Matériel et méthodes 

Des cellules humaines fibroblastiques et endothéliales ont été utilisées afin de produire une 

structure tubulaire avec un réseau de pseudo-capillaires.  La régénération nerveuse supportée 

par les différents guides nerveux produits à partir du génie cellulaire a été testée avec le 

modèle de réparation nerveuse du nerf sciatique chez le rat. 

Résultats 

Des structures tubulaires avec un réseau de pseudo-capillaires, composées entièrement de 

cellules humaines, peuvent être produites en utilisant une nouvelle technique de génie 

tissulaire.  Malgré l’évidence d’une certaine régénération axonale, les études préliminaires in 

vivo chez le rat sont négatives. 

Conclusion 

Cette thèse présente une approche de génie tissulaire innovatrice pour la création d’un guide 

nerveux autologue et possiblement endothélialisé à partir de cellules humaines de la peau.
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ABBREVIATIONS 

 

BDNF: brain-derived neurotrophic factor 

bFGF: basic fibroblast growth factor 

DME: Dulbecco’s modification of Eagle’s medium 

DMSO: dimethyl sulfoxide 

GFP: green fluorescent protein 

HEPES: 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HUVEC: Human umbilical vein endothelial cells 

HUVEC-GFP: Human umbilical vein endothelial cells transfected with green fluorescent 

protein 

ITS: intermediary toe spread  

LOEX: Laboratoire d’organogénèse expérimentale 

NGF: nerve growth factor 

O.C.T.: optimal cutting temperature 

PECAM-1: platelet endothelial cell adhesion molecule-1 

PGA: polyglycolic acid 

PL: print length 

PLCL: poly-L-lactide-caprolactone 

PLGA: poly-lactic-glycolic acid 

PTFE: polytetrafluoroethylene  

PVA: polyvinyl alcohol  

RGMW: relative gastrocnemius muscle weight 

TS: toe spread  
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CHAPTER 1.  INTRODUCTION 

 

1.1 Thesis Rationale 

 

Peripheral nerve lesions complicate 2 to 5% of traumatic lesions to the 

extremities
60,100

.  As the nerves of the upper extremity (median, ulnar and radial nerves) 

are most commonly injured
100

, these lesions lead to important and often catastrophic 

functional motor and sensory deficits.  Despite advances in microsurgical techniques, the 

injured peripheral nerve remains a difficult tissue to repair.  Several issues prevent the 

application of strategies used for the repair of other tissues: 1) the complexity of the 

nerve structure, 2) the rapidity of Wallerian degeneration and its consequences on the 

denervated muscle leading to atrophy which may become irreversible, 3) the 

susceptibility of nerves to ischemia, and 4) the susceptibility of nerves to mechanical 

factors such as traction and compression.  

 

In the presence of an acute nerve laceration without retraction or loss of 

substance, the nerve stumps are approximated using epineurial or fascicular microsutures 

without an intervening nerve graft.  However, in many clinical situations, a gap is present 

between nerve stumps, either due to retraction, loss of substance, or the necessity to 

remove a neuroma-in-continuity.  In these cases, a nerve graft or nerve guide to bridge 

the nerve defect is necessary.  Presently, the autologous nerve graft is the “gold 

standard”
66

, because of its physiological architecture and viable Schwann cells.  Various 

autologous donor nerves are available, the most common being the sural nerve
60

.  

However, autografts have several limitations including their limited availability, the 

associated donor site morbidity (scar, loss of sensation, painful neuroma, potential for 

neuropathic pain) and often their inappropriate diameter
60,119

.   

    

To palliate the limitations of the autografts, various alternatives have been 

developed, including the use of autogenous venous grafts
23

, nerve allografts
85,118

, and 

nerve tubes, guides or conduits.  Despite multiple studies on the development of several 

synthetic nerve tubes, autografts remain the gold standard.  Presently, the most promising 

nerve tubes are biodegradable nerve guide implants and five are approved for use in 

humans: Neurotube (polyglycolic acid), NeuroMatrixNeuroflex (collagen), Neurolac 

(poly-L-lactide-caprolactone), Neurogen (collagen), Salubridge (polyvynil alcohol 
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hydrogel)
112

.  However, these nerve tubes are mainly applied in the repair of sensory 

nerves of small caliber and with short nerve gap distances (less than 3cm).   

 

In this context, many in-vitro and animal experimental studies are in progress.  

Various materials are explored from extracellular matrix components to synthetic 

polymers, various models are studied including the use of multichannel or longitudinal 

filaments and the addition of recombinant proteins or cells producing growth factors are 

evaluated in an attempt to construct a nerve guide that could be an alternative to the 

autograft.   

 

Another major issue important to address in the design of nerve guides of large 

caliber is how to ensure their vascularization.  For nerves and nerve grafts of small 

caliber (<2mm), passive diffusion is sufficient for oxygen and nutrients supply as well as 

for toxin removal.  However, larger nerves require a vascular supply as axons are very 

sensitive to hypoxia.  This is a major obstacle to reinnervation through potentially large 

size nerve guides.   

 

The need for the design of a nerve guide, which could support axonal 

regeneration, with an adequate vascularization, was the foundation for the design of this 

research project.  The other foundation of this research project was the collaboration with 

the LOEX (Laboratoire d’organogénèse expérimentale, Hôpital du Saint-Sacrement, 

Laval University), which has a vast experience in tissue-engineering approaches.  These 

tissue-engineering techniques, which were used to reconstruct blood vessels in-vitro
75

, 

will be modified, as a simple tubular structure cannot support optimal nerve regeneration.  

Developing such an approach to produce nerve guides would have definite advantages.  

First, the possibility to use autologous cells has the advantage of eliminating all 

exogenous material that could lead to inflammatory and/or immune reactions or have a 

risk of viral transmission (like it is the case for bovine collagen).  Furthermore, this 

strategy could lead to the development of a nerve guide composed of living cells.  Nerve 

regeneration could be improved by the secretion of growth factor by the living cells 

(fibroblasts) from which they are constructed.  Finally, the development of a technique to 

produce an internal capillary-like network within those nerve guides could significantly 

accelerate the speed of graft revascularization and therefore potentially improve axonal 

regeneration.     
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1.2 Thesis Objective and Hypotheses 

 

 This thesis objective is to evaluate the potential to develop a tubular biomaterial to 

support nerve regeneration in the context of peripheral nerve trauma using tissue-

engineering approaches.  These techniques were explored in the aim to produce 

reconstructed completely biological nerve guides from autologous or heterologous cells, 

with or without an internal capillary-like network.  As this is a considerable task, this 

thesis is not meant to achieve this overall goal, but to start the design of these completely 

biological nerve guides   

 

The specific hypotheses of this thesis are: 

1) A tissue-engineering approach to produce reconstructed completely biological nerve 

guides from living autologous or heterologous cells can be developed. 

2) An internal capillary-like network can be developed within these tissue-engineered 

nerve grafts.  

3) The tissue-engineered nerve grafts could represent an alternative to autograft to 

support nerve regeneration.   

 

1.3 Thesis Organization 

 

This thesis organization follows, within each section, the three specific 

hypotheses described above.  In chapter 2, a background discussion based on a 

comprehensive literature review on the anatomy of peripheral nerve, the pathophysiology 

of nerve injury, the physiology of nerve regeneration, the surgical strategies for nerve 

repair, and the different attempts at nerve tubulization is provided.  The material and 

methods used to address each specific hypothesis are presented in chapter 3.  Chapter 3 

also includes a brief review of the previous achievements of the LOEX in the domain of 

bio-engineering relevant to the techniques used in this thesis.  The main results obtained 

for each hypothesis are exposed in chapter 4.  A general discussion of the thesis as well 

as possible future extensions of this research are presented in chapter 5.  Finally, an 

overall conclusion is presented in chapter 6.   
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CHAPTER 2.  COMPREHENSIVE REVIEW OF THE LITERATURE 

 

This thesis focuses on the development of a tubular biomaterial to support nerve 

regeneration in the context of peripheral nerve trauma.  In order to develop a tubular 

structure able to sustain nerve regeneration, a thorough understanding of the anatomy of 

peripheral nerve, the pathophysiology of nerve injury, the physiology of nerve 

regeneration, and the surgical strategies for nerve repair is necessary.  Selected and basic 

considerations relevant to these elements will be briefly summarized here in this 

comprehensive literature review.  In this thesis, an attempt to develop an internal 

capillary-like network that may accelerate the speed of graft revascularization is made.  

In this context, the normal neural blood supply will be discussed in the anatomy section.  

Moreover, the different significant attempts at nerve tubulization for repair of injuries 

with nerve gaps will be reviewed.   

 

2.1 Anatomy of Peripheral Nerves 

 

Peripheral nerves are pathways to and from the central nervous system.  They 

constitute the efferent pathways for the motor and autonomic system and the afferent 

pathways for perception of position, pressure, touch, temperature, and pain
71

.  Peripheral 

nerves are composed of nerve fibers and supporting tissue.  Even if the nerve fibers are 

intuitively thought to be of more importance, both components are essential.  In fact, the 

majority of the nerve volume is composed of connective tissue
71

, which has an important 

role in supporting the nerve fibers.   

 

A nerve fiber is defined as an axon and its Schwann cells, with or without a 

surrounding myelin sheath.  The axon is the conducting cylindrical continuation of the 

cell body of the neuron, which is located in the spinal cord, dorsal root ganglia, or 

autonomic ganglia.  The axon, which may be very long, reaches the end-organ (sensory 

receptors or neuromuscular junction) and contains axoplasm, which itself contains 

proteins and cytoskeletal elements
71

.  The axoplasm is continuously produced and axonal 

transport mechanisms
16,71

, including a bidirectional fast transport and a slow anterograde 

transport, allow movement of elements within the axon.     
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Each axon, along their longitudinal extent, is in proximity to Schwann cells.  For 

some axons, the membrane of each Schwann cell wraps concentrically around each of 

their segments, providing a lipoprotein coating, known as myelin
43

.  The myelin is 

thinner as the edge of one Schwann cell approaches that of another, forming areas called 

“node of Ranvier”, which allow ionic exchanges between the axoplasm of a nerve fiber 

and the intercellular space
71

.  These exchanges permit salutatory conduction of a nerve 

action potential, increasing the speed of nerve conduction of these myelinated fibers.  

Other axons are enveloped by the membrane of a Schwann cell, but without the 

formation of a significant lipoprotein sheath
101

.  These fibers, which are unmyelinated, 

transmit impulses continuously along the axon and therefore have a slower conduction 

velocity
71

.  Schwann cells, contrary to other intraneural cells such as fibroblast or mast 

cells, have the ability to form a basal lamina which surrounds them and all their 

contents
71

.   

 

The nerve fiber as a whole, i.e. the axon and its Schwann cells, is of variable size: 

unmyelinated nerve fibers are between 0.15 µm and 2.0 µm in size and myelinated nerve 

fibers are between 1µm and 20 µm in size
43

.  The larger fibers conduct afferent and 

efferent motor signals, as well as afferent signals involving touch, pressure, and some 

painful sensations
71

.  Smaller fibers are efferents for the autonomic system and afferents 

for temperature and most pain perceptions
71

. 

 

The supporting tissue of peripheral nerves, from the outside in, consists of the 

epineurium, the interfascicular epineurium, the perineurium and the endoneurium.  These 

elements provide the framework for the nerve fibers.  The amount of supporting 

connective tissue in peripheral nerves varies, both from nerve to nerve as well as from 

level to level within a given nerve
127

.  In addition, some describe another supporting 

element external to the epineurium, the mesoneurium
71,77

.  In normal peripheral nerves, 

this layer, filmy and transparent, secures the nerve to adjacent structures such as tendons, 

vessels, muscles, and fascial planes
71

.   

 

The epineurium is the outer supportive tissue of peripheral nerves.  It is composed 

of longitudinally-oriented collagen fibrils forming a loose areolar connective tissue 

containing a vasa nervorum
43

.  The epineurium is continuous with the interfascicular 

epineurium which is the supporting tissue between and surrounding the fascicles
71

.  The 
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interfascicular epineurium is not as compact as the epineurium proper and its volume is 

variable depending on the nerve and level
71

.   

 

The perineurium is the supportive layer surrounding each fascicle.  It is formed by 

flat perineurial cells and oblique, circular, and longitudinal collagen fibrils
43,71

.  The 

perineurial cells, similar to Schwann cells, possess an outer and inner basement lamella
43

.  

The outer basement lamellae may play a role in transport of molecules
40

, whereas the 

inner lamella provides an effective blood-nerve barrier with its thigh junctions between 

contiguous cells
82

.  The perineurium is also the major source of the nerve tensile 

strength
71

.    

 

The endoneurium is the connective tissue around each myelinated nerve fiber and 

around each group of unmyelinated or poorly myelinated fibers within the perineurium
71

.  

Formed by small-diameter collagen fibers parallel to the axon axe and fine elastic fibers, 

it contains a few histiocytes, mast cells, and capillaries
71

.  The endoneurium protects the 

axons when the nerve is mildly elongated or stretched
71

.   

 

The peripheral nerve vascular supply includes two integrated but functionally 

independent microvascular system
77

, i.e. an extrinsic and an intrinsic vascular system.  

The extrinsic system is composed of segmentally-arranged vessels, which originate from 

adjacent small muscular and periosteal vessels, as well as from nearby large vessels
77

.  

These vessels, once they reach the epineurium, divide into ascending and descending 

branches and anastomose with the intrinsic system.  The intrinsic peripheral nerve 

vascular system consists of vascular plexuses within the various neural supportive 

tissues
76,77

.  The epineurial vessels are abundant, longitudinal, and consist of arterioles 

and venules
2,77

.  They communicate with the plexuses within the perineurium and 

endoneurium
71,77

 by obliquely piercing through the perineurium
77

.  Within the 

endoneurium, the plexus consist generally of 2 to 6 capillaries per fascicles.  These 

endothelial microvessels have thigh junctions and serve as another blood-nerve barrier
77

.     
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2.2 Pathophysiology of Nerve Injury and Physiology of Nerve Regeneration 

 

A variety of mechanisms can cause peripheral nerve injuries that differ in their 

outcome and potential for regeneration.  The main mechanisms of nerve injury are 

laceration, traction, compression, gunshots (generally causing contusive and stretch 

injury), ischemic, electrical, thermal, irradiation, injection, and iatrogenic injuries.   

