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ABSTRACT 

 
PLEIOTROPHIN ENHANCE NERVE REGENERATION ACROSS  

LONG GAP PERIPHERAL NERVE DEFECTS 

 

Swarup Narayan Dash, PhD 

 

The University of Texas at Arlington, 2012 

 

Supervising Professor:  Mario Romero-Ortega 

 Peripheral nerve injuries resulting in extensive loss in nerve continuity pose a challenge 

in reconstructive surgery. Autografts still remain the treatment of choice for nerve defects 

despite the need of donor nerve harvest and the associated morbidity of this procedure. In 

contrast to short gap injuries, isografts achieve sub normal functional recovery for gaps longer 

than a critical 30 mm length, and simple tubularization methods fail completely. The 

regenerative failure of peripheral nerves through long gaps can be postulated to the lack of 

appropriate growth substrate and trophic support. We hypothesize that for successful nerve 

regeneration across long-gap nerve defects, growth factor support and early vascularization of 

the regenerated nerve are critical factors. Vascular endothelial growth factor (VEGF) and 

Pleiotrophin (PTN) have growth promoting effects on neurons as well as the supporting cells, 

hence suitable for axonal regeneration. Here we described the development of a next 

generation multi-luminal biodegradable nerve implant repair strategy supplemented with growth 

factor delivery system, as a construct to bridge the transected neurons across critical peripheral 

nerve gaps and achieve functional recovery. 
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CHAPTER 1 

INTRODUCTION 

How does the mechanical development of the nerve fibers occur, and wherein lies that 
marvelous power which enables the nerve fibers from very distant cells to make contact directly 

with certain other nerve cells or the mesoderm or ectoderm without going astray or taking a 
roundabout course?-Santiago Ramón y Cajal, 1893 

 

1.1 Peripheral Nerve Injury 

1 in every 50 people in the United States is paralyzed according to a recent survey by the 

Christopher & Dana Reeve Foundation. The American Paralysis Association also reported the 

annual cost as $7 billion among 6 million patients. In the United States, 50,000 peripheral nerve 

procedures are performed every year, whereas the whole of Europe has 300,000 nerve 

surgeries reported in clinics per year (1, 2). Approximately 2.8% of trauma patients have 

peripheral nerve injuries leading to partial functional loss for life (3). Brachial plexus injury is 

also very common in new born as it affects every 2.9 neonatal per 1000 births in the world (4). 

These injuries are more common in young adults due to motorbike accidents (5). These 

numbers has serious implications to the country’s economy as a lot of work hours are lost 

because of nerve injuries. Peripheral nerve reconstruction has been considered since the 

second century A.D, even though research advancement has been made only in the last few 

decades. World War I and II resulted in a lot of casualties because of nerve injuries which led to 

the recognition of several types of injuries with different functional prognosis (6). 
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1.1.1 Injury Classification 

Herbert Seddon worked with traumatic open wounds suffered in World War II and initially 

classified the nerve injuries according to the extent of damage to axons and surrounding 

connective tissue(i.e. neurapraxia, axonotmesis, and neurotmesis). Neuropraxia refers to the 

loss of myelin due to secondary injuries such as compression injuries. Axonotmesis refers to 

damage to the axons but intact structure of the nerve fibers, and Neurotmesis refers to the 

disruption or transection of the nerves. In 1951, Sydney Sunderland modified Seddon’s surgical 

model with one of five anatomic categories.Type 1 injury is similar to neuropraxia where there is 

myelin loss. He divided axonotmesis into three different categories of injuries. Type 2 

corresponds to damage of axon where endoneurium, perineurium and epineurium remain intact. 

Type 3 injury refers to damaged axons and endoneurium with intact perineurium and 

epineurium. Type 4 injuries include loss of axons, endoneurium and perineurium but the 

epineurium stays intact. Finally type 5 injuries are categorized similar to neurotmesis where the 

whole nerve trunk is disrupted or transected. Complete recovery of function is possible in type 1 

injury where as the recovery goes down with increase in severity of the injury and in case of 

type 5 injuries functional recovery in negligible (7). Despite the extensive classification, most 

injuries observed in the clinics are mixed nerve injuries and cannot be categorized into a single 

type. 
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Table 1.1: Peripheral nerve injury classification by Seddon and Sunderland (7) 

 

Multiple events follow after any kind of axonal injury both at the cellular and molecular level. 

After axotomy, one of the earliest responses is the retraction of the proximal nerve stump 

millimeters to centimeters (8, 9), and the resealing of cut axons. If the injury is near the soma, 

some neurons die as result of the injury. In the DRG approximately 10-30% of sensory neurons 

die post axotomy affecting more the smaller neurons (<20 um) compared to larger neurons 

(>20um)(10-12). In contrast, only 0-10% spinal cord motor neurons die after axotomy (13). 

Neuron death as a result of injury is also age dependent with more neurons affected if injured in 

neonatal stages(12, 14). Furthermore, neural cell death after injury increases if the axotomized 

axons fail to regenerate efficiently (15). In fact in chronic amputee patients, approximately 50% 

motor neurons have been reported to die 6 months after injury (16). Often, if the transected 

nerve failsto reinnervate their natural targetsthey form neuromas which is a mixture of immature 

axonal sprouts and loose connective tissue (17). Such neuromas are commonly painful and 

might induce phantom limb sensations. 
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Figure 1.1:Schematic representation of Chromatolysis and Wallerian degeneration post nerve 
injury.(A) An uninjured nerve with proper innervation to the distal muscle, (B) The cell body 
undergoes chromatolysis after axotomy and Wallerian degeneration initiates at the injury site 
leading to muscle deinnervation and (C) Regenerated Nerve reinnervates the muscle while 
Schwann cell aligned uniformly to form the myelin sheath. 
 
1.1.2 Cellular response following injury 

The whole neuron undergoes massive changes after any axonal injury to the elongating distal 

axons. The disintegration of Nissl bodies in the neuronal soma is termed as Chromatolysis. This 

phenomenon is retrogradely induced after axotomy from the site of injury to the cell bodies. The 

morphology of the injured neuronal soma’s nucleus becomes abnormal (Figure 1.1B) and the 

nucleolus appears prominent (18). Various events occur at the injury site level and the axonal 

soma level. After a peripheral nerve injury, the cell body receives a retrograde signal from the 

site of injury and in turn the expression levels of various transcription factors and growth factors 

change (19). There is an elevation of the cyclic AMP levels after injury (20). There is also 

activation of various pathways, which help in promoting nerve regeneration such as the MAPK, 

JNK and ERK pathway. Several transcriptional factors such as ATF3, c-Jun and STAT3 are 



 

 5 

activated which help in increased actin formation and growth associated proteins (GAP 43). 

GAP43 helps in regeneration of the injured axons by the extension of the growth cone (21). 

1.1.3 Wallerian Degeneration 

Distal to the injury site, the severed axon undergoes degeneration initiated by the recruitment 

macrophages and Schwann cells (SCs).  SCs reabsorb myelin in a what is known as Wallerian 

degeneration (22). Wallerian degeneration was first described by a British neurophysiologist 

Augustus Waller as the degeneration of the nerve fibers after injury (23). After any kind of 

axonal injury, the degradation process begins by the disintegration of axoplasm and axolemma 

which is followed by axonal and myelin debris formation (24, 25). The clearing of axonal, myelin 

and tissue debris is done by Schwann cells and macrophages infiltrating to the distal side of the 

injury (8). Schwann cells starts proliferating after injury forming a tubular structure called bands 

of büngner for assisting the regenerating axons to innervate their distal targets (26, 27). The 

time between axonal injury and degeneration of the distal stump can range from 24 hours to 

several days depending upon the type of injury and the animal model (28-30).  

Functional impairments include the loss of movement, sensation and deinnervation of muscles 

leading to muscle weight loss. For decades, much effort have been placed in regenerating 

axons to the distal target using a variety of methods, ranging from some that rely on delivery of 

growth promoting molecules such as growth factors, extra cellular matrices and cell adhesion 

molecules for efficient neural repair (31-33) to the use of advanced scaffold for axonal guidance.  

Such repair strategies are detailed below. 

1.2 Nerve Repair Strategies 

After neurotmesis, the optimal clinical procedure for nerve repair is the surgical end-to-end re-

attachment of the injured nerve, a process that is known to mediate efficient nerve regeneration 

and functional recovery(7). In cases in which tissue loss result in gaps that are too long for 

tensionless end-to-end repair, autologous nerve grafts are used as the ‘gold standard’ to bridge 

such defects(34). 
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1.2.1 Autografts: the current gold standard 

Autografts are the preferred method for bridging gap defects if end-to-end anastomosis is not 

possible. Usually the sural nerve is used as the donor nerve in clinics even though the recovery 

of function is sub normal (Figure 1.2). The sural nerve is a sensory nerve and one of the major 

reasons of its failure can be attributed to the mismatch of its size while repairing a motor 

dominant nerve or a mixed nerve (35, 36). It has been also shown that there are two different 

types of Schwann cells modalities for motor and sensory neurons (37). This could also possible 

that there is lack of proper guidance in regeneration into the sensory nerve. There are also 

various other secondary reasons for failure of an autograft such as donor site morbidity, need of 

a second surgery, formation of neuromas at the donor site and lack of vascularization to the 

graft (38). However, donor site morbidity, scarce number of usable donor nerves, and 

suboptimal functional recovery drastically limit this alternative (18, 34).  

As alternative to autografts, allogenic or xenogenic nerve grafts have been investigated. In fact, 

allografts are the preferred method for surgical repair of gaps longer than 5cm.  However, both 

allografts and xenograftsrequireimmunosuppression therapy to the patient to prevent graft 

rejection(39). In addition, there is a risk of rejection, tumor formation and infection (40). 

Recently, decellularized nerve allo/xeno-grafts have also been evaluated, and while nerve 

regeneration was observed, the functional recovery achieved remained suboptimal (41). To 

eliminate the need for allografts or donor site nerves a quest for synthetic nerve guides has 

been sought for more than a century. 
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Figure 1.2: The “gold standard” for gap nerve repair. Schematic representation of a commonly 
used technique for nerve repairs if end-to-end repair is not possible. Mostly sural nerve is used 
as the donor nerve autograft in clinics. 
 
1.2.2 Synthetic Nerve Guides 

Tubular nerve guides were recognized as an alternative to autografts as they eliminate the need 

of morbidity of donor site, provide directionality in axonal growth, might increase the 

concentration of growth factors released from the support cells at the distal targets and have 

less chances of neuroma formation (42). Nerve guides were first proposed in1880 by Gluck and 

Neuber who used a decalcified bone for nerve tissue repair using a dog sciatic nerve injury 

model(43). Subsequently, silicone was the first synthetic materials used as a nerve guide (NG) 

for repair of ulnar and median nerve in human patients(44).While partially effective, silicone 

tubes were discontinued in clinics because of complications that occurred due to compression 

injuries and fibrosis (34). Since then, a number of biodegradable materials have been 

demonstrated to be effective NGs for bridging gap injuries. Such materials include polylactic-co-

e-coprolactone, polyglycolide (PGA), polyvinyl alcohol and type I collagen. These biodegradable 



 

 8 

NGs have been FDA approved and are commonly used for reconstruction of peripheral nerve 

injuries because of their convenient off-the-shelf availability. Even though, NGs has been 

successful in bridging short gaps, the functional recovery is not similar to autografts and hence 

various modifications to the internal structure of the NGs has been made and also luminar filler 

are evaluated for increasing neuronal growth. Extensive research is currently being done to 

make these simple conduits more effective for nerve repair. Those efforts include improving the 

porosity of the tube, adding luminal scaffold and molecular support. 

Porosity of the biodegradable NGs is a vital feature for enhancing nerve regeneration through 

these tubes as it mediates early vascularization into the NG, better survival of the support cells 

inside the tube and oxygen/nutrient diffusion across the tube (35).

 

Figure 1.3: SEM images three FDA approved NGs. (A)NeuraGen (collagen);(B)Neurolac 
(polylactide/caprolactone);(C)Neurotube (polyglycolide) (18) 
 

 

 

 

 

 

 

 

 

 



 

 9 

Table 1.2: List of all the FDA approved NG (45) 

 

1.2.3 Luminal Fillers 

Tubularization nerve repair methods depend on migration of fibroblasts and Schwann cells from 

the host proximal and distal nerve stumps into the lumen of the tubes to form a cellular scaffold 

supportive of neural regeneration (46). This process requires days to weeks, a time that if 

prolonged, encounters a decline in the ability of motorneurons to regenerate and the 

disappearance of the neuromuscular junctions(47). Adding autologous Schwann cells into the 

lumen of the conduits has a stimulatory effect on axonal regeneration(48-51), but requires 

harvesting and in vitro expanding the autologous Schwann cells. To obviate this need, some 

have suggested the use of multiple biodegradable fibers in the lumen of the tubes as a method 

to entice the regeneration of  axons and non-neural cells(52, 53), while others have primarily 

focused in adding neural growth factors to the lumen of the tubes to enhance the regenerative 

response(54). This strategy is used to improve the efficacy of simple synthetic conduits and 

enhance nerve regeneration. 
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1.2.3.1 ECM proteins 

In peripheral nerves, flattened, basal lamina-lined perineurial cells delineate the nerve 

fascicles, providing a barrier to movement of ionic compounds and macromolecules between 

non-neural tissues and the endoneurium. In the endoneuriumfibroblasts and Schwann cells 

produce collagen(55). Collagen comprises of a family of proteins which share a triple helical 

structure in the form of an extended rod. This monomer structure is the result of a highly 

characteristic sequence of amino acids, with glycine in every 3rdposition and a high density of 

proline and hydroxyproline. This structure contributes tothe key functional property for structural 

collagens, namely aggregation into fibrils (56). Fibroblasts augmentproduction of interstitial 

collagen both within a traumatized nerve segment and distal to it.This increases the tensile 

strength of the damaged nerve and provides the collagenousframework required for axonal 

regeneration (35) . Collagen type IV is the principal component of basement membranes. This 

type of collagen has been used as nerve growth substrate as it has been shown to facilitate 

Schwann cell migration (36). 

