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The goal of this research was to help define a microenvironment that optimizes 

nerve regeneration.  The research focuses on the effects of extracellular matrix 

composition and structure and on neurotrophic factor combinations.  This dissertation 

describes the optimization of a combination of neurotrophic factors and of the 

composition of extracellular matrix-based hydrogels.  These optimums are goals for the 

microenvironment of new nerve grafts.  Collaborative work to decellularize human nerve 

tissue and create bioactive scaffolds is also covered.  The decellularized tissue has a well 

preserved extracellular matrix structure which provides mechanical and chemical cues to 

regenerating axons.  The combination of neurotrophic factors was a mixture of the 

neurotrophin nerve growth factor (NGF), the glial cell-line derived neurotrophic factor 

(GDNF) family ligand GDNF, and the neuropoietic cytokine ciliary neurotrophic factor 
 v



(CNTF).  In an explant model, the combination of 50 ng/ml NGF, 10 ng/ml GDNF, and 

10 ng/ml CNTF induced the highest level of neurite outgrowth at a 752 ± 291% increase 

over controls and increased the longest neurite length to 2031 ± 436 microns from 916 ± 

203 microns for controls.  The optimum concentrations of the three neurotrophic factors 

applied in combination corresponded to the optimum concentration of each factor when 

applied individually.   Neurite extension from the explant model through extracellular 

matrix-based hydrogels made from mixtures of laminin, fibronectin, collagen 1, and 

hyaluronic acid was also studied.  A co-gel made with 1.5 mg/ml collagen 1 and 1.5 

mg/ml laminin was optimum in this study, resulting in outgrowth of 85.9 ± 9.3 % and 

length of 1532 ± 91 µm, versus 0 ± 10.0 % and 976 ± 32 µm for the controls.  The 

hydrogel results suggest that interactions between hydrogel components are not 

significant.  The decellularized human nerve exceeded the minimum levels of 

extracellular matrix preservation and removal of cellular proteins.  The overall results 

suggest the use of a composite nerve graft using segments of decellularized nerve to 

provide a highly structured, laminin rich scaffold and delivering exogenous neurotrophic 

factors from an external reservoir as a next generation nerve graft.  
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Chapter 1: Introduction 
 

 Peripheral nerve injuries result from traumatic injuries, diseases, and surgical 

complications.  Injuries can be caused by crushing or cutting of nerve cables.  The 

severity of the injury correlates with the degree of disruption.  Injuries which result in a 

completely severed nerve with a gap between the severed ends are the most serious.  

These injuries will not regenerate without surgical intervention.  This dissertation 

concerns the design of new grafts or conduits to treat peripheral nerve injuries. 

 The current clinical “gold standard” for peripheral nerve injuries is the autologous 

nerve graft.  The autologous graft is a piece of healthy nerve taken from another part of 

the patient.   It is sutured into the gap between the two ends of the severed nerve and 

guides the regenerating axons through the injury.  The use of autologous tissue causes 

morbidity at the donor site and increases the risk of infection and surgical complications.  

Additionally, the level of functional recovery is often unsatisfactory. 

 The ideal replacement for the autologous nerve graft would be available off-the-

shelf and would provide increased functional recovery.  A number of grafts and conduits 

have been tested experimentally.  While no current option provides better recovery than 

the autograft, several factors that increase nerve regeneration have been identified.  We 

believe that a combination of these factors can be used to equal and eventually surpass 

the regenerative potential of the autograft.  This dissertation covers work on identifying 

the effects of combination of growth promoting factors on nerve regeneration and 

determining how to present the factors.   

 This dissertation is divided into nine chapters.  Chapter 2 is an overview of 

peripheral nerve injury.   The causes and number of injuries and the current clinical 

methods and prognosis are discussed.  The importance of the extracellular matrix 

composition and structure is also reviewed, and the importance of neurotrophic factors is 

discussed.  Finally, the goal of defining the microenvironmental conditions desired in a 

next generation of nerve grafts is introduced. 
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 Chapter 3 details the explant model used to investigate the regenerative potential 

of extracellular matrix-based hydrogels and neurotrophic factor cocktails.  The analysis 

method used to quantify the neurite outgrowth and length from the explants is also 

detailed.  A description of the analysis methods used in the collaborative work done with 

AxoGen on the decellularization of large segments of human nerve tissue is also 

presented.   

 Chapter 4 is a brief review of the influence of extracellular matrix components.  

This chapter focuses on the influence of the laminins, fibronectins, collagens, and 

hyaluronic acid.  Likewise, Chapter 5 is a brief review of the signaling pathways 

activated by neurotrophic factors.  The emphasis is on the neurotrophin, glial cell-line 

derived neurotrophic factor (GDNF) family ligands, and neuropoietic cytokine families 

and on interactions between signaling from multiple factors. 

 Chapter 6 covers the results of experiments examining the effects of hydrogel 

composition on neurite extension within a three dimensional explant model.  The 

concentration of collagen 1, laminin, fibronectin, and hyaluronic acid in the hydrogel 

were varied.  Higher laminin concentrations promoted neurite extension, and a high 

fibronectin concentration inhibited neurite extension.  The mechanical strength of the 

hydrogel increased with collagen 1 concentration but was largely unaffected by the 

concentration of other components.  Contrary to our expectations, no combinatorial 

effects were observed between the hydrogel components. 

 Chapter 7 details the results of a decellularization process modified to use human 

tissue.   The process parameters were adjusted to scale-up the tissue volume by 

approximately 13 times that of the original process.  The removal of cellular components 

and preservation of the extracellular matrix structure exceeded the process goals.   

 Chapter 8 presents the results of an optimization of a neurotrophic factor cocktail 

to promote neurite extension in a three dimensional explant model.  The cocktail 

consisted of three neurotrophic factors from different families.  Members of different 

neurotrophic factor families were used to maximize the chance for synergistic 

interactions between the signaling cascades.  Unexpectedly, the optimum concentration 
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of the neurotrophic factors was not affected when the factors were presented as a 

cocktail.  At the optimum concentration the neurite outgrowth from the cocktail was 

twice that expected from the response to the individual factors. 

 Finally, Chapter 9 is a summary of the work in this dissertation and the 

implications for designing a next generation nerve graft.  A design for a composite nerve 

graft is presented.  Possible difficulties with the proposed graft are discussed as are 

possible improvements. 
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Chapter 2: Background on Peripheral Nerve Injuries 
 

2.1 Impact of Peripheral Nerve Injury 

The peripheral nervous system (PNS) extends throughout the human body and 

can be affected by any type of traumatic injury and several types of disease.  The nerve 

damage caused by diseases, such as diabetes, relates back to the molecular basis of the 

relevant disease which can vary greatly between the different diseases.  This research 

focuses on traumatic injury.  Traumatic injury is relatively simple to simulate in model 

systems and the mechanism of damage and regeneration are similar regardless of the 

specific type of injury.  Traumatic injury to the PNS includes conventional traumas, such 

as automobile accidents and gunshot wounds, as well as iatrogenic injuries, injuries 

which are induced by medical actions such as to the surgical removal of tumors.   

There are approximately 300,000 cases involving conventional PNS trauma in the 

US every year representing up to 5% of all trauma cases [1, 2].  Combat-related injuries 

are a subtype of conventional PNS trauma that is notable because, while generally 

representing a relatively small number of cases, these injuries are associated with a higher 

rate of PNS injuries than general traumas.  In the Vietnam-era, approximately 7.3% of 

non-fatal combat injuries had a PNS injury component [3].  With the recent proliferation 

of effective body armor, anecdotal evidence suggests that the relative rate of injuries to 

the extremities is increasing [4].  Because PNS injuries generally occur in the extremities, 

this suggests that the rate of PNS injury may be increasing in this subset of injuries.  This 

has possible implications for injuries related to law enforcement as well as the military.  

Iatrogenic injuries, although often less dramatic than traumas, are more common 

with more than 400,000 cases in the US every year [5].  Iatrogenic injuries are more 

uniform than traumatic injuries because they are created by a surgeon in a controlled 

environment.  However, iatrogenic injuries generally occur in older patients.  Younger 

patients, and animals, have higher levels of regeneration [6, 7] but clinically successful 

regeneration occurs in patients at least into their 60’s and the age of the patient does not 

appear to be clinically important in adult patients [8, 9, 10].   
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Immediately after nerve injury, all sensory and/or motor function, depending on 

the injured nerve, is lost “downstream” of the injury site.  For instance, injuries to the 

ulnar nerve result in loss of the ability to feel and move the little finger and 

approximately half of the ring finger.  Over a moderate to long timeperiod, degenerative 

processes begin and can have significant implications.  A significant number of the 

injured neurons can die as a result of the injury especially if the injury does not begin to 

regenerate relatively quickly.  This neuron cell death is most likely related to the long-

term loss of trophic factors supplied by the target tissue [11, 12].  The death of neurons 

inherently limits functional recovery because fewer nerve-target connections can be made 

upon successful regeneration.  Other systemic effects are also possible as neurons form 

highly interconnected pathways and circuits within which each neuron dependent on the 

other neurons it is connected to for trophic support [13].  Because of this interconnected 

nature, the death of one neuron can cause a cascade of neuron death.  Other degenerative 

processes occur in the denervated target tissue, the best example of target tissue 

degeneration is muscle atrophy or the loss of muscle mass [14, 15].  Depending on the 

conditions, muscle atrophy can cause permanent loss of strength or range of motion [16].  

Additionally, the loss of target tissue limits the supply of target-derived trophic factors 

for the regenerating nerve.  

In addition to loss of function, another significant problem resulting from 

peripheral nerve injury is pain.  Unsuccessful regeneration can cause the formation of a 

neuroma.  A neuroma is a mass of interconnected regenerating nerve that resembles a 

large bulb on the proximal nerve stump [17].  The neuroma contains many “miss-wired” 

nerve connections, or synapses, and causes chronic pain.  A related condition is 

“phantom” sensations.  Phantom sensations, generally pain, are sensations from an 

amputated or denervated limb and so are non-physical results of miss-connections in the 

nervous system [18, 19].  In extreme cases, complications from nerve damage can result 

in amputation of the affected limb [20]. 
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Figure 2.1.  Schematic of nerve regeneration at the scale of individual neurons. A) An 
uninjured neuron: dendrites and a single axon extend from the neuron cell body.  The 
axon can extend for a considerable distance before forming a synapse with a target tissue 
of cell.  The axon is ensheathed by Schwann cells, which often contain high amounts of 
myelin, and are surrounded by a basement membrane, the endoneurium.  B) After an 
injury the axon degenerates from the site of injury to the synapse and the cell body 
swells.  The Schwann cells ensheathing the degenerating axon begin changing phenotype, 
expelling their myelin and beginning to proliferate.  C) The proliferated Schwann cells 
form an oriented path, a Band of Bunger, within the endoneurium.  The Band of Bunger 
guides the regenerating axon.  Macrophages and monocytes also infiltrate at the injury 
(not shown).  D) Successful regeneration.    
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2.2 Structure of the Peripheral Nervous System   

 Neurons are a cell type characterized by long processes and electrical activity.  

The structure of neurons varies dramatically between sub-types, but generally consists of 

several dendrites and a signle axon protruding from the cell body, shown in Figure 2.1a.  

Many dendrites, relatively short processes, extend from the neuron cell body but only one 

axon, a long process, is present.  While neurons are the most important cell type for the 

function of the PNS, the cell body of the neurons, with few exceptions, resides in or 

adjacent to the spinal cord, see Figure 2.2.  The PNS is composed of axons and Schwann 

cells, a support cell which ensheaths the axon.  Other associated cells such as 

macrophages, fibroblasts, and endothelial cells (especially in the associated blood 

vessels) are also present in relatively small numbers but the axons and Schwann cells are 

the major cellular component of the PNS [21].  Schwann cells wrap around the axons and 

fill with myelin, a fatty material which acts as an electrical insulator.  Once a Schwann 

cell has myelinated an axon, it secretes a dense layer of extracellular matrix around itself 

called the endoneurium.  The endoneurium is composed of several proteins with the 

major components being fibronectin, collagen IV, and laminin [22].  Laminin is enriched 

at the inner face of the tubular endoneurium [23].  In vivo, regenerating axons grow along 

the inner face of the endoneurium, but are generally not observed on the exterior of the 

endoneurium or unassociated with the endoneurium.  In vitro, patterned laminin 

substrates provide directional guidance to regenerating axons [24, 25] as do topographical 

patterns [26, 27].  There is also evidence of synergistic effects between chemical and 

physical guidance [28].  This evidence points to the importance of the endoneurium, 

particularly a well preserved endoneurium, for nerve regeneration.  The importance of the 

endoneurium has also been confirmed with in vivo studies [29].   

 As axons leave their cell bodies, they form bundles called fascicles and the 

fascicles can collect to form cables.  These nerve cables are the structure commonly 

called “nerves.”  The fascicles are surrounded by another connective tissue membrane 

called the perineurium and the nerve cables are surrounded by a final connective tissue  
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Figure 2.2.  Schematic of the nervous system.  The central nervous system (the brain and 
spine) is shown in red.  The peripheral nervous system is the black lines branching out of 
the central nervous system.  Figure modified from reference 109. 
 
 
layer called the epineurium.  So the extracellular matrix structure of the nerve cable is 

comprised of a series of three layers of concentric tubes, see Figure 2.3.    

Individual axons eventually branch out from the nerve cable and make functional 

connections, called synapses, with target tissue.  The structure of these synapses and  
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interactions with target tissues are complex [30].  However other than noting that trophic 

factors derived from target tissues can be important for maintaining neuron phenotype 

and survival, synapses and target tissues are beyond the scope of this research. 

 

2.3 Regeneration in the Peripheral Nervous System 

 After an injury that disrupts the axon, a degenerative process called Wallerian 

degeneration begins from the site of injury and continues down the axon toward the target 

tissue, Figure 2.1.  Immediately after injury, the terminals of the injured axon swell, and 

seal themselves, and a series of sub-cellular changes begin in the distal portion of the 

axon, the portion no longer connected to the neuron cell body, and the associated 

Schwann cells [31, 32].  The distal portion of the axon fragments and the myelin in the 

affected Schwann cells also fragments. The Schwann cells expel the myelin fragments 

and then begin to proliferate.  Macrophages begin to infiltrate the degenerated nerve.  

Once in the degenerated nerve, macrophages and the proliferated Schwann cells 

phagocytose debris and cell fragments.  It is important to note that the portion of the 

nerve proximal, closer to the cell body, to the injury does not undergo Wallerian 

degeneration.  Also the endoneurium and other extracellular matrix structures are not 

disrupted during Wallerian degeneration.  After the debris is cleared, the Schwann cells 

align within the endoneurium forming structures known as Bands of Bunger [33, 34].  

The Bands of Bunger act as pathways guiding future regeneration. 

 The discussion above assumes a relatively minor injury with minimal trauma 

which should have a high level of functional recovery.  A more serious wound will result 

in a substantial gap between the proximal and distal stumps of the remaining nerve.  For 

regeneration to be possible, the gap between the proximal and distal stumps must be 

bridged surgically.  Nerve injuries are fundamentally different from other soft tissue 

injuries because nerve injuries are not limited to the site of injury.  Peripheral nerve 

injuries extend from the site of the actual injury to the target tissue of the affected nerve.  

In a human, nerve injuries can extend up to one meter from the actual site of injury since 

the neuron cell bodies of the nerves innervating the fingers and toes originate in the spine  
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Figure 2.3. Cross-section of a peripheral nerve cable.  Note the successive layers of 
membranes: the outermost membrane, the epineurium, defines the nerve cable; the 
perineurium defines the fascicles; and the epineurium surrounds the individual axons and 
associated Schwann cells.  The micrograph insert is of a section of normal rat sciatic 
nerve stained with haemotoxylin-eosin.  The scale bar is 50 µm.  Examples of epineurium 
and axon are marked.  Note the blood vessel and red blood cells on the right hand side of 
the image.  Figure based on reference 109. 
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at the level of the shoulder blades and the small of the back respectively.  As the rate of 

regeneration is only 1-3 mm per day, nerve regeneration typically requires months to 

years [39].  Peripheral nerve injuries that do not result in physical gaps have higher levels 

of functional recovery and generally do not require surgical intervention [35].  Injuries 

that result in gaps in the affected nerve always require surgical intervention and have 

relatively low levels of functional recovery [9, 10, 35].  The level of functional recovery 

for injuries with gaps decreases with the size of the gap and the time necessary for 

regeneration [29, 10].  Unfortunately, the current levels of functional recovery are often 

unsatisfactory [40, 9].   

 

2.4 Current Clinical Standard for Peripheral Nerve Injury 

 Before the late Twentieth Century peripheral nerve injuries were generally not 

effectively treated [35, 36].  The development of peripheral nerve repair methods, and 

medicine in general, have been greatly affected by the American Civil War and the 

World Wars.  In particular surgeons made great strides in peripheral nerve repair 

techniques during the Second World War [37].  The current clinical standard was largely 

developed by Dr. Millesi in the 1960’s.  Dr. Millesi established that the regenerating 

nerve must not be placed under tension and popularized the use of autologous nerve 

grafts [38].  

  

2.4.1 The Sunderland and Seddon Systems    

 Several classification systems have been suggested for peripheral nerve injury.  

The two most commonly used classification systems are those proposed by Seddon [41] 

and Sunderland [42], shown in Table 2.1.  The Sunderland system is a more detailed 

system which directly relates the severity of the injury with increasing disruption of the 

extracellular matrix layers, see Figure 2.3.  No classification system can completely 

describe all injuries.  Two important factors left out of both systems are the length of the 

disrupted nerve, and thus the length of the gap caused by the injury, and the position of 

the injury related to the target tissue. 
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Table 2.1.  Sunderland and Seddon classification systems for peripheral nerve injury 

 Sunderland 
Classification 

Seddon 
Classification Description 

I Neuropraxia axon damaged but not severed 
    
II Axonotmesis axon severed   
    

III Neurotmesis endoneurial tubes disrupted but perineurium intact  
    

IV Neurotmesis perineurium disrupted but epineurium intact  
    

V Neurotmesis epineurium disrupted  

less severe 

more severe 

 
 
 
 
 

 
 
Figure 2.4.  Schematic of surgical use of an idealized autologous nerve graft.  A gap 
between the ends of a severed nerve is bridged with a piece of nerve taken from another 
location on the patient.  The graft is sutured in the gap of the severed nerve.  The example 
shown is idealized as the autograft exactly matching the injured nerve.  Figure based on  
reference 36. 
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 It was noted early in the research of nerve regeneration that regenerating axons 

must have a substrate on which to grow [43].  Because of this, any gap in a damaged 

nerve must be bridged with some construct to allow regeneration between the proximal 

and distal stumps [44].  The length of the disrupted nerve determines the final gap length 

between the ends of the nerve and so the size of the gap that must be bridged.  The 

proximal and distal stumps can rarely be sutured directly together because the repaired 

nerve must be free of tension or regeneration will be inhibited [21, 36].  Because of this 

need to eliminate tension on the repaired nerve, even a small gap will require a graft or 

conduit.  The size of the gap between nerve stumps is also inversely related to the level of 

functional recovery [9, 10]. 

 The distance between the nerve injury and the target tissue also affects functional 

recovery, and therefore the severity of the injury, because regeneration over longer 

distances takes more time and regenerative potential decreases with chronic denervation 

[9, 10].  Chronic denervation poses unfortunate consequences for both the target tissue 

(muscle, etc.)  and the neurons involved in the injury.  Denervated target tissues atrophy 

and not all functional loss can necessarily be regained even if the nerve regeneration is 

successful [16, 45].  Atrophy of the target tissue also limits the availability of trophic 

factors for the regenerating nerve.  Denervation, particularly chronic denervation, is 

linked with the apoptosis, or programmed cell death, of the affected neurons [11, 12].  

Because neurons are highly interconnected, the death of one neuron can disrupt neural 

circuits and damage or kill other neurons [12].  Bands of Bunger, see Figure 2.1, 

eventually degenerate if regeneration does not occur, further limiting future regeneration 

[33, 34].  Because more distal injuries, such as an injury site on a finger, require 

regeneration over shorter distances, the affected cells and tissues are denervated for a 

shorter time and these injuries generally have higher levels of functional recovery.   

 

2.4.2 The Autologous Nerve Graft 

 Injuries classified as Sunderland V always require surgical intervention for any 

functional recovery to be possible.  Depending on the specifics of the injury, surgical  
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Figure 2.5.  Schematic of the progression of autologous nerve graft repair after 
peripheral nerve injury.  A) Initially the autograft contains differentiated (myelinated or 
ensheathing) Schwann cells associated with the axons from the previous site.  B) The 
Schwann cells change to a proliferative phenotype.  C) The Schwann cells proliferate and 
form Bands of Bunger within the endoneurial tubes.  D) The axons regenerate through 
the graft following the Bands of Bunger, and the endoneurial tubes. 
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procedures may be necessary as low as a Sunderland III classification.  When possible 

the surgeon connects the two ends of a damaged nerve directly to each other.  This 

procedure is called a primary neurorrhaphy and is the most favored clinically.  However 

because the repaired nerve must not be under tension, in most cases a surgeon repairs the 

nerve injury with a piece of nerve, called an autograft or autologous nerve graft, taken 

from another portion of the patient, Figure 2.4 and 2.5.  The autologous nerve graft is 

usually taken from a sensory nerve in the arm or leg, such as the superficial radial nerve 

or the sural nerve respectively [37].  When possible, fascicular alignment is used to link 

the paired fascicles of the distal and proximal stumps to each other, through a fascicle of 

an autologous graft [36, 37].  However, autologous tissue is generally in extremely tight 

supply and the diameter and/or fascicle number of the autologous graft may constrain the 

surgeon’s options.  Additionally, harvesting autologous nerve tissue results in 

unavoidable and permanent loss of function at the site of harvest.  Harvesting an 

autograft increases the length of the surgical procedure, increasing time under anesthesia, 

and causes a second wound site, increasing the risk of infection.  Despite these 

limitations, the autologous nerve graft is the current clinical “gold standard.”  It is the 

material most commonly used and no other solution provides superior results. 

  

2.4.3 Nerve Conduits 

 In certain situations intubulation repair can provide equivalent functional recovery 

to the autologous nerve graft [46, 47].  Intubulation repair is the use of a tube to bridge a 

nerve gap, Figure 2.6.  Both nerve stumps are inserted 1-2 mm into the opposite ends of 

the tube and stabilized, generally with sutures.  The tube physically restrains the 

regeneration and concentrates trophic factors produced by the distal stump [48].  

Conduits have been approved by the FDA for use in small diameter, and so more distal, 

nerve injuries.  The NeuraGen™ conduit from Integra is currently the most popular [5].  

This conduit is made of fixed bovine collagen and is completely resorbable.  For injuries 

with gaps of less than 3 cm, the NeuraGen™ conduit can provide equivalent recovery to 

the autologous nerve graft without the complications [49].  However, no conduit provides  
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Figure 2.6.  Schematic of the progression of conduit repair after a peripheral nerve 
injury.  A) The lumen of the conduit is initially filled with a buffer solution but no 
scaffold material.  B) A fibrin cable forms between the proximal and distal ends of the 
nerve.  In cases where the conduit is filled with a hydrogel this is the first stage.  C) 
Proliferating Schwann cells infiltrate the graft from both the distal and proximal ends 
forming Bands of Bunger while infiltrating.  D) The axons regenerate through the conduit 
following the Bands of Bunger.  
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satisfactory recovery in injuries with long gaps and no nerve conduit provides better 

recovery than the autologous nerve graft.  

 

2.4.4 Functional Recovery 

 The current clinical prognosis for peripheral nerve injury is the best that it has 

ever been, but is still largely unsatisfactory [9, 10, 40].  In traumatic injuries, only about 

half of patients regain useful function with autologous grafts [40].  In an iatrogenic injury 

model, the cavernous nerve, treated with an autologous nerve graft approximately one-

third of patients regain no function, one-third regain some function, and only 

approximately one-third of patients regain more than normal function [50].  Because of 

the significant limitations in supply of autologous tissue, the complications from 

harvesting autologous tissue, and the limited efficacy, there is a need for an “off-the-

shelf” product which exceeds the efficacy of the autologous nerve graft.  This need is 

particularly acute for large diameter nerve and for long gaps where conduits are not 

satisfactory.  There is also a substantial market for an “off-the-shelf” product that can 

equal the autologous nerve graft.   

