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Summary 

 

There is limited intrinsic potential for repair in the adult human central nervous 
system (CNS). Dysfunction resulting from CNS injury is persistent and requires 
prolonged medical treatment and rehabilitation. The retina and optic nerve are CNS-
derived, and adult retinal ganglion cells (RGCs) and their axons are often used as a 
model in which to study the mechanisms associated with injury, neuroprotection and 
regeneration. In this study I investigated the effects of a variety of strategies on 
promoting RGC survival and axonal regeneration after optic nerve injury, including 
the use of reconstructed chimeric peripheral nerve (PN) grafts, gene therapy, and 
intraocular application of pharmacological agents and other factors. 
 
Previous work in the lab led to the development of a method for reconstituting cell-
free PN sheaths with purified adult Schwann cells (SCs) which resulted in the support 
of regeneration of CNS axons. In the first part of my study I developed new types of 
PN bridges that contained genetically modified adult SCs, to determine if increased 
production of growth factors resulted in greater numbers of RGCs regenerating their 
axons.  The PN grafts were sutured on to the cut optic nerve of adult rats. The in vivo 
results showed that transducing SCs with lentiviral (LV) vectors encoding a secretable 
form of ciliary neurotrophic factor (CNTF) led to enhanced RGC survival and 
increased axonal regrowth in reconstructed PN bridges. Interestingly however, LV 
transduction of SCs with brain-derived neurotrophic factor (BDNF) or glial cell line-
derived neurotrophic factor (GDNF) did not have similar effects on RGCs. However, I 
obtained evidence that PN containing BDNF engineered SCs attracted many 
peripheral sensory neural axons from the surrounding environment into the 
reconstructed nerves.  
 
In addition to reconstituting PN with purified adult SCs, I also tested fibroblasts that 
had been engineered to express CNTF, to examine if these cells also improved RGC 
viability and axonal regeneration in the rat visual system. Analysis of the data did not 
reveal any positive effects, either on survival or axonal regrowth. These data suggest 
that fibroblasts may not be a suitable candidate for reconstituting PN grafts, even when 
engineered to express relevant growth factors. Incorporation of mixed populations of 
fibroblasts and SCs was also less effective than using pure SC populations. 
 
Previous studies have shown that digestion of chondroitin sulfate proteoglycans 
(CSPGs) with Chondroitinase-ABC (Ch-ABC) can promote axonal regeneration and 
functional recovery in after PN or spinal cord injury. Therefore I examined whether 
degradation of CSPGs inside PNs by Ch-ABC would further enhance RGC survival 
and/or axonal regeneration into PN autografts. In vivo results shown that (i) CSPG 
was expressed in PN segments after injury; (ii) Ch-ABC can successfully and 
temporally digest the side chain of CSPGs; however (iii) this treatment did not 
improve RGC survival or regeneration. On the contrary, it actually reduced the 
amount of RGC axon regeneration. This was possibly due to incomplete digestion of 
CSPGs, compensated upregulation of CSPGs, or the core protein of CSPGs remains, 
or is even more inhibitory to, the growth cones of regenerating RGC axons. 
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I also tested the neuroprotective effects of various pharmacological agents injected into 
the vitreous of the eye, directly targeting retinal ganglion cell bodies. Rho GTPase has 
been demonstrated to be the final common pathway of growth-inhibitory signals that 
are initiated by various inhibitory factors including glia scar and myelin associated 
molecules (OMgp, MAG, and Nogo). C3 transferase is an enzyme derived from 
Clostridium botulinum that inactivates Rho GTPase. Because SC myelin contains 
MAG and PN also contains CSPGs, I tested the effects of intraocular injection of a 
modified form of C3 (C3-11), provided by Dr Lisa McKerracher (CONFIDENTIAL 
data, under IP agreement with Bioaxone Therapeutic, Montreal) on RGC axonal 
regeneration into PN autografts. My results showed that there was significantly more 
RGC survival and axonal regeneration in PN autografts after repeated intraocular 
injection of C3. I also tested whether intraocular injections of CPT-cAMP and/or 
CNTF can act in concert with the C3 to further increase RGC survival and/or 
regeneration. Results showed that the effect of C3 and CPT-cAMP plus CNTF were 
synergistic and partially additive. The use of combination therapies therefore offers the 
best hope for robust and substantial regeneration. 
 
The overall results from my PhD project will help determine how best to reconstruct 
nerve pathways and use pharmacological interventions in the clinical treatment of CNS 
injury, hopefully leading to improved functional outcomes after neurotrauma.  
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Chapter One 

Axonal injury in the CNS 

 
Animals monitor and maintain an internal environment and at the same time monitor and 

respond to an external environment. These two functions are coordinated by the the endocrine 

system and nervous system. The nervous system basically has three functions: (i) receive 

sensory input from internal and external environments; (ii) integrate the input; (iii) respond to 

stimuli. The mammalian nervous system is composed of central nervous system (CNS), which 

includes the brain and spinal cord, and peripheral nervous system (PNS), which connects the 

CNS to other parts of the body. The most common CNS injuries include stroke, traumatic brain 

injury (TBI) and spinal cord injury (SCI). CNS injuries remain the leading cause of morbidity and 

mortality for young people throughout the world. The ultimate aim in CNS therapy is to repair the 

injured pathway, and restore the correct input, thereby leading to return of function. 

 

1.1 Some comments on the molecular pathology in CNS injury 
Adult mammalian CNS and PNS axons are well known to have different regenerative abilities 

after injury. Severed PNS neurons can survive and regenerate their axons to some degree. 

However, in CNS, severed axons fail to regenerate and their cell bodies die or atrophy. Cajal 

understood the importance of the CNS and PNS environments in axonal regeneration, but it is 

only in the last 20 years that neurons in the adult mammalian CNS have conclusively been 

shown to be capable of long distance axonal regeneration, if provided with an appropriate glial 

environment (David and Aguayo, 1981; Davies et al., 1997). Since then, such a capacity for 

regeneration has been found to be widespread among other CNS neuronal populations (Benfey 

and Aguayo, 1982; So and Aguayo, 1985; Vidal-Sanz et al., 1987).  

 

This different ability of CNS and PNS neurons to survive and regenerate after injury may be 

explained by extrinsic and intrinsic differences. PNS glia (Schwann cells) help to promote 

neuronal survival after injury, however, it is uncertain whether CNS glia (astrocytes and 

oligodendrocytes) can also do this (Goldberg and Barres, 2000). In addition, PNS glia strongly 

promote growth of regenerating axons whereas CNS glia actively inhibit this regrowth (Goldberg 

and Barres, 2000). This may be explained from the point of evolution, where CNS is much more 

complex and important compared to PNS, normally CNS neurons are well protected behind the 

bone structures and not easy to be injured. Once damaged, prohibition of the regrowth of CNS 

axons may prevent further functional loss or subsequent large scale miss-wiring. In addition to 

glial differences, the inability of CNS axons to regenerate is largely associated with non-

neuronal aspects of the CNS environment that are inhibitory to axonal elongation. A particularly 

important step in CNS regeneration research was the discovery of axon growth inhibitors which 

contribute significantly to the nonpermissive nature of the mature CNS (Caroni et al., 1988; 

Caroni and Schwab, 1988). Following this important finding, many inhibitory molecules in the 
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glial scar have been found (Bovolenta et al., 1992; Davies et al., 1997), including tenascin, 

chondroitin sulfate proteoglycans (CSPGs), and the myelin-associated neurite outgrowth 

inhibitors, oligodendrocyte myelin glycoprotein (OMgp), myelin-associated glycoprotein (MAG) 

and Nogo (Grandpre and Strittmatter, 2001; Chaudhry and Filbin, 2006).  

 

1.1.1 Intrinsic influences 
1.1.1.1 Species, strain, gender difference 
Since Sperry's work in the 1940s (Sperry, 1944, 1950), it is well known that the CNS neurons of 

lower vertebrates such as fish and amphibians can regenerate after injury, whereas CNS 

neurons of mammals become apoptotic after axotomy (Matsukawa et al., 2004b). For example, 

goldfish retinal ganglion cells (RGCs) can regrow axons towards the tectum and completely 

restore vision after optic nerve (ON) transection or crush (Stuermer et al., 1992; Kato et al., 

1999; Matsukawa et al., 2004a; Rodger et al., 2004; Rodger et al., 2005). Teleost fish and newt 

Cynops pyrrhogaster also exhibit an enormous potential to produce new neurons to replace the 

damaged neurons in the adult CNS (Zupanc and Ott, 1999; Zupanc, 2001; Mitsuda et al., 2005). 

In Xenopus laevis or lizard Gallotia galloti, transected ON can regrow, and it is not linked 

obligatorily to maintained neurogenesis (Taylor et al., 1989). Why do advanced vertebrate 

species lose the ability to regenerate? It is still a mystery. However, it seems not because of the 

selection pressure from evolution, but more likely to be an unselected by-product of gaining an 

increasingly complex nervous system (Harel and Strittmatter, 2006). 