Neutralization of native acid soluble collagen generates a hydrogel scaffold within a fewminutes 

by collagen fibrillogenesis. These gels represent very low density three dimensional(3D) lattices 

of collagen nano-fibrils (approx. 0.2 to 0.5% of wet weight) with no inherent orientation, 

containing a large excess (>98%) of fluid (57). This lattice also forms asubstrate for cells 

through physical entrapment, producing a cell-seeded collagen gel scaffold.When a rectangular 

collagen lattice is tethered at its opposite ends thecell force generates a uniaxial strain in the gel 

along which cells and collagen fibrils becomealigned. Such aligned, fibrilar/cellular collagen 

hydrogel implants have been usedsuccessfully to guide peripheral nerve repair in vivo (35, 36, 

58). 

Fibronectin is a disulfide–linked dimeric glycoprotein prominent in many extracellular rmatrices 

and present at about 300 µg/ml in plasma. Its interactions with collagen, heparin, fibrin and cell 

surface receptors of the integrin family are involved in many processesincluding cell adhesion, 
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morphology, migration, thrombosis and embryonic differentiation. Fibronectin is composed of 

tandem repeats of three distinct types (I, II and III) ofindividually folded modules(59). Functional 

fibrous fibronectin biomaterials take the form of mats or cables have been developed for use in 

the repair of peripheral nerves (35, 36, 60). 

Laminin is the other ECM molecules that have been considered for peripheral nerve 

regeneration. It is a trimericglycoprotein that has been found in the basement membranes of 

Schwann cells. It also is useful for Schwann cell differentiation, proliferation and migration as 

well as neurite outgrowth (36). 

1.2.3.2 Cellular support 

Schwann cells have a vital role in the restructuring and repair of peripheral nerve injuries. 

Schwann cells align along the fibrin matrix that is formed after a short gap injury and help in the 

formation of bands of bunger (36). Hence, Schwann cells have been used to facilitate nerve 

regeneration inside synthetic NGs (61, 62). It has also been shown that genetically modified 

Schwann cells by transfection to expression CNTF can enhance peripheral nerve regeneration 

(63). Schwann cells also help in releasing trophic factors (NGF) and ECM molecules which 

assist in the repair process and myelination of the regenerating axons (64). Despite the 

advantages of using Schwann cells, there are some major limitations to this approach. Survival 

of transplanted Schwann cells is a challenge as well as the source of autologous cells. Hence, 

some researchers have used stem cells such as bone marrow stem cells (BMSCs) and 

mesenchymal stem cells (MSCs)(65, 66). This approach helps in increasing in nerve 

regeneration and the stem cells also transdifferentiated into Schwann cells in vivo(67).The stem 

cells also produced essential growth factors such as NGF, BDNF and CNTF which are essential 

for nerve growth. 

1.2.3.3 Growth factors 

An additional area of extensive investigation has been theincorporation of growth factors to the 

lumen of the nerve tubes to enhance the regenerative response including: nerve growth factor 
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(NGF), neurotrophin-3 (NT-3), glial cell-derived neurotrophic factor (GDNF), fibroblast growth 

factors (FGF), ciliary neurotrophic factor (CNTF), glial growth factor (GGF), vascular endothelial 

growth factor (VEGF), brain-derived neurotrophic factor (BDNF), leukemia inhibitory factor (LIF), 

insulin-like growth factor 1 (IGF-1), and platelet-derived growth factor (PDGF) (54, 68-74). 

Neurotrophins such as NGF, BDNF and NT-3, as well as GDNF a member of the 

transforminggrowth factor beta superfamily, are up-regulated in axotomized peripheral nerves, 

implying an important role of these molecules in axonal regeneration(54).It has been shown that 

NGF, BDNF and NT-3 are able to increase axonal regeneration both in vitroand in vivo(75-

82).The stimulatory effect of neurotrophins is mediated throughspecific tyrosine receptor 

kinases (trk) and p75 receptors, and we have recently shown that activation of the intracellular 

signaling cascade mediated by the trk receptors through activation of the extracellularly 

regulated kinase (Erk1/2), endows peripheral neurons with enhanced regenerative capacity(83). 

However, when applied to the transected peripheral nerve, the beneficial effect of these growth 

factors is less clear. While some have observed functional regeneration by adding GDNF(84-

86), othersreport lack of functional regeneration after BDNF or GDNF administration(87, 88). 

The reasons behind these contradictory results are unknown, but it might be related to 

differences in growth factors, specific concentration use, and/or differences in delivery methods. 
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Figure 1.4: Summary of various approaches taken in basic science research to repair gap nerve 
injuries 
 
1.2.4 Modified Scaffolds 

Nerve regeneration using NGs have been limited to repair of short gaps and are still inferior to 

the gold standard autograft. Hence, emphasis has been on guiding the supporting cells and 

regenerating axons to their distal targets using topographical methods. Recently, it has been 

reported than polymeric microfibers and intraluminal microchannels assist in directed growth of 

axons (36, 89-92). Various approaches have been taken to modify the inner structure of the 

NGs to aid in robust and guided regeneration, but it can be broadly categorized into two distinct 

approaches, i.e. the microfibers/microfilaments and the multiluminal microchannels. 

1.2.4.1 Microfibers 

Different fillers such as polyamide filaments, collagen filaments, polyester filaments, Matrigel 

supplemented with PLA wet-spun fibers, PGA filaments and gelatin fibers have been 

investigated (52, 53, 89, 93-96). Cai et al showed that PLLA microfilaments inside a tube can 
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assist in enhancing nerve regeneration and maturation (89). Similarly, in a work reported later, it 

was shown that aligned fibers inside a NG could help in better Schwann cell scaffolding and 

hence better regeneration (90). Furthermore, the same group showed that by making sheets out 

of these aligned fibers also help increase regeneration (96).These approaches have shown 

promising results, however depending on the packing density and filament diameter, axonal 

regeneration might be compromised. 

1.2.4.2 Microchannels 

In 2000, Hadlock et al first reported the use of microchannels inside the NGs for bridging a short 

gap of 7mm in a rat sciatic nerve. The microchannels and the tubular construct were made of 

poly(lactide-co-glycolide) (PLGA). The micro architecture inside the tubes mimicked the native 

structure of peripheral nerves. They also reported that Schwann cell adherence was five times 

higher in the multiluminal tubes as compared to simple hollow tubes. However in another study, 

it was mentioned that the PLGA microchannels collapsed because of swelling(97, 98). Yao et al 

in 2010 showed that multiluminal channel inside a NG helps in controlling dispersion during 

axonal regeneration (91). 

Our lab at UT Arlington reported the use of a multiluminal NG for repair of short gaps in a rat 

sciatic nerve model (92). The NG was composed of a transparent polyurethane tube and the 

microchannel were made out of agarose and filled with collagen and named biosynthetic nerve 

implant (BNI). The microfiber and the microchannel approach are to provide guidance and 

direction to the regenerating axons and hence enhance regeneration and function, but using the 

microchannels is more beneficial as it provides more surface area for axonal growth as 

compared to the microfibers which essentially block most of the area inside the tube and 

impede neuronal regeneration. 

 Summarizing all the approaches employed for peripheral nerve reconstruction, the bulk 

of studies described above have been done in a gap shorter than 20 mm which is not 

considered a critical gap according to the clinics. There was a single study in 2000 that reported 
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the repair of 80 mm gap injury in a dog peroneal nerve using laminin coated collagen 

microfibers inside the tube. The authors measured some nerve conduction after 3months but no 

functional recovery was observed and this study has not been repeated (99).In contrast to short 

gap injuries (i.e., 0.5mm in mice, 10mm in rats and 20 mm in rabbits, dogs and humans), 

isografts achieve minimal functional recovery in longer gaps (i.e., 0.7 mm in mice, 12-20 mm in 

rats and ≥ 30mm in rabbits, dogs, and humans). In fact, while clinical repair of gaps shorter than 

20mm is routinely achieved using allografts, synthetic tubes, luminar cells, and/or growth 

factors, clinical reconstruction of motor nerve defects using NGs of ≥30 mm have not been 

achieved(100). Indeed, many of the strategies that have been found effective in mediating nerve 

regeneration across short nerve gaps, fail to mediate nerve repair in longer gap defects 

including acellular allografts(101), and luminar seeding of Schwann cells give equivocal 

results(101, 102). One of the major reasons for failure of long gap regeneration could be due to 

the lack of evident chemotaxis cues from the distal target and hence the proximal stump 

doesnot get adequate signal to regenerate towards the distal targets. The regenerative failure of 

peripheral nerves through long-gaps seems to be due, at least in part,to the lack of appropriate 

haptotaxis and chemotaxis cues such as linear growth substrate and trophic support 

respectively(100, 103-105). The table below represents some of the major peripheral nerve 

regeneration studies listing the type of polymeric nerve conduit used, the effective gap 

attempted to bridge and the luminal fillers. 

Table 1.3: Tubularization repair of short and long (≥ 3 cm) nerve defects. * = Biodegradable 
 

DEFECT 
LENGTH 

(cm) 

TUBE 
MATERIAL 

LUMINAL 
FILLER 

GROWTH 
FACTORS 

CLINICAL/ 

ANIMALS 

AUTHORS 

1.5-6 ePTFE N N Human Stanec and 
Stanec, 1998 

2-5 Silicon N N Human Braga-Silva, 
1999 

1-3 PGA* N N Human Navissano, 
Malan et al. 
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2005 

2 Collagen* N N Human Ashley,Weathe
rly et al. 2006 

2-4 PGA* N N Human Rosson, 
Williams et al. 

2009 

2 PGA* N N Primate Mackinnon and 
Dellon 1990 

1.5 Collagen* N N Primate Archibald,Shef
ner et al. 1995 

1 Silicone Matrigel VEGF Rat Hobson et al, 
2000 

1.5 EVA N NGF, 
GDNF 

Rat Fine, Valentini 
et al. 1991 

1 PHEMA-
MAA* 

Collagen NT3, 
BDNF 

Rat Mdha et al, 
2003 

1-1.8 Silicone PLLA 
filaments 

N Rat Ngo, Waggoner 
et al. 2003 

1 Chitosan* Laminin-1 GDNF Rat Patel et al, 
2007 

1 Silicone N FGF-2 Rat Haastert et al., 
2009 

1 Polyuretha
ne 

Multilumin
al 

Collagen 

N Rat Tansey et al., 
2011 

1.5 CUPE* Multilumin
al 

Collagen 

N Rat Dash et al., 
under review 

3 Polyuretha
ne 

Multilumin
al 

Collagen 

PTN, 
VEGF 

Rabbit Dash et al., 
under review 

 

1.3 Multiluminal Biosynthetic Nerve Implant (BNI) Approach 

Attempts to increase the regenerative area and to direct axonal growth in peripheral nerve gap 

repair have included the deployment of luminal filaments or multiluminal conduits (100, 106). 



 

 17 

We recently developed simple and reproducible method for the fabrication of multiluminal 

BNIs(Figure 1.5). In our design, multiple microchannels are made of 1.5% agarose inside a 

simple polyurethane tube and simultaneously filled with intraluminal collagen matrix to facilitate 

axon regeneration into, and through the microchannels (Figure 1.5 c, d). While the collagen 

provides a permissive intraluminal milieu within the microchannels to entice linear nerve growth, 

the agarose-made channels restrict the wandering of axons and prevent axonal crossing 

between them.  

 

Figure 1.5:(A) Schematic of the Biosynthetic Nerve Implant (BNI), (B) BNI fabrication method 
representation (i) insertion of a brush with metal fibers, (ii) the agarose inside the tube 
polymerizes and collagen is loaded in the well and (iii) the fibers are removed slowly and 
negative pressure in the microchannels help in uniform loading of the collagen, (C) Alignment of 
GFP+ Schwann cells and (D) growth of DRG axons inside the microchannels in vitro (92). 
 
This method allows the migration of Schwann cells and axonal growth (Figure 1.5 c, d), and 

when compared to simple tubularization repair across a 10mm rat sciatic nerve gap injury, the 

BNI induced fascicular- like regeneration and mediated an increase in number of myelinated 

axons that regenerated compared to those that were implanted with collagen filled single-lumen 

tube (Figure 1.6)(92).The limitation to this study is the fact that we used non-biodegradable 
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external tubing made of polyurethane. This approach is not amenable for clinical translation. 

The other challenge is to bridge a longer and a critical gap frequently reported in clinics. 

 
 
Figure 1.6: Multi-luminal nerve repair through the BNI across 1cm. Nerve repair 10 weeks post 
sciatic nerve transection by (A) autograft, (B) collagen filled empty tube, (C, E, G) collagen filled 
7-channel BNI(D, F, H), collagen filled 14-channel BNI. Arrowheads indicate within the 
regenerating nerves and arrows indicate the outer membrane.  
Scale bars: (A) 2 mm, (E) 400 µm (92). 
 

1.4 Hypothesis 

 The hypothesis of this dissertation is to design an advanced nerve implant with 

optimum growth area, biodegradable construct and effective growth factor delivery system for 

peripheral nerve regeneration across long critical gaps and recovery of function.  
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1.5 Specific Aims 

Specific Aim 1: The initial aim is to improve the regeneration across the previous reported 

biosynthetic nerve implant by increasing the growth surface area of the multiluminal channels.  

Specific Aim 2: The second aim is the test the efficacy of PTN/VEGF as potent growth factors 

for long gap peripheral nerve repair (a preliminary study) 

Specific Aim 3: The third and major focus of this dissertation is to effectively bridge a 30 mm 

long gap nerve injury using a multiluminal NG loaded with nanoparticles eluding growth factors. 

The objective of this work is to regain motor and sensory function after traumatic peripheral 

nerve injury. 

Specific Aim 4: The final aim is to test whether biodegradable NGs made from crosslinked 

urethane doped polyester elastomer (CUPE) are ideal for efficient evaluation of luminal filler 

prior to implantation and bridging gap injuries (107, 108). 