 

2.5 Acellular Nerve Grafts 

 The efficacy of the autologous nerve graft is believed to be a result of both the 

cellular (Schwann cells) and extracellular matrix structure (particularly the endoneurium) 

components of the autologous tissue.  Because most extracellular matrix molecules are 

well conserved between species, the immune response to allogenic tissue (i.e., tissue from 

a donor other than the patient) is predominately in response to the cellular components of 

the transplanted tissue [51, 52, 53].  Decellularization methods present the opportunity to 

remove the immunogenic elements while preserving the extracellular matrix of the tissue.  

If the removal of the cellular elements renders the resulting graft non-immunogenic, the 

supply of tissue can be greatly increased by using cadaveric tissue.  This increases the 

chance that the surgeon will be able to acquire a graft which is a good match for the 

injury being repaired. 
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Figure 2.7.  Schematic of repair of peripheral nerve injury with a decellularized nerve 
graft.  A) Initially the graft is comprised of empty endoneurial tubes.  B) Proliferating 
Schwann cells infiltrate the graft from both the distal and proximal ends forming Bands 
of Bunger while infiltrating.  C) Axons regenerate through the graft following the Bands 
of Bunger, and the endoneurial tubes. 
 
 
 
 The preserved extracellular matrix of successfully decellualrized nerve tissue 

provides a highly bioactive scaffold for nerve regeneration, equaling the efficacy of the 

autologous nerve graft over short gap lengths [46, 47], and may equal that of the 

autologous nerve graft over long distances as well.  The extracellular matrix scaffold 

produced by successful decellularization provides finer detail and specific bioactivity 

(e.g., the endoneurium is approximately 10 microns in diameter with laminin localized to 

the inner leaf of the endoneurium) than has been possible to date with synthetic methods.  

The presence of micron-scale linear structures in two- and three-dimensional culture 

systems increases and guides neurite extension in a process called contact guidance [54].  
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Laminin is a highly bioactive molecule which promotes the extension of axons [55, 56].  

Because the cellular components are already cleared, the regeneration process begins 

with cellular infiltration, Figure 2.7. 

 A decellularization process for peripheral nerve tissue which preserves the 

extracellular matrix has previously been developed in our laboratory [57].  Grafts 

manufactured with this process have provided regeneration equivalent to autologous 

nerve grafts in initial in vivo experiments [29].  While providing an “off-the-shelf” 

alternative to the autologous graft, decellularized nerve grafts do not appear to provide 

significantly better results than autologous grafts. 

 

2.6 Controllable Variables in Peripheral Nerve Regeneration 

 The location and size of a peripheral nerve injury can not be controlled.  The 

surgeon must deal with the injuries that occur naturally.  One point of similarity between 

injuries which require surgical repair is the presence of a gap.  This gap must be bridged 

for regeneration to be successful.  The two constructs most commonly used, the 

autologous nerve grafts and nerve conduits, are described in Section 2.4.  Both the 

autologous nerve graft and the nerve conduit, as well as the decellularized nerve graft, 

create an artificial microenvironment between the two nerve stumps.  Improving nerve 

regeneration involves manipulating this artificial microenvironment.  Unfortunately, the 

conditions of the microenvironment that would optimize nerve regeneration are not clear. 

 Using the autologous nerve graft as an example, the regenerative 

microenvironment is determined by the autologous cellular component of the graft, the 

endoneurium and other extracellular matrix structure, and the concentration of soluble 

growth factors secreted from various sources.  Because of the limited availability and 

long lead-times associated with using autologous cells, there is a strong preference 

toward not using cells in semi-synthetic grafts if possible.  So the variables that can be 

controlled in synthetic or semi-synthetic constructs are the extracellular matrix, or 

hydrogel mimic, and the soluble growth factors. 
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2.6.1 Composition of the Extracellular Matrix 

Neurite extension is a form of cell migration [58] and is dependent on both the 

mechanical and chemical properties of hydrogels [59, 60].  Regeneration is dependent on 

the presence of an extracellular matrix as regeneration is unsuccessful in intubulation 

repair if a cable of extracellular matrix fails to form between the severed ends [44].  High 

mechanical strength and small pore size, which are often related, inhibit neurite extension 

[61].  In some systems the chemical properties of the gel, exemplified by the ligand 

density, can exhibit a biphasic relation with both high and low densities resulting in 

suboptimal neurite growth.  However, the interactions between the chemical and 

mechanical properties of a hydrogel on neurite extension are still unclear especially with 

the results of in vivo studies [62, 63].   

A number of extracellular matrix components have been studied as ligands to 

promote neurite extension in two- and three-dimensional systems including: collagen 1 

[64, 65], fibronectin [66, 67], hyaluronic acid [68, 69], and laminin 1 [28, 70, 71].  Some 

researchers have investigated the use of two or more ligands for nerve applications [65, 

72, 73], and the effects of multiple peptide ligands have been shown to be synergistic 

[73].  This suggests that the presence of multiple extracellular matrix proteins, or 

fragments, may be beneficial.  Hydrogels with high mechanical strength can inhibit 

neurite extension [60, 61], and mechanical properties of hydrogels generally increase 

with concentration [74, 75, 76].  While the mechanical properties and chemical properties 

of co-gels of extracellular matrix components are not completely independent, the 

mechanical and chemical properties can be altered relatively independently by varying 

the concentrations of different components.  In collagen 1 based-gels in particular, the 

mechanical properties increase with increasing collagen 1 concentration [77, 78] and with 

hyaluronic acid concentration [75, 76, 77], but are much less affected by the addition of 

fibronectin or laminin [76, 78].    

The aim of the work on hydrogels presented in this dissertation was to examine 

the individual and combinatorial effects of hydrogel components on neurite extension 

within the hydrogels.  We chose to examine the effects of gels composed of combinations 
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of collagen 1, laminin 1, fibronectin, and hyaluronic acid.  These four extracellular matrix 

components were chosen because each has been previously examined for neural 

applications and formed acceptable co-gels in initial tests.  Collagen 1 is a predominately 

structural protein that readily forms hydrogels which are permissive to neurite outgrowth 

[70].  Hyaluronic acid is a glycosaminoglycan that can increase the mechanical properties 

of collagen 1 gels and can influence Schwann cell migration through the CD44 receptor 

[79] and neurite extension through the RHAMM receptor [80].  Fibronectin plays a large 

role in wound healing and cell migration [81] and has been used in semi-synthetic nerve 

grafts [82].  Laminin 1 is one of the most widely studied extracellular matrix molecules 

for nerve applications.  Laminin 2 is the laminin isoform found in peripheral nerve cables 

[55], but laminin 1 and 2 have overlapping effects in many cases [56, 83].  The 

mechanism of activity for these extracellular matrix components is covered in more detail 

in Chapter 5. 

Work in this dissertation examines neurite extension in thin hydrogels made of 

combinations of collagen 1, laminin 1, fibronectin, and hyaluronic acid at several 

concentrations.  These hydrogels had random orientations and did not provide contact 

guidance.  A dorsal root ganglion (DRG) explant model was used for these experiments 

[65].  The DRG contains the sensory neurons which innervate the peripheral nerve.  In 

this model, the neurites extend into a thin layer of hydrogel similar to that which would 

fill the lumen of a nerve conduit.  Our results indicate that the chemical properties of the 

gel, the fibronectin and laminin concentrations, are more important than the mechanical 

properties, principally the collagen 1 concentration, in the range studied and that the 

effects of the four components are relatively independent. 

 

2.6.2 Structure of the Extracellular Matrix 

 Regeneration requires a continuous extracellular matrix; because of this, random 

and semi-random hydrogels are unavoidable in wound healing.  In the context of 

peripheral nerve regeneration, fibrin clots form at the junction of the autologous nerve 
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graft and the native nerve.  The native fibrin clot, and sutures, can be replaced with fibrin 

glue [84] or a collagen-based gel by the surgeon.   

 In an injury repaired with an autologous nerve graft, once nerve regeneration 

proceeds through the fibrin clot the regenerating axon encounters the organized 

extracellular matrix of the autologous graft.  Once the regenerating axon encounters an 

endoneurium, the axon is guided down the interior of the endoneurium [85, 86, 87].  The 

phenomenon of contact guidance has been mentioned previously and is widely believed 

to be an important factor in peripheral nerve regeneration [54].  Several anisotropic 

constructs have been used to improve peripheral nerve repair [88, 89, 90].  There are also 

indications that contact guidance may interact synergistically with chemical cues in the 

extracellular matrix [26, 28, 91]. 

 This dissertation contains work on scaling a peripheral nerve decellularization 

process previous developed in this laboratory [48, 57] from rat tissue (1-2 mm in 

diameter and up to 30 mm in length) to human tissue (up to 5 mm in diameter and 80 mm 

in length).  The scaling optimization focused on determining the appropriate process 

conditions for the decellularization, tightening the quality control of the finished grafts, 

and technology transfer of the final process.  This work forms part of the manufacturing 

process for the Avance™ graft and was performed in collaboration with AxoGen, Inc.  

Details of the process parameters are omitted to conform to trade secret and contract 

requirements. 

 The Avance™ graft is an “off-the-shelf” product which is expected to equal the 

efficacy of the autograft.  The graft is made from cadaveric tissue and is processed to 

remove antigenic material and growth inhibitors while retaining the structure and 

bioactivity of the extracellular matrix.  The strong immune response to allogenic tissue 

requires the use of immunosuppressive therapy, which has prevented the use of allogenic 

grafts to date due to the side-effects.  Unlike untreated allogenic tissue, the Avance™ 

graft does not require immunosuppression. 
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2.6.3 Neurotrophic Factors  

 Since Rita Levi-Montalcini’s discovery of Nerve Growth Factor (NGF), 

neurotrophic factors have been investigated for their ability to increase the level of nerve 

regeneration in in vitro [92] and in vivo experiments [93].  Neurotrophic factors are 

soluble factors, generally small proteins, which increase the number and/or length of 

neurites extending from a neuron.  In rare cases where the neuron is not yet terminally 

differentiated, neurotrophic factors can also increase the growth rate of precursor 

neurons.  In addition to the effects on the level of neurite extension, many neurotrophic 

factors can also guide the direction of neurite outgrowth, termed neurotropism.  Because 

of this overlap of function, the terms neurotrophic factor and neurotropic factor are used  

interchangeably in many cases.  In the research presented in this dissertation, 

neurotropism was not examined as the factors were applied in a symmetrical manner 

(there was no gradient of factor for the neurite to follow).  For this reason, the 

neurotrophic effect of the factors studied is emphasized. 

Most neurotrophic factors belong to one of three families: the neurotrophins, the 

glial cell-line derived neurotrophic factor (GDNF) family ligands (GFLs), and the 

neuropoietic cytokines [reviewed in 94].  The pathways activated by each of these 

families are functionally distinct, though cellular responses do overlap, see Chapter 4.   

Combinations of neurotrophins and neuropoietic cytokines [95, 96] and NGF and insulin-

like growth factor 1 [97] have been studied in vitro.  Members of all three families have 

been used in the culture of embryonic motorneurons [98, 99, 100] and the organotypic 

culture of adult turtle spine [101].   In vivo studies have shown benefits in the 

combination of neurotrophins and GFLs [102, 103], and between neurotrophins and 

neuropoietic cytokines [104, 105, 106].  Most studies investigated the benefit of a single 

combination based on the optimal concentration of each factor when applied individually.  

However, interactions between neurotrophic factors may alter the optimal concentrations.  

Additionally, most in vitro studies have examined cell survival or phenotype 

maintenance, not neurite extension. 
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Work in this dissertation examines the effects of multiple combinations of 

neurotrophic factors on neurite extension to determine if the multi-factor optimum 

corresponds to the single factor optimums.  The three neurotrophic factors used in this 

study were NGF, a neurotrophin; GDNF, a GFL; and ciliary neurotrophic factor (CNTF), 

a neuropoietic cytokine.  These neurotrophic factors were chosen as representative 

members of each family which also have receptors present in the dorsal root ganglion 

(DRG) [94, 107].  As with the work on extracellular matrix composition studies, the 

model chosen for this study was a DRG explanted into a collagen 1-based hydrogel [64, 

108].  The optimum concentration of the individual neurotrophic factors did not appear to 

be influenced by applying the factors in combination.  However, the results do show 

synergistic effects between NGF, GDNF, and CNTF on neurite extension. 

 

2.7 Research Goals  

 The goal of the research in this dissertation was to determine an optimum set of 

conditions for nerve regeneration with an in vitro model system and to refine methods of 

manufacturing decellularized nerve, a bioactive scaffold.  We investigated the properties 

of non-aligned hydrogels based on collagen 1 with various concentrations of laminin 1, 

fibronectin, and low and high molecular weight hyaluronic acid.  Laminin 1 was the only 

significant variable tested.  The investigation of non-aligned gels is useful for nerve 

repair with filled conduits and for co-adapting native nerve stumps to a decellarized graft.  

We have scaled a decellularization process from rat tissue to human tissue of a size 

appropriate for clinical use.  This decellularized tissue forms an ideal scaffold for nerve 

regeneration.  We also investigated the effects and interactions of neurotrophic factors on 

nerve regeneration with an in vitro model.  We noted a synergistic effect between the 

neurotrophic factors but the optimal concentration of each factor did not appear to be 

affected by the presence of other neurotrophic factors.  This neurotrophic factor optimum 

can be applied to a nerve injury with controlled release techniques.  The results of this 

research can be used to guide the design of a new generation of nerve graft.   
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Chapter 3: Materials and Methods 

 

The information in this chapter covers the experimental work in Chapters 6 and 8.  

The experiments covered in Chapter 7 were conducted through a Sponsored Research 

Agreement with AxoGen, Inc. (Gainesville, Florida).  Because of the confidentiality 

portions of this agreement, the specifics of the process used are omitted.  All materials 

were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise stated.   

 

3.1. Animals  

Dorsal root ganglia (DRGs), Figure 3.1, were harvested from 6-8 day old 

Sprague-Dawley rats acquired from Harlan (Indianapolis, Indiana) or a colony 

maintained at the University of Texas Animal Resource Center.  Animal procedures 

conformed to the regulations established by the National Research Council and detailed 

in the Guide for the Care and Use of Laboratory Animals.  Each animal was euthanized 

with IsoFlo  (Abbott Laboratories, North Chicago, IL) before removing the spinal 

column.  The spinal cord was then exposed and approximately 30 DRGs were explanted 

into Roswell Park Memorial Institute (RPMI) 1640 medium. 

 

3.2. Hydrogels 

 Collagen 1 (BD Bioscience, Sparks, MD), laminin 1 (Trevigen, Gaithersburg, 

MD), fibronectin, low molecular weight hyaluronic acid (35 kDa, LifeCore, Chaska, 

MN), and high molecular weight hyaluronic acid (1-2 MDa) were kept on wet ice until 

use.  The collagen 1 and laminin 1 were used at the concentration provided by the 

manufacturer, 8 mg/ml and 2.8 mg/ml respectively.  Fibronectin, a lyophilized powder, 

was dissolved in deionized water to 3 mg/ml.  Low molecular weight hyaluronic acid was 

dissolved at 18 mg/ml in PBS, and high molecular weight hyaluronic acid was dissolved 

at 10 mg/ml in PBS.  To make gel solutions, a collagen base solution was made by 

mixing the stock solutions in the ratio A:B:C=8:1:1.  The stocks were: A) collagen 1, B) 

10X Dulbecco’s Modified Eagle’s Medium (DMEM), and C) 2.2 g sodium bicarbonate  
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Figure 3.1.  Schematic of the location of the dorsal root ganglia (DRGs).  The dorsal root 
ganglia are globular structures on the dorsal root lying between the vertebra of the spinal 
column immediately before the ventral and dorsal roots join.  The dorsal root ganglia 
contain the cell bodies of sensory neurons which have a single, bipolar axon extending 
into both the spinal cord and the peripheral nervous system.  Note: drawing not to scale. 

 
Figure 3.2.  Schematic of explant culture procedure.  The tissue explanted from the 
animal and then cleaned of connective tissue and fat.  The cleaned DRG is then placed on 
a cover slip and covered with a hydrogel precursor solution (based on collagen 1).  The 
covered hydrogel is then incubated at 37°C to induce gelation. The DRG embedded in 
hydrogel is then covered with media and cultured for 4 days before processing for 
imaging. 
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and 4.77 g HEPES in 100 ml of 0.5 N sodium hydroxide.  Appropriate volumes of 

laminin 1, fibronectin, low molecular weight hyaluronic acid, and high molecular w

hyaluronic acid solutions and RPMI media were added to the collagen 1 base solution, 

and mixed, with a chilled pipette tip and kept on ice until used.   

 

eight 

.3. DRG Explant Cultures 

sed in this study was adapted from previous protocols [1, 2, 

3].  Bri

slip 

he 

red 

.4. Antibody Staining and Imaging 

he explants were immersed in 4% paraformaldehyde 

in PBS

 

 At 

o 

3

The culture method u

efly, the explanted DRGs were trimmed of connective tissue and nerve roots 

before being placed on 13-mm Thermanox coverslips, Figure 3.2.  The DRG was 

covered with 15 uL of gel solution which was then spread to the edges of the cover

with the pipette tip.  The coverslips and DRGs were then placed into the wells of a 24-

well plate with the intrawell spaces filled with sterile water to minimize evaporation.  T

plate was then incubated at 37°C with 5% CO2 for 1 h to allow gelation.  The explants 

were then covered with 500 µl of RPMI 1640 medium supplemented with 100 units 

penicillin, 0.1 mg streptomycin, and 250 ng amphotericin B /ml.  Explants were cultu

for 96 h before fixation.   

 

3

At the end of 96 h in culture t

 for 1 h.  Following fixation the explants were washed three times with PBS for 1 

h each wash.  Samples were blocked with 3% BSA and 0.1% Triton X-100 in PBS for 1 

h.  Rabbit α-PGP9.5 (LabVisions, Fremont, California) diluted 1:100 in blocking solution

was applied to the samples for 48 h at 4°C.  PGP9.5 is a member of the ubiquitin C 

terminal hydroxylase family that is expressed in all neurons and their processes [4]. 

the end of this incubation, the explants were washed with PBS three times for 1 h each 

wash.  TRITC conjugated goat α-rabbit diluted 1:100 in blocking solution was applied t

the samples for 24 h at 4°C.  Finally the explants were washed with PBS an additional 

three times for 1 h each wash.  The coverslips with associated DRG were placed on a 

slide.  The slide was then inverted and the DRG imaged with an Olympus IX70 
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microscope (Olympus America, Melville, NY) using fluorescence optics and an 

Optronics MagnaFire (Goleta, CA) digital camera.  All incubations were at room 

temperature unless otherwise noted.  Explants which were damaged during the pro

were excluded from further analysis. 

 

attached 

cessing 

.5. Neurite Length 

shop (San Jose, California) was used when necessary to make 

compos th 

e 

.6. Neurite Outgrowth 

h was determined by the method developed by Bilsland et al. [5].  

The ne

e 

he 

 a 

3.7 Rheological Experiments 

ed with a Paar Physica (Ashland, VA) 

m 

and 4.5 mrad deformation.     

3

Adobe Photo

ite images to including the full extent of neurite extension.  The neurite leng

was determined as the average of the 5 longest neurites measured from each explant, 

from a total of 10-50 neurites measured from each explant.  The length for each neurit

was determined as straight line distance from the tip of the neurite to the DRG body. 

 

3

Neurite outgrowt

urite outgrowth determined by this method is a measure of the total volume of 

neurites extended from the DRG and is dependent on both the number and length of th

neurites.  Briefly, a composite image covering the full extent of neurite extension was 

made (Figure 3.3a) and, the area containing the neurites was selected (Figure 3.3b).  T

image was then thresholded and the number of pixels covered by the extended neurites 

was determined (Figure 3.3c).  The annular area covered by the neurites is expressed as

percent increase over the controls (i.e., DRGs from the same animal incubated without 

neurotrophic factors and stained at the same time as the sample).    

 

 Rheological experiments were conduct

MRC 300 rheometer.  A parallel plate geometry with a 25 mm diameter plate and 1 m

gap spacing was used.  To compare the relative stiffness of the gels, frequency sweep 

experiments were run on each gel with the storage modulus reported at 5 Hz oscillation 
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Figure 3.3.  Analysis of neurite extension.  A) Image before thresholding.  B) Selecting 
e region containing extending neurites.  The DRG body and the area without extended 

eurites are covered with cross-hatching, and are excluded from the analysis.  C) The 

Cadaveric human tissue was supplied by AxoGen, Inc.  This tissue was cleaned of 

 conditions and then decellularized with a 

y 

istological 

th
n
image after selecting the area to be analyzed and thresholding.  The number of pixels 
covered by the extending neurites is determined from this image. 
 
 
3.8 Decellularization of Human Tissue 

 

attached non-neural tissue under aseptic

modification of a previously described method [6].  After completing the 

decellularization, the tissue was shipped to an external reference laboratory (Histolog

Tech Services, 239 SW 7th Terrace, Suite A, Gainesville, FL 32601) for h
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processing.  Haematoxylin and eosin (H&E) staining as well as immunoperoxidase stain

for laminin, S100 protein, and neurofilament heavy chain were preformed with interna

protocols.  These stains correspond to two groups: extracellular matrix preservation 

(H&E and anti-laminin) and removal of cellular components (S100 and neurofilament 

heavy chain). These stains were also used in the work on the parent process [6]. 

 

Table 3.1.  Criteria for scoring sections of human tissue after decellularization. 

s 

l 

 Description 

Score 
For Cellular Removal           
(anti-S100 and anti- For ECM Preservation            

neurofilament heavy chain) (H&E and anti-laminin) 

1 As positive control As negative control, no internal 
structure visible 

2 Slight decrease in staining, 
~80% of positive control 

Staining present but structure 
absent (no or very few basal 

lamina) 

3 Significant decrease in staining, 

pos rol ~50% of positive control 

Some structure preserved, less 
than 25% of basal lamina in 

itive cont

4 Majority of material removed, 
 than 20% of positive contless rol d l 

lami trol 

Structure well preserved but 
amage present.  ~50% of basa

na in positive con

5 As negative control As positive control 

 

ed slides were returned and imaged either in our lab  at 

AxoGen, Inc.  The imaged nerve sections were then scored subjectively, according to the 

criteria the 

e 

 1 

 
The stain oratory or

 presented in Table 3.1, by at least two scorers.  A third scorer was used if 

original scores differed by more than one point.  The scoring system uses a numerical 

value between 1 and 5 in increments of 0.5.  A score of 5 represents the desired outcom

(well preserved extracellular matrix or absence of cellular components), and a score of

represents the undesired extreme (lack of extracellular matrix structure or cellular 

component staining as control tissue). 
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3.9. Statistical Analysis 

Each experimental group contains DRGs harvested on at least two days from at 

lts for the DRG explant experiments are shown as the mean ± 

standar

 

. Tonge DA, Golding JP, Edbladh M, Kroon M, Ekström PER, and Edström A. 

ects of Extracellular Matrix Components on Axonal Outgrowth from 

2. 

heral nerves of adult vertebrates to study axonal regeneration in vitro.  Prog 

3. 

transected terminals of young adult and aged mouse 

4. 

calization of protein gene 

p 

5. 

 of neurite outgrowth from chick DRG explants using image 

6. r 

cessing. Tissue Engineering 10, 1346-

1358. 

 

least three animals.  Resu

d error (SE).  The mean and standard deviation are shown for the results of 

decellularization experiments.  All statistical analysis was performed with SPSS 14.0 for

Windows software (SPSS, Inc; Chicago; IL). 
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Chapter 4: Extracellular Matrix Components 

Essenti

 

 ally all mammalian cells require adhesion to a surface to proliferate and 

nction normally.  In the body, this surface is the native extracellular matrix.  In relation 

to the nervous system, it is well established that neurites will not extend without a 

scaffold to provide mechanical support [1, 2].  Interestingly, Harrison’s investigations of 

neurite extension from explants of amphibian nervous tissue into extracellular matrix in 

the early 1900’s finally put an end the synsitium theory, which had remained stubbornly 

popular in neuroscience, and lead to the general acceptance of the cell theory [3].  This 

argument was a major point of contention between Golgi and Cajal even in their 1906 

Nobel lectures [4, 5].  The importance of the extracellular matrix for nerve regeneration 

was clear from almost the beginning of neuroscience as a field, but a great many 

questions about the importance of the extracellular matrix remain today.  

fu

 
Figure 4.1.  SEM of ECM-based hydrogel.  The hydrogel was made with 1.5 mg/ml of 
each collagen 1, laminin, and high MW HA and then critical point dried and sputter 
coated.  Fibrils, an example marked with an arrow, are comprised of collagen 1 and 
laminin.  The globular structures, an example marked with a blunted arrow, are believed 
to be of high MW HA which precipitated during the acetone wash step of the critical 
point drying. 
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 Neurite migr  However, cell 

dhesion and neurite extension are distinct cellular processes.  For instance, neurites 

body 

 can 

r physiological 

conditions into hydrogels which are permissive to cell growth and migration.  The work 

presented in this chapter concerns optimizing the composition of an ECM-derived 

hydrogel, Figure 4.1, for neurite extension.   