 

In mammals, even in the same species, different responses to injury are also seen in different 

gene backgrounds (Lapointe et al., 2006). For example, sensory neuron apoptotic death is more 

intense in C57BL/6J mice compared to A/J mice and leads to poorer axonal regeneration after 

peripheral nerve (PN) lesion (Pierucci and de Oliveira, 2006). Neurite regeneration ability differs 

significantly in two commonly used strains in knock-out studies, C57BL/6 and 129X1/SvJ mice, 

this may contribute to the divergent results obtained in Nogo knock-out studies (Dimou et al., 

2006). Gender difference (better recovery in females) has also been reported in animal models 

(Bramlett and Dietrich, 2001; Farooque et al., 2006; Nakazawa et al., 2006) and related to 

estrogen and progesterone (Garcia-Segura et al., 2001; Labombarda et al., 2003; Nakazawa et 

al., 2006) or the differences in autoimmune response in different genders (Hauben et al., 2002). 

However, in the clinic the gender contribution to recovery is not evident (Greenwald et al., 2001; 

Scivoletto et al., 2004; Sipski et al., 2004; Furlan et al., 2005). This may be partly due to the 

difficulty in selecting matched samples in SCI patients of different genders. 

 

1.1.1.2 Neuronal age difference 
Generally, adult neurons are more resistant to apoptosis than neonatal neurons as has been 

shown in RGCs (Perry and Cowey, 1979; Rabacchi et al., 1994; Spalding et al., 2004; 

McKernan et al., 2006). However, the regenerative ability is the opposite; embryonic optic axons 

can grow through environments that normally block axon regeneration from adult optic fibers 

(Bates and Meyer, 1997; Chierzi et al., 2005). This loss of regenerative ability in adult may be 

caused by developmentally regulated loss of responsiveness to axon attractive molecular cues, 
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such as changes in cAMP levels with maturation (Cai et al., 2001; Shewan et al., 2002; Spencer 

and Filbin, 2004). Regeneration in young animals is usually associated with a characteristic 

profile of gene expression that is similar to the profile seen during development (Vogelaar et al., 

2003; Bosse et al., 2006). On the other hand, intra-axonal protein synthesis is lower or absent in 

adult or aged neuron axons (Willcox and Scott, 2004; Verma et al., 2005) which may also 

contribute to the retarded regeneration ability in adult. In addition, the maturation of nonneuronal 

cells in the retina (Goldberg et al., 2002a), within the lesion site (Hafidi et al., 2004) and 

increased vascularization with development (Whalley et al., 2006) may also affect the extent of 

apoptosis and axonal regeneration after injury in mature animals. 

 

1.1.1.3 Intracellular cAMP levels in normal and injured neurons 
Many studies have demonstrated that cAMP levels can dictate the response of growing axons 

to guidance cues (Song et al., 1998; Hopker et al., 1999), neurotrophic factors (Lohof et al., 

1992; Cui et al., 2003a; Li et al., 2003a; Henley et al., 2004), and myelin derived inhibitors (Qiu 

et al., 2002; Snider et al., 2002; Bandtlow, 2003; Gao et al., 2003; Lu et al., 2004b; Spencer and 

Filbin, 2004). For example, endogenous cAMP levels are greatly elevated in young neurons and 

these levels decrease precipitously after birth, which also correlates with the developmental loss 

of regenerative capability (Cai et al., 2001; Domeniconi and Filbin, 2005). In Xenopus, attraction 

of retinal growth cones to netrin-1 can be converted to repulsion by laminin-1 by the lowering 

cAMP levels within the growth cone (Hopker et al., 1999). A conditioning PN lesion can promote 

regeneration of central branches of rat dorsal root ganglion (DRG) neurons through increased 

neuronal cAMP levels (Neumann et al., 2002b) and activation of signal transducer and activator 

of transcription 3 (STAT3) (Qiu et al., 2005). Correspondingly, cAMP elevation can promote 

axonal regeneration and functional recovery after CNS injury. Elevation of cAMP can be 

achieved via direct application of cAMP analogs such as dibutyryl-cAMP (db-cAMP) (Pearse et 

al., 2004), CPT-cAMP (Shen et al., 1999; Cui et al., 2003a), or by priming with neurotrophins 

(Gao et al., 2003), combination of forskolin and IBMX (Chierzi et al., 2005) or inhibition of cAMP 

hydrolysis by the phosphodiesterase IV inhibitor, rolipram (Nikulina et al., 2004; Pearse et al., 

2004). Significant advances have been made recently in understanding the mechanisms that 

underly increased cAMP levels and the promotion of axonal growth. For example, it has been 

shown that altered cAMP levels influence the level of expression of neurotrophic factor 

receptors such as CNTFRα (Park et al., 2004a) and TrkB (Meyer-Franke et al., 1998) in the 

retina. Downstream pathways of cAMP may include protein kinase A (PKA)-mediated pathways 

(Dong et al., 1998), upregulation of metallothionein (MT)-I/II (Siddiq and Filbin, 2005), activation 

of the transcription factor cAMP response element binding protein (CREB) and induce 

upregulation of Arginase I, increased synthesis of polyamines (Cai et al., 2002; Gao et al., 

2004), elevated activity of cyclin-dependent kinase 5 (cdk5) (Deng et al., 2005) and a 

subsequent cleavage of p75NTR (Siddiq and Filbin, 2005), resulting in inhibition of Rho GTPase 

pathway and blocking growth cone collapse (Dong et al., 1998; Bandtlow, 2003) (Fig. 1.1, 1.3).  

 
 
 



4 

1.1.2 Extrinsic inhibitory influences 
1.1.2.1 Axon growth inhibitors in the glial scar 
Glial scaring, also called reactive gliosis, occurs whenever the CNS is damaged (Reier and 

Houle, 1988). The main cell types involved are astrocytes, microglia, oligodendrocyte 

precursors and meningeal cells (Fawcett and Asher, 1999; Jones and Tuszynski, 2002; Properzi 

et al., 2003). A mature scar takes two weeks to be fully formed in adult rats (Berry et al., 1983; 

David and Lacroix, 2003). The final glial scar is composed of mainly a dense meshwork of 

astrocytic processes bound together by tight and gap junctions (Bovolenta et al., 1992; Properzi 

and Fawcett, 2004). It has long been thought to contribute to part of the failure of CNS axon 

regeneration (Windle et al., 1952; Bovolenta et al., 1992). This was proved by Davies and 

colleagues in 1997. They demonstrated that DRG neurons can extend long processes when 

transplanted into adult white matter if there was no damage and no glial scar formation; the 

regeneration capability of the transplants correlated well with the extent of injury and scar 

formation (Davies et al., 1997). Recent studies have shown that there are several molecules 

involved in this glia associated inhibitory effect, including tenascin, keratin, and chondroitin 

sulface proteoglycans (CSPGs), keratin sulface proteoglycans (KSPGs) and class III 

semaphorins.  

 

Tenascin 
Tenascin (TN) family is a group of structurally related extracellular matrix (ECM) glycoproteins 

(Chiquet-Ehrismann et al., 1994; Tucker et al., 1999) that may interact with RhoA to perform 

their function (Wenk et al., 2000). This family includes five members: tenascin-C (TN-C), 

tenascin-R (TN-R), tenascin-Y (TN-Y), tenascin-X (TN-X) and tenascin-W (TN-W) (Chiquet-

Ehrismann, 2004). Interestingly, TN was originally discovered in cerebrospinal fluid (CSF) as a 

marker for diagnosis of brain tumours (Yoshida et al., 1994). In the normal mature CNS, only 

low levels of TN can be detected. TN-R is expressed by oligodendrocytes and small neurons 

during postnatal development and in the adult (Woodworth et al., 2004). TN-C is expressed in 

the hippocampal complex of developing rats (Ferhat et al., 1996) and Schwann cells (SCs) in 

PN regeneration (Fruttiger et al., 1995; Zhang et al., 1995).  
 
After CNS injury, reactive astrocytes upregulate the expression of TN in the lesion site 

(Probstmeier et al., 2000; Tang et al., 2003) and dramatically increase the transcription of TN 

gene (Ajemian et al., 1994; Brodkey et al., 1995), suggesting that TN may contribute to 

astroglial scar formation and axon growth inhibition. Knockout study also suggests TN-R is a 

molecule restricting motoneuron innervation and functional recovery from SCI (Apostolova et 

al., 2006). In the eye, TN is critical for the establishment and maintenance of the restricted 

distribution of myelin-forming oligodendrocytes along RGC axons (Bartsch et al., 1994). After 

ON transection, TN-like immunoreactivity is localized to the leptomeninges and astrocytes that 

border the transection site 24 hours after injury, it increased during the next 2 weeks, and 

disappeared after 18-21 days (Ajemian et al., 1994). After ON crush, TN-R is continuously 

expressed for at least 63 days, and may contribute to the failure of regeneration of adult RGC 
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axons (Becker et al., 2000). In adult zebrafish, TN-R function as a repellent guidance molecule 

for newly growing and regenerating optic axons (Becker et al., 2004). 