There were two types of BNIs used in the previous explained study, i.e. one with 7 channels 

and the other with 14 channels. The 5 channels BNI has only 5% of the total tube’s area for 

tissue growth and the rest was agarose while the 14 channel BNI had 34% growth area. The 

initial task was to maximize the growth area and hence we designed a BNI with 8 

microchannels and minimal agarose. The area for growth in this BNI was 74% of the total tube 

area (Figure 1.7). This BNI was used for all the studies in this dissertation. 
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Figure 1.7: Cross-sectional representation of all three versions of the BNI. (A) 7 channel BNI 

with 5% growth area, (B) 14 channel BNI with 34% growth area and (C) the next generation 8 

channel BNI with 74% growth area 
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CHAPTER 2 
 

PLEIOTROPHIN SUPPORT IN LONG GAP PERIPHERAL NERVE REPAIR 

Peripheral nerve injury gaps resulting from tissue loss after trauma or tumor resection are 

routinely repaired by autogenous nerve grafts. To avoid the morbidity associated with this 

procedure, several FDA-approved biodegradable hollow tubes (i.e., polylactic-co-e-

coprolactone, polyglycolide, collagen) are currently use for the repair of short nerve gaps. 

However, nerve regeneration across gaps longer than 25mm often fail completely when 

repaired using hollow tubular scaffolds. The critical nature of such gaps seems to be due to lack 

of endoneural structural support and excessive dilution of endogenous growth factors. We 

recently developed a biosynthetic nerve implants (BNI) with linearly arranged agarose 

microchannels with luminar collagen that can successfully repair short nerve gaps. Based on 

the fact that peripheral nerve regeneration involves a complex cellular response, here we 

hypothesize that a broad growth factor support is necessary for successful nerve regeneration 

across long-gap nerve defects. Using a 30mm nerve gap in the injured rabbit common peroneal 

nerve, we tested the effect of vascular endothelial growth factor (VEGF) and Pleiotrophin (PTN) 

growth factor supplementation of the multiluminal BNI. Histological evaluation ten weeks post 

implantation revealed that nerve defects repaired with simple tubes failed to regenerate across 

the long gap, while those bridged with collagen-filled BNIs showed vascularized fascicle-like 

nerve regeneration through the micro-channels. The number of neurofilament-positive axons 

within the microchannels increased significantly in the BNIs supplemented with VEGF or PTN. 

Congruently, nerve conduction and functional recovery was significantly increased with growth 

factor support. Our study indicates that broad cellular trophic supplementation within 

anendoneural structured nerve guide entices nerve regeneration across critically long nerve gap 

defects. 
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2.1 Introduction 

Peripheral nerve injury gaps resulting from tissue loss after trauma or tumor resection 

are routinely repaired by autologous nerve grafts. To avoid the morbidity associated with this 

procedure, several FDA-approved biodegradable hollow tubes (i.e., polylactic-co-e-

coprolactone, polyglycolide, collagen) are currently use for the repair of short nerve gaps. 

However, nerve regeneration across gaps longer than 25mm often fail completely when 

repaired using hollow tubular scaffolds(35). In order to improve the efficacy of simple synthetic 

conduits and enhance nerve regeneration, several groups have proposed the use of luminal 

fillers(109), bioabsorbable filaments (52, 110), multi-luminal conduits (92, 100, 106), and 

electrical stimulation of the proximal stump (111). These strategies have resulted in promising 

but modest improvements on nerve regeneration and functional recovery (112, 113). We 

recently demonstrated that linearly restricting the regeneration pathway within a biosynthetic 

nerve implant (BNI) through multiple longitudinally oriented collagen-filled microchannels, the 

regenerative process and the recovery of function could be enhanced over a short (i.e., 10 mm) 

nerve gap defect (92). However, our preliminary data in the use of the BNI to repair critically 

long gap injuries, also suggest that linear scaffolding, while helpful in directing axonal growth, it 

may not be sufficient to entice nerve regeneration across critically long gaps.  

It has been shown that Schwann cells in the distal nerve stump secrete a number of 

growth factors including neurotrophins such as NGF, BDNF, and NT-3, as well as GDNF a 

member of the transforming growth factor beta super family (6, 54, 114). Indeed, adding 

prolonged release of NGF and GDNF to simple nerve guides has been shown to increase 

axonal regeneration across a 13-15 mm gap in a rat model (82, 115-117). However, the 

beneficial effect of these growthfactors have been controversial. While some have observed 

functional regeneration by adding GDNF(84, 85)others have not seen a superlative functional 

regeneration after BDNF or GDNF administration (32). The reason behind these contradictory 
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results is unknown, but it might be related to differences in growth factor concentration and 

delivery methods. 

Table 2.1: Growth factors used in peripheral nerve regeneration and their targets (118) 
 

 
 
Peripheral nerve regeneration involves a complex combination of nerve growth, fibroblast 

proliferation and differentiation and blood vessel growth. In fact, nerve regeneration requires a 

complex interplay between cells, extracellular matrix, and growth factors. Several growth factors 

such as insulin-like growth factor (IGF-1), basic fibroblast growth factors (FGF1 and 2), vascular 

endothelial growth factor (VEGF) and pleiotrophin (PTN),have trophic effects on multiple cell 

types. When applied to peripheral nerve regeneration IGF-1 has been shown to promote nerve 

elongation, muscle cell proliferation and angiogenesis in regenerating skeletal muscle(119, 

120). Fibroblast growth factors (FGFs) are mitogenic for endothelial cells, fibroblasts, and 

Schwann cells, and both FGF-1 and FGF-2 provide support for peripheral nerve 

regeneration(50, 80, 121). 

Pleiotrophins such as VEGF and PTN have been used in nerve repair across 10-13mm gaps 

because of their role in neuroprotection (122-124). PTN has been shown to convey neurotrophic 

support for motor neurons (124). VEGF is a known angiogenic factor that binds to VEGFR-1, 

VEGFR-2, VEGFR-3, receptors and neurophilin-1 (NRP1) and neurophilin-2 (NRP2) co-
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receptors, some of which are expressed in the injured peripheral nerves (125) and have 

demonstrated nerve regeneration functions (126). In addition to the neurotrophic role of PTN, 

they have mitogenic effect on the supporting cells such as Schwann cells, macrophages, 

fibroblast and endothelial cells which are essential for the reconstruction nerve tissue after 

injury(127-129). Also, VEGF would provide adequate migration of vasculature into the scaffold 

for efficient nerve regeneration along with its neurotrophic properties. 

Here we hypothesize that the broad cellular effect of PTN and VEGF in attracting multiple cells 

in the injured peripheral nerves, if provided in the lumen of a multiluminal scaffold, would entice 

axonal regeneration across a critically long gap and mediate functional recovery. In this chapter 

I describe the experiments designed to evaluate whether delivering PTN and VEGF in a 

multiluminal biosynthetic nerve implant (BNI) would enhance axonal regeneration across long 

gaps and regain motor and sensory function. Using a 30 mm injured common peroneal nerve 

gap model in rabbits we demonstrated the importance of the luminal physical guidance for long-

gap nerve repair and the significant increase in nerve regeneration and functional recovery by 

supplementing it with pleiotrophic growth factor support. Specifically, in sharp contrast to the 

total failure in nerve repair observed with collagen-filled tubes, those with multiple linear 

microchannels filled with collagen and particularly those supplemented with VEGF or PTN 

showed robust nerve regeneration across the long critical gap. The successful nerve repair was 

indicated by numerous neurofilament-positive axons observed within the regenerated 

microfascicles, and the recovery of compound muscle action potentials, as well as motor and 

sensory function. Our study indicates that designed linear microenvironments supplemented 

with pleiotrophic factors effectively stimulate nerve regeneration across long-gap peripheral 

nerve defects. 
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2.2 Materials and Methods 
2.2.1 Animals 

Forty-one New Zealand white rabbits (Myrtle Rabbitry, TN) of 1.5-1.8 kilograms were used in 

this study.  The animals were divided into five experimental groups for nerve repair: 1) simple 

tube filled with collagen,2) BNI with luminar collagen, and BNI with luminar collagen 

supplemented with either3) PTN,4) VEGF or 5) PTN/VEGF combination (Table 2.2). The 

animals were also divided in two separate time groups: a small cohort was evaluated at 6 

weeks (n=8) and a second analyzed for 10 weeks after implantation (n=33). 

2.2.2 BNI Nerve guides with multiluminal pleiotrophin support 

The nerve conduits consisted in a transparent polyurethane tube (Micro-Renathane®; Braintree 

Scientific, Inc; OD 3 mm, ID 1.75 mm, and length of 30 mm) filled with atelomeric chicken 

collagen (85 % type I, 15 % type II; Millipore).As previously reported, the BNI mediates 

fascicular-like growth after peripheral nerve gap repair by directing the growth of the 

regenerating axons through multiple agarose microchannels filled with collagen. The BNIs were 

reproducibly prepared by a casting device that aligns metal fibers (250 and 350 µm) was 

inserted through the tubes. A 1.5% agarose solution was then injected in to the tube, filling the 

lumen and allowed to polymerize. Before removing the fibers from the agarose either a 

suspension of recombinant VEGF or PTN mixed with collagen (2.5 µg/ml), or a suspension of 

PLGA nanoparticles with the encapsulated growth factors were placed into a well of the BNI 

casting device and loaded into the microchannels by the negative pressure formed in after 

removal of the embedded fibers as previously reported (Figure 2.2)(130). Approximately a 0.5 

mg of nanoparticles containing 92ng of VEGF and PTN was added in each BNI.  According to 

our release study, it can be estimated that 46 ng of the growth factor was released during the 

first 24 hr and the rest gradually released during the 3 months. This amount falls within the 

physiological range (10-100ng/ml) of PTN and VEGF(124, 126). In order to test whether a 

combination of VEGF and PTN would elicit a synergistic effect we decide to have a group with 
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half the concentration of each of these growth factors in order to maintain the same amount of 

nanoparticles in the microchannels. 

2.2.3 BNI Nerve Repair 

The rabbits were anaesthetized with ketamine (35mg/kg) / xylazine (5mg/kg) intramuscular 

injection, and maintained under 1-3% isoflurane and oxygen. The hind limb was shaved and 

disinfected with ethanol and betadyne and the animal placed on a heating pad to maintain at 

37ºC. The left peroneal nerve was exposed by spreading the abductor cruriscranialis muscle 

and the biceps femoris muscle of the left thigh. The peroneal nerve bisected and the BNI was 

placed in between the two ends. The BNI was tied to the underlying muscle using a 3-0 chromic 

gut suture and the nerve ends were inserted 1mm inside the tube and secured by 9-0 

monofilament suture. Using a 3-0 suture, the muscles closed followed by stapling the skin. 

Triple antibiotic ointment and bandages were applied to the wound (Figure 2.5).The animals 

were given 40 mg of sulfamethoxazole, 8 mg of trimethoprim orally and 1 mg of buprenorphine 

subcutaneously daily for a week after surgery. The animals were maintained under conditions of 

controlled light and temperature with food and water ad libitum.  

At the end of the experimental phase, the animals were euthanized with sodium 

pentobarbital, 120 mg/kg, intravenously and perfused transcardially with 0.9% normal saline, 

followed by pre cooled 4% Paraformaldehyde (PFA). The control non-injured nerves and the 

BNI repair common peroneal nerves were dissected and post fixed in 4% PFA. The study had a 

double blind design (i.e., the surgeon was blind to the type of implant, and evaluators were blind 

to treatment as the animals were randomized for further testing and coded after the surgery). All 

procedures were in accordance with the Institutional Animal Care and Use Committee (IACUC) 

at the University of Texas at Arlington. 

2.2.4 Nanoparticle fabrication 

Poly (lactide-co-glycolide) acid (PLGA) micro spheres were synthesized using the double 

emulsion evaporation method as reported elsewhere (131). Briefly, PLGA (Lakeshore 
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Biomaterials, Birmingham, AL) was dissolved in dichloromethane (DCM; Sigma-Aldrich, St. 

Louis, MO) at a concentration of 200 mg/ml; mixed with aqueous solutions of BSA (10µg/ ml; 

Sigma-Aldrich, St. Louis, MO), PTN (10µg/ml; PeproTech Inc., Rocky Hill, NJ) and VEGF 

(10µg/ml; Invitrogen, Carlsbad, CA)  and sonicated. After DCM evaporation and centrifugation, 

the particles were suspended in PBS and freeze dried. The particles were characterized by 

Scanning Electron Microscopy (Hitachi S-3000N Variable Pressure SEM; Fig 2.1 A, B); the 

particle size distribution was measured with a Zeta Potential particle size analyzer, and the 

release profile determined by protein assay and ELISA (Fig. 2.1 C, D). Drug release kinetics 

determined by protein content using via 540nm spectrophotometry and PTN and VEGF ELISA 

quantification (Invitrogen, Carlsbad, CA), confirmed low-burst and sustained release profile over 

several weeks(Figure 2.1). 

 
 

Figure 2.1: Nanoparticle morphology and release study. Scanning electron microscope images 
of PLGA nanoparticles loaded with (A) PTN and (B) VEGF [scale: 5 µm]. The cumulative 
release of (C) PTN and (D) VEGF from the nanoparticles over a period of 21-28 days. 
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2.2.5 Bioactivity evaluation of nanoparticle encapsulation of PTN and VEGF 

PTN: To examine the biological activity of the PTN nanoparticles, we added the nanoparticles 

directly to dissociated spinal cord neurons isolated from the murine ventral spinal cord at post-

natal day 3. The neurons were cultured in Neurobasal medium supplemented with L-glutamine 

(Gibco Invitrogen), B-27, and penicillin/streptomycin (Gibco Invitrogen, Carlsbad, CA). BSA 

(control) or PTN nanoparticles were added to the cultures 24hrs after seeding. Five days after 

adding either BSA or PTN nanoparticles, the cultures were fixed with 4% PFA.  The cells were 

then immunostained for b-tubulin for quantification of the cell soma size and axon length. The 

quantification of axons length was performed using the Image J and statistical analysis was 

done using students t-test (Figure 2.3).  