 

4.1 Laminins 

 The laminins are a family of 12 related heterotrimers.  Each laminin consists of α, 

β, and γ chains with the specific laminin determined by which chains are present, 

reviewed in reference 10.  Laminins are major components of basal lamina of all kinds 

including, the endoneurium.  Laminin 1 (α1β1γ1) is the most widely studied laiminin and 

has strong neurite promoting properties [11, 12].  Laminin 2 (α2β1γ1) is the laminin 

component in the endoneurium and aids regeneration [10, 13].  All of the laminins are 

 

th 

 

urified laminin [15].  Laminins are believed to be involved in the regulation of the 

ation is generally analogous to cell migration [6]. 

a

extend more rapidly on a surface coated with laminin than poly-lysine even though the 

neurites are harder to dislodge from the poly-lysine surface [7].  The long axon and 

dendrites of neurons create large spatial distances between the adhesion of the cell 

and the growth at the tip of the process.  This separation between the adhesion of the cell 

body and the migrating tip is more extreme than in other cell types and has implications 

for regeneration [8, 9].         

 The laminins, fibonectins, and collagens are some of the best characterized 

protein components of peripheral nerve extracellular matrix and some of the most 

important for cell adhesion and migration.  Hyaluronic acid and other proteoglycan/ 

glycosaminoglycans are also important components of the extracellular matrix and

influence cell behavior.  Mixtures of these components self-assemble unde

large glycoproteins between 500-900 kDa and have a cross-shaped geometry.  Laminins

are not fibrillar proteins but rather form continuous sheets generally in association wi

other proteins particularly collagen IV [10, 14].  Ectactin/nidogen is an important adaptor

protein modulating the binding of laminin and collagen IV and is generally present in 

p
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p iveness of the ECM to neurite outgrowth in development and regeneration.  M

laminins promote neurite outgrowth; however, laminin 3 (α1β2γ1) inhibits neurite 

outgrowth and is associated with neuromuscular synapses [16].  Work in this dissertatio

focused on the use of laminin 1 because it is the best characterized laminin and curre

isolation methods generate insufficient yields of other isoforms. 

 

4.2 Fibronectins  

 Fibronectins are high

ermiss ost 

n 

nt 

 molecular weight glycoproteins of approximately 250 kDa 

d 

 

 

llular 

, and heparin sulfate [21-25].  The 

roperties of fibronectins have been well reviewed in reference 26.  The fibronectin used 

 was bovine plasma fibronectin.  Plasma fibronectin was chosen as it is the 

ds 

ss 

ctin) 

per subunit.  They are generally composed of homodimers linked by a disulfide bon

though conformations with larger numbers of subunits are known [17, 18].   The 

variations between the fibronectins are due to differential splicing of the same mRNA

[19, 20].    All of the fibronectins are very similar and have nearly identical biochemical

activities.  The different isoforms of fibronectin have differences in solubility and 

generally correspond with different cellular sources.  Besides interacting with cellular 

receptors (see section 4.7), fibronectin can bind to a number of cellular and extrace

proteins including collagens, fibrinogen/fibrin

p

in this research

best characterized and most widely used.     

 

4.3 Collagens 

 The collagens are a family of at least 26 proteins that can be roughly divided into 

fibrillar and non-fibrillar isoforms [27].  Fibrillar collagens self-assemble into long ro

of approximately 200 nm in diameter.  Non-fibrillar collagens self-assemble, but to a le

dramatic extent, forming planar structures.  The fibrillar collagens (typically collagen I, 

II, III) are the most familiar composing ligaments, tendons, artricular cartilage, and are 

also major components of skin [28, 29, 30].  The prototypic non-fibrillar collagen is 

collage IV.  Collagen IV monomers associate end-to-end to form net-like planar 

structures which further associate with other proteins (especially laminin and fibrone
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to form basal lamina, including the endoneurium of peripheral nerve [12, 31].  Rat tail 

collagen, which is predominately collagen I, was used for the studies covered in thi

dissertation.  Rat tail collagen provides good mechanical properties at relatively low 

concentrations.   

 

s 

.4 Hyaluronic Acid 

 acid, also known as hyaluronan and hyaluronate, is a high molecular 

ts 

id, 

ve the 

re 

of 

id Mediated Motility (RHAMM) and CD44 

teract with hyaluronic acid providing both mechanical interactions and intracellular 

luronic acid promotes the infiltration of mesenchymal cells into the cornea 

ring 

ould 

4

 Hyaluronic

weight polysaccharide consisting of many repeats of the disaccharide of glucuronic acid 

and N-acetylglucosamine, reviewed in reference 32.  Hyaluronic acid generally consis

of 2,000 to 25,000 disaccharide repeats and is involved in the maintenance of 

homeostasis and mechanical properties.  Glycosaminoglycans, including hyaluronic ac

are highly negatively charged.  This charge makes the polysaccharide very hydrophilic 

and improves recovery after compression due to “swelling pressure” and can impro

mechanical properties of composite gels [33, 34, 35].  A number of other interactions a

possible with various hyaluronic acid binding proteins.  Because hyaluronic acid 

molecules are large and multiple proteins can interacting with the same molecule 

hyaluronic acid, hyaluronic acid can stabilize the extracellular matrix.  The porosity and 

pliability of the matrix is also influenced by the presence of hyaluronic acid.  The cell 

surface proteins Receptor for Hyaluronic Ac

in

signaling.  Hya

and of glioma cells into fibrin gels [36, 37].   Very low molecular weight hyaluronic acid 

also has pro-angiogenic biological signaling activity [38]. 

  

4.5 Other Extracellular Matrix Components 

 The three members of the tenascin family (tenascin-C, R, and Y) also influence 

neural development and regeneration [39].  Tenascin-C in particular is upregulated du

Wallerian degeneration and is associated with regenerating axons [40].  Fibrin sh

also be considered as fibrin-clots form at the sight of the wound.  Fibrin-based gels have 
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been used in in vitro models of nerve regeneration particularly testing the use of adhesiv

peptides [41, 42].  As with other gel materials, gel density can inhibit neurite extensio

[43].  While they are not extracellular matrix molecules, the cell adhesion molecules 

(CAMs) NCAM, 

e 

n 

N-cadherin, and L1 have similar biochemical functions and are 

portant for nerve regeneration.  NCAM, N-cadherin, and L1 are expressed on the 

ells during regeneration and are important for the interaction 

Ms bind to 

, 

im

surface of Schwann c

between axon and Schwann cell [44].   

  

4.6 Integrin Signaling 

 Extracellular matrix molecules such as laminin and fibronectin and CA

integrin molecules, a particular class of surface protein.  Integrins are a large family of at 

least 22 heterodimeric surface proteins [45, 46].  Besides providing a mechanical 

connection to other cells or the extracellular matrix, intergins also signal through the 

same pathways as neurotrophic factors.  The various integrins differ in ligand specificity 

and can have differences in signaling.  Integrin signaling includes the MAPK/ERK

 

 

 

 
Figure 4.2.  Schematic of signaling through the intergin receptors.  Through intermediate 
signaling molecules, integrin signaling impacts the Erk, Akt, NF-κB, Rho, and JNK 
pathways.  Note that the figure is simplified for clarity.  Adapted from reference 45. 
 

Ligand 
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PI3K-Akt, Rho family GTPases, PLCγ-PKC, JNK, and NF-κB pathways; all of these 

pathways can also be activated by neurotrophic factors, Figure 4.2.  This overlap 

suggests that interactions between the different signaling cascades are possible and 

cooperative effects of neurotrophic factor and integrin signaling have been observ

neural systems [47].  

Extracellular matrix molecules can also interact directly with the neurotroph

factors.  Heparan sulfate glycosaminogl

ed in 

ic 

ycans weakly bind several growth factors 

cluding GDNF [48].  This interaction can increase the local concentration of the growth 

cell.  Other similar interactions are also possible, for instance it 

wann 

. Archibald SJ, Krarup C, Shefner J, Li ST, and Madison RD. (1991) A collagen-

based nerve guide conduit for peripheral nerve repair: an electrophysiological 

study of nerve regeneration in rodents and non-human primates. Journal of 

Comparative Neurology 306, 685-96. 

2. Fields RD and Ellisman MH. (1986) Axons regenerated through silicone tube 

splices. I. conduction properties. Experimental Neurology 92, 48-60. 

3. Harrison RG. (1910) The outgrowth of the nerve fiber as a mode of protoplasmic 

movement. Journal of Experimental Zoology 9, 787-846. 

4. Cajal SR (1967) The Structure and Connexions of Neurons, in; Nobel Lectures, 

Physiology or Medicine 1901-1921, Elsevier Publishing Company, Amsterdam. 

5. Golgi C (1967) The Neuron Doctrine – Theory and Facts, in; Nobel Lectures, 

Physiology or Medicine 1901-1921, Elsevier Publishing Company, Amsterdam. 

in

factor as “seen” by the 

has been suggested that the presence of p75NTR on the surface of Schwann cells 

concentrates neurotrophins on Schwann cell surfaces [49].  This local display of 

neurotrophins would be one of the reasons that regenerating axons grow along Sch

cells. 
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Chapter 5: Neurotrophic Factors 

 

The study of neurotrophic factors began over 50 years ago with Rita Levi-

cini’s discovery of nerve growth factor (NGF) [1].  Si

 

Montal nce that time a number of 

ifferent neurotrophic factors have been discovered and a great deal has been learned 

about their signaling mechanisms.  Most neurotrophic factors belong to one of 3 families: 

the neurotrophins, the GDNF-family ligands (GFLs), and the neuropoietic cytokines.  

Each of these families signals through a separate cascade though there are differences in 

signaling between members of the same family.  While distinct, the three families of 

neurotrophic factors have overlapping effects on neuron behavior, especially neurite 

extension, and synergies between the separate signaling cascades are possible. 

   

5.1 The Neurotrophins 

 The neurotrophin family consists of 4 closely related factors: nerve growth factor 

(NGF), brain-derived neurotrophic factor (BDNF), neurotrophin-3 (NT-3), and 

neurotrophin-4 (NT-4), reviewed in references 2 and 3.  All neurotrophins interact with 

two different receptors: p75NTR and a member of the Trk family, a family of tyrosine 

kinase transmembrane receptors.   

 

5.1.1 The Trk family of Receptors 

 Each neurotrophin preferentially interacts with a specific member of the Trk 

family: NGF with TrkA, BDNF and NT-3 with TrkB, and NT-4 with TrkC.  The 

neurotrophin binds to a pair of immunoglobulin-like C2 type domains on the extracellular 

portion of the receptor [4-8].  The neurotrophin-Trk interaction causes a Trk dimmer to 

form which leads to phosphorylation of the intracellular domains.  The phosphorylated 

domains recruit several adaptor proteins which begin the signaling cascades.  Trk-linked 

signaling leads to activation of the Shc-Ras-MAPK/ERK, Rap-MAPK/ERK, Rho family 

GTPases, PI3K-Akt, and PLCγ-PKC pathways, see Figure 5.1.   

d
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Figure 5.1.  Schematic diagram of NGF signaling through p75NTR and TrkA.  Th
signaling is representative of signaling for the other neurotrophins as well.  Signaling 
through TrkA leads to the MEK/Erk and PI3K/Akt pathways.  Signaling through 
p75NTR leads to ceramide production and the JNK and NF-κB pathways.  NF-κB is o
activated through NGF signaling.  S

is 

nly 
NT and PLC are also recruited by the TrkA receptor.  

Figure based on references 2, 3, and 68. 
 
 
 The MAPK/ERK pathways interact with transcription factors affecting neurite 

outgrowth and phenotype maintenance [9, 10].  The inactivation of Rho increases the 

plasticity of the cytoskeleton and improves neurite outgrowth [11].  The Akt pathway 

inactivates proapoptotic pathways so promoting cell survival [12], but can also promote 

neurite extension [13].  The PLCγ-PKC pathway causes the release on Ca2+ ions, 

activates the CaM kinase pathway, and has been implicated in growth cone guidance [14, 

15] and in synaptic plasticity [16, 17, 18]. 
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5.1.2 p75NTR

 All neurotrophins bind to p75NTR with approximately equal affinity [19, 20].  The 

p75NTR protein is a member of the TNF receptor family.  As the other members of the 

TNF family, p75NTR has proapoptotic activity; it promotes cell death.  However, p75NTR 

has a dual nature as it also can promote neuron survival and neurite outgrowth, and 

neurite retraction.  Activation of p75NTR causes the production of ceramide through 

sphingomyelin hydrolysis [21, 22] and activation of JNK largely through the intermediate 

protein TRAF6 [23, 24].  Rho and Ras, both Rho family GTPases, are also triggered by 

p75NTR and directly affect cytoskeletal plasticity and neurite extension [25].  Other 

intermediate proteins associated with p75NTR include NRIF, NRAGE, NADE, and SC-1, 

see Figure 5.1.  Interestingly, the NF-κB pathway, a pro-survival pathway, is activated 

by p75NTR in response to NGF but not BDNF or NT-3 [26]. 

 Neurotrophins bind to p75NTR with much lower affinity than they bind to their 

respective Trk’s [27, 28] with an important exception.  Mature neurotrophins are 

ature 

 to 

, 31].  This phenomenon has been used to 

xplain why nerve growth stops at the target tissues in the “p75 rheostat” model [32].  

are 

t in the diseased state.  Several myelin-

growth also interact with p75NTR.  The ganglioside GT1b 

receptor complexes with p75NTR to bind to myelin associated glycoprotein (MAG) [35].  

produced by enzymatic cleavage of proneurotrophins [29].  Proneurotrophins and m

neurotrophins have opposite preferences for p75NTR and Trk’s.  Proneurotrophins bind

Trk’s weakly but bind to p75NTR much more strongly than mature neurotrophins, the 

affinity constant is about 10 times larger [29].  Mature neurotrophins appear to have a 

iphasic effect on nerve regeneration [30b

e

The discovery that proneurotrophins have high and specific affinity for p75NTR has not 

been fully integrated into our understanding of neurotrophin responses.   

 Several non-neurotrophin ligands for p75NTR have been identified.  These ligands 

include disease related substances such as aggregated β-amyloid, Alzheimer’s disease, 

[33] and aggregated prion peptide, Creutzfeldt-Jakob disease [34].  These interactions 

fairly weak, but could play an important role in neuron death resulting from these 

diseases due to the high concentrations presen

related inhibitors of axonal 
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Nogo-A, oligodendrocyte myelin glycoprotein, and MAG all interact with a complex of 

 

RTN), neurturin (NRTN), 

].  The 

tor 

 contains a 

omodi

ity, in 

 

the Nogo receptor and p75NTR [36, 37, 38].   

 

5.1.3 Interactions between p75NTR and Trks 

 Generally speaking, the negative effects of neurotrophins signal through p75NTR

and the positive effects through Trk’s.  However, the signaling through these two 

receptors is intertwined.  The presence of p75NTR increases the specificity of the 

neurotrophin-Trk affinity [39, 40] and may increase signaling through the PI3K/Akt 

pathway, a pro-survival pathway [41]. 

 

5.2 The GFLs 

 The GFLs consist of four factors: GDNF, artemin (A

and persephin (PSPN).  The GFLs are members of the transforming growth factor-β 

superfamily but have low sequence homology with the rest of the superfamily [42

classic signaling pathway for the GFLs is through a RET-based receptor complex but 

recently signaling through Met and NCAM has also been observed. 

 

5.2.1 The RET/GFRα Complex 

 Each of the GFLs interact with a specific member of the GDNF family recep

tyrosine kinase α (GFRα) group.  GDNF, NRTN, ARTN, and PSPN interact with 

GFRα1, GFRα2, GFRα3, and GFRα4 respectively.  The GFLs are present as homodimers 

which bind selectively to a pair of their respective GFRα’s.  This complex

h mer of a GFL bound to a homodimer of the appropriate GFRα’s which then 

recruits two molecules of RET.  The formation of a RET homodimer causes the 

transphosphorylation of the RET molecules, as with the Trk molecules, which begins the 

signaling cascade.  The signaling cascade for GDNF is shown, abbreviated for clar

Figure 5.2. Activated RET signals through the MAPK/ERK, PI3K-Akt, Rho family 

GTPases, PLCγ-PKC, JNK, and Src-family kinases [43, 44].  The Src-family kinases 
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Figure 5.2.  Schematic diagram of GDNF signaling through the GFR-α1/Ret complex.  
This signaling is representative of signaling for the other GFLs as well.  Signaling 
through Ret leads to the JNK, MEK/Erk, and PI3K/Akt pathways.  Figure based on 
references 42, 43, and 44. 
 
 
influence neuron survival and neurite outgrowth.  The signaling pathways are the same as 

 

n 

through NCAM in the absence of GFRαs [46].  Additionally, NGF signaling through 

TrkA has been shown to cause phosphorylation of RET independent of GFLs or GFRα 

described in the previous section. 

GFRα receptors are attached to the cell membrane through a glycosyl 

phosphatidylinositol (GPI) linkage.  This linkage can be cleaved by extracellular enzymes 

resulting in a soluble receptor which also interacts with GFLs and signals through RET

[45].  Because of this a cell which does not express a GFRα but does express RET ca

have GFL-linked signaling if there is a local source of soluble GFRα.  

 

5.2.2 Non-Standard Signaling 

 NCAM, an important surface protein on Schwann cells, acts as an alternate 

receptor for GFLs.  GFLs interact with NCAM with a low affinity and cause signaling 
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co-receptors [47].  The mechanism of this interaction is not know but is believed to be 

indirect.  GFLs may also signal through Met in an analogous manner to RET [48, 49].  

Heparin sulfate proteoglycans, such as syndecans and glypicans, have also been 

implicated in GFL signaling.  GFLs can interact with the proteoglycan increasing the 

apparent concentration of the GFL as seen by the receptor [50].   

 

5.3 Neuropoietic Cytokines 

 The neuropoietic cytokines, also called neurokines or neuroregulatory cytokines, 

are members of the interleukin-6 (IL-6) family [51].  The neuropoietic cytokines are: 

ciliary neurotrophic factor (CNTF), IL-6 and IL-11, leukaemia inhibitory factor (LIF), 

oncostatin M (OSM), cardiotrophin 1 (CT-1), neuropoietin (NP), and cardiotrophin-like 

cytokine (CLC).  Each neuropoietic cytokine signals through a receptor complex 

composed of gp130 and at least one other protein [52].   

, CNTF first binds to the CNTF-receptor (CNTFR) which 

en recruits both LIF-receptor (LIFR) and gp130 [51].  LIFR and gp130 are similar 

ropoietic cytokines.  The signaling cascade for CNTF 

is show er recruits 

r 

 IL-11R are, like 

e GFRα proteins, GPI-linked proteins.  They also can be cleaved, become soluble, and 

 

5.3.1 gp130 Complexes 

In the case of CNTF

th

molecules which form a heterodimer which begins the signaling cascade.  Similar 

complexes form for each of the neu

n, abbreviated for clarity, in Figure 5.3.  A gp130 homo- or heterodim

tyrosine kinases of the Jak-family (including Jak1, Jak2, and Tyk2) which in turn activate 

a number of intracellular signaling molecules, notably the signal transducer and activato

of transcription (STAT) family [53].  The Rho family GTPases, PI3K-Akt, and 

MAPK/ERK pathways can also be activated [54].  CNTFR, IL-6R, and

th

retain activity [55].   
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5.4 Other Neurotropic Factors 

 In addition to the neurotrophins, GFLs, and the neuropoietic cytokines, there are

two other families with neurotrophic activity: the Fibroblast Growth Factors (FGF

the Insulin-Like Growth Factors (IGFs).  Both acidic and basic FGF (FGFa and FGFb 

 

s) and 

 

 
Figure 5.3.  Schematic diagram of CNTF signaling through the CNTFRα/LIFR/gp130 
complex.  This signaling is representative of signaling for the other neuropoietic 
cytokines as well.  Signaling through the gp130/LIFR dimer leads to the MEK/Erk and 
PI3K/Akt pathways.  The Jak/STAT pathway is also activated.  Figure based on 
references 51, 52, and 69. 
 
 
respectively) have neurotrophic effects and can improve nerve regeneration [56, 57].  

Despite their neurotrophic activity, the action of the FGFs is believed to be result of 

effects on Schwann cell proliferation and angiogenesis [58].  IGF-I and IGF-II also have 

eurotrophic effects and improve neurite extension in vitro and regeneration in vivo [59, 

0].   

 

n

6
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5.5 Overlap and Interactions in Signaling Between Families 

cytokines all signal through Rho family GTPases and the PI3K-Akt and MAPK/ERK 

pathways.  GFLs and neurotrophins also signal through the JNK, highlighted in Figure 

5.4.  Significant interactions between neurotrophin, GFL, and neuropoietic cytokine 

signaling have been noted in model systems [61, 62].  In vivo studies have shown benefits 

in the combination of neurotrophins and GFLs [63, 64], and between neurotrophins and 

neuropoietic cytokines [65, 66, 67].   

 The three families of neurotrophic factors have similarities in the downstream 

signaling mechanisms.  This raises the possibility of combinatorial effects between the 

signaling cascades of the different families.  Neurotrophins, GFLs, and neuropoietic 

 
Figure 5.4.  Summary of the signaling for neurotrophins, GFLs, and neuropoietic 
ytokines.  All three families signal through the Akt, erk, and JNK pathways.  Figure c

based on references 2, 3, 42, 43, 44, 51, 52, 68, and 69. 
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Chapter 6: Extracellular Matrix-based Hydrogels 
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6.1 Effects of Collagen 1 Concentration 

l and 

neurite outgrowth and length were analyzed, as shown in Figure 6.1.  Gels made with a 

mech  

either
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ffects of collagen 1, fibronectin, laminin, and hyaluronic acid concentration on neurite extension. 

 The work presented in this chapter investigates the effects of collagen 1, 

ectin, laminin, and hyaluronic acid concentration on neurite extension from

explants.  Increasing collagen 1, but not hyaluronic acid, concentration increased the 

e modulus of gels in the range studied.  However, collagen 1 an

concentration had minimal or no effects on neurite outgrowth and length.  Fibronecti

 negative effect on both neurite outgrowth and length but this effect was only 

tically significant at a high concentration of fibronectin.  Laminin had a posi

dose-dependent effect on both neurite outgrowth and length.  The effects of the fo

s appeared to be independent, and the optimum gel for neurite extension was a co-

 1.5 mg/ml laminin and 1.5 mg/ml collagen 1. 

The explant model used provides two measurements of neurite extension: 

length and neurite outgrowth, see Chapter 3.  The neurite length was determined by 

ging the lengths of the five longest neurites observed.  Neurite outgrowth correl

the volume of neurites extending from the DRG.  For a constant number of ne

an increase in neurite length will result in an increase in neurite outgrowth.  For neurites 

onstant length, an increase in neurite outgrowth can be a result of an increase in th

er of neurites, the number of branches

result in large numbers of long neurites and result in high values of both neurite 

owth and length.  

 The collagen 1 concentration of the gels was varied between 1 and 2.5 mg/m

lower collagen concentration, 0.5 mg/ml, were also used but were found to be 

anically unstable and unusable in this system.  In the range studied, no trend in

 neurite outgrowth or length was apparent with increasing collagen 1 concentration. 

ork in this chapter has been submitte
E
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Figure 6.1.  Effects of collagen 1 concentration.  Values are expressed as the average ± 
standard error.  The neurite outgrowth (A) and neurite length (B) are shown.  No 
statistical differences were observed between the groups.  The 1.5 mg/ml collag
group is used as the control.   
 