 

Proteoglycans 
Proteoglycans consist of a protein core and long, sulfated polysaccharides 

(glycosaminoglycans; GAGs) made of disaccharide unit repeats (Properzi and Fawcett, 2004). 

They are classified into four groups according to the molecular nature of the GAG chains 

attached to the core protein: heparin sulfate proteoglycans (HSPGs), chondroitin sulface 

proteoglycans (CSPGs), dermatan sulfate proteoglycans (DSPGs), and keratin sulfate 

proteoglycans (KSPGs) (Bovolenta and Fernaud-Espinosa, 2000; Grimpe and Silver, 2002). 

HSPGs have a primary role in the development of CNS, especially in axon guidance (Bandtlow 

and Zimmermann, 2000; Hartmann and Maurer, 2001; Bulow and Hobert, 2004). CSPGs are 

ECM molecules with a varied complex structural composition comprising transmembrane and 

secreted forms. They are diversified by variations in the core protein with the addition of N- and 

O-linked oligosaccharides; number, length, and sulfation patterns of chondroitin sulfate GAG 

side chains; and proteolysis of translation products (Sandvig et al., 2004). The CSPG family 

includes versican (Thomas et al., 1994; Yao et al., 1994), neurocan (Matsui et al., 1994; Katoh-

Semba et al., 1995; Miller et al., 1995), brevican (Morgenstern et al., 2002; Davies et al., 2004), 

NG2 (Dou and Levine, 1994; Miller et al., 1995; Jones et al., 2002) and phosphacan (David et 

al., 1998; Jones et al., 2003). Neurocan and phosphacan are nervous tissue-specific 

proteoglycans and are two major constituents of CSPG found in the postnatal CNS (Margolis et 

al., 1996).  

 

Many studies have demonstrated that CSPGs are inhibitory to neuron regeneration, either in 

vitro (Hynds and Snow, 1999; Monnier et al., 2003), or in vivo (Asher et al., 2000; Jones et al., 

2002; Morgenstern et al., 2002; Properzi et al., 2003). After SCI, neurocan, brevican, and 

versican immunostaining increased within days in parenchyma surrounding the lesion site, 

peaking at 2 weeks. Neurocan and versican expression were persistently elevated for 4 weeks, 

while brevican expression persisted for at least 2 months (Jones and Tuszynski, 2002; Jones et 

al., 2003). NG2 expression was upregulated within 24 h after injury, peaking at 1 week, and 

remained for at least 7 weeks (Jones et al., 2002). In the mouse dorsal root entry zone, 

brevican, neurocan and versican are abundant at the time when regenerating sensory fibers 

reach the PNS/CNS border and participate in growth inhibition in this region (Beggah et al., 

2005).  

 

The mechanisms of signal transduction of CSPGs have not been fully worked out (Laabs et al., 

2005) (Fig. 1.1). Cell surface receptors for the extracellular secreted proteoglycans have not 

been identified. Recent research suggests Rho/ROCK pathway is involved (Dergham et al., 

2002; Monnier et al., 2003; Jain et al., 2004). Either activation of Cdc42 and Rac or inhibition of 

Rho GTPase by C3 transferase can significantly increase the number of neurites crossing into 

the CSPG lanes in culture (Jain et al., 2004). Furthermore, Schweigreiter et al. (2004) showed 

the existence of neuronal receptors for versican and myelin inhibitors which is independent of 
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p75NTR/NgR receptor complex but also converge to Rho GTPases as a common point of signal 

pathways (Fig. 1.1) (Schweigreiter et al., 2004; Schweigreiter and Bandtlow, 2006). More 

recently, both protein kinase C (PKC) (Sivasankaran et al., 2004) and EGFR (Koprivica et al., 

2005) have been found to be a key component involved in myelin and CSPG inhibitory 

pathways (Chaudhry and Filbin, 2006; Schweigreiter and Bandtlow, 2006)(Fig.1.1, 1.3). 

 

 
 

Figure 1.1 CNS myelin inhibitory signalling scheme. A scheme summarizing current knowledge about 

myelin inhibitors in oligodendrocytes and their neuronal receptor complexes. Nogo-A displays a bimodal 

inhibitory signalling pattern by engaging the NgR/p75NTR/Lingo-1 receptor complex, and a so far 

unidentified receptor with its two domains Nogo-66 and NiG, respectively. Note that the signaling 

pathways of all inhibitors investigated so far converge at the Rho GTPases RhoA and Rac1. The activity 

status of these proteins determines the neuron’s capability to extend neurites. Arrows, activation; bars, 

inhibition; straight lines, direct interactions; dashed lines, indirect interactions. Adapted from 

Schweigreiter and Bandtlow, (2006). 
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1.1.2.2 Axon growth inhibitors in myelin 
Nogo 
 

 
Figure 1.2 Three Nogo isoforms. The Nogo gene gives rise to three protein isoforms-Nogo-A, Nogo-B, 

and Nogo-C—via alternative splicing and promoter usage. Nogo-A harbors at least two inhibitory 

domains: Nogo-66 (which is common to all Nogo isoforms) and NiG (which is unique to Nogo-A). 

Adapted from Schweigreiter and Bandtlow, (2006). 

 
Nogo was the first myelin-associated inhibitor identified. In 1988, Caroni, P. and Schwab 

showed that two monoclonal antibodies IN-1 and IN-2 raised against neurite growth inhibitors 

can bind to both the 35 kDa (NI-35) and 250 kDa (NI-250; later named Nogo) glycoproteins and 

to the surface of differentiated cultured oligodendrocytes (Caroni and Schwab, 1988). They 

further showed that intracerebrally delivery of IN-1 could promote axon regeneration after 

complete transection of the corticospinal tract (Schnell and Schwab, 1990). Three forms of 

Nogo have been identified. They are Nogo-A 1,162 amino acids (AA), -B (373 AA), and -C (199 

AA). They have a common C-terminus of 188 AA and share a 172 AA N-terminus and are 

predominantly localized to the endoplasmic reticulum (ER) (Schweigreiter and Bandtlow, 2006) 

(Fig. 1.2). Nogo is a transmembraneous protein, the 66-AA extracellular loop is termed Nogo-

66, and a high affinity Nogo receptor (NgR) for Nogo-66 has been cloned (Fournier et al., 2001). 

Nogo-A protein is strongly expressed by oligodendrocytes, and is abundant in motor, DRG, and 

sympathetic neurons, RGCs, and Purkinje cells (Hunt et al., 2003). Furthermore, numerous 

populations of neurons in the brain and spinal cord express Nogo-A in their cell bodies and 

neurites, suggesting additional, as-yet-unknown, functions of this protein (Meier et al., 2003; 

Buss et al., 2004). Nogo-B has a widespread expression in the CNS, PNS and other peripheral 

tissues (Huber et al., 2002). Nogo-C is mainly found in skeletal muscle, but brain and heart also 

express this isoform. The widespread expression of Nogo-B and -C, suggest that the Nogo 

family of proteins might have functions additional to the neurite growth-inhibitory activity (Huber 

et al., 2002). For example, Nogo-B may have effect on regulation of vascular homeostasis and 

remodelling (Acevedo et al., 2004).  

 

Most of the neural studies have been focused on Nogo-A. There are three inhibitory domains in 

Nogo-A: the C-terminal region (Nogo-66), the N-terminal region (Amino-Nogo) and a stretch  
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region (Oertle et al., 2003). Nogo-66 receptor (NgR or NgR1) is an 85 kDa (473 AA) protein that 

is linked to the cell membrane via a glycosylphosphatidylinositol (GPI) anchor (Fournier et al., 

2001). It  has two structurally related molecules NgR2 and NgR3, which do not bind with Nogo 

or OMgp (Barton et al., 2003). Recently, NgR2 was found to bind to MAG with greater affinity 

than NgR1 and seems to act selectively to mediate MAG inhibitory responses (Venkatesh et al., 

2005). NgR1 is predominantly expressed in CNS neurons and their axons, less strongly in white 

matter (Hunt et al., 2002; Wang et al., 2002c). NgR1 and NgR2 have overlapping but distinct 

distributions in the mature CNS (Venkatesh et al., 2005). Because NgR is a GPI-anchored 

protein it requires a transmembrane interacting partner to transduce the inhibitory signal. In this 

regard, p75NTR has been shown to interact with NgR as a co-receptor for Nogo, MAG and 

OMgp (Wang et al., 2002b; Wong et al., 2002). Recently, Lingo-1 (also known as LERN1) was 

identified as an essential component of this p75NTR/NgR receptor complex (Mi et al., 2004), 

treatment with Lingo-1-Fc can improve recovery after SCI (Ji et al., 2006). More recently, a TNF 

receptor family member, TROY (also known as TAJ) was also added to the NgR/Lingo-1 

receptor complex (Park et al., 2005; Shao et al., 2005). TROY is broadly expressed in postnatal 

and adult neurons, binds to NgR and can replace p75NTR in the p75NTR/NgR1/Lingo-1 

complex to activate RhoA in the presence of myelin inhibitors (Fig. 1.1,1.3) (Park et al., 2005; 

Shao et al., 2005; Chaudhry and Filbin, 2006). Animal studies using Nogo antibodies to 

neutralize the inhibitory effects of Nogo are reviewed in Chapter 2.3. 