Peripheral nerve injuries are classified according to the extent of tissue damage.  Two 

main classifications are used.  The classification proposed by Seddon
115

 consists of three 

types of nerve injury depending on the degree of injury: neurapraxia, axonotmesis, and 

neurotmesis.  In neurapraxia, a conduction block is present, but there is no loss of axonal 

continuity.  Neurapaxia is likely a biochemical injury and may involve a segmental 

demyelination
71

.  By comparison, axonotmesis involves the disruption of the axonal and 

myelin continuity, but the connective tissue framework of the nerve is preserved.  

Finally, in neurotmesis, the axons, but also the nerve’s connective tissues are completely 

disrupted.  Sunderland proposed another classification consisting of five types of 

injury
125

.  Grade I is a neurapraxic injury in which there is a conduction block.  Grade II 

injuries are pure axonotmetic lesions without involvement of the connective tissues, i.e. 

only the axon and myelin are disrupted.  Grade III lesions are more severe injuries in 

which there is a mixture of axonotmetic and neurotmetic lesions; the axon is disrupted, 

but also the endoneurium.  In grade IV lesions, the axons, endoneurium, and perineurium 

are disrupted, but the epineurium is preserved.  In grade I to IV lesions, the nerve remains 

in gross continuity.  Grade V nerve injuries are transecting injuries with, by definition, 

interruption of all connective tissue layers.  Mackinnon has proposed an additional type 

of injury, grade VI, consisting of a mixed lesion
84

.  

 

After a neurapraxic or grade I nerve injury, the affected segment will be 

remyelinated and there will be a resolution of the biochemical injury.  Usually, recovery 

occurs within days to weeks.  When the nerve injury was severe enough to disrupt the 

axon (i.e. axonotmesis, neurotmesis, or grade II to V lesions), Wallerian degeneration 

will occur distal to the lesion.  The sectioned axon and its surrounding myelin degenerate 

along its entire length distally.  The Schwann cells are activated and, along with the 

macrophages, will eliminate all cellular debris through phagocytosis
113

.  In this process, 

the distal basal lamina will remain intact and the Schwann cells will proliferate in 
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anticipation of axonal regeneration
71

.  Proximal to the lesion, the axon and myelin also 

degenerate for a short distance (approximately 1cm or 1 node of Ranvier).   

 

When its axon is interrupted, the cell body of the neuron undergoes 

chromatolysis
43

.  This consists of an increased cytoplasm volume, displacement of the 

Nissl substance to the periphery of the cell, and an increased metabolic rate
71

.  These 

changes, beginning 4 days after the injury and peaking at 20 days, are primarily due to an 

increase in ribonucleic acid (RNA) and associated enzymes
71

.  However, it is possible 

that the RNA increase serves only as a marker for regeneration and not as an initiating 

event
35

.  In any case, the increased RNA volume and activity persist until axon 

regeneration and maturation cease
71

; it provides the necessary polypeptides and proteins 

for axoplasm replenishment and axon reconstruction
71

.  The slow component of axonal 

transport will carry the proteins, or “building blocks”, to the advancing neurite.  This 

transport occurs at a rate of 1-2mm per day
16

 and mirrors the rate of nerve regeneration.  

These processes for axonal regeneration occur in most neurons.  Occasionally however, 

in severe proximal injury to neural elements, retrograde damage and changes to the 

neuron can lead to neuronal cell death
71

.   

 

After degeneration of their distal part, each axon produces a growth cone, 

composed of multiple axonal sprouts
113

.  These axonal sprouts are guided by the 

Schwann cells, now arranged in longitudinal bands (bands of Büngner)
 43

.  The basal 

lamina and the relatively structured tubular system of the degenerated nerve also help to 

direct axonal regrowth
71

.  However, the disorganized proliferation of both the 

endoneurium and interfascicular epineurium in response to injury may force the 

regenerating nerve fibers to change pathways and/or divide
71

.  The factors responsible for 

such fibroblast proliferation and subsequent collagen alignment after injury are poorly 

understood
71

.  This intraneural scarring, depending on its severity, may result in distal 

stump axons of fine caliber and of relatively poor myelination
71

.  Only the axons reaching 

a distal end-organ receptor will mature and get myelinated; the others will either 

degenerate or fail to mature
109

.   

 

The growth cone depends on Schwann cell contact for elongation as well as for 

guidance
48

.  The local environment also provides adhesiveness, access to laminin and 

fibronectin, as well as other factors that favor regeneration
49,71

.  Trophic or growth factors 
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that originate from Schwann cells proximal and distal to the injury site also seem 

important
71

.  A proximal stump, separated by a distance from the distal stump, will 

preferentially grow towards it rather than to non-neural tissue
79

.  There is also evidence 

for neurotrophic interactions between regenerating axons and distal inputs such as 

muscles
71

.     

 

Functional motor recovery in nerve injury is limited by the time it takes for axonal 

regeneration to occur.  When muscle is denervated, its structure changes histologically: 

the muscle fibers kink and their cross-striations decrease
128

; clinically, the muscle 

atrophies.  With continued denervation, fibrosis will gradually replace the muscle and 

after 2 years without innervation, the muscle is usually totally replaced by scar tissue 

and/or fat
46

.     

 

Regeneration will occur at a speed of 2 to 5 mm/day in humans
113

 and will lead to 

reinnervation if the nerve sheet (epineurium and/or perineurium) is intact.  However, if 

there is discontinuity of the epineurium and/or of the perineurium (as in neurotmesis) or 

if the extent of endoneurium and interfascicular epineurium scarring in response to injury 

is too important, regeneration is impaired and the process will lead to the formation of a 

neuroma.   

 

Clinically, nerve injuries lead to motor and/or sensory deficits.  Injury to nerves of 

the upper extremities will lead to loss of motor function of the arm and/or hand, whereas 

lesion to nerves of the lower extremities may impair walking.  Motor function loss may 

be accompanied by sensory deficits.  The loss of pain and temperature sensation 

increases the risk of further traumatic injury to the denervated limb.  Development of 

pain is another important complication of nerve injury and may be secondary to 

denervation and/or to the formation of painful neuromas.    
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2.3 Surgical Strategies for Nerve Repair 

 

Surgical treatment of nerve injuries is based on the mechanism of injury, the 

extent of tissue damage (classification of nerve injury), the completeness of the lesion, 

and the presence or absence of spontaneous regeneration.  In neurapraxic (grade I) lesion, 

spontaneous recovery will occur and no surgery is necessary.  In neurotmetic (grade V) 

lesions, recovery is not possible without a surgical repair.  In axonotmetic (grad II-IV) 

lesions, the regeneration will depend on the degree of supportive tissue injury.  Some 

lesions will spontaneously recover and others will necessitate a surgical intervention.  

Interventions aimed at the repair of nerve lesions need to ideally occur within 6 months 

of the injury; earlier repair generally leads to better results.  After this initial period, the 

chances of adequate functional recuperation decrease exponentially; if after repair the 

regenerated axons reach the neuromuscular junctions more than 2 years after the injury, 

the muscle atrophy will not be reversible.   

  

In the presence of an acute nerve laceration without retraction or loss of 

substance, the nerve stumps are approximated using epineurial or fascicular 

microsuturing without an intervening nerve graft.  However, when a gap is present 

between the nerve stumps, either due to retraction of the disrupted nerve, loss of 

substance, or necessity to remove a neuroma-in-continuity, the use of a nerve graft or 

nerve guide is necessary.  Other nerve repair options include the transfer of a functioning 

nerve or fascicle to the injured nerve, especially when a functioning proximal nerve 

stump is not available for grafting.  Occasionally, a nerve graft may be necessary to 

bridge the nerve transfer.   

 

The autologous nerve graft is the current “gold standard”
66

 to bridge nerve 

defects, because of its physiological architecture and viable Schwann cells.  Various 

autologous donor nerves are available, the most common being the sural nerve
60

. Other 

donor nerves include the medial cutaneous nerve of the arm, superficial sensory branch 

of the radial nerve, and the internal saphenous nerve.  However, autografts have several 

limitations including their limited availability, the associated donor site morbidity (scar, 

loss of sensation, formation of painful neuroma, potential for neuropathic pain) and often 

their inappropriate diameter
60,119

.   

 



 23 

 

2.4 Nerve Tubulization in the Treatment of Nerve Injury 

 

Entubulation, also known as nerve tubulization, is a technique in which the nerve 

ends, when an intervening gap is present, are enclosed within a tube made of biological 

or synthetic materials
104

.  The first tubulization repairs were attempted at the end of the 

nineteenth century
142

, had disappointing results
126

, and were not further utilized.  In the 

1980s, the concept was reintroduced mainly as an investigational tool of nerve 

regeneration
31

.  These first tubes, made of silicone, could support axonal regeneration 

across a 1-cm gap in the rat sciatic nerve model
78

.  After these first results, other nerve 

tubes composed of synthetic materials were developed as an attempt to find an alternative 

to autografts.  Two main categories of nerve tubes were studied: the non-biodegradable 

materials
4,86,111,134,146 

and the biodegradable materials
29,38,51,107,114

.  More recently, tissue-

engineering approaches are being explored.  These include the manipulation of tissues in 

order to mimic the properties of the nerve structure and the enrichment of biological or 

synthetic tubes with various elements in order to enhance axonal regeneration.  However, 

these newer techniques have not yet been applied in clinical studies and remain at the 

development stage.  As multiple variables can impact the success and utility of nerve 

tubes for axonal regeneration across a nerve gap, these different strategies have 

limitations (table 2.1) and there is still no alternative to autograft.  The success of the 

nerve tubes from non-biodegradable and biodegradable materials in human nerve 

regeneration as well as the ideal characteristics for nerve tubes are discussed below. 
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Table 2.1  

Overview of Nerve Tubulization Strategies 

 

Strategies Examples Variables impacting success and utility 

of nerve guidance tube for nerve 

regeneration 
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Autografts + - - - ± ± ± + + - ± Limited availability 

and sizes 

Blood vessels:  

Arteries (early attempts) 

Veins 

+ - ± - ± ± ± + + ± ± Limited support over 

long gaps 

Skeletal muscles ± pre-

degeneration 

+ - ± ± ± ± ± ± ± + + Limited results 

S
y

n
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et
ic

  

Non-
biodegradable 

Silicone 

Polytetrafluoroethylene 

(PTFE) 

+ - + - ± - ± ± + + + Compression reported 

over time 

Biodegradable Polyglycolic acid (PGA) 

Poly-lactic-glycolic acid 

(PLGA) 

Poly-L-lactide-caprolactone 

(PLCL) 

+ + ± - ± - ± + + + + Limited support over 

long gaps 
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Manipulation of 
different 

tissues/organs  

E.g.: 

Nerve-vein-combined graft 

Vein-muscle-combined graft 

Collagen 

+ + ± - ± - ± + + ± + Limited support over 

long gaps 

Enrich 

biological or 

synthetic tubes 
with various 

elements  

Growth factors 

    

 Schwann cells 

+    ± - +     New strategies, no 

clinical studies yet 

Present thesis 
attempt 

 + ± - - ± + ± + + + + Attempt at a new 

strategy 
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2.4.1 Nerve Tubes from Non-Biodegradable Materials 

Nerve tubes made of non-biodegradable materials include silicone and 

polytetrafluoroethylene (PTFE) tubes.  A prospective randomized clinical study in human 

was done to evaluate silicone nerve tubes for the repair of small defects of the ulnar or 

median nerve just proximal to the wrist.  Both at the 1- and 5-year follow-up, no 

significant difference in outcomes were found
80,81

.  However, silicone tubes have been 

widely criticized
27,91

 and are now out of favor.  Over time, they may lead to nerve 

compression
17,26,27,91,92

 and their removal is occasionally required after nerve 

regeneration
17

.  Because they are non-biodegradable, they can also induce toxic levels of 

metabolic degradation products
31,66

.  Only a few clinical reports have been published on 

the use of PTFE tubes 
103,105,124

.     

 

2.4.2 Nerve Tubes from Biodegradable Materials 

The nerve tubes made from biodegradable materials are the most promising 

synthetic nerve grafts.  They include tubes constructed from resorbable polymers, such as 

polyglycolic acid (PGA), poly-lactic-glycolic acid (PLGA) and poly-L-lactide-

caprolactone (PLCL).  Presently, five biodegradable nerve guide implants are approved 

for use in humans: Neurotube (PGA), Neuro-Matrix and Neuroflex (collagen), Neurolac 

(PLCL), Neuragen (collagen), SaluBridge (polyvynil alcohol hydrogel)
112

.  However, 

they are mainly used in the repair of sensory nerves of small caliber and with short nerve 

gap distances (less than 3cm), such as digital nerves.     

 

Only a few randomized studies and large series have been published on the use of 

these tubes in humans.  PGA nerve tubes are reported to have comparable results to 

conventional nerve repair for the repair of small digital nerve gap lesions in one 

randomized
141

 study and two large series
9,83

.  However, the data should be interpreted 

with care and these results may not be applicable to the treatment of other nerve lesions.  

PLCL nerve tubes were also assessed in a randomized multicenter trial
14

 and there was 

no significant differences in sensory recuperation from direct coaptation repair.  Again, 

this study focused on digital nerve repair, and the results may not be applicable to other 

nerve lesions.    
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2.4.3 Ideal Characteristics for Nerve Tubes  

The design of nerve tubes for the treatment of nerve injury demands that the 

container be distinguished from the contents.  The outer surface of the nerve tube, i.e. the 

container, forms a barrier that prevents ingrowth of fibroblasts into the nerve gap.  The 

contents of the nerve tube supply a surface area onto which migrating Schwann cells and 

growth cones from the amputated nerve ends can preferentially attach
129

.  The 

characteristics of each of these different components influence the nerve regeneration 

process and need to be taken into consideration.  Previous studies indicate that certain 

characteristics are important in the design and development of a nerve guidance tube. 