 

en 1 
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6.2 Effects of Fibronectin Concentration in Fibronectin/Collagen 1 Co-gels 

 The fibronectin/collagen 1 co-gels were made with collagen 1 concentrations of 

1.5 and 2.4 mg/ml.  For the 1.5 mg/ml collagen 1 gels, fibronectin was added at 0.5, 1, or 

1.5 mg/ml.  For the 2.4 mg/ml collagen 1 gels, fibronectin was added at 0.25, 0.5, or 1 

mg/ml.  Neurite outgrowth and length showed a negative trend with increasing 

fibronectin concentration though only the gels made with 1.5 mg/ml fibronectin and 1.5 

mg/ml collagen 1 were significantly different from their controls (1.5 mg/ml collagen 1 

only), Figure 6.2.  

 

6.3 Effects of Laminin Concentration in Laminin/Collagen 1 Co-gels 

 Laminin/collagen 1 co-gels were made with 1.5 mg/ml collagen 1 and 

concentrations of laminin as shown in Figure 6.3.  A positive, dose-dependent response 

was seen in neurite outgrowth with increasing laminin concentration.  The 0.5 mg/ml 

inin group was not different than the plain collagen 1 control, but both the 1 and 1.5 

mg/ml laminin groups were different from all groups (p<0.05, ANOVA with Dunnett T3 

post hoc test).  The neurite length also increased with increasing laminin concentration, 

but the dose dependency appeared less important, Figure 6.3.  Representative 

micrographs of DRGs cultured in laminin/collagen 1, fibronectin/collagen 1, and collagen 

1 only control gels are shown in Figure 6.6.  All of the laminin containing groups had 

significantly longer lengths than the collagen control (p<0.05, ANOVA with Dunnett T3 

posthoc test) but no differences between the laminin concentrations were observed.  

 

6.4 Effects of Hyaluronic Acid Concentration in HA/Laminin/Collagen 1 Co-gels 

-gel 

.4.  

dditionally, 0.15 mg/ml of fibronectin was added to a gel of 1.5 mg/ml high molecular 

eight hyaluronic acid, 1.5 mg/ml laminin, and 1.5 mg/ml collagen 1.  No trend was 

bserved in neurite outgrowth with increasing hyaluronic acid concentration.  Neurite  

 

lam

 Hyaluronic acid of either low molecular weight (35 kDa) or high molecular 

weight (1-2 MDa) at the concentrations shown was added to laminin/collagen 1 co

solutions containing 1.5 mg/ml collagen 1 and 1.5 mg/ml laminin, shown in Figure 6

A

w

o
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Figure 6.2.  Effects of fibronectin concentration in fibronectin/collagen 1 co-gels.  
F
(triangles) and fibronectin at 

ibronectin co-gels made with 2.4 mg/ml collagen 1 (squares) and 1.5 mg/ml collagen 1 
the concentrations shown.  The controls for the gels made 

ntrols 

e th 

 

with 2.4 mg/ml collagen 1 were gels made with only 2.4 mg/ml collagen 1.  The co
for the gels made with 1.5 mg/ml collagen 1 were gels made with only 1.5 mg/ml 
collag n 1.  Values are expressed as the average ± standard error.  The neurite outgrow
(A) and neurite length (B) are shown.  (#) denotes a significant difference (p<0.02, 
ANOVA with Dunnett T3 for the 1.5 mg/ml collagen 1 group) between the 1.5 mg/ml 
collagen and 1.5 mg/ml fibronectin condition and the control.  (*) denotes a significant 
difference (p<0.05, ANOVA with Dunnett T3 for the 1.5 mg/ml collagen 1 groups) 
between the 1.5 mg/ml collagen and 1.5 mg/ml fibronectin condition and the control. 
Fibronectin had a negative effect on both neurite outgrowth and length but was only 
significantly different from the controls at 1.5 mg/ml of fibronectin. 
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length increased with increasing concentration of both high and low molecular weight 

hyaluronic acid.  However, only the 1.5 mg/ml high molecular weight hyaluronic acid 

was significantly different than other groups (p<0.05 compared to the 0 and 0.15 mg/ml 

high molecular weight hyaluronic acid groups with ANOVA and Dunnett T3 post hoc 

test).   

 

6.5 Effects of Composition on Mechanical Properties 

 We had expected that the mechanical properties of gels would increase with both 

collagen 1 concentration and hyaluronic acid concentration, but would be relatively 

unaffected by laminin and fibronectin concentrations.  The storage modulus, a measure of 

the stiffness, of gels made with 2.4 mg/ml of collagen 1 was higher than that of gels made 

with 1.5 mg/ml collagen 1 (Table 6.1).  Neither laminin nor fibronectin concentration 

appeared to have a large effect on mechanical properties.  Contrary to our expectations, 

the concentration of high molecular weight hyaluronic acid also did not appear to have a 

large effect on the storage modulus in the range examined in this study, likely a result of 

the relatively low concentration of hyaluronic acid used. 

 

6.6 Interactions between Laminin, Fibronectin, and Collagen 

 The interaction between the concentrations of collagen 1, fibronectin, and laminin 

on neurite outgrowth and length was investigated with a 3x2 factorial experiment, shown 

 at in Figure 6.5.  Collagen 1 was present at either 1 or 1.5 mg/ml, laminin was present

either 0.5 or 1.5 mg/ml, and fibronectin was either absent or present at 0.1 mg/ml.  Both 

neurite outgrowth and length increased with increasing laminin concentration (Pearson’s 

r = 0.46 and 0.39 respectively, p<0.001).  The presence of fibronectin at 0.1 mg/ml had a 

small, negative effect but the differences were never statistically significant.  The 

concentration of collagen also did not have a significant effect on neurite outgrowth or 

length.  After fitting to several factorial models, no interactions were observed.  
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Figure 6.3.  Effects of laminin concentration in laminin/collagen 1 co-gels.  Laminin co
gels made with 1.5 mg/ml collagen 1 and laminin at the concentrations shown.  Values 
are expressed as the average ± standard error.  The neurite outgrowth (A) and neurite 
length (B) are shown.  The controls were gels made with only 1.5 mg/ml collagen 1.  (#) 
denotes a significant difference (p<0.05, ANOVA with Dunnett T3) between the 1.5 
mg/ml laminin and all other groups.   (##) denotes a significant difference (p<0.05
ANOVA with Dunnett T3) between the 1 mg/ml laminin groups and all other grou
denotes a significant difference (p<0.02, ANOVA with Dunnett T3) between the marke
group and the control.  Laminin had a positive, strong, dose-dependent effect on 
neurite outgrowth and length. 

-
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Figure 6.4.  Effects of hyaluronic acid concentration in HA/laminin/collagen 1 co-gels
High molecular weight HA (HMWHA) and low molecular weight HA (LMWHA) were 
added to laminin/collagen 1 co-gels.  Gels were made with 1.5 mg/ml collagen 1, 1.5 
mg/ml laminin, and HA concentrations as shown.  Fibronectin at 0.15 mg/ml was ad
to a gel made with 1.5 mg/ml HMWHA, 1.5 mg/ml laminin, and 1.5 mg/ml collagen 1.  
The controls were gels made with 1.5 mg/ml collagen 1 and 1.5 mg/ml laminin.  Values 
are expressed as the average ± standard error.  The neurite outgrowth (A) and longest 
neurite length (B) are shown.  (

.  

ded 

*) denotes a significant difference (p<0.02, ANOVA with 
Dunnett T3 for the HMWHA groups) between the 1.5 mg/ml HMWHA group and the 
0.15 mg/ml HMWHA and control groups.  Hyaluronic acid had little effect on either 
neurite outgrowth or length. 
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Figure 6.5. Factorial experiment examining the effects of collagen 1, laminin 1, and 
fibronectin.  The low and high levels of laminin were 0.5 and 1.5 mg/ml and of collagen 
1 were 1 and 1.5 mg/ml.  Fibronectin was either not present (black bars) or present at 0.1 
mg/ml (light grey bar).  Values are expressed as the average ± standard error.  The 
controls were gels made with only 1.5 mg/ml collagen 1.  The neurite outgrowth (A) and 

 

injury.  The neurites extend into a hydrogel on top of a coverslip, an environment similar 

longest neurite length (B) are shown.  The effects of collagen 1, fibronectin, and laminin 
concentration appear to be independent. 

 

6.7 Implications of the Results 

The experiments reviewed in this chapter investigated the effects of collagen 1, 

hyaluronic acid, laminin, and fibronectin concentrations on neurite extension from 

explanted DRGs in a three dimensional environment.  The DRG explant model used in 

this study uses primary neurons of a type that are actively involved in peripheral nerve
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to that created by a nerve conduit with a hydrogel-filled lumen.  As Chapter 8 discusses 

the use of neurotrophic factors with the same model, it is important to note that none of 

the components examined in this chapter promote fasciclization while neurotrophic 

factors do.  Fasciclization causes the bundled neurites to appear larger and more distinct.  

The neurite extension observed in these hydrogel experiments may appear indistinct 

when compared to other work which promotes fasciclization, see Figures 6.6 and 8.6.  

Overall our results stress the importance of the laminin concentration and suggest that, as 

long as the gel is mechanically stable, interactions between gel components do not 

significantly affect neurite extension.   

  
6.7.1 Collagen and Hyaluronic Acid  

 Mechanical properties have been shown to influence neurite extension in several 

systems [1, 2].  However, the presence of fibronectin [3, 4] or laminin [3] has only a 

relatively small effect on the viscoelastic properties of the gel.  In this study, higher 

collagen 1 concentrations increased gel stiffness (Table 1).  High molecular weight 

hyaluronic acid did not significantly affect the mechanical properties in this study (Table 

1).  Although an increase in the mechanical properties of collagen 1 gels with high 

molecular ight hyaluronic acid has been reported [5], the current study used much 

lus 

but not stiff enough to impede neurite outgrowth.  The use of relatively low 

 2.4 mg/ml in this study, resulted in stable but pliable gels.  

Gels m h 

 

 we

lower concentrations of hyaluronic acid and a substantial increase in the storage modu

was not noted.  Gels with high concentrations of collagen have been shown to be 

undesirable in vivo as some collagen will remain as inclusion bodies in the remodeled 

nerve [6].  However, the formation of an ECM cable is vital for successful regeneration 

[7].  This leads to competing requirements of a gel stiff enough to form a stable scaffold 

concentrations of collagen, 1 to

ade with 0.5 mg/ml were also attempted but were not mechanically stable throug

the entire process.   

In this study, collagen 1 concentration had no significant effects on either neurite

outgrowth or length.  Hyaluronic acid concentration had no effect on neurite outgrowth 

but did have an effect on neurite length.  However, the effect of hyaluronic acid on length 
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Table 6.1. Changes in Storage Modulus with Gel Composition 

Concentration (mg/ml)   
Collagen 1 Laminin 1 Fibronectin HA G' (Pa)      [n] 

2.4 0 0 0 25.4 ± 5.4  [4] 
1.5 0 0 0 12.9 ± 3.4  [3] 
1.5 1 0 0 11.5 ± 3.3  [3] 
1.5 0 1 0 10.1           [2] 
1.5 0 0 1 14.8 ± 1.2  [2] 

Abbreviations: 2 MDa hyaluronic acid (HA) and storage modulus (G’).  The storage 
modulus is reported as the average ± SE.  The number of gels in each group, n, is sho
in brackets after the SE.  Collagen 1 concentration, but not hyaluronic acid, fibronec
or laminin concentrations, increases the

wn 
tin, 

 storage modulus. 
 

     

 
Figure 6.6:  Representative micrographs from cultured DRGs.  Gels made with A) 1.5 
mg/ml lam
1.5 mg

inin and 1.5 mg/ml collagen 1, B) 1.5 mg/ml collagen 1 only (control), and C) 
/ml fibronectin and 1.5 mg/ml collagen 1.  Scale bar is 200 µm.  The laminin 

containing gels (A) had significantly more neurite outgrowth and higher length than the 
collagen 1 only gel (B).  The fibronectin containing gels (C) had significantly less neurite 
outgrowth and shorter neurites than the collagen 1 only gel (B). 
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was only significant for a single point and was relatively small. Additionally, the neurite 

lengths of all of the grou id experiment were similar to the length, 

~1500 µm for th l lam on i ure g that 

the significan f hyaluronic oncentratio may be an artifact.  Our results lead us 

to believe that this relationship, mechanical inhibition versus mechanical stability, is 

relatively flat at collagen 1 concentrations below 2.4 mg/ml ou  is similar 

age 

nge examined in this study, 

en 1 concentration increased the stiffness of the gel but hyaluronic acid 

concentration did not affect the stiffness.  Neither collagen 1 nor hyaluronic acid 

concentration influenced either neurite outgrowth or length.  

 

6.7.2 Laminin and Fibronectin 

 Laminin [8, 9] and fibronectin [10, 11] have been used for in vivo nerve repair 

experiments and been shown to benefit regeneration.  Both laminin [12] and fibronectin 

[13] interact with integrins and other receptors activating cellular signaling pathways and 

generating receptor-ligand mechanical interacti .  A growing neurite needs to balance 

the rates of attachment and detachment at the growth cone [14, 15] often resulting in a 

biphasic relation between neurite extension and ligand density [2, 16].  Additionally, 

neurite growth creates tension along the neurite [17] which is transferred to the matrix.  If 

the tension on the neurite exceeds the capacity of the cell-ligand interaction, the neurite 

will retract.  However if the tension on the neurite and the cell-ligand interaction both 

exceed the capacity of the matrix, the matrix will deform.  Growth cone retraction 

inherently limits the rate of neurite extension but should not prevent lower rates of 

outgrowth as the tension on the neurite is proportional to the growth rate.  Deforming the 

ally 

ps in the hyaluronic ac

, observed e 1.5 mg/m inin conditi n Fig  6.3, indicatin

ce o acid c n 

 in r system.  This

to the behavior of PC12 cells in PEG gels shown by Gunn et al. [2] where the percent

of cells bearing neurites was insensitive to PEG gel concentration at low levels but 

inversely related as PEG concentration increased.  In the ra

collag

ons

matrix limits the future growth options for the neurite as the neurite can not extend 

without a substrate.  In this study, fibronectin consistently resulted in slightly, but usu

not significantly, reduced outgrowth and length.  The relatively low levels of neurite 
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outgrowth and length in fibronectin/collagen gels compared to laminin/collagen gels 

could be a result of the higher interaction strength of cell surface receptors with 

fibronectin than with laminin [18, 19].  In this study, laminin concentration correlated 

strongly, and linearly, with neurite outgrowth.  Neurite length was also affected by 

laminin concentration but the response was less dose dependent.  Tonge et al. observe

lack of either additive or synergistic effects, between laminin 1 and collagen IV in 

collagen 1 gels [20].  In this study, we also did not observe interactions between the four 

ECM components studied.  This suggests that, contrary to our expectations, 

combinatorial effects between ECM proteins are not significant in reconstituted collagen

1 gels.    

 

6.8 Using Collagen-based Hydrogels in Nerve Guidance Con

d a 

 

duit Lumens 

Filling the lumen of a nerve guidance conduit with a hydrogel can improve 

ger gap lengths [7, 21].  The hydrogel used should 

an 

 

 that 

sed 

 

 

regeneration, especially over lar

provide a mechanically stable scaffold for neurite extension that also presents neurite-

promoting factors.  In this study we observed that gels made with a relatively low 

concentration of collagen 1 and a relatively high concentration of laminin were the most 

beneficial for neurite outgrowth and length.  Synergistic effects between the four ECM 

components examined were not observed in the range studied.  A collagen 1 

concentration of 1 to 1.5 mg/ml provides a pliable but mechanically stable gel which c

be supplemented with 1.5 mg/ml of laminin, the highest concentration tested, to improve 

neurite extension.  For in vivo use, the hydrogel will be exposed to serum fibronectin 

which will adsorb onto the hydrogel.  Significantly we did not observe inhibition at low

levels of fibronectin in collagen 1/laminin/fibronectin co-gels.  This study suggests

relatively low density collagen 1/laminin co-gels, with both collagen 1 and laminin 

concentrations of approximately 1.5 mg/ml, are the most appropriate gels for neurite 

extension, and likely nerve regeneration.  These collagen 1/ laminin co-gels can be u

to fill the lumens of nerve guidance channels for peripheral nerve injury and could 

possibly be used as an in situ forming gel for treating central nervous system injuries.
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Chapter 7: Development work on the Avance™ graft 

 

The work presented in this chapter concerns the collaboration between AxoGen,  

Inc (Gainesville, FL) and our laboratory on the development of the Avance™ nerve graft.  

previou

tissue. 

manufa

autolog

process nhibitors and to terminally sterilize the graft.  Due to 

licensing and confidentiality agreements, the details of the process will not be specified. 

 The Avance™ graft will be provided in a range of graft sizes.  In order to create a 

single decellurization process that will be compatible with the full range of sizes, two 

different graft sizes were examined in this work representing the smallest and the largest 

graft sizes that will be processed during manufacturing.  The first graft size, 1-2 mm in 

diameter and 40 mm in length, is approximately the same size as the rat tissue used in the 

parent process.  This graft represents only a change in tissue source (human versus rat) 

and is not fundamentally a scaling issue.  The second graft size, 5 mm in diameter and 80 

mm in length, is approximately thirteen times the volume of rat tissue used in the parent 

process.  The human tissue is also mutifascicular while the rat tissue is typically 

monofascicular.  The removal of cellular proteins and preservation of extracellular matrix 

proteins were examined with representative stains.   

The histological stains used were: hemotoxylin-eosin stain (H&E) and 

immunohistochemical stains for S100, neurofilament 200, and laminin (including the 

laminin-2 isoform).  S100 and neurofilament 200 are representative cellular components 

of low and high molecular weight respectively.  S100 is a cytoplasmic protein involved in 

calcium homeostasis [3] and a common marker for Schwann cells.  Neurofilament 200 is 

the heavy chain of the neural specific intermediate filament trimer, which is the most 

common structural component of the axon [4].  Laminin, specifically the laminin-2  

This collaboration adapted a chemical decellularization method for rat nerve tissue 

sly developed in our laboratory [1, 2] to the decellularization of human nerve 

 This modified decellularization process is one of the processing steps for the 

cture of the Avance™ graft, a product intended as a clinical substitute for the 

ous nerve graft.  In addition to the decellularization process, the tissue is 

ed to remove growth i
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Figure 7.1.  Schematic of protein removal over time during a decellularization process.  
Cellular proteins, the target of the process as it is the most antigenic, generally have 
lower molecular weight and so are removed more rapidly.  The extracellular matr
ECM, proteins are generally of higher molecular weight and so are removed more slowly. 
 

 

ix, 

Table 7 eral nerve .1.  The localization and molecular weight of selected proteins in periph

Protein Location 
Subunit Molecular 

Weight (kDa) 
Complex Molecular 

Weight (kDa) Reference
S100 Cellular/Cytoplasmic 9-13 na 10

Neurofilament Cellular/Cytoskeletal 68, 150, 200  420 11
Laminin-2 ECM/Endoneurium 205, 215, 400 820 12

Collagen IV ECM/Endoneurium 160, 167 590 13
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isoform, is a major component of the endoneurium (or basal lamina) [5] which is the 

structure that the decellurization process is designed to preserve.  Hemotoxylin-eosin 

staining is one of the most common stains for general histology and pathology.  The 

hemotoxylin stains most tissue area a light blue but stains nuclei a dark blue.  Eosin stains 

proteins a red or pink, more intense than the blue staining of hemotoxylin, and does not 

differentially stain nuclei.   The processing conditions were adjusted to maximize the 

removal of the cellular components while minimizing the disruption of the extracellular 

matrix structure.   

Fortunately, the cellular proteins are generally of a lower molecular weight than 

the extracellular matrix components, see Table 7.1.   As the solubility of proteins is 

inversely proportional to the molecular weight, this difference creates a process region, 

Figure 7.1, where the extracellular matrix can be preserved while the cellular, and 

antigenic, components are removed.  This process region is dependent on several 

parameters other than contact time represented in Figure 7.1.  Process parameters that 

influence diffusion barriers or protein solubility will alter the slope of the curves.  

Additionally, the maximal removal of a component may be limited by the solubility of 

that component in a fixed volume of process solution. 

 

 the 

oted, Figure 7.2.  Each fascicle is surrounded by a separate perineurium, see Figure 2.3.  

diffusion constants, than surrounding t as asicles, in 

nerves of approxim tal d ases the sion

t i een f ent score seen i

F dd els o nt were observed on the interior 

order of the perineurium or epineurium, Figure 7.3.  However, it should be noted that  

 

7.1 Neurofilament Heavy Chain Removal is Diffusion Limited 

 While examining the results of one experimental phase, a correlation between

umber of fasicles present in a nerve segment and the level of neurofilament removal was n

n

The perineurium, and other basal lamina layers, has higher density, and so lower 

issue.  So an incre

iameter, incre

e in the number of f

 ratio of diffuately the same to al barrier 

o volume caus ng the relation betw ascicle number and neurofilam n 

igure 7.2.  A itionally, higher lev f eneurofilam

b
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 fter relatively harsh processing conditions, significant laminin extraction from 

ttern observed resembles a 

ullsey

ow in 

Number of Fascicles  
Figure 7.2.  Inverse relationship between removal of neurofilament and number of 
fascicles in one experimental set.  A score of 5 represents complete removal of 
neurofilament and a 1 represents no removal of neurofilament.  The relationship between
neurofilament score and number of fascicles is significant at p>0.01 with Spearman
correlation (24 sections examined). 
 
 
this staining pattern was not present in all samples.  These results indicate that the 

removal of neurofilament is limited by diffusion of the solvated protein.   

 
7.2 Laminin Removal is Limited by Solvation of the Pro

A

the tissue was noted, Figure 7.4.  Significantly, the staining pa

b e with more intense staining in the interior of the tissue than toward the exterior. 

The staining pattern indicates that laminin is extracted from the exterior of the tissue 

before the interior.  This observation indicates that the solvation of laminin is the rate  

limiting step in extraction and suggests that the solubility of laminin is relatively l

the buffer system used.  The pattern of protein removal observed with neurofilament 

heavy chain and laminin also strongly suggests that the majority of solubilized protein 

diffusion is radial rather than axial.   
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Figure 7.3.  Composite micrograph of anti-neurofilament 200 immunoperoxidase 
staining of a decellularized nerve.  The remaining neurofilament staining (arrows) is 
more concentrated at the exterior of the nerve. 
 
 

7.3 The Modified Process Preserves the Extracellular Matrix while Removing the 

Cellular Components 

 The goal of the decellularization process was to preserve the extracellular matrix, 

specially the endoneurium, while removing the cellular components.  Using the scoring 

criteria described in Chapter 3, an acceptable process must average a score of at least 3.5 

for each stain (H&E staining and anti-laminin, anti-S100, and anti-neurofilament 200  

e
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Figure 7.4.  Composite micrograph of anti-laminin immunoperoxidase staining of a 

ve 

munoperoxidase staining).  The final process exceeded the minimum acceptable score 

lular components was assessed by examining the 

 

neurofilament is highly conserved between species [6] suggesting that differences within  

decellularized nerve.  The laminin staining is less robust near the exterior of the ner
compared to the interior.  
 
 
im

for removal and preservation, Table 7.2.   