 

Myelin-associated glycoprotein (MAG) 
MAG is a member of the immunoglobulin (Ig) superfamily and contains five Ig-like domains 

(Schnaar et al., 1998). It has both adhesive and inhibitory properties (David and Lacroix, 2003). 

MAG is widely distributed in oligodendrocytes in the cortex, hippocampus and spinal cord 

(Kuramoto et al., 1997). Schwann cells (SCs) in the peripheral myelin sheath and satellite cells 

in the spinal ganglia are also immunoreactive for MAG (Filbin, 1995; Kuramoto et al., 1997). In 

1994, two groups identified MAG as an inhibitor for axon regeneration (McKerracher et al., 

1994; Mukhopadhyay et al., 1994). It has different effects on immature and mature neurons. It 

strongly inhibits neurite outgrowth from developing cerebellar, P3 or adult DRG neurons 

(DeBellard et al., 1996) and postnatal RGCs (Mukhopadhyay et al., 1994; Cai et al., 2001), but 

promotes neurite outgrowth from embryonic mouse spinal cord neurons (Turnley and Bartlett, 

1998) and newborn DRG neurons (DeBellard et al., 1996). This suggests that the receptors for 

its inhibitory domain are expressed as the neurons mature (David and Lacroix, 2003). 

Ganglioside GT1a and GT1b were first identified to be receptors for MAG (Vinson et al., 2001; 

McKerracher, 2002; Vyas et al., 2002). Later NgR was found to be the receptor both for Nogo 

and MAG (Domeniconi et al., 2002; Liu et al., 2002a). Furthermore, NgR2 is more specific 

receptor for MAG than NgR1 (Venkatesh et al., 2005). p75NTR has also been shown to be 

signal transducing element for MAG (Wang et al., 2002a; Wong et al., 2002; Yamashita et al., 

2002). The inhibitory effects of MAG also converge to the Rho GTPase pathway (Niederost et 

al., 2002; Mimura et al., 2006) (Fig. 1.1,1.3). Blocking of MAG binding to its receptor 

gangliosides GD1a and GT1b can reverse MAG inhibition effects (Vyas et al., 2005; Yang et al., 

2006). Daily intraperitoneal injection of antibodies to MAG also accelerates rat preferential 
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motor reinnervation (Mears et al., 2003). However, the extent of axonal regrowth in lesioned ON 

or corticospinal tract in MAG knockout mice is not enhanced compared with wild type, 

suggesting that MAG may not be a major inhibitor for axon growth (Bartsch et al., 1995). 

 

OMgp  
The oligodendrocyte myelin glycoprotein (OMgp) is a GDI-anchored protein expressed on the 

surface of neurons and oligodendrocytes in the CNS (Li et al., 2002a; Vourc'h and Andres, 

2004). Mikol and Stefansson first reported the isolation and initial biochemical characterization 

of a 120-kD peanut agglutinin-binding glycoprotein from the adult human CNS. This protein was 

found only in CNS myelin preparations and on ovine oligodendrocytes in culture and was 

named OMgp (Mikol and Stefansson, 1988). In the CNS, it is particularly prominent in the 

pyramidal cells of the hippocampus, the Purkinje cells of the cerebellum, motoneurons in the 

brainstem, and anterior horn cells of the spinal cord (Habib et al., 1998). The concentration 

gradually increases from birth until about P20 (Habib et al., 1998), suggesting that OMgp may 

act as a late marker of myelination, implicated in the arrest of oligodendrocyte proliferation, 

myelination or in the compaction of myelin (Vourc'h et al., 2003). Recently, OMgp was also 

found in the processes of oligodendroglia-like cells which may stabilize the node of Ranvier and 

prevent axonal sprouting (Huang et al., 2005). OMgp has been demonstrated to be a NgR 

ligand and neurite growth inhibitor both in vivo and in vitro (Kottis et al., 2002; Wang et al., 

2002b). It is now known that OMgp signals through the same receptor complex including NgR 

(Wang et al., 2002b), p75NTR and Lingo-1 to activate RhoA (Wang et al., 2002a; Mi et al., 

2004; Mimura et al., 2006) (Fig. 1.1,1.3).  
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1.1.2.3 Neurite inhibitory signal transduction   
 

 
 

Figure 1.3 Schematic diagram showing the neurite inhibitory signal transduction pathways elicited by 

growth-inhibitory molecules such as Nogo, MAG, OMgp and growth repulsive molecules such as 

repulsive guidance molecule (RGM), Ephrin, semaphorin and CSPGs, including the binding of different 

kinds of neurite inhibitors with NgR, p75NTR, Lingo-1, TROY, and following pathways (most still not 

clear). All seem to converge to activate Rho GTPase, ROCK with subsequent induction of growth cone 

collapse. CRMP-2: collapsing response mediator protein-2. Arrows, activation; bars, inhibition; straight 

lines, direct interactions; dashed lines, indirect interactions. 

 

Rho GTPase 
Most axon growth inhibitory ligands either repel or collapse growth cones via the Rho GTPase 

signaling pathway (Borisoff et al., 2003; Fournier et al., 2003; Monnier et al., 2003; Sandvig et 

al., 2004). Small GTPases are monomeric guanine nucleotide-binding proteins of 20-25 kDa 

(Exton, 1998). There are five major families including Rho, Ras, Rab, Ran and ADP-ribosylation 

factors (Arf) (Exton, 1998). The Rho family is composed of eight subgroups with at least 22 

members and their isoforms including: Rho subfamily (A-C); Rac (Ras-related C3 botulinum 

toxin substrate) subfamily (1-3, RhoG); Cdc42 (cell division cycle 42) subfamily (Cdc42, TC10, 

TCL, Chp, Wrch-1); Rnd subfamily (Rnd1, Rnd2, Rnd3 isoforms); RhoD (RhoD and Rif); 

RhoH/TTF; RhoBTB (RhoBTB1 and RhoBTB2); and Miro (Miro-1 and Miro-2) (Sorokina and 

Chernoff, 2005). Rho GTPases were initially observed to regulate the formation of specialized 

actin structures (Machesky and Hall, 1996). They also control diverse cellular events such as 
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transcription, cell growth, development, cell cycle (Billadeau, 2002; Sahai and Marshall, 2002; 

Welsh, 2004), exocytosis (Abdel-Latif et al., 2004; Covian-Nares et al., 2004; Gasman et al., 

2004) and multiple forms of internalization including phagocytosis (Scott et al., 2003), 

macropinocytosis (Kruth et al., 2004), and endocytosis (Rivero and Somesh, 2002; de Toledo et 

al., 2003; deHart et al., 2003; Sakakibara et al., 2004). Rho family members like all small 

GTPases, cycle between an inactive GDP-bound form and an active GTP-bound form, i.e. when 

GDP is bound, the GTPases are inactive, and activation occurs when GDP is released and GTP 

is bound (Machesky and Hall, 1996) (Fig. 1.3). This change is modulated by several proteins 

including p75NTR, guanine nucleotide exchange factors (GEFs), GTPase-activating proteins 

(GAPs) and GDP dissociation inhibitors (GDIs). GEFs stimulate the exchange of GDP for GTP 

to activate GTPase (Fig. 1.3). GAPs stimulate the Rho GTPase to hydrolyze its bound GTP, 

returning the Rho protein to its inactive GDP-bound state (Fig. 1.3). GDIs preferentially bind 

Rho-GDP and modulate the activation and targeting of Rho-GDP to the membrane, while 

p75NTR acts as a displacement factor that releases Rho from Rho-GDI (Machesky and Hall, 

1996; Yamashita and Tohyama, 2003). This then allows GEFs to activate Rho GTPase. Upon 

activation, Rho GTPases interact with a plethora of downstream effector molecules including 

Rho-kinase (also termed ROK or ROCK), citron kinase, LIM kinase, Slingshot (SHH) 

phosphatase, protein kinase N and mDia that modulate cellular function (Exton, 1998; Bishop 

and Hall, 2000; Ishizaki, 2003; Ng and Luo, 2004; Hsieh et al., 2006) (Fig. 1.3).  

 

Rho GTPases are important for regulating the formation of stress fibers and focal adhesions, 

whereas Rac and Cdc42 regulate the formation of lamellipodia and filopodia in fibroblasts  

respectively (Aspenstrom et al., 2004; Begum et al., 2004). In neuronal growth cones, the 

structures that lead and direct the growth of neuronal processes, have filopodia and lamellipodia 

that are structurally analogous to those in fibroblasts (Gordon-Weeks, 2004; Ng and Luo, 2004). 