VEGF: As previously reported, VEGF PLGA nanoparticles mixed and suspended in collagen, 

once loaded into the lumen of the multi-channel hydrogels significantly increased 

theproliferation of the endothelial cells seeded compared to those with BSA nanoparticle 

controls from the aortic explants (Figure 2.4) (130).  

 
 
Figure 2.2: (A) The 3cm BNI casting device along with the loading well for collagen and 
nanoparticle on one side and the brush on the other side, (B) An implanted 3cm BNI between a 
transected peroneal nerve in the rabbit; the implant is securely held by tying it to the underlying 
muscle. Image of a (C) simple tube filled with collagen and (D) a BNI with collagen filled 
microchannels. 
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2.2.6 Immunocytochemistry 

Culture cells were washed 3 times in PBS, permeabilized in 0.5% triton-X and incubated in 4% 

normal goat serum in 0.5% triton-X to reduce non-specific binding. Neuronal cell bodies and the 

axons were labeled mouse anti-b-tubulin (1:500; Sigma, St. Louis, MO). Cy3 Goat anti-Mouse, 

(1:400, R & D Systems) was used to visualize the labeled cell bodies and axons. The 

immunoflorescence staining was then evaluated using a confocal microscope at 20X 

magnification (Carl Zeiss LSM 510). Quantification metrics included total axonal length and 

average cell body surface area.  

Tissue sections: The BNIs were carefully cleaned and the outer micro-renathane tubing was cut 

away.  The nerve sample was then blocked into proximal, middle and distal.  The tissues were 

the dehydrated alcohol and embedded in paraffin.  The tissue was then cut into 10 µm slices 

using a microtome.  The tissue was dried and deparaffinized in xylene. The tissues were 

stained overnight at 4 C with primary antibodies mouse anti-neurofilament protein (1:200, 

Sigma) for labeling axons and chicken anti P0 (1:200, Millipore) as a marker for myelin.  After 

three washes with 0.5% triton X solution, the secondary antibodies, goat anti-mouse Cy2 and 

goat anti chicken Cy3 (1:400, Jacksonimmuno research) were used for 1hour at room 

temperature and the glass slides were further washed three times with 1X PBS. Samples were 

coverslipped and stored at 4oC for evaluation.The staining was evaluated using confocal 

microscopy (Carl Zeiss LSM 510 Meta). 

2.2.7 Myelinated axon quantification 
 
The confocal images were taken using a 63X oil objective. 4-6 images were captured for each 

sample and myelinated axons were manually quantified by counting the number of complete P0 

positive circles (red) over NFP+ axons (green) in a 100µm2 area. The total area of the distal 

stump of the peroneal nerve is measured using Image J pixel intensity quantification based on a 

known surface area. These numbers were used to extrapolate the total axonal count on the 
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distal stump. The plotted graph indicates the total number of myelinated axons on the distal 

stump. 

2.2.8 Electrophysiology 

The peroneal nerve was exposed; the nerve was separated from the facia and warm mineral oil 

added to insulate the nerve from the surrounding tissue. Needle electrodes were used to 

stimulate the proximal part of the implant. According to published methods, a 

CadwellCascadeTM system was used to evoke three pulses of 50µs duration were applied with 

increasing amplitudes from 2 to 6 volts(132). The compound muscle action potential (CMAP) 

was recorded from the tibialis anterior muscle by placing the active electrode under the fascia of 

the muscle (Figure 2.9, 2.10). 

2.2.9 Behavioral function Recovery 

Toe spread index (motor): Toe spread Index (TSI) was done evaluate functional recovery after 

peripheral nerve injury. The toe spread measurements were taken every week starting 3rd week 

of nerve injury. The animals were held by the scruff of their neck and suddenly lowered in order 

to measure the distance between their first and fourth toe created by the startle response. The 

toe nails were painted with different colors in order to facilitate the measurements. 

Formalin (sensory): In rodents, sensory testing after nerve injury routinely uses 5% formalin 

injected subcutaneous on the dorsal side of the injured foot (133). However, no sensory test for 

personal nerve injury has been previously reported for rabbits. Given that the common peroneal 

nerve has well defined dermatomes (134), we reasoned that the formalin test would be also 

effective in evaluating sensory function in the rabbit foot after 5 and 7 weeks post implantation 

of the BNI. We delivered formalin subdermally at different concentrations to test the 

effectiveness of this test. The concentration of formalin used in a trial test was 1, 5 and 10% on 

three uninjured rabbits. 10% formalin injection resulted in eliciting pain and the animals licked 

the site of injection while 1% and 5% did not result in licking of these animals. Hence, the 

formalin test in the rabbits consisted of a 0.1 ml subcutaneous injection of 10% formalin on the 
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dorsal part of the injured foot between the two inner most toes, at 1 cm from the foot edge. The 

animals were then videotaped for 10minutes after formalin injection and the number of licks was 

counted. 

2.2.10 Statistical analysis 

GraphPad Prism software was used to perform all the statistical analysis.  All the data are 

represented as the average ± standard deviation unless otherwise mentioned. One-way 

ANOVA with post hoc Neuman-Keuls multiple comparison tests was performed to analyze 

statistical difference. When p < 0.05, the difference between groups was considered significant. 

 
2.3 Results 

2.3.1 Sustained release of biologically active VEGF or PTN within agarose microchannels 

Particle size analysis confirmed that 50-70% of the particles were smaller than 500 nm. The 

ELISA quantification of both VEGF and PTN release shows an initial burst release of protein 

within the first 24 hrs. By day 5 about 40-55 % of the growth factor was released followed by 50-

70 % of the release after the first month. The biological activity of PTN was confirmed in 

dissociated spinal cord neurons. The average axon length of motor neurons was 210 ± 78 µm 

when treated with PTN nanoparticles, whereas it was 56 ± 21 µm in BSA controls.Hence, PTN 

nanoparticles significantly enticed longer axons compared to those exposed to BSA-releasing 

nanoparticles. In addition to the noted effect of PTN on the total axonal length, the average 

surface area of the cell bodies in the PTN treated cultures was also significantly higher 

compared to those in BSA treated cultures. The average cell soma area in the BSA controls 

was 45 ± 21 µm2 whereas in the PTN treated groups it was 307 ± 74 µm2 (Figure 2.3). 
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Figure 2.3: Bioactivity of PTN microparticles. Ventral motor neuron cultures treated with (A) BSA 
and (B) PTN nanoparticles and labeled with anti-β tubulin antibody. Quantification of (C) surface 
area of motor neurons and (D) average axonal length when treated with PTN and BSA 
nanoparticles after five days in culture. This is a significant increase in the size of the cell soma 
as well as the axonal length in the PTN treated cultures(n=4 cultures per group; *, p< 0.005). 
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As previously reported (130), encapsulated VEGF in PLGA nanoparticles suspended in 

collagen and loaded in the agarose microchannels induced prolonged trophic effect from adult 

aortic explants, with endothelial cell migration and proliferation extending for up to two weeks 

(Figure 2.4). While VEGF-supplemented P4-6 aortic explants showed a substantial number of 

cells inside the microchannels (390 ± 57; n = 19), those lacking growth factor support recruited 

significantly fewer cells (212 ± 48; n = 10). (Figure 2.4) 

 
 

Figure 2.4: Enhanced vasculature by VEGF. P4-6 aorta explants regeneration into the 
microchannels in presence (a, c) and absence (b, d) of VEGF after 8 days of culture in vitro. 
Quantitative analysis DAPI-positive nuclei, confirmed a significant difference (p<0.05) in the 
number of cells in each group (130). 
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Figure 2.5: Surgical implantation procedure of a 30 mm nerve conduit after peroneal nerve 
injury. (A) Incision for implantation showing Tibial (top) and Peroneal nerve (bottom), (B) the NG 
is first sutured to the underlying muscle (C, D) Proximal and distal stumps are sutured into the 
NG. 
 
2.3.2 Long nerve gap regeneration can be achieved with multiluminal structural support 

Gross evaluation of the nerves within the simplenerve guide filled with collagen taken at six and 

ten weeks post implantation failed to show nerve regeneration in all animals tested. In contrast, 

multiluminal nerve regeneration was observed in all the injured animals repaired with BNIs. Also 

we observed proper vascularization of the regenerated nerve fibers in the BNI microchannels. 

These results were confirmed by immunohistochemical characterization.  

Table 2.2: Experimental groups for the 30mm long gap peroneal nerve repair study 
 

Groups No. of rabbits 

Simple Tube, 6 weeks 
BNI, 6 weeks 
BNI+VEGF(rc), 6 weeks 
BNI+PTN(rc), 6 weeks 
Simple Tube, 10 weeks 
BNI, 10 weeks 
BNI+VEGF, 10 weeks 
BNI+PTN, 10 weeks 
BNI+PTN+VEGF, 10 weeks 

2 
2 
2 
2 
7 
7 
7 
7 
5 



 

 35 

 
 
In an initial test, VEGF or PTN (1µg/ml each) were mixed with the collagen and loaded in the 

BNI prior to implantation and evaluated 6 weeks post nerve repair. Cross sections of the nerve 

were taken in the proximal third section of the regenerated nerve (Figure 2.6). Histological 

evaluation showed aneurofilament-positive immunofluorescence staining in all the BNI 

implanted groups, but none in animals grafted with simple tubes. Groups of NFP positive axons 

were encapsulated by a perineurium and a distinct epineurium, resembling the normal anatomy 

of a nerve fascicle. This resultdemonstrated the specific benefit of the multiluminal design over 

the simple tubularization repair method.  Moreover, the initial group of animals that received 

recombinant VEGF or PTN (1µg/ml each) directly mixed with the collagen and loaded in the BNI 

prior to implantation, showed an apparent increase of NFP+ axons compared to the BNI-

collagen only groups. This results, give us confidence on the biological benefit of adding 

PTN/VEGF to entice long gap nerve repair. However, recombinant proteins mixed with collagen 

are expected to provide only acute support, not likely sufficient for sustaining axonal growth for 

long distances. Considering that regenerating axons grow at a 1-2 mm/day rate(135), crossing a 

30 mm gap will demand trophic support from 15-30 days. In that light we envisioned the need of 

providing sustain growth factor release of PTN and VEGF in order to maximize the trophic 

support, nerve regeneration and functional recovery. 

In our 6 week pilot study, we observe an increased number of axons regenerating through the 

multiluminal BNI at the proximal third section as compared to the simple tube controls. Also, the 

number of regenerated axonal profiles was higher by threefold in the BNI groups which were 

supplemented by recombinant VEGF and PTN (Figure 2.6) 

2.3.3 Sustained Pleiotrophic support can entice long gap nerve regeneration and functional 

recovery. 

The local presence of growth factors plays an important role in controlling survival, migration, 

proliferation, and differentiation of the various cell types involved in nerve regeneration(136). 
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Therefore, therapies with relevant growth factors received increasing attention in recent years. 

However, growth factor therapy is a difficult task because of the high biological activity (in pico- 

to nanomolar range), pleiotrophic effects (acting on variety of targets), and short biological half-

life (few minutes to hours)(137)of these proteins (118).  The half-life of growth factors demands 

for a delivery system that protects and slowly releases locally the protein over a prolonged 

period of time. Therefore, growth factor delivery for peripheral nerve regeneration may be 

ideally combined with an NG. 

Growth factors have been loaded into the lumen of an NG to prolong localized drug availability. 

Studies using NGF (138),BDNF (80, 139), NT-3(80), fibroblast growth factor (FGF)-2(140), 

VEGF(122, 141), platelet-derived growth factor (PDGF)(142), glial growth factor (GGF) (1, 143) 

and leukemia inhibitory factor (LIF) (144) have been mixed with hydrogel-forming 

collagen,laminin, alginate, heparin, and heparin sulfate. These methods while useful for growth 

factor delivery over a period of days, but failed to provide long term controlled release (118). 

Biodegradable, polymeric microspheres havebeen considered for the delivery of neuronal 

growthfactors in the context of both the implantation in thebrain (145, 146) and thecombination 

with NGs for peripheral nerve repair.  In fact NGF releasing microspheres implanted in a rat 

sciatic nervegap of 10 mm showed significantly more fibers and a higher fiber densitythan the 

control groups(147). However, attempts to engineer NGs with controlled growthfactor release 

kinetics are relatively scarce. Our lab developed a computer model to simulate growth factor 

release into the multiluminal BNI compared to the collagen filled empty tube (Figure in Appendix 

A). That analysis suggested the benefit of using nanoparticle growth factor release compared to 

that suspended in collagen. 

In that light, poly (lactide-co-glycolide) acid (PLGA) nanospheres were synthesized, and a 

second cohort of rabbits undergo 30 mm gap repair of the peroneal nerve defect. For this 

experiment,we repeated the initial experiment but implemented a controlled growth factor 

release method into the BNI using PLGA nanoparticles, and evaluated the functional recovery 
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using electrophysiology and behavioral tests.  In this study, VEGF and PTN were encapsulated 

in PLGA nanoparticles at a 66% efficacy, and their release profile quantified by ELISA over 30 

days at 37°C (Figure 2.1 C, D). 

 
 

Figure 2.6: Histological analysis six weeks post implantation. (A-D), show H & E sections and 
(E-H) show sections stained for Neurofilament positive axons (brown, also indicated by arrows) 
at six weeks post injury. Treatment groups included(A, B)simple tube(C, D) multiluminal BNI (E, 
F) BNI supplemented with recombinant VEGF (G, H) BNI supplemented with recombinant PTN. 
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2.3.4 Increased axonal regeneration to distal target with BNI VEGF/PTN support 

In our 6 week pilot study, we observe an increased number of axons regenerating through the 

multiluminal BNI at the middle section as compared to the simple tube controls. Also, the 

number of regenerated axonal profiles was higher by threefold in the BNI groups which were 

supplemented by recombinant VEGF and PTN. 