 

The nerve tube itself, i.e. the container, must first be permeable.  Although the 

exact degree of permeability required to optimize nerve regeneration is unknown, 

multiple studies confirmed the importance of permeability
3,63-65,69,107,137

.  Inadequate 

permeability may impair the cells (macrophages and leukocytes) and molecules (fibrin 

and fibronectin) involved in the formation of the fibrin matrix to enter the site of 

regeneration
31

.  On the other end, excessive permeability, such as macropores, may allow 

neurotrophic factors to diffuse outside of the nerve tube and may lead to a disorganized 

matrix
31

.  The inner texture of the nerve tube as well as its dimension will also influence 

the formation of the fibrin matrix
111

, necessary for nerve regeneration.  In nerve tubes 

with a smooth surface (e.g. silicone tubes), the longitudinal matrix will coalesce and form 

a free-floating nerve cable, whereas with rough surfaces, the matrix will disperse and fill 

the lumen of nerve tube
44

.  The nerve tube should also be flexible, but able to resist 

deformation (elongation, breaking, or kinking) and be strong enough to hold a suture
31

.  

In biodegradable tubes, the degradation process should be studied; degradation products 

may cause swelling by increasing the osmotic pressure
29,30

, may be toxic, may interfere 

with the regeneration process, or may affect the porosity and tensile properties of the tube 

over time
31

.  Finally, a transparent nerve tube is preferred; it facilitates suturing and 

accurate positioning of the nerve stumps within the tube
31

.  The nerve tube should be able 

to withstand the sterilization procedures, without compromising its properties
31

.   

 

There is more and more evidence that a simple tubular structure cannot support 

optimal nerve regeneration
12,33

.  A consensus emerged that bridging long peripheral nerve 

gaps will require nerve tubes with an internal architecture that will promote regeneration 

by supporting and directing axonal migration
12,66

.  When nerve gaps are short (≤10mm in 
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rats), a fibrin cable will form across the gap
36,59

 and allow Schwann cell infiltration, 

formation of bands of Büngner, and axonal regeneration
12

.  However, in large nerve gaps 

(>15mm in rats), the formation of the fibrin cable and of the bands of Büngner is 

compromised; exogenous support is necessary
5,12,131

. 

 

To enhance regeneration across peripheral nerve gaps, the contents of the nerve 

tubes can be manipulated.  First, a growth permissive substrate, or an internal framework, 

can be added.  Different strategies are being explored, from the filling of a tube with an 

alginate gel to the addition of microtubes, microfibers, or nanofibers within the tubular 

biomaterial
12,96,97

.  Changes in the structural scaffold (oriented versus non-oriented) may 

influence the regeneration response of the growth cones
12

.  In general, neurite extension 

is better on 2-dimensional surfaces than when the neurons are embedded in 3-

dimensional substrates
11,42,122

.  An ideal internal framework may consist of distributing 2-

dimensional surfaces, which would support the regenerating axons, in a 3-dimensional 

space
12

.  However, the total cross-sectional area that is physically available to the 

regenerating nerve must be considered; the ideal scaffold would maximize the guidance 

cues, while minimizing physical obstruction to the regeneration
12

. 

 

Another strategy is to supplement the nerve tubes with neurostimulatory 

extracellular matrix proteins or peptides, such as laminin-1 or laminin-1 fragments.  

Extracellular matrix proteins on the tube’s inner surface may favor axon adhesion and 

growth
39

.  Anisotropic distribution of these peptides may also enable faster or better 

regeneration
12

.  For example, growth cone extension across a laminin-1 gradient (even if 

down a gradient) is superior to growth across uniformly distributed laminin-1
1,32

.  Other 

strategies include the incorporation of trophic factors, such as basic fibroblast growth 

factor (bFGF), nerve growth factor (NGF) or brain-derived neurotrophic factor (BDNF), 

or of glial or other supportive cells, such as Schwann cells or stem cells
47,74,96,97

.  These 

methods could also potentially enhance regeneration.  

 

Finally, the design of nerve tubes, especially if they are to be of large diameter, 

should address their vascularization potential.  For nerves and nerve grafts of small 

caliber (<2mm), passive diffusion is sufficient for oxygen and nutrients supply as well as 

for toxin removal.  However, larger nerves require a vascular supply and axons are very 
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sensitive to hypoxia.  The vascularization of nerve tubes is a major obstacle to 

reinnervation for potentially large size nerve guides.  
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CHAPTER 3.  MATERIAL AND METHODS 

 

This material and methods section is divided in 3 separate sections, in order to 

address the 3 specific hypotheses of this thesis.    

 

3.1 Development of a Tissue-Engineering Approach to Produce Completely 

Biological Nerve Guidance Tubes from Cultured Human Cells 

 

The development of a tubular biomaterial from human cells to support nerve 

regeneration requires the use of innovative methods.  Since both nerve repair and 

vascular repair require the development of a tubular structure with good mechanical 

resistance, the methods that will be used are based on a successful technique able to 

reconstruct blood vessels in-vitro
75

.  This original and effective approach was developed 

by a team of the LOEX and this project is done in collaboration with their laboratory, 

under the supervision of Dr. François Berthod.  However, as a simple tubular structure 

cannot support optimal nerve regeneration, the developed approach needs to be modified 

and adapted.     

 

3.1.1 Previous Achievements of the LOEX  

 

L’Heureux et al
75

 were able to produce completely biological tissue-engineered 

human blood vessel.  This technique consisted of: 1) smooth muscle cells and fibroblasts 

cultured in vitro until the production of a cellular sheet; 2) the cellular sheet is then 

wrapped around an inert tubular support of a diameter defining the dimension of the 

lumen of the tube; and 3) a maturation period in-vitro allows the sheets to fuse together 

producing a tube with excellent mechanical properties
75

.  This method offers possibilities 

of producing living or lyophilized tubes.  Lyophilized tubes are easier to manipulate and 

are decellularized; they can therefore be made from heterologous cells.   

 

  This thesis was based on the technique described above and on experiments 

recently performed at the LOEX for the production of nerve guides from cultured human 

cells.  In those recent studies, fibroblast sheets were used to produce a nerve guide from 

cultured human cells.  These tubes were lyophilized and used as hollow tubes or filled 
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with a chitosan-collagen gel.  The chitosan-collagen gel was used to provide an internal 

architecture for the support of nerve regeneration.  The mechanical properties of these 

tubes were adequate to allow suturing.  The techniques (Figure 3.1) involved in the 

production of these tubes are also utilized in this project and are described below. 

 

The present project first goal is to replace the chitosan-collagen gel to produce a 

biological nerve guidance tube produced completely from cultured human cells, with an 

internal architecture able to support nerve regeneration.  Previous limited attempts at 

rolling the fibroblast sheets without an inert tubular support to produce tubes with an 

internal architecture have been tried.  However, the structure and characteristics of these 

tubes were irregular, variable, and non-reproducible.  This project will explore different 

methods to produce tubes with an internal architecture, all from cultured human cells. 

 

 

 

Figure 3.1 Formation of Hollow Nerve Tubes from Fibroblast Cells 

Artistic illustration of the technique used to produce hollow nerve tubes from 

fibroblast cells.  The fibroblasts are extracted from the skin (1), expanded (2), and 

cultured in ascorbic acid (3) until the production of a fibroblast sheet (4).  The 

fibroblast sheets are rolled around an inert tubular material (5) to produce hollow 

nerve tubes.  Image from Jean Dubé, Loex, used and adapted with permission 
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3.1.2 Human Fibroblast Cells 

 

Human fibroblasts from internal frozen cell line banks (available at the LOEX) 

were used for the production of the nerve guidance tubes.  These banks were created by 

cellular extraction of fibroblasts from normal adult skin specimens obtained, with 

patients’ consent, at time of breast reduction surgeries.   

 

The method of cellular extraction used to isolate and culture human skin 

fibroblasts was previously published
75

 and is briefly described here.  Small skin 

fragments were floated in a 500 μg/ml thermolysin solution in HEPES (4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid) buffer at 37ºC for 2 hours.  The dermis 

was then separated from the epidermis and incubated in a solution of collagenase (200 

U/ml in Dulbecco’s modification of Eagle’s medium (DME)) for 20 hours at 37ºC.  After 

centrifugation, fibroblasts were plated into tissue flasks in standard medium at a density 

of 10
4
 cells/cm

2
.  The cultures were maintained at 37ºC in a humidified atmosphere (92% 

air and 8% CO2).  The fibroblasts were frozen in liquid nitrogen in a freezing media 

containing dimethyl sulfoxide (DMSO) for cryoprotection.       

 

The fibroblasts used for all experiments were from frozen bank of healthy human 

subjects between the ages of 18 and 38.  Various fibroblast cell lines (n=4) were used for 

the preliminary trials, after which the rest of the experiments were performed with two 

different cell lines.  The fibroblasts were used between passages 3 and 7.   

 

3.1.3 Production of Human Fibroblast Sheets 

 

To induce extracellular matrix formation and the production of fibroblast sheets, 

fibroblasts were cultured in standard culture medium supplemented with 50 μg/ml of 

sodium ascorbate (Sigma) in 25 or 75 cm
2
 culture flasks.  The medium was composed of 

DME, supplemented with 10% fetal calf serum, and antibiotics (100U/mL of penicillin G 

and 25 μg/ml of gentamicin).  The culture medium was changed 3 times per week.  After 

approximately 30 days of culture in a humidified atmosphere (92% air and 8% CO2), 

sheets composed of the fibroblasts and their extracellular matrix were formed.  These 

sheets could be manually peeled off the culture flasks. 
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3.1.4 Production of Hollow Nerve Tubes 

The fibroblast sheets produced with the technique above, in 25cm
2
 culture flasks, 

were manually peeled off the culture flasks and wrapped around an inert tubular 

structure, producing a cylinder of concentric sheet layers.  These concentric fibroblast 

sheets were then matured in culture medium for another 15 to 20 days, with culture 

medium changes 3 times a week.  The nerve tubes were then decellularized, using 

repeated cycles of washing with water and drying, and lyophilized.  Lyophilization was 

done in a Genesis 12EL vacuum lyophilizer (Virtis, Gardiner, NY).  Once lyophilized, 

the tubes were stored in the dark at 4ºC until utilization.   

 

 

Figure 3.2  Hollow Nerve Tubes 

Lyophilized hollow tube is seen on a glass micropipette after lyophilization 

(A) and once the glass micropipette has been removed (B).  Microscopic 

appearance of the hollow tube; the concentric layers of the fibroblasts sheets 

are well seen (C, D).  Surface electron microscopy image of the lyophilized 

hollow tube (E, F).  Image from René Caissie, LOEX, used with permission. 
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3.1.5 Production of Hollow Nerve Tubes Filled with Chitosan-Collagen Gel 

The chitosan-collagen gel was prepared by mixing type I, III bovine collagen 

(Laboratoire Perouse Implant, Chaponost, France) with chitosan II (SADUC, Lyon, 

France) dissolved in 0.1% acetic acid.     

The liophylized hollow nerve tubes produced as described above, were first 

rehydrated in water.  The tubes were then filled with the chitosan-collagen gel, closed, 

and lyophilized using a Gensis 12EL vacuum lyophilizer (Virtis, Gardiner, NY) for 40 

hours.  Once lyophilized, the tubes were stored in the dark at 4ºC until utilization.  

 

 

Figure 3.3 Hollow Nerve Tube Filled with Chitosan-Collagen Gel 

A hollow tube is seen after being filled with the chitosan-collagen gel before(A) 

and after(B) lyophilization.  The electron microscopic appearance of the hollow 

nerve tubes with chitosan-collagen gel filling is shown (C).  Image from René 

Caissie, LOEX, used with permission. 
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3.1.6 Production of Filled Tissue-Engineered Nerve Tubes 

 

As previous attempts at rolling the fibroblast sheets without an inert tubular 

support produced tubes with an irregular, variable, and non-reproducible structure, 

different methods were explored.  To experiment different assembly methods, fibroblast 

sheets composed of fibroblasts and their extracellular matrix were produced as described 

in the previous section.  The fibroblasts were cultured in culture flasks of 25 and 75 cm
2
 

to evaluate both sheet formats.  After approximately 30 days of maturation, the sheets 

could be manually peeled off the culture flasks and manipulated. 

 

Different techniques to roll the fibroblast sheets on themselves, without the use of 

a central tubular structure, were tried, including the use of tweezers and sutures.  All 

attempts were performed using a sterile technique within a laminar flux cabinet in order 

to avoid microorganism contamination.  These techniques were based on the idea that a 

fibroblast sheet could potentially be rolled on itself, producing a cylindrical structure 

filled by concentric layers of cells in extracellular matrix.  Regenerating nerve fibers 

could potentially migrate in between those layers, which would provide the necessary 

support for their regeneration.   

 

The filled tubes obtained by the newly developed technique were matured under 

traction between 1 and 30 days in petri dishes in the standard culture medium.  The 

culture medium was changed 3 times per week.  After different maturation times, the 

specimens were fixed in histochoice, included in paraffin, cut in 5µm transverse section 

and stained with Masson’s trichrome to evaluate the internal and external structure of the 

tubes.  The reproducibility of the technique was evaluated qualitatively by histological 

appearance.   

 

The ability to suture the constructed tubes was evaluated qualitatively with 

microsurgical technique under loop or microscopic magnification.  The tubes were 

modified as described in the result section since they could not easily be sutured.   
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3.1.7 Production of Rat Fibroblast Sheets 

 

In order to study the possibility that completely biological tissue-engineered nerve 

grafts could be created from autologous cells and be implanted as living nerve guides, the 

development of an animal model was necessary.  As the rat sciatic nerve model is the 

most frequently used to test nerve regeneration, we attempted to produce rat fibroblast 

sheets that could be manipulated into tubes as described above for the human fibroblast 

sheets.   