After CNS injury, neurite growth inhibition which is mediated by the CSPGs, OMgp, MAG, and 

Nogo (Grandpre and Strittmatter, 2001), all converge to Rho GTPases pathway (Yiu and He, 

2006). NgR binds to each of the myelin derived growth inhibitors and mediates their inhibitory 

signals by complexing with the neurotrophin receptor p75NTR in the absence of Trk signaling 

(Yamashita et al., 2002; Schweigreiter et al., 2004). Both myelin derived growth inhibitors and 

TNF can also directly activate Rho GTPases (Neumann et al., 2002a; Niederost et al., 2002). 

Rho-GDP is changed to its activated form by GEFs, and activates ROCK to induce growth cone 

collapse (Alabed et al., 2006). This Rho-ROCK pathway has also been reported to be involved 

in Schwann cell myelination (Melendez-Vasquez et al., 2004), long term spatial memory (Dash 

et al., 2004), signaling pathways of Ephrin (Cheng et al., 2003; Huot, 2004), RGM (repulsive 

guidance molecule) (Hata et al., 2006), and CSPGs (Monnier et al., 2003) (Fig. 1.3). On the 

other hand, Cdc42 and Rac1 act differently to RhoA, and induce the formation of the growth 

cone (Matsuura et al., 2004). It is not known yet exactly how these Rho GTPases family 

members work in synchrony to regulate neurite outgrowth. It is hypothesized that guidance 

decisions, either attractive or repulsive, could be based on localized activation of different 

subsets of Rho GTPases by specific extracellular guidance signals, the resulting intracellular 

asymmetry of GTPase activity could regulate the cytoskeleton re-organization (Jain et al., 2004; 
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Bryan et al., 2005; Woo and Gomez, 2006). Molecules controlling in the formation of growth 

cones and the assembly of microtubules therefore are important targets for further investigation 

(Watabe-Uchida et al., 2006). 
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Chapter Two 

Regeneration strategies for CNS injury 

 
2.1 Nerve growth stimulatory factors 
The first strategy to promote CNS regeneration is to use nerve growth stimulatory factors. 

Recent researches have identified large numbers of neurotrophic factors, whose expression 

may be increased as self-protection against neural injury (Mattson and Scheff, 1994). Such 

factors include 3 major families: (i) Neurotrophins, including nerve growth factor (NGF), brain-

derived neurotrophic factor (BDNF), neurotrophin-3 (NT-3), neurotrophin-4/5 (NT-4/5), 

neurotrophin-6 (NT-6) and neurotrophin-7 (NT-7); (ii) Neurocytokines, including ciliary 

neurotrophic factor (CNTF), leukemia inhibitory factor (LIF), interleukin-6, 11 (IL6, 11), 

oncostatin M, cardiotrophin-1 (CT1), cardiotrophin-like cytokine (CLC) (Elson et al., 2000) and 

neuropoietin (Derouet et al., 2004); (iii) Glial cell line-derived neurotrophic factor (GDNF) family. 

 

2.1.1 Neurotrophins 
Neurotrophins (NTs) are generated as pre-pro-neurotrophin precursors (approximately 30-35 

kDa; 240-260 AA). The pre-sequence is cleaved off immediately after sequestration into the 

endoplasmic reticulum (ER). The mature protein is excised from the pro-sequence by specific 

protein convertases (Lessmann et al., 2003). Pro-NTs are also secreted by cells and have 

biological activities (Fahnestock et al., 2001; Lee et al., 2001; Hempstead, 2006). NT receptors 

include low-affinity receptor-p75NTR and the receptor tyrosine kinases (Trk) A, TrkB and  C. 

TrkA preferentially interacts with NGF, TrkB with BDNF and NT4/5, while NT3 interacts mainly 

with TrkC and also at lower affinity with TrkA and TrkB (Meakin and Shooter, 1992). Pro-NTs 

can bind to p75NTR with higher affinity than mature NTs, but bind weakly to Trk receptors (Lee 

et al., 2001; Pedraza et al., 2005). Until the late 1990s, schemes for the biological actions of 

NTs emphasized that their cell survival effect was mediated by Trk receptors and their cell death 

activity was promoted by p75NTR (Yoon et al., 1998; Majdan and Miller, 1999). Now it seems 

that this is overly simplistic and the life-death decision does not neatly segregate with one 

receptor or the other (Kalb, 2005; Nykjaer et al., 2005). Both receptors can engage survival- and 

death-promoting signaling pathways (Kalb, 2005). p75NTR can promote neuron survival 

(DeFreitas et al., 2001) and Trk receptor can also cause cell death (Hu and Kalb, 2003). For 

example, BDNF heightens the sensitivity of motor neurons to excitotoxic insults through 

activation of TrkB (Hu and Kalb, 2003). p75NTR also has multiple roles in myelination (Cosgaya 

et al., 2002), surface binding and endocytosis of NTs (Saxena et al., 2004). There is also 

crosstalk between p75NTR and Trk receptors (He and Garcia, 2004). For example, the cellular 

response to NGF is strongly dependent on the trafficking of TrkA, which regulates the 

subcellular localization of p75NTR, specific stimulation of p75NTR by NGF also activates TrkA 

and the MAPK pathway (Perrone et al., 2005). Dendritic arbor development of subventricular 

zone-derived cells may be regulated by NTs through the activation of p75NTR and the TrkB 
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receptor signaling pathways in a sequentially pattern (Gascon et al., 2005). Furthermore, as 

described earlier, in addition to function as the receptor for NTs, p75NTR has been found to act 

as a co-receptor for axon growth inhibitors (Wang et al., 2002a; Wong et al., 2002; Yamashita et 

al., 2002), and displacement factor to release Rho GTPase from Rho-GDI (Yamashita and 

Tohyama, 2003). 

 

The neurotrophic hypothesis  

Its principal tenet is that the survival of neurons depends on the supply of one or multiple 

neurotrophic factors that are synthesized in their target (Heumann, 1987; Davies, 1988, 1996). 

Extended from this, the signalling endosome hypothesis provides a mechanism for long-

distance communication between the synapse and the cell body (Howe and Mobley, 2004). For 

example, NGF-TrkA complexes are internalized at the axon terminal and are retrogradely 

transported to the cell body (Howe et al., 2001; Howe and Mobley, 2005).  

 

2.1.1.1 NGF 
NGF was discovered in the early 1950s by Rita Levi-Montalcini and Viktor Hamburger (Levi-

Montalcini and Hamburger, 1951; Levi-Montalcini et al., 1954; Cohen and Levi-Montalcini, 

1957). The discovery of NGF represents an important milestone in the processes that lead to 

modern cell biology (Levi-Montalcini, 1987). Now, the biological functions of NGF have been 

found not only as a classical target-derived neurotrophic factor, but also beyond the 

developmental period, beyond neuronal cells, even beyond the nervous system (Sofroniew et 

al., 2001; Villoslada and Genain, 2004; Molliver et al., 2005; Rost et al., 2005). 

 

NGF precursor, pro-NGF protein can create a signaling complex by simultaneously binding to 

p75NTR and sortilin to induce cell death, even Trk receptors are activated (Beattie et al., 2002; 

Ibanez, 2002; Harrington et al., 2004; Nykjaer et al., 2004; Pedraza et al., 2005; Volosin et al., 

2006). pro-NGF can also act as a folding enhancer of the mature NGF (Rattenholl et al., 2001). 

Apart from p75NTR and TrkA (Glass and Yancopoulos, 1993), closely related genes to p75NTR 

called neurotrophin receptor homolog-1,2 (NRH1,2) were also recently shown to regulate NGF 

signaling (Hutson and Bothwell, 2001; Frankowski et al., 2002; Bromley et al., 2004). NRH1 

coexists with p75NTR in fish, amphibians, and birds but is absent in mammals, whereas NRH2 

exists only in mammals (Kanning et al., 2003).  

 

Both NGF and its receptors are expressed during development (Ernfors et al., 1992) and 

throughout adulthood by different cells in the brain (Quartu et al., 2003), immune, inflammatory 

system (Marinova et al., 2003; Villoslada and Genain, 2004), also in other systems or tissues 

(Bothwell, 1997; Nosrat et al., 1997; Apfel et al., 1998; Castellano et al., 1998). CNS injury 

triggers rapid and substantial upregulation of NGF expression in many cell types including glia, 

neurons, meningeal cells and SCs (Brown et al., 2004). Increased intraspinal NGF after SCI 

induces sprouting of primary nociceptive axons (Merighi et al., 2004). Exogenous or genetic 

application of NGF also induces robust axonal plasticity of adult primary sensory neurons and 

causes chronic pain after injury (Romero et al., 2000; Tuszynski et al., 2002). The signaling 
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mechanism for this effect has not been fully understood, but evidence suggests it may involve 

activation of p75NTR (Zhang and Nicol, 2004), PI3K, PKC and CaMK II (calcium-calmodulin-

dependent protein kinase II) (Bonnington and McNaughton, 2003).  

 

Plasticity induced by NGF 

Plasticity refers to a  capacity of adult nervous system that it is able to alter both its structure 

and function in response to stimuli or injury (Sofroniew et al., 2001). NGF and BDNF are 

involved in neuronal survival and plasticity of dopaminergic, cholinergic, nociceptive and 

serotonergic neurons (Sofroniew et al., 2001; Csillik et al., 2003; Ramirez et al., 2003). They 

have also been shown to regulate developmental plasticity in the visual cortex (Berardi et al., 

1999; Huang et al., 1999b; Rossi et al., 2002). 