 
 

Figure 2.7: Myelination staining on the distal stump of the regenerated nerve in all the 
experimental groups. NFP 200 is used as a marker for axons and P0 is used as a marker for 
the myelin around these axons. 
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We followed with a complete ten week study employing release of pleiotrophic factors by 

nanoparticles and added an additional group with combination of VEGF and PTN nanoparticles. 

We observed similar results for number of axonal profiles in the midsection of the tube. Also, the 

number of myelinated axons 5-8 mm into the distal stump was evaluated.  We found that all the 

BNI treated animals had myelinated axons in the distal stumps and the numbers were 

significantly higher in all the growth factor supported groups but were threefold lower than the 

numbers found in uninjured controls. The number of myelinated axons in an uninjured peroneal 

nerve was 145 ± 16.5 per 100 µm2while there were no myelinated axons in the simple tube 

group. It was 10.75 ± 7 in the BNI group, 42 ± 8.5 in the BNI VEGF, 49 ± 8.5 in the BNI PTN 

group and 37.5 ± 6.3 in the combination of BNI VEGF/PTN group. 

 
Figure 2.8: Total number in of myelinated axons in the complete distal segment of the 
regenerated peroneal nerve. Number of axons in the VEGF and PTN treated groups were 
comparatively higher than BNI collagen. All values are reported as mean ± SD. 
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2.3.5 Restoration of nerve conduction in all the BNI groups 

CMAPs were measured from theanteriortibialis anterior muscle after stimulation of the proximal 

side of the implant. It was only done in three animals from each group.We did not visualize any 

muscle contraction in the simple tube group where as we saw muscle twitching in the all the BNI 

groups after stimulation on the proximal side. The multiluminal BNI yielded significantly higher 

CMAPs in comparison to the simple tube controls. The BNI groups supplemented with growth 

factors had significantly higher CMAPs as compared to the BNI only group but there was no 

significant difference observed among the growth factor aided groups. 

 
 
Figure 2.9: Diagram of terminal electrophysiology setup. Stimulating hook electrodes are used 
to stimulate the proximal side of the nerve implant and recording needle electrodes are placed 
in the tibialis anterior muscle to record CMAPs. (Adopted from Van Dyke, 2008) (148) 
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Figure 2.10: Measurement of compound muscle action potentials (CMAPs). (A) No electrical 
response seen from the tibialis anterior muscle in simple tube collagen repair. (B-E) Distinct 
CMAP responses were observed in all the BNI groups. (F) Quantification of CMAPs across the 
experimental groups indicates that all BNI groups had significantly greater response as 
compared the simple tube control and the growth factor supplemented groups showed 
significantly higher CMAPs as compared to BNI without growth factors. 
 
2.3.6 Enhanced sensory recovery across the BNI 

We conducted a sensory response test by injection of formalin subcutaneously on the dorsal 

side of the rabbit feet to induce pain. Induction of pain leads to the rabbit licking its feet. The 

dorsal side of rabbit feet is innervated by superficialbranch of commonperoneal nerve (149). 

After the injection, the animals were observed for the first 10 minutes and then the numbers of 
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licks were counted. We observed a significant recovery of sensory function in all the BNI groups 

as compared to tube collagen group. Interestingly, we did not see any significant recovery of 

sensory functions among all the three BNI groups with PTN and VEGF as observed in the motor 

function recovery (Figure 2.12). 

2.3.7 PTN mediated motor function recovery 

Several nerve regeneration studies have focused on electrophysiological and morphological test 

for evaluation but assessment of function is essential as well. The toe spreading index 

measurement in a rabbit is an ideal and extremely sensitive method to evaluate the onset of 

motor function recovery after peroneal nerve injury. The peroneal II, III and IV muscles are 

involved in this reflex toe spread behavior of the rabbit (150). Each animal was tested for 

functional recovery by the effectiveness of its toe spread once a week after the 3rd week of 

implantation.  No difference in the toe spreading index was observed at the 4th week time point 

among all the groups. By the 7th week, all the BNI group animals as well as the BNI supplement 

with growth factors groups had significantly wider toe spread as compared to the animals 

having simple tubes. At the end of the 10th week study point, BNI-PTN group had the maximum 

spread with TSI values at 0.85 ± 0.10 units, whereas the simple tube implanted animals had 

0.62 ± 0.061 TSI. This result clearly indicates that there was a significant increase in motor 

function in all the BNI groups. Also, BNI-PTN group had the best motor function recovery 

(Figure 2.14). 

2.3.8 Reduced muscle weight loss in growth factor groups 

After the CMAPs recording from the tibialis anterior muscle, that muscle from the injured side 

and the uninjured side are collected and weighed. The weight of the tibialis anterior muscle of 

the injured and the contralateral sides were measured. It was observed that there were no 

significant differences in the contralateral muscle mass among all the groups where as on the 

injured side the simple tube collagen group had significant muscle mass loss as compared to 

the PTN supplemented BNI groups (Figure 2.15). 
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Figure 2.11: Dermatome of the rabbit’s feet and the formalin injection site 
 

 
Figure 2.12: Behavioral test for sensory function recovery. (A) A rabbit licking its foot after 
formalin injection, (B) Quantification of the number of licks for 10 minutes after injection of 10% 
formalin. There was a significant increase in the number of licks in all the BNI groups as 
compared to the simple tube collagen controls, but no significant difference was observed 
among the BNI groups. 
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Figure 2.13: (A) Schematic representation of the direct measurement of toe-spreading length 
between thefirst and the forth toe at the tip of nails. (B) Picture of toe-spread in a rabbit with a 
left peroneal nerve injury 
 

 
Figure 2.14: Behavioral test for motor function recovery. (A) Toe spread measurement over the 
length of the study at week 4, 7 and 10 post injury. (B) Toe spread measurement at the end of 
the study. All the experimental groups except the simple tube collagen group had significantly 
greater toe spreading The BNI group supplemented with PTN had the maximum toe spread 
(p<0.05). 



 

 45 

 
Figure 2.15: Comparison of tibialis anterior muscle weight across all experimental groups. (A) 
Muscle weight on the contralateral side (B) muscle weight on the injured side. The was no 
significant difference observed across all groups on the contralateral side but on the injured side 
the BNI groups supplemented will PTN or PTN/VEGF had reduced muscle loss as compared to 
the simple tube group (p<0.05, n=5). 
 

2.4 Discussion 
 
Several synthetic nerve guides have been proposed to achieve nerve regeneration across long 

gap nerve injuries. Such tubularization techniques depend on migration of fibroblasts and 

Schwann cells from the host proximal and distal nerve stumps into the lumen of the tubes to 

form a cellular scaffold supportive of neural regeneration (90).We demonstrated that a 

biosynthetic nerve implants (BNI) with linearly arranged agarose microchannels with luminal 

collagen can bridge a 30 mm critical gap in the rabbit common peroneal nerve. While 

incorporation of orientated microchannels within the lumen of the conduits has previously shown 

to substantially influence the rate and direction of regenerative events through short gaps (52, 

92, 109, 110, 151, 152). This study is first to report that such structure in itself can provide nerve 

growth over critical long gaps bridged with collagen-filled BNIs as vascularized fascicle-like 
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nerve regeneration was confirmed through the micro-channels. This result is in agreement with 

the known stimulatory effect of collagen on axonal regeneration, myelination, and 

vascularization when compared to empty silicone-based conduits, presumably by stimulating 

early vascularization of the regenerated nerve (46), and underlies the importance of 

incorporating cell matrix molecules as part of the regenerative environment for nerve gap repair.  

Luminar collagen has been previously shown to promote nerve regeneration (153-155). 

Specifically, the incorporation of collagen microfibers have been reported to bridge an 8 cm 

gaps of canine peroneal nerves over a long time (10–12 months), with numerous myelinated 

axons of a range of diameter. However, in that study myelination were less well developed than 

in the contralateral unoperated peroneal nerve and there was no recovery of function 12 months 

post injury. 

Others have used hollow conduits filled with collagen gel alone or supplemented with 

neurotrophin-3(NT-3), BDNF or acidic fibroblast growth factor (aFGF) enhance nerve 

regeneration across non critical gaps (80). Many growth factors have been identified that 

influence nerve regeneration (see table 2.1).While the inclusion of single growth factors some 

functional recovery in short gap repairs the failed to repair gap injuries longer than 2.5 cm. The 

failure of single growth factor delivery may be attributed to narrow cellular specificity of most 

common neural growth factors. Indeed, each family of growth factors has distinct functional 

characteristics. As such, NGF stimulates trkA bearing nociceptive sensory neurons; BDNF 

stimulates trkB positive CNS neurons, NT-3 mostly attracts trkC positive propioceptive sensory 

fibers (156) whereas GDNF mainly stimulates RET expressing dopaminergic and 

motoneurons(157). Knowing the narrow cellular effect of most growth factors, some have 

proposed to combined them in an attempt to enhance nerve repair. Indeed, co-delivery of both 

NGF and GDNF, and BDNF with cilliaryneurotrophic factor (CNTF) seems to increase functional 

regeneration by attracting different neuronal subpopulations (both motor and sensory) (158). 

However, this effort also is restricted as it focused only in the neural populations, while lacking 
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support for other cell types such as fibroblasts and perineurial, endothelial cells and Schwann 

cells which must be recruited from the severed peripheral nerve stumps to assist in axonal 

regeneration (159). 

In this study we demonstrated a stimulatory effect of PTN and VEGFsupplementation of the 

multiluminal BNI in mediating nerve repair and functional regeneration. In contrast to the 

catastrophic failure observed using simple tubes with luminar collagen, and the reduce growth 

provided by the multiluminal support, BNIs supplemented with PTN or VEGF showed a 

significantly increased number of neurofilament-positive axons within the microchannels, with 

congruent nerve conduction and functional recovery. 

Blondet et al reported increase in levels of PTN after the first week of sciatic nerve crush injury 

(160) and PTN was also upregulated in the surrounding support cells (Schwann cells, 

macrophages, and endothelial cells) on the distal stump of the injured nerve (161).  Also it has 

been reported that PTN mRNA is highly expressed in a motor nerves as compared to sensory 

fibers. PTN have been found to promote outgrowth in neurons, glial progenitor cells and 

oligodendrocyte progenitors (162) and is a mitogen for endothelial cells, epithelial cells, 

fibroblasts, and has demonstrated neurotrophic effect in motor neurons (129, 163-166).There 

are four receptors for PTN:  receptor protein tyrosine phosphatase (RPTP) β/ζ, anaplastic 

lymphoma kinase (ALK), N-syndecan, and low-density lipoprotein receptor-related protein-5 

(162). Mi et al reported for the first time that PTN is a neurotrophic factor for motor neurons 

(124).  

Similarly, VEGF significantly increased blood vessel penetration and Schwann cell migration, 

and has recently been shown to influence neuronal growth, differentiation, and survival 

(167).The major role of VEGF is to promote angiogenesis in the nerve conduit and also help in 

axonal regeneration (168, 169). It have been shown that VEGF increases Schwann cell 

proliferation and migration along with increased vascularization of the transected nerve(169).  A 

study reported significant increase in myelinated axons and motor function recovery when 
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matrigel with VEGF was added to the silicone chambers (141). In another study, application of 

VEGF to the acellular peripheral nerve grafts resulted in significant increase in axonal sprouting 

(168). Recently, a study also showed better and efficient innervation of musculocutaneous 

nerve stumps after transfection with VEGF plasmid (170).While the precise cellular and 

molecular mechanism for the neurotrophic effect of VEGF is unknown, it likely involves the 

recruitment and stimulation of Schwann cells, as these cells upregulate VEGF expression 

secondary to nerve injury (171). Moreover, exogenous VEGF has been shown to stimulate the 

proliferation and migration of Schwann cells (172), and to significantly increase the total number 

of regenerating axons through a 20 mm gap injury when combined with acellular peripheral 

nerve isografts(141). 

In accordance to the mild functional regeneration observed in the BNI with multiluminal collagen 

group, as indicated by TSI and CMAP values, a significantly higher number of axons were 

observed in the VEGF, PTN and combinatorial treatment groups, which closely correlated with 

the functional reinnervation parameters. The VEGF treated groups exhibited slightly increased 

CMAP and TSI values compared to the BNI only group, indicating that stimulation of 

vascularization and nerve regeneration are critical for long gap peripheral nerve repair. In turn, 

animals in the PTN treated groups elicited the highest CMAP amplitudes and toe spread index 

values among all groups, which suggest the support of motor nerve regeneration. The 

combination of PTN and VEGF has similar CMAPs and number of regenerating axons as the 

individual growth factor growth indicating no additional effects. These results are also supported 

by the regain in muscle weight of the anterior tibialis muscle compared to that observed in the 

BNI control. The formalin test for the sensory response also suggests that all the BNI treated 

animals had recovery of nociception when compared to the control group with simple tubes. 

Combined, these results indicate the essential role of the BNI for unidirectional axonal growth 

along with pleiotrophic supplements for effective recovery after long gap nerve defects. 
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2.5 Conclusion 

Our finding shows that multiluminal design of the BNI is critical to bridge a gap of 30mm long 

peripheral nerve repair. The micro channels provide proper topographical cues for the 

regenerating axons to grow towards the distal nerve stump. Also, the micro channels help in 

unidirectional growth of the axonal fibers and mimics fasciculation. Sustained delivery of PTN 

also showed better motor function recovery among all the BNI groups. Also, the BNI groups 

have sensory function recovery as compared to the empty tube collagen group. 
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CHAPTER 3 

ELASTIC, POROUS AND TRANSPARENT NERVE GUIDES FOR EFFECTIVE 
MULTILUMINAL NERVE REPAIR 

 
Tubularization of peripheral nerve gap injuries has been proposed as a viable alternative to 

autograft repair.  Recent progress in luminal fillers and multi-luminal designs has demonstrated 

promising results in mediating axonal regeneration and functional recovery across nerve gap 

injuries. However, most biodegradable materials used for nerve guide fabrication such as 

collagen or poly-lactic acid are opaque and prevent the evaluation of luminal fillers in the nerve 

conduit prior to surgery. This is important as discontinuous filler defects may compromise nerve 

regeneration. To address this limitation, we report the use of crosslinked urethane-doped 

polyester elastomer (CUPE), for the fabrication a translucent biodegradable nerve guide, which 

allows the inspection of the luminal fillers in the nerve guide prior to implantation. The CUPE 

polymer is strong and elastic with an estimated peak stress of 23 MPa and 135% elongation at 

break. Here we demonstrate that CUPE nerve guides can be used to repair a 15 mm nerve gap 

in the rat sciatic nerve, eliciting a restrictive foreign body response. Activated ED-1 expressing 

macrophages were observed to mediate CUPE reabsorption, sparing the regenerated tissue. 