   

Rat fibroblast cell lines (Sprague-Dawley rat strain) previously extracted and 

available in the LOEX cell bank were used.  The fibroblasts had been extracted with a 

protocol similar to the one used for human fibroblasts and described above.   

 

Three cell lines were chosen and fibroblasts in first passage were used.  The 

fibroblasts were first thawed and expanded.  They were cultured in medium composed of 

DME, supplemented with 10% fetal calf serum, and antibiotics (100U/mL of penicillin G 

and 25 μg/ml of gentamicin).  The medium was changed 3 times a week.  The cultures 

were maintained at 37ºC in a humidified atmosphere (92% air and 8% CO2).  The 

fibroblasts were subsequently seeded in passage 3 and 4 into 25 and 75 cm
2
 culture flasks 

for the formation of fibroblast sheets.  After seeding, the standard culture medium was 

supplemented with 50 μg/ml of sodium ascorbate (Sigma).  The fibroblasts were matured 

for a period of 30 to 45 days for the evaluation of the formation of extracellular matrix.  

The success in formation of fibroblast sheets from rat fibroblasts was assessed 

qualitatively and the cellular cultures were modified as needed.   
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3.2 Production of Nerve Guidance Tubes with a Capillary-Like Network from 

Cultured Human Cells 

 

3.2.1 Formation of a Capillary-Like Network    

  

The ability to create a capillary-like network within the newly designed tissue-

engineered nerve guides was evaluated.  To evaluate this, endothelial cells were seeded 

on fibroblast sheets which then were rolled into filled tube with the newly developed 

technique.   

 

Human umbilical vein endothelial cells (HUVEC), which are known to form 

capillaries in-vitro in reconstructed dermis
15,133

, were first used.  The cells were taken 

from an internal frozen cell line bank.  These HUVEC were obtained from healthy 

newborns umbilical cords by enzymatic digestion with 0.250 μg/ml thermolysin (Sigma).  

The extraction method has previously been described
133

.  The HUVEC cells were thawed 

and expanded.  They were plated on gelatin-coated tissue culture flasks, and cultured in 

EGM-2 medium (Clonetics, Walkersville, MD).  The medium was changed 3 times a 

week.   

 

HUVEC were seeded onto fibroblast sheets (30 days of maturation) at the sixth 

passage.  The seeded sheets were cultured in EGM-2 medium supplemented with 50 

μg/ml of sodium ascorbate (Sigma) and maintained at 37ºC in a humidified atmosphere 

(92% air and 8% CO2).  After 3 days of co-culture, the fibroblast sheets seeded with the 

endothelial cells were rolled into filled tubes with the method developed previously.  

They were matured in petri dishes with EGM-2 medium containing sodium ascorbate.  

The endotheliazed filled tubes were kept in culture for various maturation times (4, 14, 

and 31 days).  At each time point, specimens were taken.  Part of the specimen was fixed 

in Histochoice’s solution (Armesco, Solon, OH), embedded in paraffin, cut in 5μm-thick 

transverse sections, and stained with Masson’s trichrome.  The specimens were examined 

for the presence of capillary-like structure.  Part of the specimens was also frozen in 

O.C.T. (optimal cutting temperature) cryoembedding media (Somengen, Edmonton, 

Canada).  Cryosection of 5μm were used for immunofluorescence studies to assess the 

presence of endothelial cells.  A mouse monoclonal anti-human platelet endothelial cell 

adhesion molecule-1 (PECAM-1) antibody (Chemicon, 1/800 dilution) revealed with 
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Alexa 594-conjugated goat anti-mouse IgG (1/500 dilution) was used.  The second 

antibody was mixed with Hoescht (1/100 dilution) [Sigma] to observe the cell nuclei.   A 

few specimen were double-labeled with a mouse monoclonal anti-PECAM-1 antibody 

(Chemicon, 1/800 dilution) revealed with Alexa 594-conjugated goat anti-mouse IgG 

(1/500 dilution) and with a rat monoclonal anti-laminin antibody (Immunotech 8, 1/100 

dilution) revealed with Alexa 488-conjugated goat anti-rat IgG (1/200 dilution).  The 

fourth antibody was mixed with Hoescht (1/100 dilution) [Sigma] to observe the cell 

nuclei. 

 

3.2.2 Characterization of the Growth and Formation of a Capillary-Like Network  

 

To better characterize the growth and formation of the capillary-like network 

within the tissue-engineered nerve tubes, HUVEC transfected with green fluorescent 

protein (GFP) were used (HUVEC-GFP).  A cell line of HUVEC-GFP given by an 

external laboratory (Jeffrey A. Medin, Division of Experimental Therapeutics, Ontario 

Cancer Institute, University Health Network, Toronto, ON, Canada) was utilized.  These 

cells, with enhanced GFP (enGFP) expression, were engineered using a recombinant 

HIV-1-based lentiviral vector, LV/enGFP.   Vesicular stomatitis virus glycoprotein-

pseudotyped viruses were produced by transient co-transfection of 293T cells (ATCC) 

with plasmids pHR’-EF-GW-SIN, pCMVDR8.91 and pMD.G
145

 using calcium 

phosphate precipitation
110

. At 24 and 48 hours following transfection, supernatant was 

collected, passed through a 0.45µm filter and applied to HUVEC cultures. Cells were 

transfected twice in the presence of 8µg/ml protamine sulfate.   

 

The HUVEC-GFP were thawed from the cell line described above and expanded 

on gelatin-coated tissue culture flasks with EGM-2 medium (Clonetics, Walkersville, 

MD).  The culture medium was changed 3 times a week.  The HUVEC-GFP were seeded 

onto the fibroblast sheets (25 to 28 days after their formation) between the ninth and 

eleventh passage.  Parallel HUVEC-GFP cells cultures on gelatin-coated culture flask 

were kept to monitor the presence of GFP expression in the endothelial cells over time.   

 

Various initial seeding concentrations of HUVEC-GFP (between 0.3million cells 

/25cm
2
 and 1.5million cells /25cm

2
), various time of expansion of the HUVEC-GFP on 

the fibroblast sheets before rolling them into tubes (5 to 44 days), and various maturation 
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times once tubes were formed (1 to 30 days), were studied.  The various conditions 

studied are shown in table 3.1.  Usually, at least 3 samples of each condition were made.  

The capillary-like network was evaluated during culture on fibroblast sheets using a 

timelaps inverted microscope; once the tubes were constructed, the capillary-like network 

was characterized with confocal microscopy, using a Nikon C1 confocal microscope.  

 

3.2.3 Exploration of a Different Method of Fibroblast Sheet Assembly for Optimal 

Formation of Capillary-Like Network 

  

Finally, a different method of fibroblast sheet assembly before forming the filled 

tubes was designed.  This new method of assembly was studied to determine the best 

approach to maximize the formation of a capillary-like network.  The fibroblast sheets 

were produced, HUVEC-GFP were seeded at different initial concentration (0.3million 

cells/25cm
2
, 0.6million cells/25cm

2
, and 0.9million cells/25cm

2
), and matured on the 

fibroblast sheets, all as described above.  The fibroblast sheets with endothelial cells were 

assembled 7 days after the endothelial cell seeding.  These assembled sheets were kept in 

culture for 9 to 15 days, after which they were rolled into tubes with the technique that 

was designed and is described in section x.  The filled tubes were kept in culture for 1 to 

30 days.  The various conditions studied are shown in table 1.  Usually, 3 sample of each 

condition were made.  The capillary-like network was evaluated during culture on 

fibroblast sheets using a timelaps inverted microscope; once the tubes were constructed, 

the capillary-like network was characterized with confocal microscopy, using a Nikon C1 

confocal microscope. 
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Table 3.1 

Different Experiments using HUVEC-GFP  
E

x
p

er
im

en
ts

 

Fibroblast 

sheet 

maturation 

 HUVEC-

GFP seeded 

(per 25cm
2
) 

Maturation of HUVEC-

GFP on fibroblast sheet 

Maturation of construct 

after 

Before 

assembly 

Before 

rolling 

Assembly 

before 

rolling 

Rolling 

1 26 days 0.3million  5 days  1 day 

4 days 

16 days 

30 days 

2 25 days 0.3million  21 days  8 days 

0.6million 

0.9million 

1.2million 

1.5million 

3 28 days 0.6million  44 days  8 days 

4 26 days 0.6million  22 days  1 day 

4 days 

15 days 

30 days 

5 26 days 0.9million  22 days  1 day 

4 days 

15 days 

30 days 

6 28 days 0.3million 7 days 16 days 9 days 5 days 

15 days 

30 days 

7 26 days 0.6million 7 days 22 days 15 days 1 day 

4 days 

15 days 

30 days 

8 26 days 0.9million 7 days 22 days 15 days 1 day 

4 days 

15 days 

30 days 
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3.3 Study of Nerve Regeneration in Different Nerve Guidance Tubes Produced from 

Human Cultured Cells 

 

The final step of this project is to study nerve regeneration in the different 

guidance tubes produced from human cultured cells.  Previously, attempts were made to 

study nerve regeneration through the hollow tubes and hollow tubes filled with chitosan-

collagen gel that had been developed.  In those previous studies, the rat sciatic nerve 

model with Sprague-Dawley strain rats was used.  However, the presence of autotomy 

prevented the completion of the studies.  This problem, i.e. autotomy in the rat sciatic 

nerve model, needed to be addressed before the study of nerve regeneration in the 

different guidance tubes was possible.  In this thesis, the rat sciatic nerve model was first 

modified to reduce autotomy rates.  The previous study on nerve regeneration within the 

designed hollow tubes and hollow tubes filled with chitosan-collagen gel was repeated.  

Finally, the tissue-engineered nerve tubes designed in this study, the filled tubes, were 

tested in the rat sciatic nerve model. 

 

3.3.1 General Pre-operative, Operative, and Post-operative Protocol Used for Nerve 

Regeneration Testing in the Rat Sciatic Nerve Model 

 

The rats were generally received 1 week prior to surgery for acclimation.  The 

surgery (Figure 3.4) was done under general anesthesia with inhalation of 1-2% 

isoflurane.  Once anesthetized, the animals were placed in the prone position.  The rat 

right gluteal area and right lower extremity was shaved and prepped 3 times with an 

alcohol-iodine solution.  A postero-lateral incision along the axis of the femur was made, 

approximately 2 cm, extending from the gluteus muscle to the mid thigh.  The right 

sciatic nerve was exposed from its exit from pelvic cavity to the level of its bifurcation 

into the nerve fibularis and nerve tibialis.  The fascia overlying the nerve was carefully 

removed to expose the nerve surface with its epineurial covering maintained intact.  A 

solution of 50:50 bupivacaine and lidocaine was put around the nerve before any further 

manipulation.  The sciatic nerve was then sharply transected and a 10 to 15 mm segment 

was removed, proximal to the sciatic nerve bifurcation.  The nerve was either repaired 

with an autograft, a nerve guide, or not repaired.  For the autograft, the removed segment 

of sciatic nerve was reversed and used for repair.  The reversal of the autograft was 

performed to reflect the clinical setting: the fascicles of the proximal nerve and of the 
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autograft are approximated but do not match.  Performing two direct repair would likely 

lead to a result superior to an autograft; our goal was to compare the nerve guides with 

the clinical gold standard, the autograft.  Other groups using the rat sciatic nerve repair 

model also perform a reversed autograft for positive control
37,47,102

.  The reverse 

orientation is not thought to adversely affect orientation and may even decrease 

regenerating axon dispersion.  10-0 Ethicon sutures (2870G, needle BV75-3) were used 

for all nerve repairs.  The muscle was reapproximated with interrupted sutures and the 

skin was closed with clips.  For analgesia, the rats received an injection of 0.01 to 

0.02mg/kg of buprenorphine thirty minutes before surgery and twice daily for 3 days 

post-operatively.   

 

 

Figure 3.4  Surgical Technique for the Rat Sciatic Nerve Model 

Surgery is done under general anesthesia with inhalation of isoflurane; the rat is 

positioned prone (A).  A longitudinal incision along the femoral axis is performed and the 

sciatic nerve is visualized.  The nerve gap is created with the chosen length.  The nerve 

tube is sutured in place with 10-0 Ethicon sutures under microscope.  Image in part 

(A,B,C) from René Caissie, LOEX, used with permission. 
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The rats were lodged 2 per cage and were allowed free access to water and 

standard rodent chow (Charles River).  The rats were generally followed for 15 to 16 

weeks as functional recovery occurs by that time after nerve repair, reaching near optimal 

recovery by 12 weeks
50

.   They underwent manual physiotherapy daily to prevent 

contractures.  Functional analysis was done pre-operatively and post-operatively at 3-

week intervals.    

 

Motor functional assessment consisted of walking track analysis and measurement 

of the sciatic function index (Figure 3.5).    This motor function test provides a reliable 

and easily quantifiable method of evaluating the functional condition of the sciatic 

nerve
90

 and is largely used as an indicator of sciatic nerve regeneration in the rat sciatic 

nerve model 
6, 60,135

.  It is based on measurements of footprint parameters of rats during 

their walk.  The hindpaws of the rats were dipped in ink (blue stamp ink).  The rats were 

then placed, one at a time, at the start of a corridor at the end of which is a black room.  