 

2.1.1.2 BDNF 
BDNF was first identified by Barde (Johnson et al., 1986; Barde et al., 1987; Hohn et al., 1990). 

It is synthesized as a precursor, pro-BDNF, which then undergoes posttranslational 

modifications and proteolytic processing involving furin, convertases (Marcinkiewicz et al., 1996; 

Seidah et al., 1996), and metalloproteinases (Hwang et al., 2005). pro-BDNF, like mature 

BDNF, binds to TrkB, can also be secreted and anterogradely transported to nerve terminals 

(Zhou et al., 2004; Fayard et al., 2005). TrkB is widely distributed in both glia and neurons (Zhou 

et al., 1993; Fryer et al., 1996). There are three TrkB receptor isoforms in the mammalian CNS 

including the full-length isoform (TrkB.FL) and two truncated isoforms (TrkB.T: TrkB.T1, 

TrkB.T2) (Middlemas et al., 1991; Baxter et al., 1997). Different TrkB isoforms are formed by 

alternative splicing of TrkB mRNA (Klein et al., 1990; Middlemas et al., 1991; Baxter et al., 

1997). TrkB.FL is highly expressed in neurons of the CNS. At later stages in postnatal 

development, TrkB.T become abundant (Ohira et al., 1999). The physiological function of the 

TrkB.T receptors involves: axonal remodelling and act as negative effector of TrkB.FL (Ohira et 

al., 1999); regulate the local availability of NTs (Biffo et al., 1995; Fryer et al., 1997); a direct 

signalling role in mediating inositol-1,4,5-trisphosphate (IP3)-dependent calcium release (Rose 

et al., 2003); induce hippocampal neurons’ outgrowth of dendritic filopodia through p75NTR 

(Hartmann et al., 2004); regulate glial cell morphology via regulation of Rho GTPase activity 

(Ohira et al., 2005). The disturbed balance of TrkB.FL and TrkB.T may also be involved in motor 

neuron degenerative disease (De Wit et al., 2006). 

 

BDNF is expressed at low levels in the PNS, and at much higher levels in the CNS (Wetmore et 

al., 1991; Kawamoto et al., 1996; Kawamoto et al., 1999). The hypothalamus contains the 

highest BDNF protein levels (Katoh-Semba et al., 1997). The concentration of BDNF increases 

in all regions of the brain with postnatal development (Katoh-Semba et al., 1997). Moreover, 

BDNF expression is rapidly and potently regulated by synaptic activity (Lou et al., 2005). 

 

BDNF can be transported both anterogradely and retrogradely (Tonra et al., 1998; Tonra, 1999; 

Spalding et al., 2002). It plays an important role in growth, development, differentiation, 

maintenance and regeneration of various types of neurons in the CNS (Liu and Chen, 2000; 
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Monteggia et al., 2004). It has been tested in the treatment of various neurodegenerative 

diseases including Alzheimer's disease (Fahnestock et al., 2002), Parkinson's disease (Porritt et 

al., 2005; Sun et al., 2005), Huntington's disease (Kells et al., 2004; Mattson et al., 2004) but 

this NT has no effect in amyotrophic lateral sclerosis (ALS) (Kalra et al., 2003). After CNS injury, 

BDNF mRNA expression increased rapidly, perhaps functioning as a protective role (Yang et 

al., 1996), followed by a later phase of expression of BDNF in macrophages and/or microglia, 

functioning in a restorative capacity (Ikeda et al., 2001). Locally acute application of BDNF has 

both anti-inflammatory and anti-oxidant effects (Joosten and Houweling, 2004). Delivery of 

BDNF through gene engineered fibroblasts or bone marrow stromal cells can accelerate axon 

growth from traumatic SCI (Kim et al., 1996; Zhao et al., 2004a; Lu et al., 2005). AAV-BDNF 

gene transfer into the red nucleus following spinal axotomy resulted in counteraction of atrophy 

in both the acute and chronic stage after SCI (Ruitenberg et al., 2004). 

 

In the retina, BDNF expression in RGCs is upregulated during postnatal development in an 

activity-dependent manner (Seki et al., 2003). It is expressed in a gradient of attractant or 

branching signal in the superior colliculus during development of the retinocollicular projection 

(Marotte et al., 2004). BDNF has been implicated in stimulating RGC survival and axonal 

regeneration in rodent (Nakazawa et al., 2002; Takahata et al., 2003), cat (Chen and Weber, 

2001), and pig (Bonnet et al., 2004), in injury models including ON transection (Mo et al., 2002), 

crush (Huang et al., 2000; Chen and Weber, 2001) or glaucoma (Martin et al., 2003). However, 

its effect is limited; higher doses do not yield increased cell survival, multiple applications are 

not additive, and long-term delivery does not reverse RGC death (Chen and Weber, 2004). This 

limitation, in part, may be due to BDNF induced down-regulation of the TrkB.FL receptor (Chen 

and Weber, 2004), which is needed to activate its intracellular pathways that involves activation 

of MAPK and PI3K/Akt (Nakazawa et al., 2002). Other studies also have shown that BDNF has 

more impact on optic axon arborization (Cohen-Cory and Fraser, 1995) and branching (Sawai et 

al., 1996), but fails to promote long-distance RGC axonal regeneration (Cui et al., 1999; Leaver 

et al., 2006c; Pernet and Di Polo, 2006).  

 

2.1.1.3 NT-3 
NT-3 was identified and cloned on the basis of its sequence homology to BDNF and NGF (50% 

AA identities) (Barde, 1990; Maisonpierre et al., 1990). In addition to its homology to all NTs, 

NT-3 is highly conserved across species (fishes to mammals) (Hallbook et al., 1991). NT-3 

binds to p75NTR and may initiate programmed cell death (PCD) (Casaccia-Bonnefil et al., 

1999). It also activates signal transduction by dimerization and autophosphorylation of the TrkC 

receptor, and at lower affinity with TrkA or B receptor (Squinto et al., 1991; Ryden and Ibanez, 

1996). 

 

NT-3 protein can be found in both glia and neurons in the CNS (Zhou and Rush, 1994). It is a 

target derived neurotrophic factor for sympathetic (Elshamy and Ernfors, 1996; Brodski et al., 

2000), sensory neurons in the PNS (Elshamy and Ernfors, 1996; Zhou and Rush, 1996; Groves 

et al., 1999; Krimm et al., 2000; Agerman et al., 2003; Kuo et al., 2005), basal forebrain 
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cholinergic neurons (Nonner et al., 1996) and interneurons (Bechade et al., 2002) in the CNS. It 

plays a complementary and overlapping role with NGF in the development and maturation of 

sympathetic neurons (Brodski et al., 2000; Oakley et al., 2000; Orike et al., 2001), and has the 

opposite role with NGF in sensory neuron axon sprouting, suppressing of thermal hyperalgesia 

associated with chronic constriction injury (Wilson-Gerwing et al., 2005). NT-3 has been tested 

in different CNS injury models. For example, intrathecally delivery of NT-3 supports ingrowth of 

axonal fibers into the dorsal horn after injury to dorsal roots (Priestley et al., 2002; Ramer et al., 

2002). Sustained expression of NT-3 in motoneurons by adenovirus can induce axonal plasticity 

of intact cortical spinal tract axons after trauma induced denervation (Zhou et al., 2003b). 

Similarly, use of NT-3 genetically modified fibroblasts (Shumsky et al., 2003; Tobias et al., 2003; 

Tuszynski et al., 2003) or olfactory ensheathing glia cells (OECs) (Ruitenberg et al., 2003; 

Ruitenberg et al., 2005) can  promote axonal regrowth after SCI.  

 

2.1.1.4 NT-4/5 
NT-4 is structurally related to NGF and BDNF. It was originally found abundantly expressed in 

the Xenopus laevis ovary (Hallbook et al., 1991; Ibanez et al., 1992). NT-5 was first isolated 

from rat (Berkemeier et al., 1991). NT-4 and NT-5 are orthologues (Ip et al., 1992; Ip et al., 

1993). Therefore, mammalian NT is known as NT-4, NT-5 or as NT-4/5, to denote it as the 

mammalian counterpart of Xenopus NT-4 (Ebendal, 1992; Ip et al., 1992). The cleaving enzyme 

for pro-NT-4/5 to mature NT-4/5 is still unknown. TrkB is the receptor for NT-4/5 (Klein et al., 

1992), there exists an analogous region on the surface of NT-4/5 and BDNF that is likely to be 

involved in TrkB receptor binding. Variations in sequence of this common region serve to confer 

TrkB receptor specificity (Robinson et al., 1999). NT-4/5 also binds to p75NTR with low affinity. 

 

The highest level of NT-4/5 in adult rat is found in the brain stem (Katoh-Semba et al., 2003). 