Morphological and electrophysiological evidence demonstrated successfully nerve regeneration 

across long nerve gaps using the multiluminal nerve conduits made of CUPE, further supporting 

its use as a viable method for peripheral nerve gap repair, allowing pre and post-surgery 

evaluation of luminal fillers. 
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3.1 Introduction 

 Tubularization of peripheral nerve gap injuries with biodegradable nerve guides has 

been proposed as a viable alternative to autograft repair. Various reabsorbable polyesters 

including polylactide(173), poly (L-lactide-co-glycolide)(174), poly (L-lactide-co-�-caprolactone) 

(175), poly (D, L-lactide-co-glycolide) (176), trimethylene carbonate-caprolactone block 

copolymer (177), and methoxy poly (ethylene glycol)-b-poly (D, L-lactide) diblock 

copolymer(178).Several tubular scaffolds are currently FDA-approved such as those made with 

collagen [NeuraGen; Integra Sciences] (35, 179, 180), polyglycolic acid (PGA) [Neurotube; 

Synovis] (181, 182), and poly(dl-lactide-ε-caprolactone) [Neurolac; Ascension] (35). However, 

these conventional polyesters polymers have low mechanical strength, are not elastic and have 

limited porosity.  These limitations have direct effects in nerve regeneration, as ideal nerve 

guides should match the properties of the elastic nature of the nerve (i.e., in situ strain 

approximates 11%) (183), while maintaining sufficient mechanical strength to support surgical 

handling. This is particularly important when fragile luminal fillers such as ECM or agarose 

hydrogels are used to create microchannels. 

While several elastomers can match the elongation capacity of the nerve (i.e., 2-12 MPa), 

including those made of poly(diol citrates) and poly(glycerol sebacate (0.5-11MPa), if used to 

fabricate porous scaffolds, they lose mechanical strength significantly. For example, peak stress 

of poly(1,8-octanediol citrate) decreases from 3 to 0.3 MPaupon scaffold fabrication (184). 

Recently, a cross-linked urethane-containing polyester (CUPE) was demonstrated as soft, 

elastic (200-350 elongation at break), strong (20-40 MPa peak stress), and biocompatible 

material with reduced foreign body reaction compared to PLLA (Day et al., 2008). The CUPE 

scaffolds are fabricated by salt-leaching method and thus are highly porous (50-200 µm porous 

size).  

Several studies have suggested the incorporation of biomimetic luminal fillers such as collagen 

matrix and growth factors as mechanisms to enhance nerve regeneration across a gap injury. 
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Furthermore, aligned fibers, microfilaments and microchannels have been reported to linearly 

guide the growth of regenerated axons through the nerve gap, potentially reducing re-

innervations errors distal to the repair site (35, 89, 90, 97).In such biosynthetic nerves, it is of 

critical importance to ascertain the nature of the filler content, such as the linearity of the 

guidance cues, and the even distribution of the extracellular matrix and growth factors, prior to 

grafting. Of equal importance is the need of evaluating possible luminal fabrication defects, such 

as discontinuous fillers or contamination that may in turn compromise nerve regeneration. 

However, most other polymers currently used for nerve repair such as collagen or poly-lactic 

acid, areopaque and prevent the evaluation of luminal fillers in the nerve conduit prior to 

surgery.In addition to the elasticity and mechanical strength, the CUPE polymer is translucent, 

and thus can be used to fabrication NGs that allow the visualization of possible fabrication 

defects in the luminal fillers and will assist the surgeon in suturing the nerves to the BNI without 

damaging the multiluminal scaffold. We recently reported the use of transparent polyurethane 

tubing as a nerve guide material with multiple collagen-filled agarose microchannels as luminal 

filler in the repair of short nerve injury gaps (92). In that study, the transparency of the 

polyurethane tube also assisted in the visualization of nerve stumps inside the nerve guide and 

facilitated their placement into the tubing without disrupting the luminal filler. However, 

polyurethane is non-biodegradable and thus, not an optimal material for nerve repair.  

While the CUPE scaffolds seem a natural better choice for the fabrication of the external NG in 

multiliminal nerve implants, it has long degradation rates invitro (i.e., 8-16% mass loss over 60 

days), but they can be properly shorten by the choice ofdiol used in the synthesis, the 

isocyanate content, and the post-polymerization conditions(Day et al., 2008).Here we 

hypothesized that CUPE can be used to make a BNI with optimal biodegradability designed with 

strength to protect the soft agarose made microchannels, yet elastic and porous to favor cellular 

migration and nerve repair. This study demonstrates that CUPE-BNIs can be used to repair a 

critical 15 mm nerve gap in the rat sciatic nerve.  
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3.2 Materials and Method 
 
3.2.1 CUPE Nerve Guide Fabrication 

CUPE pre-polymers were synthesized as previously reported (107, 108). A poly-octamethylene 

citrate (POC) pre-polymer was first synthesized by reacting 1:1.1 monomer ratio of citric acid 

and 1,8-octanediol under constant nitrogen flow, mixed at 100rpm for 2 hours at 140˚C. The 

pre-polymer was then dissolved in 1,4-dioxane and purified by drop precipitation in deionized 

water. Finally, the precipitate was collected and lyophilized for 2 days. Pre-POC was dissolved 

in 1, 4-dioxane to make a 3 wt.-% solution. To synthesize cross linked urethane-doped 

polyester (CUPE), pre-POC was reacted with HDI in a 1:1.2 molar ratio. HDI and stannous 

octoate were added to the POC solution and allowed to react for 7 days at 55ºC. 1.5 × 90 mm 

glass capillary tubes were dip coated with CUPE until a wall thickness of 250 um was achieved. 

The CUPE coated conduits were cross linked at 80˚C for 4 days and at 120˚C for 1 day. The 

conduits were swollen in 50% ethanol to remove the guides and lyophilized for 1 day. All 

chemicals were purchased from Sigma Aldrich (Milwaukee, WI). 
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Figure 3.1: (A) Photographs of transparent CUPE-NG of two different thicknesses (top, amber) 
compared to a non-biodegradable Polyurethane-NG. (bottom, clear); (B) Cross sectional view of 
a CUPE-NG; (C) Cross sectional view of a CUPE Multiluminal Biosynthetic Nerve Implant 
(CUPE-BNI),  the arrow indicates agarose structure and the asterisk represents a microchannel; 
(D) CUPE-BNI casting device showing the metallic brush inserted in the loading well prior to 
collagen (top), and after fiber removal (bottom). 
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3.2.2 Mechanical Test of the Nerve Guides 

Strains were measured using a laser extensometer (MTS, Insight Eden Prairie, MN). Conduits 

were pulled at a rate of 500 mm/min until failure using a 500 N load cell. Values were converted 

to a stress vs. strain curve. The Initial modulus was recorded at 0-10% strain. 

 
 
Figure 3.2: Transparency evaluation of CUPE in comparison to a transparent polymer 
polyurethane and the plate 
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3.2.3 CUPE Biosynthetic Nerve Implant (CUPE-BNI) 

The CUPE-BNI was fabricated as previously reported (92). Briefly, a casting device was used 

which comprises of a loading well, a brush with titanium fibers (250µm and 500 µm) and the 

perforated CUPE-NG (Fig 3.1). The CUPE-BNI has a center micro channel with 500µm 

diameter and seven smaller micro channels on the periphery with 250µm diameter. A 1.5% 

agarose solution was injected into the CUPE-NG and the agarose was allowed to polymerize. 

The well was loaded with collagen IV (Millipore, USA) and then fibers were carefully pulled out 

of the casting device inducing a negative pressure in the wells and allowing the collagen to fill 

the micro channels uniformly. The CUPE-BNI was designed to linearly guide the regenerating 

axons across nerve gap lesions through the agarose micro channels filled with collagen.  

Table 3.1: Experimental groups for the CUPE based nerve repair study 
 

Groups No. of rats 

CUPE-NG, 8 weeks 
 
CUPE-BNI, 8 weeks 
 
CUPE-NG, 12 weeks 
 
CUPE-BNI, 12 weeks 

8 
 

8 
 

8 
 

8 
 
 
3.2.4 Animals 
 
32 female Lewis rats (Charles River, MA) weighing between 275-300 grams were used for this 

study. The animals were divided equally into two groups: 1) Collagen filled CUPE single nerve 

guide (CUPE-NG) and 2) Collagen filled CUPE multiluminal BNI (CUPE-BNI), each group 

having a subset of two evaluation time points, 8 and 12 weeks. The animals were maintained 

under conditions of controlled light and temperature. Food and water were available ad libitum. 

3.2.5 Animal Surgery 

In deeply anesthetized animals (60mg/kg sodium pentabarbatolintraperitoneally) the left thigh 

was shaven and disinfected with povidone-iodine. The animal was then placed on a heating pad 

and the body temperature maintained at 37ºC. The left sciatic nerve was exposed through a 
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dorsolateral gluteal-muscle splitting incision, and a 5 mm segment was excised proximal to the 

branching of the sciatic nerve. A 15 mm gap was created by attaching 1 mm of the proximal and 

distal ends of the transected nerve into a 17 mm CUPE-NG or CUPE-BNI tube using 9-0 nylon 

sutures (Arosurgical, Newport Beach, CA). The muscle was closed using chromic gut 3-0 

sutures (Ethicon, San Angelo, Texas), and the overlying skin was stapled. Pain was alleviated 

with buprenorphine hydrochloride (Hospira) 1mg/kg subcutaneously for a week after surgery. All 

procedures involving animal surgery and care were performed in accordance with the 

Institutional Animal Care and Use Committee (IACUC) at the University of Texas at Arlington. 

3.2.6 Histological tissue preparation 

At 8 and 12 weeks post implantation the animals were sacrificed via overdose of sodium 

pentabarbital (120mg/kg) and perfused transcardially with 0.9% buffered saline followed by 4% 

paraformaldehyde (PFA). The implanted nerve guides were harvested, post-fixed in 4% PFA at 

4ºC overnight and then transferred to PBS. The regenerated tissue was isolated from the tubing 

and processed for paraffin embedding, and sectioning at 8 µm on a microtome (Leica 2145). 

3.2.7 Immunostaining 

Sections from each group were immunostained using a mouse anti-neurofilament protein 200 

antibody (1:200, Sigma, Saint Louis, Missouri, USA) to label regenerating axons. Also, rabbit 

anti-S-100 (1:200) and mouse anti-vimentin(1:200) antibodies (Sigma, Saint Louis, Missouri, 

USA) were used to label Schwann cells and the perineurium respectively. Adjacent sections 

were labeled using a mouse anti-ED-1 (1mg/ml, Chemicon), a marker for macrophages and 

monocytes. The antibodies were diluted with blocking solution (4% normal goat serum in 0.5% 

Triton X in PBS) and incubated at 4ºC overnight followed by extensive rinsing in PBS. 

Flourochrome-labeled secondary antibodies (Cy2 and Cy3; 1:400; Jackson Immuno Research 

Laboratories, West Grove, PA; diluted with 0.5% Triton X in PBS) were incubated at room 

temperature in the dark for 1 hour. After rinsing in PBS, Fluoromount (Thermo Scientific, USA) 

was used to coversliped the tissue. The staining was evaluated using a confocal microscopy. 
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3.2.8 Axonal quantification 

The NFP positive staining was imaged using a confocal microscope (LSM 510 meta) at 20X 

magnification. Cross sectional NFP 200 labeling axons were quantified in both the groups. Four 

slides from each nerve tissue section were used for quantification. In the CUPE-NG and the 

CUPE-BNI group, the total numbers of individual axons on each tissue section was counted 

using Image J find fluorescence maxima method by setting an appropriate noise threshold 

(Figure 3.5). In the CUPE-BNI group, we observed axonal growth in between the tube and the 

agarose walls and these numbers were also added to the total axonal count. The data was 

analyzed as the mean ± standard deviation. 

3.2.9 Electrophysiology 
 
At the end of the eighth week, the animals were anesthetized by injecting 60mg/kg sodium 

pentabarbitol and an incision was made over the implantation site. The sciatic nerve was re-

exposed and covered with mineral oil (37˚C) and stimulated through a bipolar needle electrode 

proximal to the implant. The compound muscle action potential (CMAP) was recorded from the 

gastrocnemius muscle with a needle electrode. A Cadwell Cascade™ system was used to 

stimulate a train of three pulses of 50 µs duration and 2 to 4 volts to evoke a maximal response. 

 
3.2.10 Statistical Analysis 

The data is presented as average with the standard deviation of the mean. All statistical 

analysis was performed using one way-ANOVA with post hoc Newman-Keuls testing. A p-value 

of 0.05 or less was considered statistically significant. 

3.3 Results 

3.3.1 Translucent CUPE-NGs 
 
Conduits made with CUPE were fabricated with a wall thickness of 250 µm. Compared to the 

transparent non-biodegradable polyurethane tubes; those made of biodegradable CUPE 

elastomer were translucent with a slight amber color (Figure 3.1). Light transmittance through 
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the CUPE was estimated to be 73% using a spectrophotometer under visible spectrum while 

the polyurethane had 80% light transmittance and the polypropylene 96well plate has close to 

90% transmittance. This allowed the visualization of fibers through the CUPE tubes, and 

assisted the fabrication of multiluminal biosynthetic nerve implants (Fig. 3.1D). The translucency 

of the CUPE material allowed the inspection of luminal fillers as well as evaluation of the 

integrity of the micro channels. Fabrication defects such as hydrogel braking, discontinuous 

luminal collagen, bubbles, or contamination were clearly identified prior to implantation. This 

ensured that only those without fabrication defects were used for animal implantation. 