The removal of cel

immunostaining for S100 and neurofilament 200.  Essentially all S100 protein is removed

by the final decellularization process, Figure 7.5A and 7.5B.  A small amount of 

neurofilament remains in the tissue after processing but most is removed, Figure 7.5C 

and 7.5D.  A small amount of residual neurofilament is not considered critical because 
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Table 7.2. Qualitative scores of staining for the modified decellularization process 

A) Preservation of the extracellular matrix   
   Stain  
 H&E anti-Laminin 

Graft Type 
Processing 
Condition Mean SD Mean SD 

Large Low 4.30 0.41 4.36 0.47 
Small High 3.99 0.60 3.99 0.81 

      
B) Removal of cellular proteins    

   Stain  
 anti-S100 anti-neurofilament 

Graft Type 
Processing 
Condition Mean SD Mean SD 

Large Low 4.85 0.23 4.16 0.72 
Small High 4.89 0.21 3.86 0.84 

Abbreviations: 
Graft type: Large grafts are approximately 5 mm in diameter and 8 cm long.  Small grafts 
are 1-2 mm in diameter and 4 cm long.  Processing condition: The low and high 
processing conditions represent the extremes allowed under the protocol.  The mean 
score an the standard deviation (SD) are shown.  The minimum acceptable score is 3.5.  
The modified decellularization process had acceptable scores for all stains. 
 
 
a species are relatively small.  Additionally, the absence of immune rejection with cold-

preserved [7] and thermally-decellularized [8] nerve allografts, both of which contain 

neurofilament in the retained cellular debris, indicates that axonal fragments are not 

strongly immunogenic.   

in for laminin.  Both stains showed structural preservation 

cluding extensive preservation of the endoneurium, Figure 7.6.  Differences between 

bels all proteins so a difference was expected 

as a res elatively 

te 

 

The preservation of the extracellular matrix was assessed by examining H&E 

staining and an immunosta

in

the decellularized and control (unprocessed) tissues are clearly visible in the stains, 

especially the H&E stain.  H&E staining la

ult of the large amount of protein that is removed.  The removal of a r

small amount of laminin was expected and is acceptable provided that the endoneurium 

(basal lamina) structure remained intact and strongly immunolabeled.  The comple

process creates a scaffold with a well defined internal structure and should provide both

contact and chemical cues to regenerating axons. 
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Figure 7.5. Representative micrographs of anti-S100 and anti-neurofilament 200 
immunoperoxidase staining.  Panel: A) anti-S100 staining of decellularized tissue, B) 
anti-S100 staining of control tissue, C) anti-neurofilament staining of decellularized 
tissue, and D) anti-neurofilament staining of control tissue.  Scale bars are 200 micro
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mwalpole
You should explain the significance of NF being highly conserved between species 

mwalpole
Make sure you have some higher mag images to really highlight the preservation of the BL tubes.  



 

 

 

 

 

Figure 7.6. Representative micrographs of H&E and anti-laminin immunoperoxidase staining. 
Panels A) and E) are anti-laminin staining of decellularized tissue.  Panels B) and F) are anti-
laminin staining of control tissue.  Panel C) is H&E staining of decellularized tissue, and D) is 
H&E staining of control tissue.  The scale bars for panels A-D are 200 microns and 50 microns 
for panels E and F. 
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Chapter 8: Combinatorial Effects of Neurotrophic Factors 

ite 

extensi GF, GDNF, and 

optimu

However, simultaneous application of neurotrophic factors did not appear to change the 

imu

were m d 

average asure, neurite length.  The second measure, neurite 

constan

n 

be a res

or both esult 

average 

neurite e 

orta may be a 

better i

limiting itation of the culture system may cause an inverse 

8.4.  Be  

length.

An initial experiment (data not shown) indicated that 50 ng/ml NGF, 10 ng/ml 

GDNF, and 1 ng/ml CNTF was near the multifactor optimum.  This combination was 

used as the starting point for further experiments.  

 

 
The work in this chapter has been published as: Deister C and Schmidt CE. (2006) Optimizing 
neurotrophic factor combinations for neurite outgrowth. J Neural Eng 3, 172-179. 

 

This chapter examines the influence of neurotrophic factor cocktails on neur

on in an explant model.  The cocktails were made of nerve N

CNTF at various concentrations.  Each of the three factors had some influence and the 

m cocktail was synergistic, yielding twice the expected neurite outgrowth.  

opt m concentration of the individual factors. Two measurements of neurite extension 

ade from each explant.  The lengths of the longest neurites were determined an

d to generate the first me

outgrowth, correlates to the total volume of neurites extended from the DRG.  For a 

t number of neurites, an increase in neurite length will result in an increase in 

neurite outgrowth.  For neurites of a constant length, an increase in neurite outgrowth ca

ult of an increase in the number of neurites, the number of branches per neurite, 

.  An ideal treatment would stimulate all neurons to extend long neurites and r

in high values of both neurite outgrowth and length.  

However, the neurite outgrowth measurement is more dependent on the 

 length than on the longest neurite length.  This difference may increase th

imp nce of the neurite outgrowth measurement as the average neurite length 

ndicator of regenerative potential than the longest neurite length.  Additionally, a 

 nutrient or other lim

relationship between the neurite outgrowth and the longest neurite lengths, see Section 

cause of this, neurite outgrowth was considered more important than neurite
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8.1 The Effec

We investigated the effect of NGF in e presence of 10 ng/ml GDNF and 1 ng/ml 

CNTF. f 

 50 

 was 

 

ed 

 

 

t this 

e 

 the 

0 ng/ml GDNF conditions, 10 ng/ml of GDNF was considered the optimal 

concen

rowth 

 RGs treated with only CNTF at 1 (data not shown), 10, or 100 ng/ml or controls 

(no neurotrophic factors) had 

t of NGF in NGF/ GDNF/CNTF Combinations 

 th

  Increasing NGF concentrations increased neurite outgrowth but not the length o

the longest neurites, Figure 8.1.  NGF stimulation appears to plateau at approximately

ng/ml in this model.   

  

8.2 The Effect of CNTF in NGF/GDNF/CNTF Combinations 

Varying the CNTF concentration in the presence of 50 ng/ml NGF and 10 ng/ml 

GDNF suggests that 10 ng/ml CNTF may be an optimal concentration, Figure 8.2.  The 

differences in neurite outgrowth between groups with different CNTF concentrations

much smaller than with either NGF or GDNF.  For the 1 and 10 ng/ml conditions the

experimental power was increased to allow statistical significance.  The n was increas

to 38 and 30 for the 1 and 10 ng/ml conditions respectively.  With these changes the 

difference between the 1 ng/ml CNTF and 10 ng/ml CNTF groups was significant with a

t-test.  However, no differences were significant with ANOVA and Dunnett T3 post-hoc 

test.   

8.3 The Effect of GDNF in NGF/GDNF/CNTF Combinations 

Varying the GDNF concentration in the presence of 50 ng/ml NGF and 10 ng/ml 

CNTF showed that neurite outgrowth was maximized at 10 ng/ml, Figure 8.3.  The 

maximum neurite length was lower at 10 ng/ml GDNF than at 1 or 100 ng/ml bu

may be due to limitations of the culture system.  Considering the large (2-3 fold) increas

in neurite extension and the relatively small decrease in neurite length (~20%) versus

1 and 10

tration. 

 

8.4 The Relation between Neurite Length and Outg

D

neurite lengths of approximately 1000 µm.  Other groups  
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Figure 8.1.  Effect of NGF in NGF/GDNF/CNTF mixtures.  For DRGs treated with 10 
ng/ml GDNF and 1 ng/ml CNTF and 1, 10, 50, or 100 ng/ml NGF; the neurite outgrowth 
(A) and the longest neurite length (B) are shown.  Stimulation appears to plateau at 5
ng/ml NGF.  The number of explants per group is 10, 10, 38, and 10 for [NGF] 1, 10
and 100 ng/ml r

0 
, 50, 

espectively.  Symbols above the columns indicate significant differences. 
tes a difference (p<0.005) from the 1 ng/ml condition with a Dunnett T3 post-

oc test.  (#) denotes a difference (p<0.001) from controls (neurite outgrowth 0±25.4 

 

(+) deno
h
percent and length 916±203 µm) with a t-test. 
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Figure 8.2.   Effect of CNTF in NGF/GDNF/CNTF mixtures.  For DRGs treated with 50 
ng/ml NGF, 10 ng/ml GDNF, and 0, 1, 10, or 100 ng/ml CNTF; the neurite outgrowth 

es.  

(A) and the longest neurite length (B) are shown.  Stimulation appears to plateau at 10 
ng/ml CNTF.  The number of explants per group is 25, 38, 30, and 9 for [CNTF] 0, 1, 10, 
and 100 ng/ml respectively.   Symbols above the columns indicate significant differenc
(+) denotes a difference (p<0.05) from the 0 ng/ml condition with a Dunnett T3 post-hoc 
test.  (++) denotes a difference (p<0.05) from the 1 ng/ml condition with a t-test.  (#) 
denotes a difference (p<0.001) from controls (neurite length 916±203 µm and outgrowth 
0±25.4 percent) with a t-test. 
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Figure 8.3.  Effect of GDNF in NGF/GDNF/CNTF mixtures.  For DRGs treated with 50 
ng/ml NGF, 10 ng/ml CNTF, and GDNF as listed; the neurite outgrowth (A) and the 
longest neurite length (B) are shown.  10 ng/ml GDNF appears to be optimal.  The 
number of explants per group is 12, 30, and 11 for [GDNF] 1, 10, and 100 ng/ml 
respectively.   Symbols above the columns indicate significant differences.   (+) denotes a 
difference (p<0.01) from the other conditions with a Dunnett T3 post-hoc test.  (#) 
denotes a difference (p<0.001) from controls (neurite length 916±203 µm and outgrowth 
0±25.4 percent) with a t-test. 
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had neurite lengths clustered at approximately 2000 µm and 2500 µm respectively.  The 

groups which had neurite lengths of approximately 2500 µm had suboptimal levels of 

neurite outgrowth.  As seen in Figure 8.4, an inverse relation between neurite outgrowth 

and length was observed.  

 

8.5 NGF, GDNF, and CNTF Interact to Influence Neurite Extension 

The combination of 50 ng/ml NGF, 10 ng/ml GDNF, and 10 ng/ml CNTF 

condition provides the highest neurite outgrowth observed while doubling the neurite 

length compared to the controls (2031±436 µm vs. 916±203 µm).  Figure 8.5 shows the 

intensity and length for 50 ng/ml NGF, 10 and 100 ng/ml GDNF, 10 and 100 ng/ml 

CNTF, the combinations of 50 ng/ml NGF and equal concentrations of GDNF and 

CNTF.  The neurite outgrowth from the 50 ng/ml NGF, 10 ng/ml GDNF, and 10 ng/ml 

CNTF condition is 2.0 times the value of the addition of the 50 ng/ml NGF, 10 ng/ml 

GDNF, and 10 ng/ml CNTF conditions.  The neurite outgrowth from the 50 ng/ml NGF, 

100 ng/ml GDNF, and 100 ng/ml CNTF condition is approximately additive at 1.2 times 

the value of the 50 ng/ml NGF, 100 ng/ml GDNF, and 100 ng/ml CNTF conditions. This 

suggests that the interaction of the three factors has a synergistic component.  Figure 8.6 

shows representative frames of six of the conditions listed in Figure 8.5.   

 

8.6 Implications of the Results 

The present study uses an organotypic explant system to examine the neurite 

DRG neurons in explant culture has been shown [1].  Overall the DRG explant model is 

more similar to actual nerve regeneration than other in vitro models based on dissociated 

neurons or 2D substrates.  However, there ar important differences between this explant  

promoting effects of neurotrophic factor combinations.  The DRG explant system 

provides several advantages.  The explant system maintains the three-dimensional 

relationship between neurons and associated cells in the DRG and does not remove the 

axon from the neuron cell body.  The collagen gel of the explant system allows the 

neurites to extend into a three-dimensional microenvironment.  High (>90%) viability of 

e 
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Figure 8.4.  The relationship of neurite length to neurite outgrowth.  For DRGs treated 
with neurotrophic factors as listed ([NGF] [GDNF] [CNTF]); neurite outgrowth (A
longest neurite length (B) are shown.  The number of explants per group is 12, 11, 10, 2
30, and 9 for (50 1 10), (50 100 10), (50 100 100), (50 10 0), (50 10 10), and (50 10 100) 
respectively. 

) and 
5, 

 Symbols above the columns indicate significant differences.   (#) deno
difference (p<0.001) from controls (neurite length 916±203 µm and outgrowth 0±25.4 
percent) with a t-test. 

 

 

 

tes a 
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Figure 8.5.  Synergistic and additive respons s to NGF/GDNF/CNTF mixtures. For 

0 
(50 10 10),  and (50 100 100) respectively.  Symbols above the 

columns indicate significant differences.  (+) denotes a difference (p<0.001) from the 
other groups via a Dunnett T3 post hoc test. #) denotes a difference (p<0.001) from 
controls (neurite length 916±203 µm and outgrowth 0±25.4 percent) with a t-test. 

e
DRGs treated with neurotrophic factors as listed ([NGF] [GDNF] [CNTF]); the neurite 
outgrowth (A) and the longest neurite length (B) are shown.  For the 50 10 10 condition, 
the neurite outgrowth is 2.0 times the response expected from adding the response of the 
individual components.  For the 50 100 100 condition, the neurite outgrowth is 1.2 times 
the response expected from adding the response of the individual components.  The 
number of explants per group is 19, 19, 12, 14, 6, 30, and 10 for (50 0 0), (0 10 0), (0 10
0), (0 0 10), (0 0 100), 

 (
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 Figure 8.6. Representative micrographs of selected neurotrophic factor treatments.  A) 50
ng/ml NGF, 10 ng/ml GDNF, and 10 ng/ml CNTF; B) 50 ng/ml NGF, 100 ng/ml GDNF, 
and 100 ng/ml CNTF; C) 10 ng/ml GDNF, D) 50 ng/ml NGF, E) control culture, no 
neurotrophic factors, and F) 10 ng/ml CNTF.  Scale bars are 200 µm. 
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system and in vivo regeneration. The outgrowth of Schwann cells from the explant is 

limited in serum free culture, reviewed in reference 2.  However by the endpoint, four 

days in vitro, Schwann cells are present along the full length of the extending neurites 

(data not shown).  Neurotrophic factor gradients in this model system are either not 

present or substantially different than the gradients seen in vivo.  The neuron cell bodies 

are also exposed to an environment more similar to that seen by the neurites than would 

be the case in vivo.  It is important to note that picogram levels of several factors, 

including the three investigated, should be present in the media due to the cells in the 

explant [3, 4].  However, the concentrations investigated are in the 1-100 ng/ml range, 2-

4 orders of magnitude greater.  Additionally, the neurotrophic factors can affect a neuron 

directly or indirectly through Schwann cells or other neurons.  One possible limitation of 

explant systems is variability in the number of neurons per DRG.  However, we observed 

no correlation between the area of the DRG and the neurite outgrowth in our experiments 

(covariance= -0.04).   

 

8.6.1 Combinations of NGF, GDNF, and CNTF Improve Neurite Outgrowth 

The purpose of this study was to determine if combinations of neurotrophic 

factors from the three main families benefit neurite extension and the most appropriate 

concentrations of the three factors studied.  The data show that combinations have a 

positive interaction with respect to neurite extension.  The two measurements made in 

this study, neurite outgrowth and length, correlate to the total neurite volume and longest 

neurite length respectively.  The longest neurite measurement was used because an 

unbiased measure of the total number of neurite was not possible due to the number of 

e in 

neurite outgrowth could be a result of any on  of these factors or a combination.  Since 

NGF and GDNF have been shown to influence neurite extension from different DRG 

neuron subpopulations [5], combinations including both NGF and GDNF should increase 

neurites and the three dimensional nature of the extension.  In the explant model, the 

neurite outgrowth will increase with the number of injured axons extending neurites, the 

number of branches per regenerating axon, and the length of the neurites.  An increas

e
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the number of regenerating axons.  Combinations of BDNF, another neurotrophin, and

GDNF have been shown to increase the number of neurites per basal lamina [6] 

suggesting that the combination influences branching.  Bogenmann et al. showed that 

CNTF increases the responsiveness of neuroblastoma cells to NGF [7].  GDNF has a

been shown to increase this interaction between CNTF and NGF [8].  It is likely that both

the number of regenerating axons and the number of branches per axon are influenced by

neurotrophic factor combinations, also see Figure 8.6.  

The length measured in this study corresponds to the average length of the five

longest neurites measured from each explant.  The total amount of neurite extension, as 

measured by the neurite outgrowth measurement, appeared to limit the neurite length, 

shown in Figure 8.4.  As the outgrowth measurement is sensitive to the total amount of 

neurites extended, this relation between neurite length and outgrowth should not be a 

result of a change in the level of branching.  In previously published reports, and our own 

observations, neurite le

 

lso 

 

 

 

ngths are shorter than in similar in vivo experiments [2].  

dditionally, neurite extension ceases after five or six days in culture and degeneration 

rient.  If 

there is  and 

 and 

GF 

 

A

begins soon after.  One possible explanation for this behavior is a limiting nut

 a limiting nutrient, a high level of neurite outgrowth may limit neurite length

explain the behavior seen in Figure 8.4.  Neurite lengths may also be limited by 

inappropriate gradients of neurotrophic factors as this system has little or no gradient

significantly longer neurite lengths have been reported in systems using neurotrophic 

factor gradients [9].   

 

8.6.2 Optimal Concentrations do not Differ in Combined Treatment 

Previous work (data not shown) identified 50 ng/ml of NGF as the optimum N

concentration when delivered alone.  Though various studies use a wide range of NGF 

concentrations, this optimum agrees with several papers using 50-100 ng/ml of NGF [10, 

11, 12].  In this study the single factor optimum for GDNF was 10 ng/ml (data not 

shown) which agrees with a previous study [5].  In this study CNTF had no significant

effect when applied individually but did have an effect in combination with NGF and 
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GDNF, Figure 8.2.  This effect reaches a plateau at [CNTF] = 10 ng/ml.  Several studie

have shown significant effects with CNTF concentrations between 10 and 25 ng/

different systems [8, 13, 14].  This difference in sensitivity to CNTF delivered alone m

be a result of the high viability of DRG neurons in explant culture [1] as the effects of 

CNTF are often related to neuron survival and phenotype maintenance.  The mixture of 

50 ng/ml NGF, 10 ng/ml GDNF, and 10 ng/ml CNTF provided the best combination of 

neurite outgrowth and neurite length.  This neurotrophic

s 

ml in 

ay 

 factor mixture corresponds to 

the com

s, the 

9].  

e. 

uron model equivalent to the DRG explant is available, only 

nsory neuron regeneration was examined.  However, as the members of each of the 

e behavior found in 

the cur

 

or 

bination of the optimums of the individual factors and appears to optimize neurite 

outgrowth in this system.   

  

8.7 Adapting an in vitro Optimum to in vivo Nerve Regeneration 

Neuron subtypes express different receptors and are thus affected by different 

neurotrophic factors [15, 16, 17].  Although this is true even within subtypes, for instance 

within the DRGs studied here, and for each of the families of neurotrophic factor

differences in neurotrophin receptors between sensory and motor neurons are especially 

important.  More sensory neurons express TrkA, the NGF specific receptor, than TrkB or 

TrkC, the BDNF and NT-3 specific receptors respectively [16].  Despite the presence of 

TrkB, BDNF has been shown to have little or no effect on sensory neurons [18, 1

Similarly, motor neurons cease expressing TrkA soon after birth and so are not affected 

by NGF [20].  Both GDNF and CNTF have fairly broad sensitivities in peripheral nerv

As no motor ne

se

neurotrophic factor families have very similar signaling behaviors, th

rent study may be useful for other neuron types by changing the neurotrophic 

factors included to correspond to the receptors expressed by the target neurons.  In most

peripheral nerve injuries, several subtypes of neurons are affected with sensory and motor 

being the most important clinically.  Because of the differential neurotrophin recept

expression, the use of BDNF in addition to NGF, GDNF, and CNTF should be 

considered for in vivo testing.  Our results indicate that peripheral sensory nerve 
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regeneration will benefit from maintaining the local microenvironment at 50 ng/mL NGF,

10 ng/mL GDNF, and 10 ng/mL CNTF.  These concentrations are higher than have bee

investigated in previous delivery systems [4, 21].  
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Chapter 9: Conclusions and Discussion 

 

microe

results the lumen of a nerve conduit with a 

scaffold ghly 

hydrog

improving the bioactivity of the extracellular environment.  Chapter 7 describes the 

successful creation of decellularized human nerve with a well preserved extracellular 

matrix structure.  These decellularized nerve grafts are of a sufficient diameter and length 

to repair injuries which can not be repaired with current conduits.  This graft provides 

chemical, through the laminin of the preserved endoneurium, and physical, through the 

structure of the preserved endoneurium, cues for regeneration.  Because of the highly 

bioactive structure present, this graft provides an excellent base for further 

improvements.   

Supplementation with exogenous neurotrophic factors is the most direct way to 

improve the functional recover and increase the size of injury that can be repaired with a 

given nerve graft/conduit.  Chapter 8 covers the optimization of the concentration of three 

neurotrophic factors.  The optimum defined by this work, 50 ng/ml NGF and 10 ng/ml 

GDNF and 10 ng/ml CNTF, can be implemented in a nerve graft/conduit through a drug 

delivery system.  Because of the high concentrations of neurotrophic factor needed and 

the requirement for a high void fraction to allow axonal regeneration, delivery with 

microparticles is unlikely to be satisfactory.  Delivery from the walls of a nerve conduit is 

possible, but is complicated by the requirement that the conduit walls be semi-permeable 

to allow oxygen and nutrient diffusion for regeneration over long gaps.  With the 

limitations on delivery with particles and from the conduit wall, neurotrophic factor 

delivery from an osmotic pump reservoir system appears to be the best alternative. 

The results of the experiments in this dissertation help define the 

nvironment that we want to create with a new generation of nerve grafts.  The 

described in Chapter 6 suggest that filling 

hydrogel made with 1.5 mg/ml of both collagen 1 and laminin will provide an effective 

 for nerve extension while avoiding the inhibition possible with more hi

concentrated hydrogels.  However, the lack of combinatorial effects between the four 

el components tested suggests that contact guidance will be important for 
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Taken as a whol  of a composite graft 

consisting of a semi-permeable conduit containing one or more segments of 

decellu lementation 

s 

e, the results presented here suggest the use

larized nerve tissue bridging the gap with neurotrophic factor supp

from a separate reservoir, Figure 9.1.  The use of multiple grafts in the lumen increase

the supply of usable tissue and allows for fascicular alignment.  The semi-permeable 

conduit mimics the epineurium and allows the transport of oxygen and other nutrients.  

Without the axial diffusion of nutrients, the central portion of the graft may become 

hypoxic and limit regeneration.    

 

 
Figure 9.1.  Schematic of composite nerve graft.  This graft consists of one or more (two 
in this example) parallel segements of decellularized nerve inside of the lumen of a sem
permeable conduit.  An external reservoir system supplies neurotrophic factors such tha
the apparent neurotrophic source remains distal to the regenerating axons until the 
regeneration crosses the graft.    
 

9.1 Possible Limitations 

 Large gaps are difficult to investigate in animal models because most animal 

models are fairly small, inherently limiting the size of an injury.  Because of this and the 

fact that larger injuries have lower levels of regeneration, some researchers have 

suggested that Schwann cells may have a limited potential to migrate into an injury site.  

This would set an upper limit for the size of injury that can be treated without 

i-
t 
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incorpo

possible. 

rs 

 

 the time needed for regeneration to cross a graft is 

dependent on the length of the graft, the timing of the release must be designed into each 

graft class. 

 

9.2 Possible Improvements 

 While a “nerotrophic trap” is a possible limitation, neurotrophic factor gradients 

are especially useful in nerve regeneration.  The gradient guides regeneration, a similar 

phenomenon to contact guidance, and can increase the length of neurites, see Chapter 8.  

This effect is dependent on both the gradient and the concentration presented to the 

regenerating axons.  Any delivery system will result in gradients, but careful attention to 

shaping the concentration gradients over time could benefit the regenerative potential of a 

new nerve graft. 