After TBI, expression of NT-4/5 was increased in cortex and hippocampus, may act as a 

neuroprotective response (Royo et al., 2006). NT-4/5 gene modified fibroblasts can achieve the 

same degree of substantial axonal growth in the injured spinal cord as BDNF (Blesch et al., 

2004). In the retina, NT-4/5 is involved in the survival of retinal neurons during development and 

injury (Cui and Harvey, 1994; Watanabe et al., 1997; Gillespie et al., 2000; Cui et al., 2003a; 

Spalding et al., 2004; Harada et al., 2005). NT-4/5 can also promote the outgrowth of early 

embryonic and adult regenerating RGC axons when provided with a supportive substrate in vitro 

(Avwenagha et al., 2003). Interestingly, different neurite patterns from RGCs were observed in 

the presence of BDNF and NT-4/5. Compared with BDNF, NT-4/5 induced more branched 

symmetrical arbors from cultured neonatal RGCs (Bosco and Linden, 1999). 

 
Summary 

NTs, in general, are capable of promoting sprouting, reinnervation, and plasticity, but are unable 

to completely overcome the inhibitory influences associated with degenerating white matter and 

achieve long-distance axon growth (McKerracher, 2001). Therefore, NTs can be considered as 

additional therapeutic approaches combined with other strategies such as neutralizing the 

inhibitory environment and promoting the intrinsic growth ability of mature neurons (David and 
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Lacroix, 2003). The possibility that NTs may induce excessive axonal sprouting, dystrophy and 

abnormal connectivity should also be considered when combined with other approaches 

(Harvey et al., 2006; Pernet and Di Polo, 2006). 

 

2.1.2 Neurocytokines 
This family comprises CNTF, LIF, IL-6, -11, oncostatin M, CT1, CLC (Elson et al., 2000) and 

neuropoietin (Derouet et al., 2004). Neurocytokines activate multi subunit receptor complexes 

including gp130 signal transducer, and mainly signal via the JAK/STAT3, Ras/MAPK and 

PI3K/Akt pathways (Davis et al., 1991; Stahl et al., 1994; Stahl and Yancopoulos, 1994). CNTF 

can enhance the survival of neuronal cells, it is also recognized as a major protective factor in 

demyelinating CNS diseases (Webster, 1997; Linker et al., 2002) or CNS injury (Oyesiku and 

Wigston, 1996; Cui et al., 1999; Cui et al., 2003a; Ye et al., 2004). In addition to its neuronal 

actions, CNTF has recently been found to have a role in the treatment of obesity and diabetes 

(Sleeman et al., 2003), perhaps via activation of STAT3 in the hypothalamus where food intake 

is regulated (Kokoeva et al., 2005), also perhaps through an influence on insulin resistance 

(Watt et al., 2006b; Watt et al., 2006a). 

 

CNTF 
CNTF was first identified as a trophic factor in chicken eye and nerve extracts that supported 

the survival of chicken ciliary ganglionic neurons. Mammalian CNTF has subsequently been 

purified and cloned (Varon et al., 1979; Manthorpe et al., 1980; Barbin et al., 1984; Manthorpe 

et al., 1985; Ip and Yancopoulos, 1996). Human CNTF gene encodes a protein of 200 AA, 

shares about 80% sequence identity with rat, mouse or rabbit, and like these homologues, lacks 

a secretion signal sequence. CNTF mRNA and protein are localized within the SCs of the sciatic 

nerve, and the rodent olfactory bulb (Lee et al., 1995; Ohta et al., 1995; Asan et al., 2003; Hu et 

al., 2005; Langenhan, 2006). CNTF protein levels are higher in the adult sciatic nerve (3171 

ng/g) and spinal cord (118 ng/g) than in other tissues (Ohta et al., 1995; Ohta et al., 1996). 

CNTF is a dimeric protein, each subunit adopts a double crossover four-helix bundle fold four 

helical bundle (Fig. 2.1) (Lin et al., 1989; McDonald et al., 1995). It dimerizes at concentrations 

higher than 40 µM (McDonald et al., 1995). Such dimers are likely to be relevant for the storage 

of CNTF in the PN tissue (McDonald et al., 1995). As CNTF is a cytosolic protein (Stockli et al., 

1989), it is apparently released as a consequence of injury. For example, mechanical lesions in 

the brain result in a dramatic increase in CNTF mRNA and protein bordering the wound site (Hu 

et al., 1997; Kirsch et al., 2003; Ye et al., 2004). However, cellular secretion of CNTF in chicken 

is possible, and maybe via non-classical secretion pathways (Reiness et al., 2001). 
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Figure 2.1 Diagram of molecular structure of CNTF dimers, produced by Cn3D 4.1 software. 

 

Signal transduction of CNTF 

The signal transduction pathways utilized by CNTF include CNTFRα (Squinto et al., 1990; Davis 

et al., 1991), gp130 and LIFRβ. CNTFRα expression is largely restricted to neural tissues, 

including all known peripheral targets of CNTF, such as sympathetic, sensory, and 

parasympathetic ganglia (Ito et al., 2001; Fuhrmann et al., 2003; Valter et al., 2003). CNTFRα 

lacks transmembrane and cytoplasmic domains, and is instead anchored to the cell surface via 

a GPI linkage (Sleeman et al., 2000). Signal transduction by CNTF requires binding to CNTFRα, 

recruitment and heterodimerization of gp130 and LIFRβ, forming a tripartite receptor complex 

(Stahl and Yancopoulos, 1994; Sleeman et al., 2000). CNTF-induced heterodimerization of the 

β receptor subunits leads to tyrosine phosphorylation (through constitutively associated JAKs) 

(Stahl et al., 1994; Stahl and Yancopoulos, 1994), the activated receptor provides docking sites 

for SH2-containing signaling molecules (Boulton et al., 1994), such as STAT proteins (Stahl et 

al., 1995; Rajan et al., 1996; Wishingrad et al., 1997). Activated STATs dimerize and then 

translocate to the nucleus to bind specific DNA sequences, resulting in transcription of 

responsive genes and consequent functions (Sleeman et al., 2000).  

 

CNTF acts as a survival factor 

A wide range of neurons have been found to respond to CNTF, such as sympathetic precursors 

(Ernsberger et al., 1989), developing sympathetic neurons (Doering et al., 1995), preganglionic 

sympathetic neurons (Blottner et al., 1989), neuronal cell lines (Wong et al., 1995; Weinelt et al., 

2003), embryonic motor neurons (Arakawa et al., 1990; Oppenheim et al., 1991), and sensory 

neurons (Hartnick et al., 1996). In the CNS, CNTF protects hippocampal neurons from 

excitotoxic damage (Semkova et al., 1999), RGCs from axotomy (Mey and Thanos, 1993; Cui et 

al., 1999; van Adel et al., 2005) or ocular hypertension (Ji et al., 2004). It can also prevent 

degeneration of specific neuronal populations in Huntington’s disease (Mittoux et al., 2000; 

Regulier et al., 2002; Alberch et al., 2004; Bloch et al., 2004; Emerich and Winn, 2004; Zala et 

al., 2004). However, clinical trials using CNTF have yielded contradictory results (Aebischer et 

al., 1996; Miller et al., 1996a; Miller et al., 1996b; Anand et al., 1997; Penn et al., 1997; 

Kasarskis et al., 1999; Bachoud-Levi et al., 2000). One of the major challenges to its clinical use 

is the difficulty of delivering CNTF to the CNS. Nonneuronal cells are also found to respond to 

CNTF. For example, CNTF can cause weight loss in rodent and humans (Duff and Baile, 2003; 
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Zvonic et al., 2003), induce astroglial activation (Monville et al., 2002), generation of 

differentiated oligodendrocytes (Marmur et al., 1998), differentiation of neurospheres 

(Lachyankar et al., 1997). Recently, CNTF has been demonstrated to affect neurogenesis in the 

subventricular zone (Emsley and Hagg, 2003).  

 

CNTF and Eye 

In normal retina, CNTF is observed in astrocytes and a few Müller cells (Sarup et al., 2004). 

LIFR is found on RGCs and Müller cells (Sarup et al., 2004). CNTFRα is localized in multiple 

layers (Ju et al., 2000; Beltran et al., 2005). CNTF is upregulated in retinas in conditions of 

cellular stress such as ON transection, mechanical injury, ischemia insult, N-methyl-D-aspartate 

(NMDA)- or kainic acid induced retinal damage and light-induced damage (Wen et al., 1998; Ji 

et al., 2004; Sarup et al., 2004) suggesting that changes in CNTF expression are early events in 

self-repair mechanisms following injury. CNTF levels increase in astrocytes and Müller cells 

(Honjo et al., 2000), while CNTFRα is localized and upregulated in RGCs after injury (Ju et al., 

2000; Sarup et al., 2004). This different expression pattern of CNTF and its receptors could help 

delay RGC death in a stressful environment (Ju et al., 2000; Sarup et al., 2004).  