3.3.2 Multiluminal CUPE-BNI entices functional axonal regeneration through long nerve gaps 
 
To evaluate whether CUPE is permissive for nerve grafting we compared simple tubularization 

repair (CUPE-NG) to those containing multiluminal collagen-filled microchannels (CUPE-BNI), 

in bridging 15 mm gap defects in the rat sciatic nerve. At eight weeks post implantation, fibrotic 

tissue covered the CUPE tube to an extent similar to that previously reported with the use of 

polyurethane tubing (108). This indicates that the material did not induced additional immune 

response to the CUPE implant rather there was a nice wrapping of a connective tissue around 

the CUPE as seen in silicone and polyurethane tubes. Also, vascularization was observed 

inside the implants as many blood vessels were entering through the porous tube towards the 

regenerating axons. 

 
 
Figure 3.3: Nerve regeneration across a 15mm long gap across a (A) CUPE-NG and (B) CUPE-
BNI 8 weeks after implantation. Enhanced tissue growth is visibly observed in the multi luminal 
BNI as compared to the NG filled with collagen (Scale bar=2 mm). 
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In the simple collagen filled NG a nerve cable was clearly observed to regenerate through the 

complete length of the tube in all animals repaired with the CUPE-NG (Figure 3.3 A), while as 

expected, multiple nerve fascicles were observed to fill all available microchannels in animals 

repaired with the CUPE-BNIs (Figure. 3.3 B). The simple tube had a single thin nerve cable 

growing while the multiluminal BNI tube was packed with nerve fibers. 

Axonal regeneration was visualized by immunolabeling of neurofilament peptide 200kD (NFP 

200), and confirmed in both the simple tubularization (Figure 3.4 A, B), and across the CUPE-

BNI microchannels (Figure 3.4 C, D). NFP positive nerve fibers towards the distal end of the 

implants were imaged with a 20X objective using a confocal microscope. Figure 3.4 A, C shows 

the orientation of the regenerating axons right before innervating the distal stump of the injured 

nerve. Figure 3.4 B, D are the magnified images of figure 3.4 A, C showing the regenerating 

axons across a simple collagen filled CUPE-NG and a CUPE-BNI respectively. The 

regenerating axons were quantified to evaluate and compare the amount of regeneration in the 

two different groups and indicate the role of multiluminal scaffold for enhanced growth. 

 

Figure 3.4: Nerve tissue regeneration across a CUPE-NG and a CUPE-BNI. (A) Cross section 
of NFP 200 stainingshowed regenerated nerve tissue across a CUPE-NG (Scale bar=200 µm); 
(B) NFP-200 staining confirmed the multiluminal axonal regeneration across a CUPE-BNI 
(Scale bar=200 µm). 
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Figure 3.5 Representation of Image J quantification technique of counting regenerating axons. 
(A) A fluorescent image of NFP 200 positive regenerating axons through a CUPE-NG, (B) 
Image J analysis of axonal count by finding number of maxima at a noise threshold of 30 

 
Quantitative analysis of axonal regeneration density at the distal end of the implants (i.e., 12-14 

mm from the proximal end) revealed a highly significant (*p<0.001) 3.5 fold increase in the 

number of regenerated axons through the CUPE-BNI (2757 ± 658.5) compared to that in the 

CUPE-NG (671.6 ± 168.1; Fig. 3.5). This quantification was done by manually counting the 

number of axons in the simple tube and in the small microchannels. The small acidic protein S-

100 immunoreactivity in myelinated fibres appeared to correlate directly with the thickness of 

the myelin sheath formed by the Schwann cell. We evaluated myelination across the implants 

by immunolabeling of NF-200/S-100, and observed Schwann wrapping around the axons 

indicating normal myelination (Fig 3.6 A, B). 



 

 62 

 
 
Figure 3.6: Comparison of regenerated axonal number quantification across a CUPE-NG and a 
CUPE-BNI indicates significant increase in the number of axons in the multi luminal BNI group 
(*p<0.001). 
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Also, the regeneration of fascicle-like structures in the CUPE-BNI microchannels was confirmed 

by immunodetection of vimentin+ cells, a specific marker of perineural cells, in the periphery of 

the regenerated axon bundle within the microchannels (Fig 3.6 C, D). 

To confirm that the observed increase in regenerated axons in the CUPE-BNI mediated 

improvement in function, we measured the restoration of nerve conduction.  

 
 
Figure 3.7: (A, B) Normal fascicular nerve regeneration is demonstrated by the co-localization of 
Schwann cells (red labeled S-100+) wrapping regenerated axons (green label NFP+); and by 
(C, D)Vimentin+ fibroblast (green) regeneration in the periphery of the regenerated nerve. 
Vimentin+ labeling marks the formation of perineurium around each micro channel packed with 
a regenerated nerve fascicle (Scale bars A=5 µm, B=1 µm, C=50 µm, D=20 µm) 
 
Compound muscle action potentials (CMAP) recorded from the CUPE-BNI repaired group 

(323.2 ± 9.8 µV) was significantly (*p<0.01) increased compared to those implanted with CUPE-
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NG (257.4 ± 14.45 µV; Fig. 3.7 A, B). Contraction of the gastrocnemius muscle was also 

visually confirmed in all animals.  Together, this data indicates that the CUPE conduit is 

permissive for nerve repair and that normal axon regeneration, myelination, fasciculation and 

function can be facilitated through a long-gap injury using a multiluminal BNI design. 

 
 
Figure 3.8: Compound muscle action potential recordings (CMAP) from the gastrocnemius 
muscles. All gastrocnemius muscles produced measurable signals. (A) Representation of 
CMAP in CUPE-NG and CUPE-BNI group (The bar indicates three stimulation peaks); (B) 
Comparison of CMAP between CUPE-NG (n=8) and CUPE-BNI (n=8) group showed significant 
increase in nerve conduction in the multiluminal BNI group (*p<0.01). 
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3.3.3 Restricted inflammatory response elicited by CUPE revealed specific recruitment of 
macrophages and controlled polymer reabsorption. 

 
Upon harvesting at 8 and 12 weeks post-implantation, the CUPE nerve guides showed signs of 

apparent degradation including increased translucency and flexibility. To directly ascertain 

whether the immune response to CUPE was restricted to the polymer, we evaluated the 

inflammatory response by direct visualization of the lysosomal macrophage activation antigen 

ED-1. This method revealed numerous macrophages infiltrating the CUPE tubing (Figs. 3.8 A, 

D), while few ED-1 cells were observed either in the fibrotic tissue covering the exterior walls of 

the conduits (Fig. 3.8 B, E), or in the regenerated nerve tissue located in the lumen of the nerve 

guide or the lumen of the BNI microchannels (Figs. 3.8 C, F). 

 
 
Figure 3.9: ED1+ Macrophages were localized on the CUPE-NG with minimal presence in 
regenerated epineurium or nerve fascicles. (A, D) ED1+ cells (arrows) present in surplus on the 
NG (marked by the dotted lines) and sparingly inside and outside the NG; (B, E) Magnification 
of the region within the box outside the NG (C, F) Magnification of the region within the box 
inside the NG (Scale bar A, D=200 µm; B, C, E, F=100 µm,). 
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Higher magnification confocal microscopy showed detail of the macrophage infiltration of the 

CUPE polymer, confirming the cellular-mediated degradation of CUPE over time. The 

macrophages were also visualized by DIC microscopy, which combined with ED-1 labeling, 

showed areas of high ED-1 immunoreactvity along the edges of the CUPE polymer, locating 

macrophages in the areas of polymer degradation (Fig. 3.9). 

Using scanning electron microscopy we compared CUPE tubes before implantation and 8-

weeks post-implantation. This method revealed clear polymer degradation overtime in the form 

of perforations and delamination observed in the tubing (Figs. 3.10 A, B). The amount of 

degradation was then estimated from mechanical testing and showed that peak stress of 23 ± 

1.88 MPa prior to implantation, reduced to 11.36 ± 0.71 and 9.57 ± 1.05 MPa at 8 weeks and 12 

weeks, respectively (*p<0.01; Fig 9C).  Similarly, the elongation to break reduced from 135.60 ± 

13.31 to 51.53 ± 10.55 and 23.67 ± 6.37 % at 8 and 12 weeks, respectively (*p<0.001, 

**p<0.01; Fig. 9D). This data confirmed the specific and control reabsorption of the CUPE 

tubing overtime, while supporting nerve regeneration and functional recovery. 
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Figure 3.10: ED-1+ cells were observed on the NG eroding the CUPE at higher magnification. 
(A, B) ED+1 cells on the walls of the CUPE-NG; (C) Merged image of A and B (Scale bar=5 
µm). The arrows indicate edge of the polymer being degraded; (D, E, F) Magnified images of A, 
B and C (Scale bar=2 µm). 

3.4 Discussion 

A variety of luminal fillers such collagen, microfilaments, aligned fibers, hydrogel microchannels, 

and Schwann cells, have been reported to enhance peripheral nerve regeneration across gap 

injuries (89, 90, 92, 102, 185, 186). Despite the observed growth-promoting effect of the luminal 

fillers, the opaque nature of the currently available nerve conduits prevents the identification of 

fabrication errors prior to implantation such as air bubbles, cell death, contamination, or 

misalignment of luminal structures. Here we demonstrated the use of CUPE as a biodegradable 

material with 70% light transmittance that allow the visualization of luminal filler integrity in nerve 

guides prior to implantation. The translucent nature of the CUPE conduits also provided 

confidence during the surgical implantation of the biosynthetic nerve, as compression or 

disruption of the luminal fillers are visualized and prevented during nerve stump insertion into 

the nerve guide, and nerve suturing can be more accurately approximated. Furthermore, the 
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CUPE conduits remained translucent after recovery from implantation even after 12 weeks, 

facilitating the inspection of luminal content and gross evaluation of nerve regeneration in vivo if 

needed.Peripheral nerves are normally under some tensile load, as evidenced by the fact that a 

nerve in situ retracts when severed.  During limb movement, physical stresses are placed on 

peripheral nerve with tensile stress applied longitudinally resulting in steady elongation of the 

nerve which can reach 12 MPa.  In the rabbit tibial nerve when the knee and ankle are 

eachmaintained at 90 degrees offlexion, the in situ strain is 11%(183). 

 
 
Figure 3.11: Scanning electron microscope (SEM) images of the CUPE-NG surface (A) before 
implantation and (B) 8 weeks after implantation, indicating the degradation of the NG over time 
(arrows point to the pores formed on the NG; Scale bar= 200 µm). Reduction in mechanical 
strength of CUPE-NGs after 8 and 12 weeks of implantation according to (C) Peak stress 
testing (*p<0.01) and (D) Elongation at break (*p<0.01, **p<0.001). 
 
It is well established that Schwann cells promote axon regeneration, remyelination and improve 

functional recovery if placed in the lumen of biodegradable conduits, both in the peripheral 
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nerve (187) and the transected spinal cord (188, 189). However, some have reported 

disappointing nerve regeneration in Schwann cells containing conduits compared to autologous 

grafts (190).  

While more research is needed to resolve this apparent controversy, the opaque nature of most 

nerve guides has limited the information that one can obtain from the luminal fillers. For 

instance, the number of surviving Schwann cells overtime inside the peripheral nerve conduits 

is unknown, thus the actual contribution of transplanted cells to integrate into host tissue and 

mediate functional improvement, remains to be determined. Furthermore, due to the large 

inflammatory response to the injury and implantation, it is highly likely that Schwann cells in the 

lumen of an implanted degradable conduits die shortly after transplantation. This clearly seems 

to be the case in the injured spinal cord, where most transplanted Schwann cells are known to 

die within two weeks post implantation due to necrosis and apoptosis (191). Clearly, survival of 

the transplanted cells is vital, and inadequate amount of these cells will hamper the repair 

process (186).  Transparent conduits such as the CUPE nerve guides will facilitate proper 

evaluation of the transplanted cells within the tube prior to implantation, and assist in 

ascertaining cell survival after grafting. This approach can provide important insights as to 

specific contributions of luminal cells in nerve repair. 

We observed that CUPE conduits are biocompatible and gradually reabsorbed. This was 

determined by the significant reduction in peak stress and elongation at break of the conduit 

after eight and twelve weeks of implantation, and confirmed by scanning electron microscopy 

showing several areas of polymer degradation in the same samples. Analysis of the immune 

response to the CUPE polymer revealed a very specific targeting of activated macrophages 

expressing lysomal proteins recognized by the ED1 antibody, located inside the CUPE-NG, with 

almost no inflammation observed in the surrounding tissue. Since ED-1 staining was observed 

at the margins of the eroding zones within the conduit, it follows that the activated macrophages 
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are engaged in the enzymatic degradation of the polymer in a specific and restrictive manner. 

These observations support the use of CUPE conduits in peripheral nerve gap repair. 

Furthermore, gross anatomical evaluation of nerve regeneration and histological visualization of 

regenerating axons in the distal end of the tube demonstrated successful nerve regeneration 

across a 15 mm gap using CUPE elastomeric conduits. However, the amount of nerve 

regeneration was significantly different between the collagen-filled NGs and those with collagen-

filled multiple microchannels (i.e., BNI). Specifically, the number of NFP+ fibers was increased 

three-fold in the BNI as compared to the CUPE simple tubularization method. This result 

demonstrates that the multichannel luminal fillers are indeed beneficial for enticing and directing 

nerve regeneration across long gap injuries. This was further supported by the observed by the 

larger CMAPs recorded in the gastrocnemious muscle of animals with CUPE-BNI implant.  

The robust increase in the number of axons regenerating across the multiluminal BNI could be 

the result of the restricted directional growth within the hydrogel macrochannels, as linear 

topographic cues are known to promote unidirectional nerve regeneration (90, 96).  In addition, 

the multiluminal design provides a 60% increase in surface area compared to the empty tube, 

and this likely increases Schwann cell migration from both sides of the transected nerve 

facilitating axonal regeneration (18, 159, 192). 