The rats instinctively walk toward the black box.  A white paper was placed on the 

walking surface of the corridor at each trial.  The prints left by the rats (at the time of 

brisk walking) were be used to calculate the sciatic function index, which reflects the 

motor functional recovery
6.135

.  If needed, several trials were done.  Prior to the surgical 

procedure, the rats were trained to walk in the corridor, and a baseline walking tract was 

recorded.  The sciatic function index as described by Bain et al
6
 was calculated using 

paired measurements of the print length (PL), toe spread (TS) (first to fifth toe), and 

intermediary toe spread (IT) (second to fourth toe).  The measurements of the normal 

control left foot (NPL, NTS, NIT) and of the corresponding right experimental foot (EPL, 

ETS, EIT) were recorded for each rat at each time point.  The measurements were then 

incorporated into the Bain-Mackinnon-Hunter sciatic function index (SFI)
6
 (Figure 3.6).  
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Figure 3.5 Walking Tract Analysis 

Image from René Caissie, LOEX, used and modified with permission 

 

 

Figure 3.6  Bain-Mackinnon-Hunter Sciatic Function Index  

 

 

SFI=-38.8 (                ) +109.5(                )  

+13.3 (                  ) -8.8 

Experimental PL-Normal PL 

 Normal PL 
 

Experimental TS-Normal TS 

Normal TS 

Normal ITS 

Experimental ITS-Normal ITS 
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Sensory functional recovery was assessed using transcutaneous sine-wave stimuli 

produced with a Neurometer (Figure 3.7).  The cutaneous electrode was placed on the 

hindpaw plantar surface.  Constant alternating current sinusoid waveform stimuli at 

intensities ranging from 0.01mA to 9.99mA (1 to 999) and at frequencies of 5Hz, 250Hz, 

and 2000Hz were used.  The intensity of the sine-wave stimulus was gradually increased 

until the animal demonstrated discomfort characterized by torsion of the tail.  For each 

frequency, three consecutive measures were taken from each hindpaw.  The mean 

stimulus intensity at onset of discomfort was calculated for each hindpaw at each 

frequency.  The 5Hz frequency selectively stimulates small unmyelinated C fibers (slow 

pain, nociception, and temperature), the 250Hz frequency selectively stimulates small 

myelinated A  fibers (mechanoreception, nociception, temperature, and fast pain) and the 

2000Hz frequency stimulates selectively large myelinated Aß fibers (cutaneous touch and 

pressure)
77,99

.  The percent change between the intensity at which the rat is responsive 

from the operated leg to the unoperated leg was calculated.  This sensory functional 

assessment was performed at 3-week intervals during the post-operative period for the 

evaluation of hollow tissue-engineered tubes and hollow tissue-engineered tubes filled 

with chitosan-collagen gel.  The Neurometer was not used to evaluate the lyophilized 

filled tissue-engineered tubes with and without a capillary network.   

 

Figure 3.7  Neurometer (Image from René Caissie, LOEX, used with permission) 
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At the completion of the study period, the rats were sacrificed by mortal 

inhalation of CO2.  The surgical site was reopened and the repaired nerve was excised 

including the available proximal and distal nerve segments.  Three sections were taken 

and labeled as proximal, graft, and distal sections.  Each section were fixed in 

gluteraldehyde 2%, embedded in Epon, cut in semi-thin sections (1um) and stained with 

toluidine blue.  Nerve regeneration was evaluated using the total number of myelinated 

axons.  In addition, the weight of the gastrocnemius muscle was measured both from the 

right experimental and from the left normal lower extremity.  Gastrocnemius muscle 

mass is proportional to the degree of sciatic nerve innervation
37

 and provides evidence for 

functional activity of sciatic nerves.  The relative gastrocnemius muscle weight 

(RGMW)
37,147

, defined as the ratio of the gastrocnemius muscle from the experimental 

side to that of the normal side, was calculated and compared between the experimental 

groups.   

 

For all numerical variables, means and standard errors (SEM) were computed.  

Differences between group means were evaluated using one-way analysis of variance 

(ANOVA). If the ANOVA demonstrated overall significance (P < 0.05), then specific 

group mean comparisons were performed for that variable using a post-hoc Tukey’s 

significant difference test to correct for multiple comparisons and to maintain an overall 

alpha level of 0.05.  P values less than 0.05 were considered statistically significant.  

Differences over time in numerical value were evaluated using matched pair analysis 

with the Wilcoxon signed-rank test.  A P value of less than 0.05 was considered 

statistically significant.    
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3.3.2 Adaptation of the Rat Sciatic Nerve Model to Reduce Autotomy 

 

Autotomy is defined as auto-mutilation and is assumed to reflect neuropathic 

pain
28,60

.  In the rat sciatic nerve model, it consists of the auto-mutilation of their 

denervated paw (i.e. auto-mutilation of one or more toes and even of the whole 

hindpaw)
60,149

.  When autotomy occurs, the functional assessment by walking track 

analysis is impaired.  Moreover, in our institution, the rats need to be sacrificed for 

ethical reasons, leading to early termination of the experiment.   

 

In the literature, different methods are used to avoid autotomy: medications such 

as peripheral sympathetic inhibitors (guanethidine)
139

, tricyclic antidepressants 

(amitriptyline)
98

, topical application of repellant
123

, housing male rats with female rats
149

, 

or the use different strains of rats
21,60

.  It is reported that rats of Lewis strain have very 

low autotomy rates compared to other strains
21,50

, including the Sprague-Dawley rats 

which were used in the previous attempts described above. 

 

Based on the review of the literature, a preliminary study with 6 male Lewis-

strain rats (Harlan Laboratories inc., Indianapolis, IN; between 250 and 300 grams) was 

done to evaluate their autotomy rates.  A 10mm autograft was the chosen procedure, as in 

previous LOEX in-vivo experiments, this was the experimental group showing the most 

severe form of autotomy.    In previous experiments performed at the LOEX, as well as in 

the literature, the majority of rats demonstrate autotomy behaviors before the 4
th

 post-

operative week
21

.  During this preliminary study, the rats were therefore closely followed 

for signs of autotomy during a 6–week period.  This period was chosen as it should cover 

the critical time during which the rats may develop autotomy behaviors.  If this 

preliminary study is unsuccessful, other options such as the use of repellant, restraining 

collars or anti-neuropathic medications (gabapentin, etc) will be evaluated.  The adapted 

rat sciatic nerve model with acceptable autotomy will be used in the study of nerve 

regeneration in different nerve guidance tubes produced from human cultured cells. 



 48 

3.3.3 Evaluation of Hollow Tissue-Engineered Tubes and Hollow Tissue-Engineered 

Tubes Filled with Chitosan-Collagen Gel 

 

The in-vivo study of nerve regeneration through the previously designed tubes 

was repeated.  For this purpose, the rat sciatic nerve model was used with 27 male rats of 

Lewis strain (Harlan Laboratories inc., Indianapolis, IN) between 250 and 300 grams.  

The sciatic nerve was transected and a nerve gap of 15mm was made.  Four experimental 

groups were used: negative control group (n=6) consisting of nerve transection without 

repair; positive control group (n=6) consisting of an autograft; experimental lyophilized 

hollow nerve guide group (n=7); and experimental lyophilized hollow nerve guide filled 

with the collagen-chitosan gel group (n=8).  The tubes used in the experimental groups 

for repair were prepared as described in section 3.1.4 and 3.1.5.   

 

3.3.4 Evaluation of Lyophilized Filled Tissue-Engineered Tubes With and Without a 

Capillary-Like Network 

 

 We chose to first evaluate the lyophilized filled tissue-engineered tubes, with and 

without a capillary-like network.  For this study, the filled tubes were produced using the 

newly developed method.  Fibroblast sheet were made with human fibroblast cells in the 

fifth passage.  The fibroblast sheets were cultured for 30 days prior to rolling.  For the 

endothelialized-filled tubes, HUVEC (fourth passage) were seeded onto the fibroblast 

sheet 5 days prior to rolling (day 25 of culture).  The fibroblast sheets were rolled into 

filled tube with the technique developed in this thesis and described in section 3.1.6.  The 

filled tubes were matured in culture for 15 days and then lyophilized using a Gensis 12EL 

vacuum lyophilizer (Virtis, Gardiner, NY) for 40 hours.  The filled lyophilized tubes 

were inserted into hollow nerve tubes produced with the protocol described in section 

3.1.4.  Prior to surgery, the combined tubes were washed with PBS 1x supplemented with 

antibiotics (penicillin, gentamicin, and fungizone [amphotericine B]); they were kept in 

this solution at 4ºC until surgery.         

  

For this study, 28 male rats of Lewis strain (Harlan Laboratories inc., 

Indianapolis, IN) between 250 and 300 grams were used.  The sciatic nerve was 

transected and a nerve gap of 15mm was made.  Five experimental groups were used: 

negative control group (n=4) consisting of nerve transection without repair; positive 
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control group (n=4) consisting of a simple transection and immediate repair; another 

positive control group (n=4) consisting of an autograft; experimental group consisting of 

a lyophilized filled nerve guide inserted into a hollow nerve guide (n=8); and a second 

experimental group consisting of the lyophilized filled nerve guide with endothelial cells 

inserted into a hollow nerve guide (n=8).   

 

.   
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CHAPTER 4.  RESULTS 

 

4.1 Development of a Tissue-Engineering Approach to Produce Completely 

Biological Nerve Guidance Tubes from Cultured Human Cells 

 

4.1.1 Production of Filled Tissue-Engineered Nerve Tubes 

Previous attempts at rolling the fibroblast sheets without an inert tubular support 

produced tubes with an irregular, variable, and non-reproducible structure (Figure 4.1 and 

4.2).  Different techniques to roll the fibroblast sheets on themselves, without the use of a 

central tubular structure, were tried.  These methods included using very fine straight and 

curved tweezers to roll or “fold” the fibroblast sheets on themselves, using a glass micro-

pipette and a rubber tube as a tubular structure to “push” and force the fibroblast sheets to 

roll, and passing a fine suture into the fibroblast sheet to roll the sheet with the suture 

ends.  All these different trials were unsuccessful in producing filled tubes reliably 

without damaging the fibroblast sheets.   

 

Figure 4.1  Previous Technique for Production of Filled Nerve Tubes 

The fibroblast sheet culture flask was opened (A) and the sheet was detached (B).  Using 

fine tweezers, the fibroblast sheet was rolled (C,D) into a filled tube (E) and matured 

under tension in a petri dish (F).  Images from René Caissie, LOEX, with permission.   
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Figure 4.2 Structure of Filled Nerve Tubes from Previous Attempts 

The irregular, variable, and non-reproducible structure of the previously 

produced filled nerve tubes is shown. 
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Finally, a method was found to be successful.  The fibroblast sheet was detached 

of the culture flask.  The edge (approximately 1mm) of the fibroblast sheet was folded on 

a thread using fine tweezers.  The thread consisted of a simple sewing thread (Coats 

Koban, cotton wrapped polyester) composed of cotton and polyester (respectively 35% 

and 65%) that was sterilized in an autoclave before use.  The edge was folded in the 

direction that the sheet was to be rolled.  Each ends of the sewing thread was then rolled 

between two fingers.  The fibroblast sheet followed the thread and rolled on itself.  Both 

ends of the tubular structure made of fibroblast sheet were then closed with other 

segments of sewing threads and the central suture was removed.  Occasionally, the 

central thread removal would create the tube to “telescope” out on the side the thread was 

removed (2/20 trials).  With practice, the technique could be mastered and the removal of 

the central thread could be done without disturbing the tube except very rarely.  The 

tubes could be put in traction in a petri dish using the sutures at each end to maintain an 

elongated tubular structure (Figure 4.3).  For 24 hours after rolling, the tubes were 

covered with a polyvinyl alcohol (PVA) sponge (Merocel) secured with weights on each 

side of the tube to favor the adhesion of the outside fibroblast sheet layer.  The tubes 

could be kept in culture for up to 30 days.  This technique for rolling the fibroblast sheets 

on themselves was the one chosen for the production of the filled nerve tubes as it was 

the easiest and most reproducible method.         

 

Figure 4.3 Filled Tissue-Engineered Nerve Tube  

Filled tissue-engineered nerve tube is shown in traction in a petri dish 
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The filled tubes obtained by the newly developed technique had a reproducible 

architecture as evaluated qualitatively by histological appearance (Figure 4.4).  The 

internal structure was composed of two distinct areas.  First, the central core was 

composed of irregular layers of fibroblasts within their extracellular matrix.  The central 

core was surrounded by 6 to 8 concentric layers of fibroblasts within their extracellular 

matrix.  The tubes were approximately 1.8 mm in diameter; the concentric layers of 

fibroblast sheets were 20 to 50 µm thick and separated by 20 to 40 µm.  The adherence of 

the external layer to the tube was initially variable, but as the time of maturation 

increases (14 and 31 days), the superficial layers were more adherent to the tubular 

structure.  However, with maturation, the tubes became more compact.     

 

Figure 4.4 Filled Tissue-Engineered Nerve Tube 

Histological sections with Masson’s trichrome stain showing filled tissue-engineered 

nerve tubes rolled with the newly developed technique after 4 days of maturation.  The 

irregular central core is surrounded by regular concentric layers of fibroblast within their 

extracellular matrix (A).  Higher power view demonstrating the concentric layers of 

fibroblasts within their extracellular matrix (B).  The external layer adherence to the tube 

is initially variable (C: easily detached, D: adherent).  A 10X, B 40X, C 4X, D 4X. 
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As described above, the structure of the constructed tubes, especially when 

matured for longer periods to achieve adherence of the external layer, became compact.  

Attempts to modify the technique in order to make the tubes less compact and to increase 

the area available to the regenerating axons were made.  The fibroblast sheets were rolled 

with the central sewing thread as described above.  In addition, 1 to 5 additional threads 

were included between the fibroblast layers during the rolling.  The threads were kept in 

the tubes for 7 days, after which they were removed, which damaged one third (3/9) of 

the tubes.  When examined by histology, the structure of the tubes was more compact 

than the tubes rolled without extra threads.  This technique was not pursued.      

 

The constructed filled tubes could be sutured with microsurgical technique under 

loop or microscopic magnification, but with difficulty.  To give an external layer 

allowing a resistance to traction permitting micro-suturing, the developed guidance 

channels were combined: the hollow tubes previously designed (as described in the 

material and methods section) were combined with the filled tubes to produce a 

“combined tube”.  The physical properties of the hollow tubes allowed micro-suturing.  