 

roteins are well conserved between species, the use of a xenogenic tissue with a 

ay be viable.  This would greatly increase the supply of tissue 

y 

rating Schwann cells into the graft.  Harvesting and incorporating Schwann cells 

greatly complicates the manufacture of the graft and so should be avoided if 

 While neurotrophic factors supplementation is intended to help regeneration 

across the injury, a stationary source of neurotrophic factors can act as a “neurotrophic 

trap” effectively stopping regeneration.  This is due to the nature of neurotrophic facto

which guide nerve regeneration toward higher concentrations.  The delivery of 

neurotrophic factors must be timed so that the growth front of axons never passes the

source of neurotrophic factors.  As

 The supply of cadaveric tissue is much greater than that of autogenic tissue but is 

still very limited.  Cadaveric tissue is also an infection risk.  Additionally, there is little 

control over the characteristics of the tissue harvested.  Because extracellular matrix

p

decellularization process m

and control over the tissue.  Highly anisotropic hydrogels and polymer constructs ma

also eventually provide an acceptable alternative and would greatly increase the control 

over the graft.  Through whatever source, creating a highly structured and bioactive 

scaffold equivalent to the current allogenic tissue-based scaffold but with a greater degree 

of control over the dimensions and pathogen exposure is highly desirable.   
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Appendix 

A.1: Dorsal root ganglia culture and neurite extension assay 

 
Materials 

• Collagen stock (BD 354236 is gel quality, many collagens are not)  
• P/S Antimycotic (Sigma A7292) 
• HEPES solution, 2.2 g NaHCO3, 4.77g HEPES in 100 ml of 0.05 N NaO

sterile 
• 0.2% Acetic Acid, sterile (0.5 M) 
• DMEM, powder aliquoted for small volume (1-5 ml) of 10X concentration   
• Ice, ice (ie. use cold) all reagents and materials unless otherwise noted 
• 0.5-ml tubes (or other appropriate volume), ice these 
• pipet

H, 

 tips, chill these before use  
• 13-mm plastic coverslips, Nunc  
• 24- or 4-well plates, fill non-well voids with sterile water or PBS to decrease 

• 
evaporation. 
Cleaned DRGs  

 
Preparations 
Before the harvest begins, generally the night before: 
Make the 10x DMEM.  
Also make any necessary solutions (ie. neurotrophic factor supplemented media, etc)
 
At beginning of day: 
Fill the inter-well space of the 24 well plate(s) and/or 4 well clusters with sterile water or 
PBS.  Do not fill 
enough to cover the area. 

 

this close to the top, this is a contamination/dilution risk, rather just 

ul of 

 
At the same time or after the DRGs are cleaned for each animal: 
Aliquot collagen stock from the stock vial (with syringe) and also place on ice. 
Collagen Dilution: 45 ul Acetic acid sol, 37.5 ul NaOH solution (C below), and 37.5 
10X DMEM, place on ice.  One vial per animal to be harvested. 
 
The Collagen Gel 
 
Following the protocol of Horie et al. (Neuroscience Letters 121(1991) 125-128) 
 
a) collagen stock solution or diluted stock solution as necessary. 
    Take stock BD collagen and dilute with 0.5M acetic acid. 
    (for me as of 4/5/05 4.66 mg/ml stock dilute: 231.75 uL stock and 128.25 uL 0.5 M  
    acetic) 
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b) 10X DMEM.  Make fresh (day befor le powder and dI water.  (Filter 
T done.  Make sure that 

HCO3, 4.77g HEPES in 100 ml of 0.05 N NaOH 
 
Com in p everything on ice as much as possible. 
 
(Short version for 4.66 mg/mL col I stock: 257.5 uL col stock, 142.5 uL 0.5M acetic, 50 
uL of 10x DMEM, and 50 uL of NaOH solution) 
 
Chill al
 
Use i
 
Imb d

e) with steri
sterilizing the mixed 10X appears to remove material so is NO
the powder remains sterile while weighing, etc). 
 
c) 2.2 g Na

b e the above in A:B:C=8:1:1.  Kee

l solutions, containers, and tips before use.  

 w thin about 1 hour (before 1.5 hr).  Always keep in ice. 

ed ing 
 
A) 24 well plate culture – Coverslip 

(Nunc) because of ease of handling.   
s possible by passing the DRG 

 

dia into the well.  Try to eliminate any bubbles observed. 

 
1. 13-mm plastic coverslips work the best 
2. Remove as much media form the cleaned DRG a

between tweezers. 
3. Place the DRG in the center of the coverslip. 
4. Pipet 15 uL of the prepared collagen gel over the DRG and spread to the edges

with the pipet tip. 
5. Place in well (24 or 4 well plates).  (fill the well exterior with sterile water or PBS 

previously, do not fill close to the top, small volume only) 
6. Place the plate in the incubator for 15-30 min (using 15-20). 
7. Pipet 500 uL of me
8. Incubate for 4 days, or as needed.  Changing media appears to be bad. 

 
Staining 
Use Kathon at 0.1% (v/v) as a preservative to prevent spoilage were appropriate.  Note 
that glass coverslips should be used for multichannel staining 
 
Primary 

1. Wash with PBS once (500 uL) 
2. Fix in 4 % paraformaldehyde in PBS for 1 hr (500 uL).  Made fresh. 
3. Wash 2x for 1 hr each in PBS.  Store in a third wash at 4 deg C till sta
4. Remove from wells and place on paraffin coated surface 

rt next step 

d primary antibody in 3% BSA in PBS for 48 hrs at 4-8 degrees (100 uL) 
8. Remove antibody solution and return to wells 

5. Block w/ 3% (w/v) BSA in 0.1% X-100 in PBS for 1 hr (100 uL) 
6. Remove blocking solution 
7. Ad
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9. Rinse once with PBS (500 uL) 
10. Wash in 500 uL PBS, 3 x 1hr  
11. Remove from wells and place on paraffin coated surface 

 not directly using 

1. Add secondary antibody in 3% BSA in PBS for 24 hrs at 4-8 degrees (100 uL) 

4. Wash in 500 uL PBS, 3 x 1hr  
 slide to image 

6. Image with Olympus IX70.  Use 4x objective (use higher mag where appropriate) 

ntibody Dilutions

 
From here all steps in dim light/dark and cover with foil when
 
Secondary and Imaging 

2. Remove antibody solution and return to wells 
3. Rinse once with PBS (500 uL) 

5. Mount by surface tension on the bottom of a

 
A  

5 1:100 
nti-S100 1:50 

 
 Co

Anti-PGP9.
A
all secondary Abs at 1:100 

mposite images 
Ma
canvas as separate layers, set one layer partially transparent and align with underlying, 
rep
 
Neurite ents

ke composite images manually with Adobe Photoshop.  Import an image into a new 

eat until full section is complete. 

 Length Measurem  
In I
straigh  DRG body.  The 
con = 1 micron. 
 
Neu

mageJ, open the composite image and use the “straight line tool” to measure the 
t line distance (radially) between the end of a neurite and the

version from pixels to microns for the 4x objective is 2.23 pixels 

rite Outgrowth 
Also in ImageJ, use the “freehand selection” tool to block (use background color to fill) 

f the DRG.  Then use the same tool to select the area containing the extending 

e grayscale spectrum 
ould show separate peaks for background and signal.  For each set (stains from the 

ks made at the same time) use the same thresholding value.  This value does 
nee

the body o
neurites the EDIT/Clear Outside.  This results in an annular region.  Then use the 
Threshold function to select the pixels containing neurites.  Th
sh
same stoc

d to be set manually (qualitatively). 
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A.2 and sputter coating. : SEM sample preparation for hydrogel: critical point drying 

Fixation 

1. Wash with PBS once (500 uL) 
rmaldehyde in PBS for 1 hr (500 uL).  Made fresh. 

p 
 

Cri l

2. Fix in 4 % parafo
3. Wash 2x for 1 hr each in PBS.  Store in a third wash at 4 deg C till start next ste

tica  point drying 

1. Wash in diH2O, 3x for 15 min each. 
2. Place samples into CPD cassette.  Remember to use washers as spacers and to 

note the order. 
 the following ethanol solutions: 

nol in diH2O — 1x for 15 min 
thanol in diH2O — 1x for 15 min 

iH2O — 1x for 15 min 
• 100% ethanol — 2x for 15 min 

8. Turn machine on and chill to below 10 deg C (~5 deg C). 

11. Let mix for 5 min with CO2 running. 

ed 

ssicated till sputter coat (should do very soon 
after finished). 

18. Follow default instructions posted on the sputted coater and shown on the next 
page: 
 
 
 
 

3. Wash through
• 25% etha
• 50% e
• 75% ethanol in d

4. Wash 2x for 15 min each in EM grade acetone. 
5. Plase into critical point dryer (filled with acetone, ~10ml) 
6. Close lid/tighten nuts 
7. close both needle valves 

9. Open “fill valve” (the “Fill on” button) and the CO2 tank. 
10. Open (“crack” only) the inlet needle valve a small amount.  Observe the fluid 

flow through the window adjust till see a small amount of turbulence but no 
bubbles. 

12. Purge: “purge” button to “on.”  Open purge-vent needle valve to just see a bubble 
at the top of the window but NOT growing. 

13. Purge for ~ 1 min. 
14. Close Purge needle valve and “purge” to “off.”  
15. Use “cool” valve as needed to keep temperature below 10 deg C. 
16. Repeat steps #10-15 a total of 5 times (fewer repeats for shorter times can be us

for smaller sample sizes). 
17. Vent to atmospheric and keep de
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Sputter Coater Operation 
Protocol from Gazell Mapili last modified 9/25/03  

utter-coating samples can only be done after samples have been completely 
ied.  (Ethanol washings, CPD, lypholize).   

y on silver studs using carbon back taping. 
alve turn.   

5. Break vacuum pump seal on lid by opening the needle valve.   
nd place samples into holder using appropriate forceps (the one with 
rs).  System only holds a maximum of 6 samples. 

rr. 
9.  needle valve until pressure reaches 1 torr.  Do this 2X’s.  Wait 

10. 
11. reach a current of 

12. r er”.  Turn Timer knob to 75 for 10-15nm 

 t argon needle valve to 

 , turn voltage knob to “0”.   
 
  value. 

19.  lid. 
. 

 
 

 
1. Sp

dr
2. Mount the samples appropriatel
3. While leaving the regulator alone, open the argon tank with one full v
4. Make sure the argon needle valve is finger-tight (and NO tighter!!!).   

6. Tilt lid back a
circular pointe

7. Flip the power switch on. 
8. Turn the Process Control knob to “Pump”.  Wait for the pressure to reach 0.1 to

Turn the argon
until the pressure reaches 0.02-0.04 torr.   
Set Voltage Knob to 2.5 Kv 
Turn Process Control knob to “Set” and bleed in argon to 
20mA.  Allow it to stabilize. 
Tu n Process Control knob to “Tim
coatings.   

13. Push time button in the Process Control knob area.  Adjus
 keep current at 20mA.

14. Once coating is complete
15. Turn the Process Control knob to the off position.  
16. Turn the Timer Knob back to 60 because this is the default
17. Bleed vacuum on the lid.   
18. Open lid and remove samples.   

Close the
20. Turn Process Control knob to “Pump”
21. Close argon leak valve to seal chamber.   
22. Allow the pressure to reach 0.1 torr, and turn the Process Control knob to the off 

position. 
23. Turn off power switch. 
24. Close argon tank completely. 
25. Sign in on the log sheets. 
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Glossa
 
Acellular or Decellularized Graft

ry 

: Tissue which has been processed to destroy the cells 

An

within it before implantation.  In some processes the debris from the destroyed cells 

is also removed.  This processing renders the graft less or non-immunogenic. 

tigen:  A molecule or part of a molecule that can be recognized by the immune system 

Atr

and elicite and immuneresponce. 

ophy:  A degenerative process where a tissue shrinks due to lack of use. 

Autologous Nerve Graft / Autograft:  A segment of nerve from another part of the patient 

Axon

and used to repair a peripheral nerve injury.  

:   The axon has distinct protein 

a gth. 

Ban

 The long process extending from a neuron.

localization and can be identified immunochemically.  In humans, the longest axons 

re approximately 1 meter in len

d of Bunger:  A structure composed of aligned, activated Schwann cells.  The 

structure acts as a guide for nerve regeneration. 

Basement Membrane / Basal Lamina: A sheet of connective tissue surrounding a group 

of cells.  The mebrane is distinct from other extracellular matrix and is composed of 

n-lucid layers 

ponents are collagen IV and laminin.  

asement membrane is used to denote the 

e the term basal lamina is a substructure 

Cen

an electron-dense layer (the lamina densa) surrounded by two electro

(the lamina lucida).  The major com

Fibronectin is also associated.  The term b

structure visible with light microscopy, whil

visible with electron microscopy.  In practice the terms are often used 

interchangeably.   

tral Nervous System (CNS):  The tissues of the brain and spinal cord.  In general, the 

CNS contains the cell bodies of the neurons. 

ollagenC : A family of extracellular matrix proteins.  Collagens are the major structural 

components of the extracellular matrix. 

Dendrite:  A relatively short process extending from a neuron.  Dendrites are functionally 

distinct from axons and can be differentially stained immunochemically.  Dendrite 

are generally involved with receiving and integrating signals. 
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Distal: Further from the core of the body.  Closer to the extremities. 

Dorsal Root Ganglion (DRG):  A structure on the spinal nerves within the spinal column

but outside the spinal cord.  It contains the cell bodies of the sensory neurons 

innervating the peripheral nervous system.  

 

Endoneurium:  A basement membrane surrounding Schwann cells which have 

ensheathed an axon.  The structure is important in nerve regeneration. 

Epineurium:  The outermost membrane layer of a nerve cable.  It surrounds multiple 

Epith

fascicles each of which contains multiple axons. 

elial cells:  A cell type associated with coverings or linings.  In this work especially 

Extra

with the lining of the vasculature.  

cellular Matrix (ECM):  The high molecular weight, highly hydrated, 

muticomponent structure that surrounds cells in vivo. The ECM has important 

Fasci

biological charateristics. 

cle:  An internal subdivision of a nerve cable.  The fascicle is surrounded by the 

Fibrin

perineurium. 

:  The polymeric form of fibrinogen.  The protein that forms clots.  Highly involved 

in most regenerative processes and the formation of scar tissue.  

nectinFibro : One of the protein components of the ECM.  Typically involved in 

adhesion. 

uronic acid

cell 

Hyal :  Also hyaluronan and hyaluronate.  A glycosaminoglycan and 

components of the ECM.  Composed of a disaccaride repeat of D-glucu

and D-N-acetylgluc

ronic acid 

osamine. 

Iatrogenic:  Induced by a physician or medicine. 

vateInner :  The functional connection of nerves to a target tissue. 

Laminin: A family of extracellular proteins.  Laminins are enriched in basal lamina and 

are important for cell migration and adhesion. 

Ligand:  A molecule that interacts with and is bound to by another molecule. 

ophage / MonocyteMacr :  A cell of the immune system.  Macrophages are phagocytic 

cells which ingest and digest materials.  Monocytes are imature macrophages. 
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Myelin:  A phospholipid-protein material that is produced within some Schwann cells 

Nerv

that have ensheathed axons.  Myelin acts as an electrical insulator and is important 

for the rapid transmission of nerve signals. 

e Conduit:  A synthetis or semi-synthetic tube which is used to repair nerve injuries.  

Neur

The ends of the damaged nerve are sutured into the ends of the tube. 

ite:  A generic term for a process extending from a neuron.  Can be used to refer to 

both axons and dendrites.  Widely used in settings, such as most in vitro tests, 

where axons and dendrites are not distinct. 

Neuroma:  A growth on or from a nerve fiber.  Can refer to cancers or to a structure 

formed by unsuccessful regerneration after an injury. 

Neuron:  The electrically active cells of the nervous system.  The cells respo

processing and transmitting information. 

trophic

nsible for 

Neuro :  Having the ability to promote extension and formation of process or the 

Neuro

proliferation of neurons. 

tropic:  Having the ability to attract the migration of neuronal processes or neurons. 

Perineurium:  The membrane layer that divides nerve cables into fascicles.  The 

perineurium lays between the the endoneurium and the epineurium. 

Peripheral Nervous System (PNS):  The system composed of the nerve cables extend

from the br

ing 

ain and spinal cord. 

Proximal: Closer to the core of the body.  Further from the extremities. 

ann CellSchw :  The primary support cell of the peripheral nervous system.  Schwann 

cells secrete the endoneurium and can myelinate axons.  Schwann cells are also 

d cell adhesion molecules. important sources of neurotrophic factors an

Wallerian Degeneration:  A degenerative process involving a change in Schwann cell 

 

phenotype and eventual formation of Bands of Bunger. 

 120



Bibliography 

bald SJ, Krarup C, Shefner J, Li ST, and Madison RD. (1991) A collagen-based 
 guide for peripheral nerve repair: an electro
eration in rodents and non-human primates. 

Archi
nerve physiological study of nerve 
regen Journal of Comparative Neurology 306, 

Agiu  by Intact and 

Ahme
fibron ue Engineering 9, 219-31. 

tions, 
and ther

prolif 5-127. 

research. Brain research protocols 12, 132–6. 

Arch sed nerve 
guide nerve 

, 
685-9

urprises!. 

 
TrkA he 
recep

activa

ttiah DG, Kopher RA, Desai TA. (2003) Characterization of PC12 cell proliferation and 
differentiation-stimulated by ECM adhesion proteins and neurotrophic factors.  Journal 
of materials science. Materials in medicine 14, 1005-9. 

Averill S, Michael GJ, Shortland PJ, Laevesley RC, King VR, Bradbury EJ, McMahon 
SB and Priestley JV. (2004) NGF and GDNF ameliorate the increase in ATF3 expression 

685-696. 

s E and Cochard P. (1998) Comparison of Neurite Outgrowth Induced
Injured Sciatic Nerves: A Confocal and Functional Analysis. The Journal of 
Neuroscience 18, 328-338. 

d Z, Underwood S, and Brown RA. (2003) Nerve guide material made from 
ectin: assessment of in vitro properties. Tiss

Airaksinen MS and Saarma M. (2002) The GDNF family: signalling, biological func
apeutic value. Nature Reviews. Neuroscience 3, 383-394. 

Akiyama Y, Jung S, Salhia B, Lee S, Hubbard S, Taylor M, Mainprize T, Akaishi K, van 
Furth W, Rutka JT. (2001) Hyaluronate receptors mediating glioma cell migration and 

eration.  Journal of neuro-oncology 53, 11

Anderson K N, Potter A C, Piccenna L G, Quah A K J, Davies K E and Cheema S S 
(2004) Isolation and culture of motor neurons from the newborn mouse spinal cord. Brain 

Appell HJ (1990) Muscular atrophy following immobilization . A review. Sports 
Medicine 10, 42-58. 

ibald SJ, Krarup C, Shefner J, Li ST, and Madison RD. A collagen-ba
 conduit for peripheral nerve repair: an electrophysiological study of 

regeneration in rodents and non-human primates. Journal of Comparative Neurology 306
6. 

Arevalo JC and Wu SH. (2006) Neurotrophin signaling: many exciting s
Cellular and Molecular Life Sciences 63, 1523-1537. 

Arevalo JC, Conde B, Hempstead BI, Chao MV, Martin-Zanca D, and Perez P. (2000)
 immunoglobulin-like ligand binding domains inhibit spontaneous activation of t
tor. Molecular and Cellular Biology 20, 5908-5916. 

Arevalo JC, Conde B, Hempstead BI, Chao MV, Martin-Zanca D, and Perez P. (2001) A 
novel mutation within the extracellular domain of TrkA causes constitutive receptor 

tion. Oncogene 20, 1229-1234. 

A

 121



which occurs in dorsal root ganglion cells in response to peripheral nerve injury. 

iffness 

Click EM, Crouch E, Davidson JM, and Bornstein P. (1979) Isolation of a 

ona-Wright G, and Davies JA. (2002) Signaling by glial cell 
n. 

ications for motor 

) 
term denervated muscle. The 

-3518. 

titative 
tgrowth from chick DRG explants using image analysis J Neurosci 

al and 

Matsushima H. (1998) Regulation of NGF 

 neurotrophic factor and brain-

n and inhibition of peripheral 

trophic Factors and Their Receptors in Axonal 

and Fainzilber M. (2002) Nerve 

Journal of Biological Chemistry 277, 9812-9818. 

European Journal of Neuroscience 19, 1437–45 

Balgude AP, Yu X, Szymanski A, and Bellamkonda RV. (2001) Agarose gel st
determines rate of DRG neurite extension in 3D cutures. Biomaterials 22, 1077-84. 

Balian G, 
collagen-binding fragment from fibronectin and cold-insoluble globulin. The Journal of 
Biological Chemistry 254, 1429-1432. 

Barnett MW, Fisher CE, Per
line-derived neurotrophic factor (GDNF) requires heparin sulfate glycosaminoglyca
Journal of cell science 115, 4495-4503. 

Bartlett SE, Reynolds AJ, and Hendry IA. (1998) Retrograde axonal transport of 
neurotrophins: Differences between neuronal populations and impl
neuron disease. Immunology and Cell Biology 76, 419-423. 

Batt J, Bain J, Goncalves J, Michalski B, Plant P, Fahnestock M, and Woodgett J. (2005
Differential gene expression profiling of short and long 
FASEB Journal 200, 115-117. 

Bellamkonda RV. (2006) Peripheral nerve regeneration: An opinion on channels, 
scaffolds and anisotropy. Biomaterials 27, 3515

Bilsland J, Rigby M, Young L and Harper S (1999) A rapid method for semi-quan
analysis of neurite ou
Methods 92, 75-85. 

Blumcke S, Niedorf HR, and Rode J. (1966) Axoplasmic alterations in the proxim
distal stumps of transected nerves. Acta Neuropathologica. 7, 44-46. 

Bogenmann E, Peterson S, Maekawa K, and 
responsiveness in human neuroblastoma. Oncogene 17, 2367-2376. 

Boyd J G and Gordon T. (2003) Glial cell line-derived
derived neurotrophic factor sustain the axonal regeneration of chronically axotomized 
motoneurons in vivo. Experimental Neurology 183, 610–9. 

Boyd JG and Gordon T. (2002) Dose-dependent facilitatio
nerve regeneration by exogenous brain-derived neurotrophic factor. Eur J Neurosci 15, 
613-626. 

Boyd JG and Gordon T. (2003) Neuro
Regeneration and Functional Recovery After Peripheral Nerve Injury. Molecular 
Neurobiology 27, 277-324. 

Brann AB, Tcherpakov M, Williams IM, Futerman AH, 
growth factor-induced p75-mediated death of cultured hippocampal neurons is age-
dependent and transduced through ceramide generated by neutral sphingomyelinase. 

 122



Bunge RP. (1987) Tissue culture observations relevant to the study of axon-Schw
interactions during peripheral nerve development

ann cell 
 and repair. Journal of Experimental 

nt 12, 

 

nship between neuronal migration and cell-
 but are 

ic effect of combined 

schmidt B, Offenhauser N, Bohm-Matthaei R, Baeuerle 
actor 

-545. 

neration. Experimental Neurology 158, 290-300. 

 

inin and fibronectin. 

D 
th systematic BDNF and 

ent (NF-H) Coassembles with Vimentin in a Predominantly 

nd 
 and nerve growth factor release the capsaicin receptor fro 

2. 

Biology 132, 21-34. 

Burden SJ. (1998) The formation of neuromuscular synapses. Genes and Developme
133-148. 

Bzik KD and Bellamy RF. (1984) Editorial: a note on combat incurred statistics. Military
Medicine 149, 229-230. 

Cajal SR (1967) The Structure and Connexions of Neurons, in; Nobel Lectures, 
Physiology or Medicine 1901-1921, Elsevier Publishing Company, Amsterdam. 

Calof AL and Lander AD. (1991) Relatio
substratum adhesion: Laminin and merosin promote olfactory neuronal migration
anti-adhesive. J Cell Biol 115, 779-794. 

Cao X. and Shoichet M. S. (2003) Investigating the synergist
neurtrophic factor concentration gradients to guide axonal growth.  Neuroscience 122, 
381-389. 

Carter BD, Kaltschmidt C, Kalt
PA, and Barde YA. (1996) Selective activation of NGF-kappaB by nerve growth f
through the neurotrophin receptor p75. Science 272, 542

Ceballos D, Navarro X, Dubey N, Wendelschafer-Crab G, Kennedy WR, and Tranquillo 
RT. (1999) Magnetically aligned collagen gel filling a collagen nerve guide improves 
peripheral nerve rege

Chaudhry V, Glass JD, and Griffin JW (1992) Wallerian degeneration in peripheral nerve
disease. Neurologic Clinics 10, 613-627. 

Chen Y, Hsieh C, Tsai C, Chen T, Cheng W, Hu C, and Yao C. (2000) Peripheral nerve 
regeneration using silicone rubber chambers filled with collagen, lam
Biomaterials 21, 1541-1547. 

Cheng E T, Utley D S, Ho P, Tarn D M, Coan G M, Verity A N, Sierra D H and Terris 
J (1998) Functional recovery of transected nerves treated wi
CNTF. Microsurgery 18, 35–41. 

Chin S S M and Liem R K H. (1990) Transfected Rat High-Molecular-Weight 
Neurofilam
Nonphosphorylated Form. The Journal of Neuroscience 10, 3714-3726. 