 It also possible that higher concentration of various growth promoting factors released in the 

microchannels would be achieved in the microchannels compared to the simple conduits (18).  

Despite the observed increase in axonal regeneration and CMAP in the BNI-repaired animals, 

we were unable to observe a significant behavioral recovery in toe spreading after the 12 weeks 

compared to the NG group. This might be a result of muscle atrophy after nerve injury as we 

have observed muscle weight reduction of 60% within the first 6 weeks of injury. To alleviate 

this limitation in future studies, nerve electrical stimulation and treadmill training, which have 

been reported to stimulate axonal regeneration and functional recovery (18, 193), will need to 

be incorporated. 



 

 71 

3.5 Conclusion 

In Summary, the CUPE elastomer is has demonstrated transparency and biocompatibility to 

support its use in long gap peripheral nerve repair. Furthermore, multi luminal fillers enhanced 

axonal growth across long critical gaps and increase nerve conduction to the innervating 

muscles. 
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CHAPTER 4 

FUTURE DIRECTIONS 

4.1 Additional CUPE-NG assessments for clinical applications 

CUPE proved to be an effective selection for nerve guide material. The CUPE-NGs were 

translucent before implantation and it helped in proper evaluation of the microchannel structures 

and loading of the collagen. After 8 weeks of implantation, the CUPE-NGs were similarly 

translucent which helped in visualization of nerve tissue regeneration across the length of the 

NG. There were no overt immune response to the CUPE-NG and a nice layer of tissue was 

surrounding the implant. ED-1 positive staining also revealed that the walls of the NGs are 

specifically targeted by the macrophages and the nerve tissue growing within the NGs are 

spared from these cells. Currently, this study was conducted in a rat sciatic nerve injury model 

to bridge a gap of 15mm.In future, extensive study needs to be carried out in larger animals 

such as rabbits and pigs to evaluate the immune response to this polymer. Furthermore, studies 

needs to be done in a preclinical setting with primate models and if successful can be used for a 

clinical trial model. Also, in a 15mm CUPE-NG the agarose microchannels were completely 

intact and the regeneration was robust but in future the CUPE-NG needs to be tested for repair 

of gaps larger than 5cms. There are several FDA approved nerve guides currently available in 

the clinics for bridging of short gaps. Some of these NGs are made of collagen[Integra 

Sciences] (35, 179, 180), polyglycolic acid (PGA) [Synovis] (181, 182), and poly(dl-lactide-ε-

caprolactone) [Ascension] (35). These tubes do not have any luminal fillers and they are used in 

a single empty lumen approach. The CUPE-NGs with the agarose microchannels should be 

compared side to side in a future experimental design with all the FDA approved nerve guides 

to evaluate the best material for this approach. 
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The CUPE-NG was also tested as a spinal implant after complete spinal cord transection. There 

were no visible immune response to the biomaterial and there was nerve tissue regeneration 

inside these NGs as well as there were signs of vertebral column repair on top of the implant 

surface. Over all, CUPE-NGs could prove to be an efficient and effective solution for repairing 

traumatic peripheral nerve injuries and spinal cord injuries. Hence, further extensive 

characterization needs to be done on the CUPE-NGs to make way to the clinics for repair of 

long nerve injuries. 

4.2 Combination of NGF/NT-3 and PTN for long gap repair 
 
Despite recent studies demonstrating the added regenerative benefit of combinatorial 

treatments in the injured spinal cord (194, 195) and peripheral nerve (196), a systematic 

evaluation of combinatorial treatments that would promote peripheral nerve regeneration across 

critically long gaps remains unexplored. I hypothesize that combinatorial treatments aimed 

specifically at providing a suitable growth substrate to bridge the injury gap and a growth factor 

milieu that stimulates regeneration of most neuronal subpopulations in the peripheral nerve, will 

constitute a more robust and efficient method for the repair of critical long gap nerve injuries, 

which are currently poorly treated. To test this hypothesis we will have to systematically 

evaluate the relative regenerative potency of traditional growth factors from the neurotrophin 

family (nerve growth factor (NGF) and Neurotrphin-3 (NT-3)) alone or in combination to PTN. 

We recently obtained evidence that support the feasibility of this approach.In DRG explant 

cultures PTN was found to potentiate the axonal growth mediated by NGF and NT-3 added to 

the media. This preliminary study confirmed that the significant regenerative effect of NT-3/NGF 

can be further increased 2-3 folds by PTN. This result provides confidence that the NT-3/NGF 

and PTN combinatorial approach might indeed be able to stimulate an enhanced regenerative 

response across critically long peripheral nerve gaps.  

Neurotrophic growth factors such as NGF and NT-3 are known to entice the regeneration of 

nociceptive and proprioceptive sensory neurons, respectively (197). In addition, PTN is known 
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to stimulate the regeneration of spinal cord motor neurons (124) and the proliferation and 

migration of Schwann cells, fibroblasts and endothelial cells (78, 160, 198). We postulate that 

multiluminal BNIs loaded with a combination of NGF, NT-3 and PTN in the microchannels will 

provide a more efficient regenerative strategy for the repair of critical long gap injuries. As 

shown in our Preliminary Studies, we have used polymeric growth factor encapsulation double 

emulsion evaporation method to produced bioactive VEGF and PTNPLGA microparticles with 

sustained release for at least 30 days. Here we will extend the fabrication of the polymeric 

microspheres to encapsulate and test the bioactivity of NGF and NT-3 alone, or in combination 

with PTN. In the first phase of this proposal, the drug load and release profiles, as well as their 

biological activity in eliciting axonal growth from neonatal DRGs will be carefully characterized. 

 

 
 

Figure 4.1: (A) DRG explants cultures from postnatal mice day 3 treated with combination of 
PTN and NT-3/NGF and the control group not treated with any growth factors. (B) Quantification 
of the axonal density from these explants cultures under the treatment of individual growth 
factors and combination of growth factors. 
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APPENDIX A 

GROWTH FACTOR RELEASE MODELING WITHIN NERVE GUIDES OF COMPLEX 
MATERIAL COMPOSITION 

 
 



 

 

 

76 

We recently reported the use of collagen-filled agarose multi luminal nerve guides as a method 

to linearly guide axonal regeneration after peripheral nerve gap injury repair (92). We have also 

demonstrated that poly lactic-co-glycolic acid (PLGA)-microparticles placed within the lumen of 

such microchannels provide sustained growth factor (GF) release, which in turns promotes 

cellular growth and tissue regeneration in vitro(130). However, the temporal dynamics of GF 

release within such multi-luminal nerve guides with complex material composition is unknown. 

Moreover, whether a particular luminal filler composition would offer optimal GF availability for 

nerve regeneration has not been determined. Here we design a mathematical model that 

predicts the spatial-temporal diffusion of GF within four types of materials including poly-lactic 

glycolic acid (PLGA), collagen, agarose, and extracellular fluid. This model was validated and 

used to compare the spatial-temporal GF diffusion rates across multiple physicochemical 

barriers (199-201).  Three different types of luminal filler designs in nerve guides were 

compared: 1) Simple tube with GF, 2) BNI with GF within agarose microchannels and 3) BNI 

with GF-PLGA microparticles in collagen within agarose microchannels. The predicted GF 

release pattern was then used to select the most appropriate configuration for enticing nerve 

regeneration. 

Growth factor diffusion is more symmetrical in the multiluminal nerve guides  

The mathematical model was used to estimate the GF diffusion in four types of nerve conduits 

with increased complexity in luminal biomaterials composition: 1) simple conduit filled with 

GF/collagen, 2) conduit filled with agarose microchannels each filled with GF/collagen. 3) 

Simple conduit filled with GF-PLGA microparticles suspended in collagen, and 4) conduit filled 

with agarose microchannels each filled with GF-PLGA microparticles suspended in collagen. 

Our model showed that GF diffusion in the simple conduit filled with GF/collagen is 

asymmetrical due to increased diffusion at both ends of the conduit, which in turns forms 

bidirectional gradients from each end of the nerve guide, peaking at the center of the tube. In 

sharp contrast, GF diffusion in nerve guides containing agarose microchannels is more 
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symmetrical, as each microchannel filled with GF suspended in collagen, in addition of diffusing 

from both ends of the nerve guide, also diffuses into the agarose, which alters the diffusion 

dynamics in the nerve conduit with more linear concentration observed in the lumen of each 

microchannel. In the multiluminal agarose model, the GF is suspended in collagen and the total 

concentration is limited to the available volume within the microchannels. The total amount of 

initial GF is approximately 50% of that that can be loaded in the simple tube. The model also 

predicts a faster diffusion of the total GF load in the microchannels, which is estimated to elute 

75% by 21 days and almost 90% at the end of the fourth week. 

PLGA microparticles extend the GF release and reverse the diffusion dynamics. 

The incorporation of GF-encapsulated PLGA microparticles to prolonged drug delivery in the 

lumen of the nerve guides was modeled for both the empty channel and the multiluminal conduit 

designs. The microparticles suspended in collagen generate small concentration peaks of GF 

according to the position of the microparticles in the lumen of each design, which is included an 

initial release burst over the first 24-48 hrs. In contrast to the diffusion models of GF suspended 

in the collagen, which is at maximum concentration from day 1, the use of GF-microparticles 

generates a much different effect as GF builds overtime both in the simple tube and in the 

multiluminal conduits, from very low levels at 48hrs to approximately 30ng/ml at the center of 

the simple tube by 21 days. Those levels remain constant at the center of the conduit from the 

3rd week to the 30 days, indicating a more balanced dynamics between GF release and 

diffusion.  In the multiluminal conduits, GF appears evenly diffused throughout the 

microchannels, as the microparticles suspended in collagen gradually release the growth factor, 

which in turn is diffusing both into the agarose and from both ends of the tube. This preparation 

maintains similar concentration of GF not only throughout the tube, but from 24hrs to 30 days, 

suggesting that this nerve guide design would better provide constant and uniform levels of 

growth factor along the nerve conduit a characteristic that is anticipated to be highly beneficial 

for nerve repair. 
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Visualization of the direct comparison of the average concentration for 30 days in the single 

channel and multiluminal arrangements with and without PLGA microparticles incorporated in 

the lumens clearly shows that GF release in simple conduits forms bidirectional gradients with 

epicenter at the middle of the tube, which is expected to limit nerve regeneration. In contrast, 

modeled GF diffusion in the lumen of agarose microchannels is more uniform, and controlled 

release from polymeric microparticles, can offer a more physiologically relevant GF distribution 

throughout the multiluminal nerve conduit. 

 

Figure: Comparison of Modeling of growth factor release among simple tube, BNI and BNI 
loaded with nanoparticles. 
 

DISCUSSION 
 

Several reports have demonstrated that nerve guides can be used successfully to enhance 

nerve regeneration across short gap defects (35). The regenerative effect is thought to rely 

inlinearly restricting axonal growth. In addition, nerve conduits are thought to restrict GF 

diffusion from the lumen, thus forming a GF-enriched intraluminal milieu (202).  To enhance 

even further nerve repair, GF have been delivered in the lumen of nerve conduits and reportedly 

have improved nerve repair and functional recovery(118).  Despite such advances in the nerve 
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tissue engineering, GF release profiles in the nerve conduits have not been determined. In 

order to directly address this shortcoming, we developed a computer model that simulates GF 

diffusion in four specific types of nerve guides, from GF-collagen filled conduits, and to collagen-

filled agarose microchannels with suspended GF-releasing PLGA microparticles. The 

mathematical modeling provides fundamental information to understand and predict the 

distribution of the GF concentration with different channel dimensions and filling material, when 

growth factor is the only exogenous material added. Moreover, it can provide an explanation to 

more complex designs (combination of several strategies; loading cells and growth factors) and 

possibly explain their less favorable result over the less complicated approach (203). 

Existing drug delivery mathematical model have been limited to biodegradable polymer 

release and release from polymer matrixes(204, 205), and only few reports have described the 

kinetics of drug release and the diffusion into an external medium. A study reported the use of a 

multi particulate system with microcapsules where the release rate into a finite volume was 

estimated accurately (206). However, this model, cannot explain drug diffusion through a more 

complex environment. Here we described a multimedium drug delivery mathematical model that 

incorporates several physical parameters such as diffusion, dissolution, and polymer 

degradation; and applies them into different spatiotemporal environments. 

 Our model showed that GF mixed in collagen accumulates in the center and diffuses at 

both ends of the conduit. This bilateral gradient might be suboptimal for axonal regeneration, as 

axons are known to follow increasing unilateral GF gradients(207). While direct axonal 

regeneration might not be enticed past the center of the tube if GF is at highest concentration 

there, if an appropriate GF to stimulate the migration of  supportive glial Schwann cells from the 

distal and proximal nerve stumps is used, then these cells will aim at migrating to the center of 

the tube and in so doing, they would benefit nerve regeneration (208, 209).Specific 

experimental data would be necessary to determine whether enticing directly the axons or 

indirectly through Schwann cells migration would be better in terms of nerve repair and 
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functional recovery. Conversely, the use of polymeric GF release in the microchannels 

compared to GF loaded in the lumen of a single tube produces a more uniform distribution and 

constant concentration of GF throughout the tube overtime. Such GF diffusion dynamics are 

expected to favor nerve regeneration.  

While the reported GF diffusion model has specific benefits in the design of nerve 

guides, the versatile capability of the mathematical model to incorporate defined volumes, 

solute release profiles and diffusion coefficient through multiple biomaterials such as collagen 

and agarose, strongly suggest that this modeling can also be useful for other tissue engineered 

scaffolds. For instance, bilateral GF concentration profiles such as that formed in the single 

lumen tubes can be also used to model cellular migration for bone regeneration or 

vascularization. 

The limitation of the mathematical model of multi-medium drug delivery here reported is 

limited by some important assumptions such as the static nature and perfect spherical shape of 

the GF-loaded PLGA microparticles. It also fails to incorporate critical parameters involved in 

drug delivery such as temperature and pH that affect diffusion and drug release. 
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