These “combined tubes” could be formed with an internal living filled tube, although the 

living filled tubes were very fragile to manipulation.  The liophylized filled tube could be 

inserted within the lyophilized hollow tube without difficulty as its diameter was 

significantly reduced, providing the external support necessary for suturing (Figures 4.5 

and 4.6). 
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Figure 4.5  Lyophilized Filled Nerve Tube Combined with Hollow Nerve Tube 

The lyophilized filled tissue-engineered nerve tube (A) is inserted into a 

lyophilized hollow nerve tube (B).  This technique is relatively easy as the 

diameter of the hollow tube is slightly larger than the diameter of the filled tube.  

The combined nerve tube is then rehydrated (C).  The hollow nerve tube has 

sufficient resistance to sustain microsuturing. 

 

 

Figure 4.6 Lyophilized Filled Nerve Tubes Combined with Hollow Nerve Tubes 

Histologic section stained with Masson’s trichrome demonstrating the structure 

of the combined nerve tubes.  The filled “internal” tissue-engineered nerve tube 

can be alive (A) or lyophilized (B). 4X 
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4.1.2 Production of Rat Fibroblast Sheets 

 

The rat fibroblasts cultured in an attempt to produce fibroblast sheets, as 

described in the material and methods, was unsuccessful.  The three rat fibroblast cell 

lines did not produce significant extracellular matrix when cultured in the medium used 

for human fibroblast (DME, supplemented with fetal calf serum, antibiotics, and sodium 

ascorbate).  At 29, 35, and 43 days of culture, the rat fibroblast sheets were very thin.  At 

43 days, the sheets could be detached from the flask, but they could not sustain any 

manipulation.   

 

The culture medium was modified, adding glutamine, as it was shown by other 

investigators in the LOEX to increase extracellular matrix formation in porcine 

fibroblasts and some reports in the literature report supplementation of the culture 

medium of rat fibroblasts with glutamine
68

.    Glutamine was added to the fibroblast 

culture medium at different concentration (0mM, 5mM, 7.5mM, and 10mM), the number 

of rat fibroblast seeded into the culture flask was varied (0.3 million cells/25cm
2
 flask, as 

initially studied, and 0.6 million cells/25cm
2
 flasks), and fibroblasts of an earlier passage 

(2
nd

) were used.  Three samples were made for each condition.  Despite 36 days of 

culture, there was no significant production of extracellular matrix allowing manipulation 

of the sheets. 

 

Because of initial trials of freshly extracted fibroblast by other LOEX 

investigators produced some rat fibroblast sheets, it was hypothesized that the freezing 

process of the rat fibroblasts cells might have changed their potential to form 

extracellular matrix.  Moreover, skin from different areas and rat fibroblasts of Lewis 

strain (chosen strain to test regeneration) could have different potentials to form 

extracellular matrix.  Fibroblasts from the skin of Lewis rats (skin from the back (5 

separate), ears (8 pooled), and abdomen (2 pooled)) were extracted according to the 

protocol described in the material and methods.  The fibroblasts were seeded at the 

second passage (0.3 million cells/ 25 cm
2
 culture flask) for the production of fibroblast 

sheets.  Glutamine was added to the fibroblast culture medium at different concentration 

(0mM, 5mM, 7.5mM, and 10mM).  At 35 days of maturation, the fibroblast sheets were 

too thin to be manipulated.  After 54 days of culture, the extracellular matrix was more 

important and some fibroblast sheets could be manipulated onto a paper frame.  At 70 
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days of culture, all cultures (10 different conditions) had formed sufficient extracellular 

matrix to allow manipulation of the fibroblast sheet into a paper frame.  The best 

fibroblast sheets seemed to be when the fibroblasts were cultured into medium 

supplemented with 10mM of glutamine.   
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4.2 Production of Nerve Guidance Tubes with a Capillary-Like Network from 

Cultured Human Cells 

 

4.2.1 Formation of a Capillary-Like Network    

  

HUVEC seeded on fibroblast sheets have the ability to create a capillary-like 

network within the newly designed tissue-engineered nerve guides described above.  On 

histologic section, capillary-like structures were mainly observed at 14 and 31 days of 

maturation (Figure 4.7).  These capillary-like structures could be seen within the different 

layers of the tubes.  The formation of capillary-like structure formed by endothelial cells 

was confirmed by immunofluorescence studies using anti-PECAM-1 antibodies; only a 

few cells were staining positive after 4 days, but capillary-like structures staining positive 

were seen after 14 days (Figure 4.8).  The capillary-like formation was confirmed by co-

localization of laminin staining with PECAM-1 on immunofluorescence studies (Figure 

4.8). 

 

Figure 4.7 Capillary-Like Structure within Filled Tissue-Engineered Nerve Tubes 

Histologic section stained with Masson’s trichrome showing capillary-like formations 

(arrows) within the concentric layers of fibroblast within their extracellular matrix.  The 

endothelial cells (HUVEC) were seeded prior to rolling and the filled tubes were kept in 

culture for 14 (A) and 16 (B) days.  Images taken at 40X. 
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Figure 4.8 Capillary-Like Structure within Filled Tissue-Engineered Nerve Tubes 

Immunofluorescence studies confirm the presence of capillary-like structure within the 

filled tissue-engineered nerve tubes.  These tubes were matured for 1 (B) and 14 (A) days 

after rolling.  The capillary-like structures, formed by endothelial cell, are revealed by 

anti-PECAM-1 antibodies (A).  The nuclei are stained with Hoescht.  There is 

colocalization of the anti-PECAM-1 antibody and anti-laminin antibody, confirming the 

presence of capillary-like structures (B).  A 40X, B 10X.   
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4.2.2 Characterization of the Growth and Formation of a Capillary-Like Network  

 

The use of HUVEC-GFP was very helpful in better characterizing their behavior 

and potential to form capillary-like networks within the tissue-engineered nerve tubes 

(Table 4.1).  As maturation time in the rolled fibroblast sheet increases (experiment 1), 

the HUVEC-GFP cells tend to elongate and start forming connection between the cells 

(Figure 4.9).  If the HUVEC-GFP are cultured on the fibroblast sheets before rolling 

them into tubes, they form extensive capillary-like networks.  Both the initial seeding 

concentration of the HUVEC-GFP on the fibroblast sheet and the maturation time have 

an effect on the capillary-like network formation (experiment 2).  Lower initial HUVEC-

GFP seeding concentrations (0.3 and 0.6 million of cells/ 25 cm
2
) promotes the formation 

of capillary-like networks, whereas higher initial HUVEC-GFP seeding concentrations 

produces sheets of confluent endothelial cells with less capillary-like network formation 

(Figure 4.10).  Maturation time also influences the formation of capillary-like networks; 

these start to form around 9 days post seeding, and increases with time, up to 35 days 

post-seeding (Figure 4.11).  When rolled into filled tubes, the HUVEC-GFP and some 

capillary-like connections persist (Experiment 2; Figure 4.12).  When mid-range (0.6 to 

0.9 million cells /25cm
2
) initial seeding concentrations are used (experiments 4 and 5), 

the capillary-like network obtained within the tubes was thick and had a “chicken-wire 

appearance” which remains broad with maturation (Figure 4.13).       

      

 

Figure 4.9 HUVEC within Filled Tissue-Engineered Nerve Tubes 

Confocal images of living filled tissue-engineered nerve tubes seeded with HUVEC-GFP.  

As maturation time in the rolled fibroblast sheet increases (A= 16 days; B, C= 30 days), 

the HUVEC-GFP cells tend to elongate (B) and start to form connections (C).   

A 10X, B 10X, C 20 X 



 62 

 

 

Figure 4.10 Capillary-Like Network Formation on Fibroblast Sheets  

The capillary-like network formation after seeding of HUVEC on fibroblast sheets is 

influenced by the initial seeding concentration and by the maturation time.  Capillary-like 

structures appear around the 9
th

 day after seeding.  A lower initial seeding concentration 

seems to favor capillary-like structure formation whereas a higher initial seeding 

concentration favors the formation of confluent sheets of endothelial cells.  
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Figure 4.11 Capillary-Like Network within Filled Tissue-Engineered Tubes 

Confoncal images show the survival of the HUVEC-GFP and the capillary-like network 

formation within filled tissue-engineered tubes after 7 days of maturation.  The 

appearance of the HUVEC-GFP cells and capillary-like network formation varies 

depending of the initial HUVEC-GFP seeding concentrations (A=0.3 million 

cells/25cm
2
; B= 0.6 million cells/25cm

2
; C=1.2 million cells/25cm

2
; D=1.5 million 

cells/25cm
2
).   
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Figure 4.12 Capillary-Like Network within Filled Tissue-Engineered Tubes 

When mid-range initial HUVEC-GFP seeding concentrations (0.6 (A, B) to 0.9 (C, D) 

million cells /25cm
2
) are used, the capillary-like network obtained has a “chicken-wire 

appearance”.  The capillary-like network remains broad with maturation (15 days (A, C) 

and 30 days (B, D) of maturation are shown).  A 20X, B 10X, C 20X, D10 X.   
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4.2.3 Exploration of a Different Method of Fibroblast Sheet Assembly for Optimal 

Formation of Capillary-Like Network 

  

In an attempt to optimize the formation of the capillary-like network, a different 

method of assembling the fibroblast sheets before forming the filled tubes was designed.  

This new method of assembly, the “sandwich technique”, consisted of assembling two 

sheets of fibroblast seeded with endothelial cells together and culture them together prior 

to the formation of the filled tubes (Figure 4.13).  The fibroblast sheets were first seeded 

with HUVEC-GFP and matured for a week prior to assembly.  Each HUVEC-GFP 

seeded fibroblast sheet was then delicately detached from the culture flask, placed on 

sterilized (autoclaved) acetate, and combined with another sheet, each with the 

endothelial-seeded surface facing the other.  The acetates were removed and the 

combined sheet was placed in a petri dish and kept under tension to prevent contraction.  

A PVA sponge (Merocel) secured with weights was placed on the assembled sheets for 

24 hours to increase adhesion between the two sheets.  These assembled sheets were kept 

in culture and then rolled into tubes (technique developed and described in this thesis).     
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Figure 4.13 Technique for the Assembly of Endothelialized Fibroblast Sheets 

Each HUVEC-GFP seeded fibroblast sheet is placed on an acetate (A), and combined 

with another sheet, each with the endothelial-seeded surface facing the other (B).  The 

acetates were removed and the combined sheet was placed in a petri dish and kept under 

tension to prevent contraction (C).  A Merocel is placed on the assembled sheets for 24 

hours to increase adhesion between the two sheets (D).   

 

The tubes formed with this modified technique had a regular structure, but were 

more compact (Figure 4.14).  Formation of multiple capillary-like structures was 

observed (Table 4.1), both during the maturation period (Figure 4.15) and after rolling 

(Figure 4.16).  With an increased initial HUVEC-GFP seeding concentration (0.9million 

cells/25cm
2
), the capillary-like network had a wide “chicken-wire” appearance.  These 

capillary-like networks persisted after rolling the assembled sheets.  Their appearance 

was almost sheet-like with higher initial concentrations.  However, it was possible to 

obtain a longitudinal capillary-like network resembling an intrinsic vascular network 

found in nerves (at 0.3million cells/25cm
2
 seeding concentration) (Figure 4.17). 
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Figure 4.14 Filled Tissue-Engineered Nerve Tubes with Sheets Assembly 

Filled tissue-engineered nerve tube formed after assembly of two endothelialized 

fibroblast sheets.  This tube was matured in culture for 30 days.  The structure is regular 

but more compact than the nerve tubes formed with a single fibroblast sheet (A).  

Multiple capillary-like structures (arrows) are seen within the concentric layers of the 

tube (B).   

Masson’s trichrome; A 4X, B 40X. 

 

 

Figure 4.15 HUVEC-GFP Capillary-Like Network in Assembled Fibroblast Sheets 

The HUVEC-GFP form capillary-like networks which are wider when higher initial 

seeding concentration are used. 
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Figure 4.16 Capillary-Like Network in Filled Tubes Formed with Assembled Fibroblast 

Sheets 

The capillary-like network in the filled tubes formed with assembled fibroblast sheets are 

wide and resemble a “chicken-wire” appearance.  These wide capillary-like structures are 

present early after the tube formation (day 4 in A and B) and persist with maturation (day 

30 in C and D).  This phenomenon occurs at mid-range initial HUVEC-GFP seeding 

concentrations (0.6 million cells /25cm
2
 in A and C; 0.9 million cells/25cm

2
 in B and D).   

A 20X, B 20X, C 10X, D 10X. 

 

 

Figure 4.17 Longitudinal Capillary-Like Network within Filled Tissue-Engineered Nerve 

Tubes 

Longitudinal capillary-like network resembling native neural vasculature was obtained by 

rolling assembled fibroblast sheets into nerve tubes, after 30 days of maturation.  Initial 

HUVEC-GFP seeding concentration was 0.3 million cells/25cm
2
).  A 10X, B 20X. 
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Table 4.1 Capillary-Like Network Formation using HUVEC-GFP 
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1 26  0.3  5   1  Cells only 

4  Cells only 

16  Cells only 

30  Elongated cells 

2 25  0.3  21   8  Few networks 

0.6 8 Few networks  

0.9   

1.2 8 Cells only 

1.5 8 Cells only 

3 28  0.6  44   8  Few networks 

4 26  0.6  22   1  Network 

4  Wide network 

15 Wide network 

30 Important network 

5 26  0.9  22   1  Cells only 

4  Few wide 

networks 

15 Wide network 

30 Nice network(2/3) 

6 28  0.3 7  16  9  5  Cells only 

15  Some branching 

30 Important network 

7 26  0.6 7  22  15  1  Cell sheet 

4  Wide network 

15 Wide network 

30 Few Networks 

8 26  0.9 7  22  15  1  Cell sheet 

4  Wide network 

15 Wide network 

30 Wide network  
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4.3 Study of nerve regeneration in different nerve guidance tubes produced from 

human cultured cells. 