Chuang HH, Prescott ED, Kong H, Shields S, Jordt SE, Basbaum AI, Chao MV, a
Julius D. (2001) Bradykinin
PtdIns(4,5)P2-mediated inhibition. Nature 411, 957-962. 

Clark P, Britland S, and Connolly P. (1993) Growth cone guidance and neuron 
morphology on micropatterned laminin surfaces. Journal of Cell Science 105, 203-21

 123



Clary DO and Reichardt LF. (1994) An alternatively spliced form of the nerve growth 
factor receptor TrkAconfers an enhanced response to neurotrophin 3. Proceedings of th
National Academy of

e 
 Science USA 91, 11133-11137.  

ers. Developmental Dynamics 218, 213-234. 

s growth factor. Annals of Neurology 42, 838-846. 

R, 

uble mediator CNTF responses. Science 259, 

 
ase-1 (MSK1) is directly activated by MAPK and SAPK2/p38, and may 

tide-(106-126). Journal of 

l 
llagen occurs at an 

M, Chao MV, and Hannun YA. (1994) 

Timpl R. (1985) Identification and interaction repertoire of 

ni A, Pountney D, Pizzey J, and Tonge DA. (2003) 

empstead BL. 

eering 

Colognato H and Yurchenco PD. (2000) Form and Function: The Laminin Family of 
Heterotrim

Conti AM, Fisher SJ, and Windebank AS. (1997) Inhibition of axonal growth from 
sensory neurons by exces

Danen EJ and Yamada KM. (2001) Fibronectin, Integrins, and Growth Control. Journal 
of Cellular Physiology 189, 1-13. 

Davis S, Aldrich TH, Ip NY, Stahl N, Scherer S, Farruggella T, DiStefano PS, Curtis 
Panayotatos N, Gascan H, Chevalier S, and Yancopoulos GD. (1993) Released form of 
CNTF receptor alpha component as a sol
1736-1739. 

Deak M, Clifton AD, Lucocq LM, and Alessi DR. (1998) Mitogen- and stress-activated
protein kin
mediate activation of CREB. The EMBO journal 17, 4426-4411. 

Della-Bianca V, Rossi F, Armato U, Dal-Pra I, Costantini C, Perini G, et al. (2001) 
Neurotrophin p75 is involved in neuronal damage by prion pep
Biological Chemistry 276, 38929-38933. 

DiMilla PA, Stone JA, Quinn JA, Albelda SM, and Lauffenburger DA. (1993) Maxima
migration of human smooth muscle cells on fibronectin and type IV co
intermediate attachment strength. J Cell Biol 122, 729-737. 

Dobrowsky RT, Werner MH, Castellino A
Activation of the sphingomyelin cycle through the low affinity neurotrophin receptor. 
Science 265, 1596-1599. 

Dziadek M, Paulsson M, and 
large forms of the basement membrane protein nidogen. The EMBO Journal 4, 2513-
2518. 

Ekstrom PER, Mayer U, Panjawa
Involvement of α7β1 integrin in the conditioning-lesion effect on sensory axon 
regeneration. Molecular and Cellular Neurosciences 22, 383-395. 

Esposito D, Patel P, Stephens RM, Perez P, Chao MV, Kaplan DR, and H
(2001) The cytoplasmic and transmembrane domains of the p75 and TrkA receptors 
regulate high affinity binding to nerve growth factor. Journal of Biological Chemistry 
276, 32687-32695. 

Evans GR. (2001) Peripheral nerve injury: a review and approach to tissue engin
constructs. The Anatomical Record 263, 396-404. 

 124



Farrell CM, Springer BD, Haidukewych GJ, and Morrey BF. (2005) Motorneuron palsy
following primary total hip arthroplasty. The Journal of Bone and Joint Surgery [Am] 87,
2619-2625. 

 
 

I. 
0. 

Journal of 

 Rickman S R, Mohanakumar T, and Mackinnon S E. 

umar R. D. C., McMahon S. B., and Cohen J. (1999) Growth responses of 

nction, and biosynthesis. 

 2006. 

r and 

 

 GP. (1990) Nerve graft immunogenicity as a factor determining 

hic factor interactions in peripheral 
nerve transplants. Acta Haematologica 99, 171-174 

Fields RD and Ellisman MH. (1986) Axons regenerated through silicone tube splices. 
conduction properties. Experimental Neurology 92, 48-6

Fleischmajer R, MacDonald ED, Perlish JS, Burgeson RE, and Fisher LW. (1990) 
Dermal collagen fibrils are hybrids of type I and type III collagen molecules. 
Structural Biology 105, 162-169. 

Fox I D, Jaramillo A, Hunter D A,
(2005) Prolonged cold-preservation of nerve allografts. Muscle Nerve 31, 59-69. 

Fu SY and Gordon T. (1997) The Cellular and Molecular Basis of Peripheral Nerve 
Regeneration. Molecular Neurobiology 14, 67-116. 

Gavazzi I., K
different subpopulations of sensory neurons to neurotrophic factors in vitro. Eur J 
Neurosci  11, 3405-3414.  

Gelse K, Poschl E, and Aigner T. (2003) Collagens – structure, fu
Advanced Drug Delivery Reviews 55, 1531-1546. 

Gilcrease MZ. (2006) Integrin signaling in epithelial cells. Cancer Letters.  In Press, 
Corrected Proof, Available online 24 May

Golgi C (1967) The Neuron Doctrine – Theory and Facts, in; Nobel Lectures, Physiology 
or Medicine 1901-1921, Elsevier Publishing Company, Amsterdam. 

Gomez N, Lu Y, Chen S, and Schmidt CE. (2006) Immobilized nerve growth facto
microtopography have distinct effects on polarization versus axon elongation in 
hippocampal cells in culture. Biomaterials 28, 271-284. 

Gonzalez-Martinez T, Perez-Pinera P, Diaz-Esnal B, and Vega JA. (2003) S-100 Proteins
in the Human Peripheral Nervous System. Microscopy Research and Technique 60, 633-
638. 

Gordon T, Sulaiman O, and Boyd JG. (2003) Experimental strategies to promote 
functional recovery after peripheral nerve injuries. Journal of the Peripheral Nervous 
System 8, 236-250. 

Gulati A K and Cole G P. (1994) Immunogenicity and regenerative potential of acellular 
nerve allografts to repair peripheral nerve in rats and rabbits. Acta Neurochirurgica 126, 
158-164. 

Gulati AK and Cole
axonal regeneration in the rat. The Journal of Neurosurgery 72, 114-122. 

Gulati AK. (1998) Immune response and neurotrop

 125



Gundersen RW. (1987) Response of sensory neurites and growth cones to patterned 
substrata of laminin and fibronectin in vitro. Developmental Biology 121, 423-431. 

Gunn JW, Turner SD, and Mann BK. (2005) Adhesive and mechanical properties of 
 

of 

After Axonal Injuries. The Journal of Comparative 

ivation of Rac GTPase by p75 is 

utgrowth of the nerve fiber as a mode of protoplasmic 

 P, Liu W, Moonen G and Van de 
n, 
. 

lates 
0-

on 

x 
iorheology 31, 21-36. 

hydrogels influence neurite extension. Journal of Biomedical Materials Research. Part A
72, 91-97. 

Hammarberg H, Risling M, Hokfelt T, Cullheim S, and Piehl F. (1998) Expression 
Insulin-Like Growth Factors and Corresponding Binding Proteins (IGFBP1-6) in Rat 
Spinal Cord and Peripheral Nerve 
Neurology 400, 57-72. 

Hansen ST Jr. (2001) Salvage or amputation after complex foot or ankle trauma. 
Orthopedic Clinics of North America 32, 181-186. 

Harrington AW, Kim JW, and Yoon SO. (2002) Act
necessary for c-jun N-terminal kinase-mediated apoptosis. Journal of Neuroscience 22, 
156-166. 

Harrison RG. (1910) The o
movement. Journal of Experimental Zoology 9, 787-846 

Hartnick C J, Staecker H, Malgrange B, Lefebvre P
Water T R (1996) Neurotrophic effects of BDNF and CNTF, alone and in combinatio
on postnatal day 5 rat acoustic ganglion neurons. Journal of Neurobiology 30, 246–54

Hayen W, Goebeler M, Kumar S, Riessen R, and Nehls V. (1999) Hyaluronan stimulates 
tumor cell migration by modulating the fibrin fiber architecture. Journal of Cell Science 
112, 2241-2251. 

Heidermann SR, Lamoureux P, and Buxbaum RE. (1990) Growth cone behaviour and 
production of traction force. J Cell Biol 111, 1949-1957. 

Herbert CB, Nagaswami C, Bittner GD, Hubbell JA, and Weisel JW. (1998) Effects of 
fibrin micromorphology on neurite growth from  dorsal root ganglia cultured in three-
dimensional fibrin gels. Journal of Biomedical Materials Research 40, 551-559. 

Higuchi H, Yamashita T, Yoshikawa H, and Tohyama M. (2003) PKA phosphory
the p75 receptor and regulates its localization to lipid rafts. The EMBO journal 22, 179
1800. 

Horie H., Bando Y., Chi H., and Takenaka T. (1991) NGF enhances neurite 
regnerneration from nerve-transected terminals of young adult and aged mouse dorsal 
root ganglia in vitro. Neurosci Lett 121, 125-128. 

Hou S, Xu Q, Tian W, Cui F, Cai Q, Ma J, and Lee IS. (2005) The repair of brain lesi
by implantation of hyaluronic acid hydrogels modified with laminin. Journal of 
neuroscience methods 148, 60-70. 

Hsu S, Jamieson AM, and Blackwell J. (1994) Viscoelastic studies of extracelular matri
interactions in a model native collagen gel system. B

 126



Huang E J and Reichardt L F. (2003) Trk receptors: roles in neuronal signal transduc
Annu Rev Biochem 72, 609–642. 

tion. 

, Evans GR, and Schmidt CE. (1999) Engineering strategies for peripheral 

4) 

, 

ors. 

 K, Samejima H, Ohta T, Shinomiya K, and Ichinase S. (1999) 
e 

3-

 Factor. Journal of Neurobiology 66, 940-948. 

 

Hudson TW. (2003) Engineering of an Optimized Acellular Peripheral Nerve Graft. 
Dissertation. The University of Texas at Austin. 

Hudson TW
nerve repair. Clinics in Plastic Surgery 26, 617-628. 

Hudson TW, Liu SY, and Schmidt CE. (2004) Engineering an Improved Acellular Nerve 
Graft via Optimized Chemical Processing. Tissue Engineering 10, 1346-1358. 

Hudson TW, Zawko S, Deister C, Lundy S, Hu CY, Lee K, and Schmidt CE. (200
Optimized Acellular Nerve Graft Is Immunologically Tolerated and Supports 
Regeneration. Tissue Engineering 10, 1641-1651. 

Hynes RO. (1990) Fibronectins. Springer-Verlag New York Inc., New York, New York
USA. 

Ichihara M, Murakumo Y, and Takahashi M. (2004) RET and neuroendocrine tum
Cancer Letters 204, 197-211. 

Ide C, Tohyama K, Yokota R, Nitatori T, and Onodera S. (1983) Schwann cell basal 
lamina and nerve regeneration. Brain Research 288, 61-75. 

Ingham KC, Landwehr R, and Engel J. (1985) Interaction of fibronectin with Clq and 
collagen. Effects of ionic strength and denaturation of collagenous components. 
European Journal of Biochemistry 148, 219-224. 

Itoh S, Takakudak
Synthetic collagen fibers coated with a synthetic peptide containing the YIGSR sequenc
of laminin to promote peripheral nerve regeneration in vivo. Journal of Biomedical 
Materials Science. Materials in Medicine 10, 129-134. 

Jones D M, Tucker B A, Rahimtula M and Mearow K M (2003) The synergistic effects 
of NGF and IGF-1 on neurite growth in adult sensory neurons: convergence on the PI 
kinase signaling pathway. Journal of Neurochemistry 86, 1116–28. 

Jungnickel J, Haase K, Konitzer J, Timmer M, and Grothe C. (2006) Faster Nerve 
Regeneration after Sciatic Nerve Injury in Mice Over-Expressing Basic Fibroblast 
Growth

Kang H and Schuman EM. (1995) Long-lasting neurotrophin-induced enhancement of 
synaptic transmission in the adult hippocampus. Science 267, 1658-1662. 

Karchewski L. A., Gratto K. A., Wetmore C., and Verge V. M. K. (2002) Dynamic 
patterns of BDNF expression in injured sensory neurons: differential modulation by NGF
and NT-3.  Eur J Neurosci  16, 1149-1462. 

Kasiba H., Uchida Y., and Senba E. (2003) Distribution and colocalization of NGF and 
GDNF family ligand receptor mRNAs in dorsal root and nodose ganglion neurons of 
adult rats.  Brain Res Mol Brain Res 110, 52-62. 

 127



Kasper CE, Talbot LA, and Gaines JM. (2002) Skeletal muscle damage and recovery. 
AACM Clinical Issues 13, 237-247. 

hins 
ons.  Exp Neuol 130, 196-201. 

eurotrophic factor in neuroblastoma 

trophin 

, Aizawa 
nt C. (1999) Myelination and behavior 

 D, Nath R, Slawin K M, Kadmon D, Miles B J, and Scardinop T. (2001) Bilateral 
, 

in 

number 
3-5868. 

llular Matrix Gels: 
-1480. 

f the 
Neuron 27, 499-

aminin Gels 
l 

cation of protein-disulfide isomerase activity 

Kato A. C. and Lindsay R. M. (1994) Overlapping and Additive Effects of Neurotrop
and CNTF on Cultured Human Spinal Cord Neur

Kaur N, Wohlhueter AL, Halvorsen SW. (2002) Activation and inactivation of signal 
transducers and activators of transcription by ciliary n
cells. Cellular Signalling 14, 419-429. 

Khursigara G, Orlinick JR, and Chao MV. (1999) Association of the p75 neuro
receptor with TRAF6. Journal of Biological Chemistry 274, 2597-2600. 

Kiernan BW, Garcion E, Ferguson J, Frost EE, Torres EM, Dunnett SB, Saga Y
S, Faissner A, Kaur R, Franklin RJ, ffrench-Consta
of tenascin-C null transgenic mice. European Journal of Neuroscience 11, 3082-3092. 

Kim E
nerve grafting during radical retropubic prostatectomy: extended follow-up. Urology 58
983–987 

King VR, Henseler M, Brown RA, and Priestly JV. (2003) Mats made from fibronect
support oriented growth of axons in the damaged spinal cord of the adult rat. Exp 
Neurosci 182, 383-398.   

Kornblihtt AR, Vibe-Pederson K, and Baralle FE (1984) Human fibronectin: Cell 
specific alternative mRNA splicing generates polypeptide chains differing in the 
of internal repeats. Nucleic Acids Research 12, 585

Kornblihtt AR, Vibe-Pederson K, and Baralle FE (1984) Human fibronectin: Molecular 
cloning evidence for two mRNA species differing by an internal segment coding for a 
structural domain. The EMBO Journal 3, 221-226. 

Krishnan KG, Pinzer T, and SchackertG. (2005) Coverage of painful peripheral nerve 
neuromas with vascularized soft tissue: method and results. Neurosurgery 56, 369-378. 

Kuntz RM and Saltzman WM. (1997) Neutrophil Motility in Extrace
Mesh Size and Adhesion Affect Speed of Migration.  Biophysical Journal 72, 1472

Kuruvilla R, Ye H, and Ginty DD. (2000) Spatially and functionally distinct roles o
PI3-K effector pathway during NGF signaling in sympathetic neurons. 
512. 

Labrador RO, Buti M, and Navarro X. (1998) Influence of Collagen and L
Concentration on Nerve Regeneration after Resection and Tube Repair. Experimenta
Neurology 149, 243-252. 

Langenbach KJ and Sottile J. (1999) Identifi
in fibronectin. The Journal of Biological Chemistry 274, 7032-7038. 

Lauffenburger DA and Horwitz AF (1996) Cell migration: a physically integrated 
molecular process. Cell 84, 359-369. 

 128



Leclere P., Ekstrom P., Edstrom A., Priestley J., Averill S., and Tonge D. A. (1997) 
Effects of glial cell line-derived neurotrophic factor on axonal growth and apoptosis in 

dic FGF 

 1945-1948. 

6, 

nt substrates: Permissive versus instructive influeces and the role of adhesive 

 237, 

alone. Laryngoscope 107, 

2) 
 of laminin and its receptors in 

 

 

ier P, Mezin P, Laba Moleur F, Pinel N, Peyrol S, and Stoebner P. (1992) 
al 

anielsen N, Gelberman RH, Longo FM, Powell HC, and 

adult mammalian sensory neurons in vitro. Neuroscience 82, 545-558. 

Lee L-M, Huang M-C, Chuang T-Y, Lee L-S, Cheng H, and Lee I-H. (2004) Aci
enhances functional regeneration of adult dorsal roots. Life Sciences 74, 1937-1943. 

Lee R, Kermani P, Teng KK, and Hempstead BL. (2001) Regulation of cell survival by 
secreted proneurotrophins. Science 294,

Lee SK and Wolfe SW. (2000) Peripheral nerve injury and repair. Journal of the 
American Academy of Orthopaedic Surgeons 8, 243-252. 

Lelievre E, Plun-Favreau H, Chevalier S, Froger J, Guillet C, Elson GCA, Gauchat JF, 
and Gascan H. (2001) Signaling pathways recruited by the cardiotrophin-like 
cytokine/cytokine-like factor-1 composite cytokine. Journal of Biological Chemistry 27
22476-22484. 

Lemmon V, Burden SM, Payne HR, Elmslie GJ, and Hlavin ML. (1992) Neurite growth 
on differe
strength. J Neurosci 12, 818-826. 

Levi-Montalcini R. (1987) The nerve growth factor: thirty-five years later. Science
1154-1164. 

Lewin SL, Utley DS, Cheng ET, Verity AN, and Terris DJ. (1997) Simultaneous 
treatment with BDNF and CNTF after peripheral nerve transaction and repair enhances 
rate of functional recovery compared with BDNF treatment 
992-999. 

Li S, Harrison D, Carbonetto S, Fassler R, Smyth N, Edgar D, and Yurchenco PD. (200
Matrix assembly, regulation, and survival functions
embryonic stem cell differentiation. J Cell Biol 157, 279-1290. 

Liu R., Schmid R., Snider W. D., and Maness P. F. (2002) NGF Enhances Sensory Axon
Growth Induced by Laminin but Not by the L1 Cell Adhesion Molecule.  Mol Cell 
Neurosci. 20, 2-12. 

Lorber B, Berry M, Logan A, Tonge D. (2002) Effect of lens lesion on neurite outgrowth
of retinal ganglion cells in vitro. Mol Cell Neurosci 21, 301-11. 

Lorim
Ultrastructural localization of the major components of the extracellular matrix in norm
rat nerve. Journal of Histochemistry and Cytochemistry 40, 859-868. 

Lundborg G, Danlin LB, D
Varon S. (1982) Nerve Regeneration in Silicone Chambers: Influence of Gap Length and 
of Distal Stump Components. Experimental Neurology 76, 361-375. 

 129



Ma J, Novikov LN, Wiberg M, and Kellerth JO. (2001) Delayed loss of spinal 
motorneurons after peripheral nerve injury in adult rats: a quantitative morphological 
study. Experimental Brain Research 139, 216-223. 

MacKinnon SE and Dellon AL. (1988) Anatomy and physiology of the peripheral nerve, 
in MacKinnon SE and Dellon AL Eds. Surgery of the peripheral nerve. Thieme, New 

. (1994) High affinity nerve growth 
ns for 
91. 

5. 

. (1997) 

s: Comparison with the Effects of the Neurotrophins.  J Neurobiol 32, 

e 
 Non-neuronal Cells: Comparison of Schwann Cells 

989) Cartilage collagens – what is their function, and are they involved in 

 
side model. The Journal of Hand Surgery 26, 478–488. 

nerves: 
in the rat sciatic nerve. 

 
Cues on Neurite Alignment and Outgrowth on Biodegradable 

ith interfascicular 
ry [Am]  

o M. (1999) 
ng in 

ossi-Arnaud C, 
Lipp HP, Bonhoeffer T, and Klein R. (1999) Essential role for TrkB receptors in 
hippocampal long-term potentiation. Neuron 6, 121-137. 

York, pp. 1. 

Mahadeo D, Kaplan L, Chao MV, and Hempstead BL
factor binding displays a faster rate of association than p140trk binding: implicatio
multi-subunit polypeptide receptor. Journal of Biological Chemistry 269, 6884-68

Manchikanti L and Singh V. (2004) Managing phantom pain. Pain Physician 7, 365-37

Matheson C.R., Carnahan J., Urich J. L., Bocangel D., Zhang T. J., and Yan Q
Glial Cell Line-Derived Neurotrophic Factor (GDNF) Is a Neurotrophic Factor for 
Sensory Neuron
22-32. 

Matsuoko I., Meyer M., and Thoenen H. (1991)  Cell-Type-specific Regulation of Nerv
Growth Factor (NGF) Synthesis in
with Other Cell Type. J Neurosci 11, 3165-3177. 

Mayne R. (1
articular disease?. Arthritis Rheum 32, 241-246. 

McCallister WV, Tang P, Smith J and Trumble TE. (2001) Axonal regeneration 
stimulated by the combination of nerve growth factor and ciliary neurotrophic factor in
an end-to-

McKerracher L and Winton MJ. (2002) Nogo on the go. Neuron 36, 345-348. 

Mensovsky T and Beek JF. (2001) Laser, fibrin glue, or suture repair of peripheral 
a comparative functional, histological, and morphometric study 
Journal of Neurosurgery 95, 694-699. 

Miller C, Jeftinija S, and Mallapragada S. (2002) Synergistic Effects of Physical and
Chemical Guidance 
Polymer Substrates. Tissue Engineering 8, 367-378. 

Millesi H, Meissl G, and Berger A. (1976) Further experience w
grafting of the median, ulnar, and radial nerves. Journal of Bone and Joint Surge
58, 209-218. 

Ming G, Song H, Berninger B, Inagaki N, Tessier-Lavigne M, and Po
Phospholipase C-gamma and phosphoinositide 3-kinase mediate cytoplasmic signali
nerve growth cone guidance. Neuron 23, 139-148. 

Minichiello L, Korte M, Wolfer D, Kuhn R, Unsicker K, Cestari V, R

 130



Montoya P, Larbig W, Grulke N, Lor H, Taub E, and Birbaumer N. (1997) The
relationship of phantom limb pain to other phantom limb phenomena in upper extremity 
amputees. Pain 72, 87-93. 

 

king J, Frankenstein UN, and Turley EA. (1995) Requirement of the 

 to Neurotrophins and GDNF: Potencies for Neurite Extension in Explant 

f 
h 20, 247-250. 

on of Patients with Multiple Injuries.  

Patterning 

ra N, Sakurai K, Suzuki S, and Kimata K. (2000) 
nal 

ary 
 of Biochemistry and Biophysics 

e role of Schwann cell basal laminae in nerve regeneration. Journal of 

l 364, 68-77. 

Mosher DF, Sottile J, Wu C, and McDonald JA. (1992) Assembly of extracellular matrix. 
Current Opinion in Cell Biology 4, 810-818. 

Nagy JI, Hac
hyaluronan receptor RHAMM in neurite extension and motility as demonstrated in 
primary neurons and neuronal cell lines. The Journal of Neuroscience 15, 241-52. 

National Hospital Discharge Survey 2001 

Nguyen QT, Sanes JR, and Lichtman JW. (2002) Pre-existing pathways promote precise 
projection patterns. Nature Neuroscience 5, 861-867. 

Niwa H, Hayakawa K, Yamamoto M, Itoh T, Mitsuma T, and Sobue G. (2002) 
Differential Age-Dependent Trophic Responses of Nodose, Sensory, and Sympathetic 
Neurons
Culture. Neurochemical Research 27, 485–496. 

Niyibzi C and Eyre DR. (1989) Bone type V collagen: chain composition and location o
a trypsin cleavage site. Connective Tissue Researc

Noble J, Munro CA, Prasad V, and Midha R. (1998) Analysis of Upper and Lower 
Extremity Peripheral Nerve Injuries in a Populati
The Journal of Trauma 45, 116-122. 

Okada M, Blomback B, Chang MD, and Horowitz B. (1985) Fibronectin and Fibrin gel 
structure. The Journal of Biological Chemistry 260, 1811-1820. 

Oliva AA Jr, James CD, Kingman CE, Craighead HG, and Banker GA. (2003) 
axonal guidance molecules using a novel strategy for microcontact printing. 
Neurochemical Research 28, 1639-1648. 

Oohira A, Kushima Y, Tokita Y, Sugiu
Effects of Lipid-Derivatized Glycosaminoglycans (GAGs), a Novel Probe for Functio
Analyses of GAGs, on Cell-to-Substratum Adhesion and Neurite Elongation in Prim
Cultures of Fetal Rat Hippocampal Neurons. Archives
378, 78–83. 

Osawa T, Tohyama K, and Ide C. (1990) Allogenic nerve grafts in the rat, with special 
reference to th
Neurocytology 19, 833-849. 

Oyesiku N. M. and Wigston D. J. (1996) Ciliary neurotrophic factor stimulates neurite 
outgrowth from spinal cord neurons. J Comp Neuro

Ozturk G and Tonge DA. (2001) Effects of leukemia inhibitory factor on galanin 
expression and on axonal growth in adult dorsal root ganglion neurons in vitro. 
Experimental Neurology 169, 376-385. 

 131



Paratcha G and Ibanez CF. (2002) Lipid rafts and the control of neurotrophic fac
signaling in the nervous system: variations on a theme. Current Opinions in 
Neurobiology 12, 542-549. 

tor 

mily ligands. Cell 113, 867-879. 

al 
ience 

 

 D, and Chao MV. (1995) NGF binding 
. 

ic 

ys collaborate to 

l injury, 
ological Sciences 233, 183-198. 

atrix Metalloproteinases in Sciatic Nerve. Journal of Neuroscience 

ng 
. Journal of Neurosurgery 72, 114-122. 

 U, 
 Kinase family-coupled 

tors. The 
d Cell Biology 29, 401-414. 

Paratcha G, Ledda F, and Ibanez CF. (2003) The neural cell adhesion molecule NCAM is 
an alternative signaling receptor for GDNF fa

Park K, Luo J-M, Hisheh S, Harvey A R, and Cui Q. (2004) Cellular Mechanisms 
Associated with Spontaneous and iliary Neurotrophic Factor–cAMP-Induced Surviv
and Axonal Regeneration of Adult Retinal Ganglion Cells. The Journal of Neurosc
24, 10806-10815. 

Patterson SL, Abel T, Deuel TA, Martin KC, Rose JC, and Kandel ER. (1996) 
Recombinant BDNF rescues deficits in basal synaptic transmission and hippocampal LTP
in BDNF knock-out mice. Neuron 16, 1137-1145. 

Patton BL. (2000) Laminins of the Neuromuscular System. Microscopy Research and 
Technique 51, 247-261. 

Perez P, Coll PM, Hempstead BL, Martin-Zanca
to the trk tyrosine kinase receptor requires the extracellular immunoglobulin-like domains
Molecular and Cellular Neuroscience 6, 97-105. 

Perrier J, Noraberg J, Simon M and Hounsgaard J (2000) Dedifferentiation of intrins
response properties of motorneurons in organotypic cultures of the spinal cord of the 
adult turtle. European Journal of Neuroscience 12, 2397–404  

Personal communication: Jerry Chang, AxoGen, Inc.  

Peterson S and Bogenmann E (2004) The Ret and TRKA pathwa
regulate neuroblastoma differentiation. Oncogene 23, 213-225. 

Petzold A. (2005) Neurofilament phosphoforms: Surrogate markers for axona
degeneration and loss. Journal of the Neur

Pittier R, Sauthier F, Hubbell JA, and Hall H. (2005) Neurite Extension and In Vitro 
Myelination within Three-Dimensional Modified Fibrin Matrices. The Journal of 
Neurobiology 63, 1-14. 

Platt CI, Krekoski CA, Ward RV, Edwards DR, and Gavrilovic J. (2003) Extracellular 
Matrix and M
Research 74, 417-429. 

Pollard JD and McLeod GP. (1990) Nerve graft immunogenicity as a factor determini
axonal regeneration in the rat

Poteryaev D, Titievsky A, Sun YF, Thomas-Crusells J, Lindahl M, Billaud M, Arumae
and Saarma M. (1999) GDNF triggers a novel ret-independent Src
signaling via a GPI-linked GDNF receptor alpha1. FEBS Letters 463, 63-66. 

Powell SK and Kleinman HK. (1997) Neuronal laminins and their cellular recep
International Journal of Biochemistry an

 132



Previtali SC, Feltri ML, Archelos JJ, Quattrini A, Wrabetz L, and Hartung H-P. (200
Role of integrins in the peripheral nervous system. Progress in Neurobiology

Procyk R, Adamson L, Bloc

1) 
 64, 35-49. 

k M, and Blomback B. (1985) Factor XIII catalyzed 

akes 
 

Birch R, Eastwood DM. (2006) Clinical outcome of nerve injuries 
ce of a 

W, de Lapeyriere O, Henderson C E, 

tiation by ALS-Linked SOD1 mutations. Neuron 35 1067–83 

1990) Binding of brain-derived 

erve growth-factor and 
1, 917-922. 

oneal 
y 57, 1201-12012. 

al 

) 
pared 

 a rat model. Annals of Plastic Surgery 25, 375-387. 

 
ls of 

 31, 1383-1401. 

 is Mediated 

formation of fibrinogen-fibronectin oligomers – a thiol enhanced process. Thrombosis 
Research 40, 833-852. 

Raffe MR. (1985) Principles of Peripheral Nerve Repair, in Newton CD and Nunam
DM Eds. Textbook of Small Animal Orthopaedics. International Veterinary Information
Service, Ithaca, New York, USA. 

Ramachandran M, 
associated with supracondylar fractures of the humerus in children: the experien
specialist referral centre. The Journal of Bone and Joint Surgery (Br) 88, 90-94. 

Raoul C, Esteves A G, Nishimune H, Cleveland D 
Haase G and Pettmann B (2002) Motorneuron death triggered by a specific pathway 
downstream of Fas: poten

Rider CC. (2006) Heparin/heparan sulfate binding in the TGF-β cytokine superfamily. 
Biochemical Society Transactions 34, 458-460. 

Rodriguez-Tebar A, Dechant G, and Barde Y-A. (
neurotrophic factor to the nerve growth factor receptor. Neuron 4, 487-492. 

Rodriguez-Tebar A, Dechant G, Gotz R, and Barde Y-A. (1992) Binding of 
neurotrophin-3 to its neuronal receptors and interactions with n
brain-derived neurotrophic factor. The EMBO journal 1

Roganovic Z. (2005) Missle-caused complete lesions of the peroneal nerve and per
division of the sciatic nerve: results of 157 repairs. Neurosurger

Roganovic Z. (2005) Missle-caused median nerve injuries: results of 81 repairs. Surgic
Neurology 63, 410-418. 

Rosen JM, Padilla JA, Nguyen KP, Padilla MA, Sabelmann EE, and Pham HN. (1990
Artificial nerve graft using collagen as an extracellular matrix for nerve repair com
with sutured autograft in

Rosner B. I., Siegel R. A., Grosberg A., and Tranquillo R. T. (2003) Rational Design of
Contact Guiding, Neurotrophic Matrices for Peripheral Nerve Regeneration.  Anna
Biomedical Engineering

Rothberg JM, Thamoush AJ, and Oldakowski R. (1983) The epidemiology of causaglia 
among soldiers wounded in Vietnam. Military Medicine 48, 347-350. 

Sariola H and Saarma M. (2003) Novel functions and signaling pathways for GDNF. 
Journal of Cell Science 116, 3885-3862.  

Schense JC and Hubbell JA. (2000) Three-dimensional Migration of Neurites
by Adhesion Site Density and Affinity. The Journal of Biological Chemistry 275, 6813-
6818. 

 133



Schense JC, Bloch J, Aebischer P, and Hubbell JA. (2000) Enzymatic incorporation of 
bioactive peptides into fibrin matrices enhances neurite extension. Nature Biotechnology 
18, 415-419. 

Schmidt CE and Leach JB. (2003) Neural Tissue Engineering: Strategies for Repair and 
Regeneration. Annual Review of Biomedical Engineering 5, 293-347. 

 

. (2000) 

n 

997) Neurotrophin-3 delivered locally 
l of 

 the 

rnal 

, Urfer R, Barde YA, and Dechant G. (1996) A splice variant of 

ndon, 

I 
 segments and stimulate [3H] thymidine 

ntuschi A, Sferra R, 

 

Schmidt CE, Dai J, Lauffenburger DA, Sheetz MP, and Horowitz AF. (1995) Integrin-
cytoskeletal interactions in neuronal growth cones. The Journal of Neuroscience 15, 
3400-3407. 

Seddon HJ. (1975) Surgical Disorders of the Peripheral Nerves. Churchill Livingston,
New York, New York, USA. 

Sleeman M W, Anderson K D, Lambert P D, Yancopoulos G D and Wiegand S J
The ciliary neurotrophic factor and its receptor, CNTFRα. Pharm Acta Helv 74, 265–72. 

Soby L, Jamieson AM, Blackwell J, Choi HU, Rosenberg LC. (1990) Viscoelastic and 
rheological properties of concentrated solutions of proteoglycan subunit and proteoglyca
aggregate. Biopolymers 29, 1587-92. 

Sterne GD, Brown RA, Green CJ, Terenghi G. (1
via fibronectin mats enhances peripheral nerve regeneration. The European Journa
Neuroscience 9, 1388-1396. 

Stoll G, Griffin JW, Li CY, and Trapp BD. (1989) Wallerian degeneration in
peripheral nervous system: participation of both Schwann cells and macrophages in 
myelin degeneration. Journal of Neurocytology 18, 671-683. 

Stoop R and Poo M (1996) Synaptic modulation by neurotrophic factors: differential 
effects of brain derived neurotrophic factor and ciliary neurotrophic factor. The Jou
of Neuroscience 16, 3256-64. 

Strohmaier C, Carter BD
the neurotrophin receptor trkB with increased specificity for brain-derived neurotrophic 
factor. The EMBO journal 15, 3332-3337.  

Sunderland S. (1991) Nerve Injuries of Their Repair. Churchill Livingston, Lo
England. 

Svenningsen AF and Kanje M. (1996) Insulin and the insulin-like growth factors I and I
are mitogenic to cultured rat sciatic nerve
incorporation through their respective receptors. Glia 18, 68-72. 

Tacconelli A, Farina AR, Cappabianca L, Desantis G, Tessitore A, Ve
Rucci N, Argenti B, Screpanti I, Gulino A, and Mackay AR. (2004) TrkA alternative 
splicing, a regulated tumor-promoting switch in human neuroblastoma. Cancer Cell 6,
347-360. 

Taga T. (1996) gp130, a Shared Signal Transducing Receptor Component for 
Hematopoietic and Neuropoietic Cytokines. Journal of Neurochemistry 67, 1-10. 

 134



Tai HC and Buettner HM. (1998) Neurite outgrowth and growth cone morphology on 
micropatterned laminin surfaces. Biotechnology progress 14, 364-370. 

Tajima T and Imai H. (1989) Results of median nerve repair in children. Microsurgery 10, 

ssion of Nerve 

e 
euroscience 8, 664-681. 

 

ube Filled with Laminin-Soaked Collage Sponge: 

) The localization of laminin and fibronectin on the 

al 
o.  Progress in 

 Components on Axonal Outgrowth from Peripheral 

iology 26, 28-35. 

iews. 
528-539. 

4. 

, Rahimtula M, and Mearon KM. (2005) Integrin Activation and Neurotrophin 
ournal of 

145-146.  

Taniuchi M, Clark HB, Schweitzer JB, and Johnson EM. (1988) Expre
Growth Factor Receptors by Schwann Cells of Axotomized Peripheral Nerves: 
Ultrastructural Location, Suppression by Axonal Contact, and Binding Properties. Th
Journal of N

Taras JS, Nanavati V, and Steelman P. (2005) Nerve conduits. Journal of Hand Therapy
18, 191-7. 

Teng KK and Hempstead BL. (2004) Neurotrophins and their receptors: signaling trios in 
complex biological system. Cell and Molecular Life Sciences 61, 35-48. 

Toba T, Nakamura T, Shimzu Y, Matsumoto K, Ohnishi K, Fukuda S, Yoshitani M, 
Ueda H, Hori Y, and Endo K. (2001) Regeneration of Canine Peroneal Nerve with the 
Use of a Polyglycolic Acid-Collagen T
A Comparative Study of Collagen Sponge and Collagen Fibers as Filling Materials for 
Nerve Conduits. J Biomed Mater Res (Appl Biomater) 58, 622-630. 

Tokyama K and Ide C. (1984
Schwann cell basal lamina. Archivum histologicum Japonicum 47, 519-532. 

Tonge DA, Edstrom A, and Ekstrom PER. (1997) Use of explant cultures of peripher
nerves of adult vertebrates to study axonal regeneration in vitr
neurobiology 54, 459-480. 

Tonge DA, Golding JP, Edbladh M, Kroon M, Ekström PER, and Edström A. (1997) 
Effects of Extracellular Matrix
Nerves of Adult Animals in Vitro. Experimental Neurology 146, 81–90. 

Toole BP and Trelstad RL. (1971) Hyaluronate production and removal during corneal 
development in the chick. Developmental B

Toole BP. (2004) Hyaluronan: from extracellular glue to pericellular cue. Nature Rev
Cancer 4, 

Trupp M, Scott R, Whittemore SR, and Ibanez CF. (1999) RET-dependent and –
independent mechanisms of glial cell line-derived neurotrophic factor signaling in 
neuronal cells. Journal of Biological Chemistry 274, 20885-2089

Tsui-Pierchala BA, Milbrandt J, and Johnson EM. (2002) NGF utilizes c-RET via a novel 
GFL-independent, inter-RTK signaling mechanism to maintain the trophic status of 
mature sympathetic neurons. Neuron 33, 261-273. 

Tucker BA
Signaling Cooperate to Enhance Neurite Outgrowth in Sensory Neurons. The J
Comparative Neurology 486, 267-280. 

 135



Urfer R, Tsoulfas P, O’Connell L, Shelton DL, Parada LF, and Presta LG. (1995) An 
immunoglobulin-like domain determines the specificity of neurotrophin receptor. The 

F, Aebisher P, Winn SR, and Galletti PM. (1987) Collagen- and Laminin-
 

ntaining gels improve nerve regeneration within 

nd Ramirez B. (2004) CNTF, a pleiotropic cytokine: emphasis on its 

sport, 
n 

h the 
8. 

 

old F, and Kumar S. (1985) Angiogenesis induced by 

s of 
l of Hand 

, Rhode J, Day INM, 

al and mouse monoclonal antibodies. Br J Exp Pathol 69, 91-104. 

2) A 
ciated 

mer 

 
l Chemistry 277, 7720-7725. 

EMBO journal 14, 2795-2805. 

Valentini R
Containing Gels Impede Peripheral Nerve Regeneration through Semipermeable Nerve
Guidance Channels. Experimental Neurology 98, 350-356. 

Verdu E, Labrador RO, Rodrıguez FJ, Ceballos D, Fores J, and Navarro X. (2002) 
Alignment of collagen and laminin-co
silicone tubes. Restorative Neurology and Neuroscience 20, 169–180. 

Vergara C a
myotrophic role. Brain Research Reviews 47, 161-173. 

von Bartheld CS, Wang X, and Butowt R. (2001) Anterograde axonal tran
transcytosis, and recycling of neurotrophic factors: the concept of trophic currencies i
neuronal networks. Molecular Neurobiology. 24, 1-28. 

Wang GY, Hirai K, and Shimada H. (1992) The role of laminin, a component of 
Schwann cell basal lamina, in rat sciatic nerve regeneration within antiserum-treated 
nerve grafts. Brain Research 570, 116-125. 

Wang KC, Kim JA, SivasanKaran R, Segal R, and He Z. (2002) P75 interacts wit
Nogo receptor as a co-receptor for Nogo, MAG and OMgp. Nature 420, 74-7

West AE, Griffith EC, and Greenberg ME. (2002) Regulation of transcription factors by
neuronal activity. Nature Reviews. Neuroscience 3, 921-931. 

West DC, Hampson IN, Arn
degradation products of hyaluronic acid. Science 228, 1324-1326. 

Whitworth IH, Brown RA, Dore C, Green CJ, and Terenghi G. (1995) Oriented mat
fibronectin as a conduit material for use in peripheral nerve repair. Journa
Surgery [Br] 20, 429-436. 

Wiolson POG, Barber PC, Hamid QA, Power BF, Dhillon AP
Thompson RJ, and  Polak JM. (1988) Immunolocalization of protein gene product 9.5 
using rabbit polyclon

Wong ST, Henley JR, Kanning KC, Huang KH, Bothwell M, and Poo MM. (200
p75(NTR) and Nogo receptor complex mediates repulsive signaling by myelin-asso
glycoprotein. Nature Neuroscience 5, 1302-1308. 

Xin X, Borzacchiello A, Netti P A, Ambrosio L, and Nicolais L. (2004) Hyaluronic-acid-
based semi-interpenetrating materials Journal of biomedical materials research. Poly
Edition 15, 1223-1236. 

Yaar M, Zhai S, Fine RE, Eisenhauer PB, Arble BL, Stewart KB, et al. (2002) Amyloid 
beta binds trimers as well as monomers of the 75-kDa neurotrophin receptor and activates
receptor signaling. Journal of Biologica

 136



Yamada KM, Kennedy DW, Kimata K, and Pratt RM. (1980) Charaterizationof 
fibronectin interactions with glycosaminoglycans and identification of active proteolyti
fragments. The Journal of Biolo

c 
gical Chemistry 255, 6055-6063. 

nal 

rve resection for post-

 

gnaling 
sci 24, 10521-10529. 

1-

 
d 

owth 
f the microtubule plus 

s of 
n motorneuron differentiation in vitro. Journal of 

Yamashita T, Higuchi H, and Tohyama M. (2002) The p75 receptor transduces the sig
from myelin-associated glycoprotein to Rho. Journal of Cell Biology 157, 565-570. 

Yamashita T, Ishii S, and Usui M. (1998) Pain relief after ne
traumatic neuralglia. The Journal of Bone and Joint Surgery (Br) 80, 499-503. 

Yan Q. and Johnson E. M. (1988) An Immunohistochemical Study of the Nerve Growth
Factor Receptor in Developing Rats. J Neurosci 8, 3481-3498. 

Yeiser EC, Rutkoski NJ, Naito A, Inoue J, and Carter BD. (2004) Neurotrophin si
through the p75 receptor is deficient in traf6-/-. J  Neuro

Yoon SO, Casaccia-Bonnefil P, Carter B, and Chao MV. (1998) Competitive signaling 
between TrkA and p75 nerve growth factor receptors determines cell survival. Journal 
Neuroscience 18, 3273-3281. 

Yu X. and Bellamkonda R. V. (2003) Tissue-engineered scaffolds are effective 
alternatives to autografts for bridging peripheral nerve gaps. Tissue Engineering 9, 42
430. 

Zhang Z, Yoo R, Wells M, Beebe TP, Biran R, and Tresco P. (2005) Neurite outgrowth
on well-characterized surfaces: preparation and characterization of chemically an
spatially controlled fibronectin and RGD substrates with good bioactivity. Biomaterials 
26, 47-61. 

Zhou FQ, ZhouJ, Dedhar S, Wu YH, and Snider WD. (2004) NGF-induced axon gr
is mediated by localized inactivation of GSK-3beta and functions o
end binding protein APC. Neuron 42, 897-912. 

Zurn A D, Winkel L, Menoud A, Djabali K and Aebischer P (1996) Combined effect
GDNF, BDNF, and CNTF o
neuroscience research 44, 133–41. 

 

 137



 
 
 
 
 
 
 
 
 
 

Vita 

 
Curt Andrew Deister was born to Jim and Sue Deister on November 7, 1978.  He 

graduated from Jesuit High School in 1996 and attended Texas A&M University from 

1996 to 2001, graduating with a Bachelors of Science in chemical engineering.  

rsity of Texas at Austin. 

Naturally, he then attended the graduate program in chemical engineering at the 

Unive

 

Permanent address: 3704 Speedway #206, Austin, TX 78705 

 

This dissertation was typed by the author. 

 

 138


	Acknowledgments
	Chapter 1: Introduction
	Chapter 2: Background on Peripheral Nerve Injuries
	2.1 Impact of Peripheral Nerve Injury
	2.2 Structure of the Peripheral Nervous System
	2.3 Regeneration in the Peripheral Nervous System
	2.4 Current Clinical Standard for Peripheral Nerve Injury
	2.4.1 The Sunderland and Seddon Systems
	2.4.2 The Autologous Nerve Graft
	2.4.3 Nerve Conduits
	2.4.4 Functional Recovery

	2.5 Acellular Nerve Grafts
	2.6 Controllable Variables in Peripheral Nerve Regeneration
	2.6.1 Composition of the Extracellular Matrix
	2.6.2 Structure of the Extracellular Matrix
	2.6.3 Neurotrophic Factors
	2.7 Research Goals

	2.8 References
	Taras JS, Nanavati V, and Steelman P. (2005) Nerve conduits.

	Chapter 3: Materials and Methods
	3.1. Animals
	3.2. Hydrogels
	3.3. DRG Explant Cultures
	3.4. Antibody Staining and Imaging
	3.5. Neurite Length
	3.6. Neurite Outgrowth
	3.7 Rheological Experiments
	3.8 Decellularization of Human Tissue
	3.9. Statistical Analysis
	3.10 References:

	Chapter 4: Extracellular Matrix Components
	4.1 Laminins
	4.2 Fibronectins
	4.3 Collagens
	4.4 Hyaluronic Acid
	4.5 Other Extracellular Matrix Components
	4.6 Integrin Signaling
	4.7 References:

	Chapter 5: Neurotrophic Factors
	5.1 The Neurotrophins
	5.1.1 The Trk family of Receptors
	5.1.2 p75NTR
	5.1.3 Interactions between p75NTR and Trks

	5.2 The GFLs
	5.2.1 The RET/GFRα Complex
	5.2.2 Non-Standard Signaling

	5.3 Neuropoietic Cytokines
	5.3.1 gp130 Complexes

	5.4 Other Neurotropic Factors
	5.5 Overlap and Interactions in Signaling Between Families
	5.6 References

	Chapter 6: Extracellular Matrix-based Hydrogels
	6.1 Effects of Collagen 1 Concentration
	6.2 Effects of Fibronectin Concentration in Fibronectin/Coll
	6.3 Effects of Laminin Concentration in Laminin/Collagen 1 C
	6.4 Effects of Hyaluronic Acid Concentration in HA/Laminin/C
	6.5 Effects of Composition on Mechanical Properties
	6.6 Interactions between Laminin, Fibronectin, and Collagen
	6.7 Implications of the Results
	6.7.1 Collagen and Hyaluronic Acid
	6.7.2 Laminin and Fibronectin

	6.8 Using Collagen-based Hydrogels in Nerve Guidance Conduit
	6.9 References

	Chapter 7: Development work on the Avance™ graft
	7.1 Neurofilament Heavy Chain Removal is Diffusion Limited
	7.2 Laminin Removal is Limited by Solvation of the Protein
	7.3 The Modified Process Preserves the Extracellular Matrix 
	7.4 References

	Chapter 8: Combinatorial Effects of Neurotrophic Factors
	8.1 The Effect of NGF in NGF/ GDNF/CNTF Combinations
	8.2 The Effect of CNTF in NGF/GDNF/CNTF Combinations
	8.3 The Effect of GDNF in NGF/GDNF/CNTF Combinations
	8.4 The Relation between Neurite Length and Outgrowth
	8.5 NGF, GDNF, and CNTF Interact to Influence Neurite Extens
	8.6 Implications of the Results
	8.6.1 Combinations of NGF, GDNF, and CNTF Improve Neurite Ou
	8.6.2 Optimal Concentrations do not Differ in Combined Treat

	8.7 Adapting an in vitro Optimum to in vivo Nerve Regenerati
	8.8 References

	Chapter 9: Conclusions and Discussion
	Figure 9.1.  Schematic of composite nerve graft.  This graft
	9.1 Possible Limitations
	9.2 Possible Improvements

	Appendix
	A.1: Dorsal root ganglia culture and neurite extension assay
	A.2: SEM sample preparation for hydrogel: critical point dry

	Glossary
	Bibliography
	Vita