 

4.3.1 Adaptation of the Rat Sciatic Nerve Model to Reduce Autotomy 

 

This preliminary study with Lewis rats was successful.  All 6 rats were kept alive, 

without signs of autotomy for the duration of the experiment (6-week) despite sciatic-

innervated muscle denervation (Figure 4.18).  The change of the rat strain, from Sprague-

Dawley to Lewis rats, was sufficient to have a rat sciatic nerve model with acceptable 

autotomy rate (0 in 6 rats). 

 

 

Figure 4.18 Results of Preliminary Study with Lewis Rats 

None of the rats had signs of autotomy during the study follow-up.  The hindpaw showed 

decreased toe spread but no sign of autotomy (A).  Adequate muscle denervation was 

achieved as shown (B) by the difference in the gastrocnemius muscle size (normal left, 

denervated right). 
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4.3.2 Evaluation of Hollow Tissue-Engineered Tubes and Hollow Tissue-Engineered 

Tubes Filled with Chitosan-Collagen Gel 

 

The in-vivo study of nerve regeneration through the previously designed tubes, 

lyophilized hollow nerve guides and the lyophilized hollow nerve guides filled with the 

chitosan-collagen gel was overall negative.  Both experimental tubes did not support 

nerve regeneration across a 15mm nerve gap; the details are given below. 

 

All 27 rats survived the surgery, post-operative and follow-up period.  Clinically, 

despite manual daily physiotherapy to the experimental leg, many rats developed 

contractures.  This phenomenon was most common for the rats of the positive control 

(autograft) group (1 of 6 rats at 8 weeks, 4 of 6 rats at 12 weeks, and all 6 rats at 15 

weeks).  Because of this, the motor functional assessment, i.e. walking track analysis and 

measurement of the sciatic function index, was limited (Figure 4.19).  We could still 

demonstrate that over time (between 3 weeks post-operatively and 15 weeks post-

operatively), there was a change of the SFI (mean difference 9.81±2.85, p=0.0003) when 

all groups were considered.  However, at the completion of the study (15 weeks), there 

was no difference between the SFI of the different experimental groups (p=0.51).    

 

Figure 4.19 Sciatic Function Index over Time in the Different Experimental Groups 

 



 72 

The sensory functional recovery is difficult to interpret using the results obtained by 

the Neurometer (Figure 4.20).  In all groups, the experimental hindpaw was clinically 

sensitive to manipulation.  The percent change between the intensity at which the rat was 

responsive from the experimental hindpaw compared to the normal contralateral hindpaw 

was calculated without difficulty.  The intensity at which the animal demonstrated 

discomfort from each frequency could be reliably reproduced, i.e. there was minimal 

variation in the intensity threshold at a given post-operative time and given frequency for 

a particular animal.  However, important variations were present between individual 

animals, even of the same group, at a given time.  In some animals, the threshold 

intensity was smaller in the experimental hindpaw compared to the contralateral 

hindpaw, even as early as 3 weeks post-operatively (i.e. they required less intensity to 

react to the stimulus in the “denervated insensate” hindpaw).  Other animals within the 

same experimental group required, as expected, higher threshold intensity to react to the 

stimulus applied.  No consistent statistically significant differences were found between 

the experimental groups at a given time post-operatively and at a given frequency.   

 

Figure 4.20 Neurometer Testing in the Various Experimental Groups over Time 

(Results shown as % change of sensitivity threshold from contralateral normal extremity) 
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When the surgical sites were reopened at the completion of the study period, a 

discolored collection of material was found around the edges of the reconstructed tubes in 

certain rats.  These collections resembled abscess formation, but no culture was taken.  

They were present in half (4/8) of the hollow tube filled with the chitosan-collagen gel, 

but in none of the other groups.   

 

The total number of myelinated axons present at three levels (i.e., proximal to the 

graft, in the graft, and distal to the graft) was evaluated for the autografts, the hollow 

nerve tubes, and the hollow tubes filled with the chitosan-collagen gel (Figure 4.21).  

Because of restrictions in financial resources and of the absence of positive results in the 

experimental groups, the number of myelinated axons was not assessed in the negative 

control group.  However, no significant difference would be expected.  The autograft 

group served as our positive control and we did not assess the number of myelinated 

axons present in a normal rat sciatic nerve.  The data available in the literature 

(myelinated axons estimated to be 8230 ± 220 in the rat sciatic nerve)
135

 cannot be 

compared to our results as our assessment included only a portion of the nerve.  There 

was no statistically significant difference between the number of myelinated axons 

present proximal to the graft between the different groups (p=0.18).  However, there were 

significantly more myelinated axons present within the autografts (1862.67±311.47) than 

within the hollow nerve tube (368.00±288.36, p=0.0066) or the hollow tube filled with 

the chitosan-collagen gel (487.75±269.74, p=0.0098).  There was also more myelinated 

axons present distal to the graft in the autograft group (1129.17±248.02) than within the 

hollow nerve tube (48.29±229.62, p=0.0132) or the hollow tube filled with the chitosan-

collagen gel (163.88±214.79, p=0.0226). 
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Figure 4.21 Total Number of Myelinated Axons in the Different Experimental Groups 

 

 

 

 

The ratio of the experimental versus control gastrocnemius weight (Figure 4.22) 

was also significantly different (p=<0.0001) between the autograft group (0.54±0.03) and 

the nerve resection group (0.15±0.03), the hollow nerve tube group (0.15±0.03), and the 

hollow tube filled with the chitosan-collagen gel group (0.18±0.03). 

 

 

Figure 4.22  Relative Gastrocnemius Muscle Weight  
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4.3.3 Evaluation of Lyophilized Filled Tissue-Engineered Tubes With and Without a 

Capillary-Like Network 

The in-vivo study of nerve regeneration through the lyophilized filled tissue-

engineered tubes with and without a capillary-like network did not demonstrate 

significant axonal regeneration.   

 

The quality of the reconstructed “combined” nerve tubes at surgery was adequate 

and the repair was easier to achieve.  All 28 rats survived the surgery, post-operative and 

follow-up period.  Clinically, despite manual daily physiotherapy to the experimental leg, 

many rats again developed contractures. As for the previous studies, the experimental 

hindpaw was sensitive to manipulation in all experimental groups.    

 

The motor functional assessment, i.e. walking track analysis and measurement of 

the sciatic function index, was again limited because of the development of contractures 

in some rats.  As for the previous experiments, this phenomenon was most common for 

the rats of the autograft and direct repair groups (contractures preventing walking tract 

analysis in 3 of the 8 rats at 6 weeks, 5 of 8 rats at 9 and 15 weeks, and 6 of 8 rats at 12 

weeks).  It was still possible to demonstrate (Figure 4.23) that at 6 and 9 weeks, a 

significant improvement in the SFI of the direct repair group was present compared to the 

transaction and tissue-engineered nerve tubes groups (p<0.005).  At 9 weeks, the SFI of 

the direct repair group was also significantly better than the autograft group (p=0.0002).  

At completion of the study (15 weeks), the SFI was significantly better in the direct 

repair group compared to all other experimental groups (p<0.007).   

 

Figure 4.23 Sciatic Function Index over Time in the Different Experimental Groups  

(*=p<0.005) 
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The re-explored nerve-tubes were in continuity in all specimens and there was no 

evidence of inflammatory reaction at the site of nerve-tube reapproximation.    

 

The total number of myelinated axons present at the site of the graft and distal to 

the graft was assessed (Figure 4.24).  Because of restrictions in financial resources and 

the absence of significant results in the experimental groups, the number of myelinated 

axons was not assessed in the direct repair group, which was mainly used as a positive 

control for the functional motor assessment.  The autograft group served in this 

experiment as a positive control.  There were significantly more myelinated axons 

present within the historic autograft group (1912.83±302.96) than within the lyophilized 

filled nerve tube without a capillary-like network group (322.00±276.37, p=0.005) or the 

lyophilized filled tube with a capillary-like network group (641.63±276.37, p=0.0313).  

There was no statistically significant difference between the number of myelinated axons 

present distal to the graft (p=0.1196).  However, some specimen of the experimental 

groups definitively showed signed of axonal regeneration (Figure 4.25). 

 

 

Figure 4.24 Number of Myelinated Axons within the Different Experimental Groups 

(*=p<0.05 with all other experimental groups).  
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Figure 4.25 Axonal Regeneration within Filled Tissue-Engineered Nerve Tubes 

Semi-thin sections (1um) stained with toluidine blue demonstrating regenerating axons 

within the graft segments (A, B) and the distal sciatic nerve (C, D).   

 

The ratio of the experimental versus control gastrocnemius weight (Figure 4.26) 

was significantly different (p<0.0001) between the direct repair group (0.66±0.02) and 

the sciatic nerve resection group (0.16±0.02), the lyophilized filled nerve tube without a 

capillary-like network group (0.14±0.01) as well as with the lyophilized filled nerve tube 

with a capillary-like network group (0.15±0.01).  Similar statistically significant 

(p<0.0001) differences between these later 3 groups were also present with the autograft 

group weight ratio (0.61±0.02).  There was no statistically significative differences 

between the filled tubes groups (p=0.95) or between the autograft and direct repair 

groups (p=0.21). 
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Figure 4.26 Relative Gastrocnemius Muscle Weight between the Experimental Groups 

(*=p<0.0001)
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CHAPTER 5.  DISCUSSION 

 

 The main aim of this thesis was to evaluate the potential to develop a tubular 

biomaterial supporting nerve regeneration in the context of peripheral nerve trauma, 

using tissue-engineering approaches.  The goal was to initiate the design of reconstructed, 

completely biological, nerve guides from autologous or heterologous cells, with or 

without an internal capillary-like network.  This approach for the development of a nerve 

guide is novel and, to our knowledge, has not been explored by other groups.  Biological 

conduits have been studied, including arteries
61

, veins
23,130,140

, skeletal muscles
10,61

, and 

epineural sheaths
67,117

.  Attempts are made to modify them and improve their capacity to 

support nerve regeneration.  For example, a combined conduit where a vein graft is filled 

with muscle has been proposed
19

, studied, and applied clinically in a small series of 

patients
11

; an epineural conduit augmented with different supportive cell therapies is also 

being investigated
67,117

.  However, the possible modifications of these biological 

structures are somewhat limited.  Therefore, tissue-engineering methods are explored by 

multiple groups to create artificial nerve conduits that could support and ideally improve 

nerve regeneration.  This approach allows manipulation of multiple factors, including the 

mechanical properties, the permeability, the internal architecture, and the supporting 

additional elements (cells or neurotrophic factors) of these guides.  This project’s 

approach combines the tissue-engineering techniques, which have the possibility to 

manipulate the components into producing a conduit with an appropriate design, with a 

completely biological approach, the exclusive use of human cultured cells.    

 

Previously, the LOEX has designed human fibroblast-based nerve tubes using 

tissue-engineered approaches, but these tubes were hollow.  However, there is more and 

more evidence that a simple tubular structure cannot support optimal nerve 

regeneration
12,33

.  It is generally thought that bridging long peripheral nerve gaps requires 

nerve tubes with an internal architecture that promotes regeneration by supporting and 

directing axonal migration
12,66

.  With this rationale, the hollow fibroblast tubes were 

filled with a chitosan-collagen gel to provide an internal framework for axonal 

regeneration.  Chitosan, a polysaccharide obtained from N-deacetylation of chitin, is 

biodegradable and biocompatible
106

.  Nerve guides produced with chitosan, 

functionalized with growth factors and laminin, enhanced functional and sensory 
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recovery when tested in vivo
102

.  Chitosan conduits filled with collagen sponge 

supplemented with nerve growth factor have also been shown to be equivalent to 

autograft in vivo
45

.  Similarly, collagen filaments have been found to guide axonal 

regeneration
95,144

.  Moreover, collagen proteins share a triple helical structure due to a 

conserved primary sequence (i.e. a glycine residue in every third position of their 

polypeptide chain)
22

.   This repeat structure, which characterizes all collagens, and their 

helical 3-dimensional structure generally display a weak antigenic activity
22

.  For these 

reasons, the hollow tubes were filled with a chitosan-collagen gel to provide support for 

axonal regeneration. 

 

The potential of these tissue-engineered nerve tubes (i.e. the hollow and tubes 

filled with a chitosan-collagen gel) to support nerve regeneration was tested using the rat 

sciatic nerve model.  As described in the result section, both these tubes were unable to 

support axonal regeneration across a 15mm gap in the rat sciatic nerve model.  This result 

can be explained first by the possible infection and/or host reaction to the tubes that was 

observed at the time of re-exploration at the end of the study period.  The signs related to 

graft or nerve tube rejection are local and include a severe inflammatory response with a 

lymphocytic infiltrate, Schwann cell necrosis, and a disruption of the nerve tubes
94

.  It is 

possible that an inflammatory process to the implanted nerve tubes prevented nerve 

regeneration.  Another possible explanation for the negative results is the use of a 15mm 

nerve gap length.  It is well known that in nerve gaps of more than 15mm in rats, the 

formation of the fibrin cable and of the Bands of Büngner is compromised and requires 

exogenous support
5,12,131

.  The distal stump is not sufficient as a stimulus for nerve 

regeneration over this distance
78,79

.  It is therefore expected that the hollow tissue-

engineered nerve tube did not support nerve regeneration over a 15mm nerve gap.  As for 

the tissue-engineered tubes filled with chitosan-collagen gel, axonal regeneration along 

the long nerve gap may have required the addition of nerve growth factors.  Further 

experiments with tubes supplemented with nerve growth factors are being done (other 

LOEX investigator) to evaluate the ability of these tubes to sustain nerve regeneration.  It 

is also possible that the tubes’ 3-dimensional non-organized structure may not have been 

optimal to guide the regenerating axons.  Growing axons are known to prefer two-

dimensional structures to three-dimensional constructs
12,66

.  The random orientation of 

the chitosan-collagen scaffold may not have guided the axons adequately.  Many authors 
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have reported that nanofiber orientation influences cell growth
24,41,70,87,88

 and that aligned 

nanofibers provide an effective contact guidance effect during neurite growth
22

.   

 

The chitosan-collagen gel is a natural polymer, but still carries a potential for 

inflammatory and/or immune or host reaction.  Despite its relatively weak antigenic 

activity, anti-collagen antibodies can be produced by heterogenic collagen
34,116

.  The risk, 

although very low, of viral or prion protein transmission via the bovine collagen is also 

theoretically present.   

 

Therefore, attempts were made to see whether this chitosan-collagen gel could be 

replaced by an internal architecture made of human cells and of their extracellular matrix.  

Results indicate that tubes with a regular internal architecture can be formed from 

fibroblast sheets alone, i.e. the fibroblast cells and their extracellular matrix.  A reliable 

and reproducible technique was developed as a part of this thesis.  Rolling the fibroblast 

sheets along the reconstructed nerve guide axis without an inert tubular support creates 

tubes with an internal architecture.  These tubes consist of 2-dimensional sheets 

longitudinally arranged in a 3-dimensional construct, the nerve tube.  Theoretically, 

regenerating axons could migrate longitudinally along the 2-dimensional sheet structures.  

The concentric layers were sufficiently separated (20 to 40 µm) to allow the migration of 

unmyelinated (0.3 µm to 2.5 µm) and myelinated (1µm to 16 µm) nerve fibers
43

.  When 

combined with the previously-designed hollow tube, the nerve guides were of sufficient 

stiffness to allow micro-suturing.  The extracellular matrix composition of these tubes has 

all the ideal characteristics of a biomaterial: they are biocompatible, they contain 

structural and functional molecules, and they provide a supportive medium for blood 

vessels and for the diffusion of nutrients
7
.  

 

The tissue-engineered tubes could potentially be used as living constructs; the 

living cells could produce factors that would improve nerve regeneration.  The study of 

this hypothesis would require testing living nerve tubes produced from rat fibroblast in 

the rat sciatic nerve model.  With this rationale, an attempt was made to culture rat 

fibroblasts and produce rat fibroblast sheets that could be rolled into filled tubes with the 

technique developed in this thesis.  With some modification of the culture parameters, rat 

fibroblasts producing sufficient extracellular matrix to allow manipulation was possible.  

The main factor influencing the formation of extracellular matrix from rat fibroblasts was 
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the length of time in culture; 70 days of culture were required for rat fibroblast.  Other 

factors that were modified and may have influenced the extracellular matrix formation 

include culture medium supplementation with glutamine, cell passage, different initial 

seeding concentration, freshly extracted cells versus thawed cells, the area of origin of the 

skin fibroblasts, and the rat strain.  However, the exact influence of each of these factors 

was not studied, as it was not the focus of this thesis.  Despite the multiple trials, the 

sheets obtained were still much thinner and less resistant to manipulation than the ones 

obtained from human fibroblasts.  To create rat filled tubes composed of fibroblasts, 

further modifications will be necessary.  These modifications could either be in the 

production methods of the rat fibroblast sheets or in the techniques used for the formation 

of the filled tubes to accommodate for the fragility of the rat fibroblast sheets.  One could 

consider adding insulin to the culture medium, as it was shown to strongly and 

significantly stimulate absolute collagen production in a dose-dependent manner
120,136

.  

Another option would be to assemble rat fibroblast sheets, similar to the techniques used 

to assemble sheets for production of tissue-engineered skin
75

, prior to rolling them into 

filled or hollow nerve tubes.   

 

On the other hand, the tissue-engineered nerve tubes could be lyophilized before 

use.  Lyophilization is a process by which water is removed from the material by 

sublimation at low temperatures and low pressures
8
.  It is commonly used to preserve 

biological graft tissues, such as bone
20,25,62

, tendon
121,132

 and commercially available 

biological materials
8
.  Compared to the more commonly used thermal decellularization 

technique in which the structure of the extracellular matrix is typically damaged
113

, 

lyophilization preserves the general physical structure of the material.  Moreover, the 

bioactivity of the collagen matrix enriched by growth factors produced by fibroblasts and 

trapped by the glycoproteins within the extracellular matrix
13

 is retained by 

lyophilization
53,57,73,93

.  During scaffold degradation, these extracellular matrix growth 

factors such as vascular endothelial cell growth factor, basic fibroblast growth factor, and 

transforming growth factor beta will be released and exert their biologic effects
138,,52,54-

56,89
. Lyophilization also has the advantage that non-autologous biologic materials may be 

used in humans without evidence of adverse immunologic outcomes
7
.  For all these 

reasons, we elected to first study nerve regeneration within the newly-designed filled 

nerve guidance tubes that had been lyophilized. 
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The potential of the newly designed tissue-engineered nerve tubes to support 

nerve regeneration was tested in the rat sciatic nerve model.  There were no statistically 

definitive positive results for axonal nerve regeneration within lyophilized filled tissue-

engineered tubes with and without a capillary-like network.  However, some evidence of 

nerve regeneration was present on histology, which was not reflected by the functional 

studies or the relative gastrocnemius muscle weight.  It is possible that the tissue-

engineered nerve tubes were too compact to allow nerve regeneration.  The available 

space for the migration of Schwann cells and of regenerating axons may not have been 

sufficient.  The technique used to produce these tubes will need to be optimized further to 

provide a better substrate to sustain nerve regeneration.  It is possible that despite their 2-

dimensional surface, the regenerating axons were not sufficiently directed.  Small groove 

size (5μm) promotes significantly more parallel growth of neurites than larger grooves
143

.  

Since the tubes were lyophilized (decellularized), the fibroblasts that were used to 

produce the tubes cannot have further proliferated.  However, if living constructs were 

implanted, this could be a legitimate concern.  

 

It is also possible that the experimental model, i.e., the rat sciatic nerve model, 

and the assessment methods, i.e. the sciatic function index, Neurometer threshold, axon 

count, and relative gastrocnemius muscle weight, may not be optimal to test nerve 

regeneration.  The positive control experimental groups (i.e., direct repair and autograft) 

showed data consistent with significant nerve regeneration only in the axon count and 

relative gastrocnemius muscle weight, but not consistently on the functional tests.  

Despite its disadvantages, the rat sciatic nerve model was chosen because it is widely 

used for the study of nerve regeneration in vivo
6
.  The correlation between the three 

commonly utilized parameters (histomorphometry, electrophysiology, and walking track 

analysis) to evaluate nerve regeneration is only moderate
135

.  In this thesis, only the direct 

repair experimental group showed a significative improvement in the sciatic function 

index, although both the direct repair and autograft experimental groups were associated 

with similar relative gastrocnemius muscle weight.  The functional outcome measures of 

recovery (in this case the sciatic function index and the Neurometer threshold) ultimately 

represent the most important readouts, but their sensitivity would need to be optimized for 

future work.  In this thesis, the functional analysis was in part limited by the formation of 

contractures.  Physiotherapy, which was performed daily post-operatively, helps prevent 

contractures.  However, part of the limitation of the functional analysis may have been 
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differential reinnervation of the tibial and peroneal portion of the sciatic nerve, creating a 

flexion contracture.  It is possible that other nerve regeneration assessment methods, such 

as electrophysiology, video-assisted gait pattern analysis, more detailed 

histomorphometry, and/or retrograde labeling, may have helped in evaluating the nerve 

regeneration within our tissue-engineered nerve tubes.  However, these techniques were 

not available within the laboratory at the time of this thesis. 

 

One major hypothesis of this thesis was that a capillary-like network could be 

developed within the completely biological tissue-engineered tubes.  Results indicate that 

endothelial cells can survive and form capillary-like network within the fibroblast sheets, 

and that these capillary-like networks persist as the sheets are rolled to form the tissue-

engineered nerve tubes.  The capillary-like tube formation is due, in part, to the secretion 

of vascular endothelial growth factor (VEGF) by fibroblasts 
13

.  The deposition of a rich 

extracellular matrix by living fibroblasts also appears necessary to promote capillary-like 

formation
13

.  The conditions necessary for capillary-like tube formation are maintained in 

the rolled fibroblast sheets.   

 

The extent and characteristics of this capillary-like network is variable depending 

of the methods utilized.  The factors influencing the formation of this capillary-like 

network include the initial seeding concentration of the endothelial cells onto the 

fibroblast sheets, the assembly-technique of the fibroblast sheets prior to formation of the 

filled tubes, as well as the maturation time.  It seems that long maturation times (30 days) 

after the formation of the tubes produced the capillary-like networks most similar to those 

found in nerves (Figure 4.17).  These longitudinal capillary-like networks can be 

obtained with lower initial seeding concentration of endothelial cells if two fibroblast 

sheets are assembled before formation of the filled tubes, or with higher initial seeding 

concentration of endothelial cells if a single fibroblast sheet is used.   

 

The ability to produce these capillary-like networks within the tissue-engineered 

nerve tubes is a major advantage for the design of large-diameter tubes.  Passive diffusion 

is thought to be sufficient only for nerve grafts smaller than 2mm.  If larger-diameter 

nerve guidance tubes are used, absence of vascularization creates a hypoxic environment 

that will impair axonal migration.  The capillary-like structure produced in our tissue-

engineered nerve tubes could connect rapidly to the host vasculature, reduce the hypoxic 
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time of the tube environment, and improve axonal migration.  This process of 

vascularization by the process of inosculation was demonstrated in an endothelialized 

reconstructed skin implanted in the mouse
133

.  Further study will be needed to determine 

if the capillary-like networks produced in the tissue-engineered nerve tubes would also 

connect with the host vasculature once implanted.  Since the use of umbilical vein 

endothelial cell is not practical for clinical applications, it will also be necessary to 

evaluate if similar capillary-like network can be obtained from microvascular endothelial 

cells extracted from skin biopsy.  Finally, it will be necessary to evaluate if indeed nerve 

regeneration is possible within large endothelialized nerve guide and if nerve 

regeneration is improved in smaller nerve guide.   

 

Nerve guidance tubes with a capillary-like network could also be used once 

lyophilized, and this is why we evaluated their potential for nerve regeneration once 

lyophilized.  In this situation, the capillary-like network would not be used to promote 

rapid vascularization.  However, laminin, produced by endothelial cells in their basal 

membrane
58

, is known to improve nerve regeneration
60,147

.  Laminin is abundant 

component of the basement membrane during the development of the embryonic nervous 

system, but is also present in the mature nervous system, where it has an important 

function, that includes a role in guidance and adhesion
22

.  The laminin, and other growth 

factors produced by endothelial cells and fibroblasts, enrich the collagen matrix and 

remain trapped by the glycoproteins within the extracellular matrix
13

.  Including a 

capillary-like network within the tissue-engineered nerve guides could therefore promote 

nerve regeneration even if these tubes were used once lyophilized.   

 

The time necessary to produce the filled guidance tubes with or without a 

capillary-like network, i.e., approximately 2 months, may be viewed as a problem.  

However, except for sharp nerve lacerations, most nerve injuries are observed to assess 

for possible spontaneous recovery.  This period of observation could be used to produce 

guidance tubes in cases for which the use of these tubes is very likely.  In closed traction 

injuries, the observation period is generally from 3 to 6 months, which would give the 

necessary time for the production of guidance tubes.  In non-sharp lacerations (e.g. saw, 

propeller blade, etc.), surgeons generally wait 3 to 4 weeks in order to assess 

intraoperatively the extent of the injury at both nerve stumps.  In these patients, it could 

be reasonable to prolong this observation period by a few weeks.  In cases requiring 
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surgery that are evaluated late, the use of nerve guidance tubes with live cells would not 

be possible; the time necessary for their production would delay the surgical repair which 

would then be associated with decreased surgical results.  Injuries involving sensory 

nerves are different; return of function is not limited in time and sensory nerves can be 

repaired even after prolonged periods.  In these cases, the time required to produce the 

guidance tubes would not be a limitation.  It is also possible that the guidance tubes be 

used, in part or totally, as a lyophilized construct; the tubes could therefore be 

heterologous and ready for utilization.  Finally, the ultimate goal is to produce a guidance 

tube that would be superior to the autograft; if possible, the time required to construct 

these guidance tubes may be justified.        

 

The main objectives of this thesis were met.  A tissue-engineering approach to 

produce reconstructed completely biological nerve guides from living autologous or 

heterologous cells was developed.  Even though these newly-designed tissue-engineered 

nerve grafts were not shown to support nerve regeneration within the rat sciatic nerve 

model, some evidence of axonal regeneration was present.  Further modification in the 

architecture of these tubes will likely produce a completely biological nerve guide able to 

sustain nerve regeneration.  Finally, an internal capillary-like network resembling a 

native neural vascular network was developed within these tissue-engineered nerve 

grafts. 
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CHAPTER 6.  FINAL CONCLUSION AND SUMMARY 

 

The main aim of this thesis, which was to initiate the design of reconstructed, 

completely biological, nerve guides from autologous or heterologous cells, with or 

without an internal capillary-like network, was fulfilled.  This project’s approach was 

novel; it combined the tissue-engineering techniques with a completely biological 

approach.  A technique was designed to create completely biological nerve guides from 

living autologous or heterologous cells with an internal architecture.  Moreover, an 

internal capillary-like network resembling a native neural vascular network could be 

developed within these tissue-engineered nerve grafts.   

 

Even though further studies are needed to optimize the internal architecture, the 

technique, and to test the tissue-engineered tube in vivo, these guidance nerve tubes 

represent an innovative approach for the development of an alternative to autograft.  

They could be used as living or lyophilized nerve guides, formed from autologous cells 

or well-characterized heterologous cell, and with or without a capillary-like network.   

 

This thesis demonstrates that nerve guidance tube can be created with this 

innovative approach.  These tissue-engineered nerve tubes could be applicable in clinical 

practice.  Even if from autologous cells, only a small skin biopsy would be necessary, 

and the delay for culture time should not exceed 2 months, which is acceptable in patients 

presenting early after a nerve injury, during the observation period to assess for 

spontaneous regeneration, with the repair still occurring prior to 6 months.  Moreover, 

nerve guides of various dimensions (length and diameter) could be produced, especially 

with rapid vascularization of the implanted tube by inosculation of a pre-existing 

capillary-like network.    
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