 

CNTF has been widely proved to be effective in rescuing photoreceptors (Cayouette and 

Gravel, 1997; Liang et al., 2001; Huang et al., 2004; Beltran et al., 2005), promoting RGC 

survival and regeneration in vitro (Jo et al., 1999) and in vivo (Mey and Thanos, 1993; Cui et al., 

1999; Weise et al., 2000; Ji et al., 2004; Leaver et al., 2006c). However, CNTF has also been 

shown to have deleterious effects on the retina especially on photoreceptors and caution is 

therefore needed in potential use in the clinic (Bok et al., 2002; Schlichtenbrede et al., 2003; 

Bush et al., 2004; Buch et al., 2006; Elliott et al., 2006; Maclaren et al., 2006). The 

neuroprotective effect of CNTF may result from a shift of retinal glial cells to a more 

neuroprotective phenotype. This modulation of astrocytes may buffer high concentrations of 

glutamate that have been shown to contribute to RGC death after ON transection (van Adel et 

al., 2005). Similarly, CNTF may act through Müller cells to exert its effect on photoreceptors 

(Wahlin et al., 2000). A recent study also suggested the involvement of stathmin-related 

proteins, RB3/stathmin4, in CNTF induced regenerative and/or protective effect after ON injury 

(Nakazawa et al., 2005).  

 

Gene knockout studies of CNTF and CNTFRα 

Surprisingly, CNTF gene mutations do not result in notable abnormalities of the developing 

nervous system (DeChiara et al., 1995). There is no difference in the age of onset, clinical 

presentation, rate of progression, disease duration or CNTF levels in sciatic nerve samples 

(Takahashi et al., 1996) from those with one or two copies of the null allele, excluding CNTF as 

a major disease modifier in ALS (Takahashi, 1995; Al-Chalabi et al., 2003). Null mutation in the 

CNTF gene is also not associated with early onset of multiple sclerosis, ALS or schizophrenia 

(Orrell et al., 1995; Arinami and Toru, 1996; Thome et al., 1996; Hoffmann and Hardt, 2002; 

Hoffmann et al., 2002). These findings, together with the striking observation that a substantial 

proportion (2.3%) of the Japanese population is homozygous for a null mutation of CNTF and 
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yet appears quite normal (Takahashi, 1995), all suggest that CNTF is not crucial for 

development and it may not even be absolutely required later in life. 

 

In contrast to lacking CNTF, mice lacking CNTFRα die perinatally and display severe motor 

neuron deficits (DeChiara et al., 1995). Taken together with the results from null CNTF 

mutations in mice and humans, the phenotype of mice lacking CNTFRα strongly indicates that 

there exists undiscovered CNTF-related factor that also utilizes the CNTFRα in vivo (DeChiara 

et al., 1995; Pennica et al., 1995). The potential existence of more, undiscovered, members of 

this neurocytokine family, especially most related to CNTF deserves further study (Ip and 

Yancopoulos, 1996; Shelton, 1996). 

 

2.1.3 GDNF family 
GDNF family includes GDNF, neurturin (NRTN), artemin (ARTN) and persephin (PSPN) (Baloh 

et al., 2000; Airaksinen and Saarma, 2002). They are retrogradely transported (Coulpier and 

Ibanez, 2004), bind to GDNF family receptors (GFRα1-4) and signal through rearranged during 

transfection (Ret) receptor tyrosine kinase (Airaksinen and Saarma, 2002). GDNF was originally 

identified as a survival factor for midbrain dopaminergic neurons (Lin et al., 1993). GDNF family 

ligands maintain several neuronal populations in the CNS, including midbrain dopamine 

neurons (Broome et al., 1999) and motoneurons (Henderson et al., 1994). 

 

GDNF 
GDNF mRNA can be detected in substantia nigra neurons, astrocytes and SCs. Postnatal 

striatum contains the highest GDNF mRNA level in vivo (Schaar et al., 1993; Springer et al., 

1994). Oligodendrocytes also release GDNF to promote neuronal survival (Wilkins et al., 2003). 

The biological action of GDNF is mediated by a two-receptor complex consisting GFRα(1-4), 

and Ret (Jing et al., 1997; Masure et al., 1998; Thompson et al., 1998). Recently, NCAM was 

also identified as a receptor for GDNF (Zhou et al., 2003a). In cells lacking Ret, GDNF binds 

with high affinity to the NCAM and GFRα1 complex (Sariola and Saarma, 2003; Iwase et al., 

2005). GFRα is widely expressed in neurons of both CNS and PNS (Cacalano et al., 1998; 

Golden et al., 1998; Sarabi et al., 2003; Iwase et al., 2005). In normal rat retina, Ret and GFRα1 

are expressed in 13-14% of the RGCs. GFRα expression is increased in the retina after ON 

transection. However, GDNF expression in superior colliculus is low, which questions GDNF as 

a target-derived survival factor for RGCs (Lindqvist et al., 2004; Kretz et al., 2006).  

 

GDNF plays a critical role in neurodevelopment (Yan et al., 2003), survival of midbrain 

dopaminergic (Eslamboli et al., 2003; Krieglstein, 2004) and motoneurons either in vitro 

(Rakowicz et al., 2002) or in vivo (Saito et al., 2003; Sakamoto et al., 2003; Bohn, 2004; Lu et 

al., 2004a). GDNF has been shown to confer neuroprotective effects on motoneurons (Dolbeare 

and Houle, 2003; Storer et al., 2003; Tai et al., 2003; Wu et al., 2003b; Tang et al., 2004), and 

dopaminergic neurons (Do Thi et al., 2004; Duan et al., 2004; Patel et al., 2005; Yasuhara et al., 

2005). It can promote dopaminergic development of mouse mesencephalic neurospheres 

(Roussa and Krieglstein, 2004), protects against excitotoxicity in the rat hippocampus through 
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scavenge of free radicals (Cheng et al., 2004; Wong et al., 2005) or preventing delayed cell 

death following cerebral ischemia (Jin et al., 2003; Shirakura et al., 2003; Wang et al., 2004). In 

the retina, GDNF can moderately protect retina from ischemia-reperfusion injury or ON 

transection (Klocker et al., 1997), by preventing apoptosis (Wu et al., 2004b; Ishikawa et al., 

2005). It can also preserve photoreceptors from cell death (Harada et al., 2003; Lawrence et al., 

2004). However, clinical trials using GDNF have not resulted in significant improvements 

(Kotzbauer and Holtzman, 2006). 

 

2.1.4 Other growth factors 
2.1.4.1 Basic fibroblast growth factor (bFGF) 
The FGF family has more than twenty members (Yamashita, 2005). bFGF (also named FGF-2) 

was first purified from the bovine pituitary and was named by its biological activity of promoting 

the growth of fibroblast (Gospodarowicz et al., 1984). It is found in 18-, 21- and 23kDa 

molecular weight isoforms from a single mRNA (Florkiewicz and Sommer, 1989; Florkiewicz et 

al., 1991). The high molecular weight isoform seems to induce better reinnervation and survival 

of dopaminergic micrografts in rat Parkinson's disease model (Timmer et al., 2004).  

 

Effects of bFGF are mediated mainly through the tyrosine kinase FGF receptor type 1 (FGFR1), 

which is expressed in adult rat RGCs (Sapieha et al., 2003), neural stem cells (Maric et al., 

2003), superior cervical ganglion (Klimaschewski et al., 1999), substantia nigra (Walker et al., 

1998). There is widespread expression of bFGF and FGFR1 in the brain. Astrocytes contain the 

highest levels of bFGF and FGFR1 mRNAs (Gonzalez et al., 1995). bFGF has been shown to 

play an important role in neurite and axonal growth during development of Xenopus or chicken 

RGCs (Park and Hollenberg, 1989; McFarlane et al., 1995; Desire et al., 1998; Lom et al., 

1998), in protection of RGCs in frog (Blanco et al., 2000; Soto et al., 2003) or adult rat (Sapieha 

et al., 2003) after ON injury. The protective effect on photoreceptors of bFGF may be through 

activation of signaling pathways in Müller cells and other nonphotoreceptor cells (Wahlin et al., 

2000). In transected spinal cord, addition of bFGF increases neural survival but not functional 

recovery (Meijs et al., 2004). The signaling pathway of bFGF involves at least activation of 

ERK1/2 (Shin et al., 2002; Soto et al., 2005; Sapieha et al., 2006) and Rho GTPases (Lee and 

Kay, 2006). 

 

2.1.4.2 Insulin-like growth factors (IGFs) 
IGFs play an important role in brain growth and development, acting through their receptors 

(IGF-R)  and binding proteins (IGFBPs) (Werther et al., 1998). IGF-1, IGF-1R and IGFBPs are 

widely expressed in the retina (Danias and Stylianopoulou, 1990; Burren et al., 1996). IGF-1 

also circulates at high levels in the blood and can be taken up by neurons to mediate 

activational effects of exercise in the brain (Carro et al., 2000; Carro et al., 2003). The 

pleiotropic effects of IGF-1 include classical trophic actions on neurons such as anti-

apoptotic/pro-survival effects through the PI3K/Akt and ERK/MAPK pathway (Alessi et al., 1996; 

Miller et al., 1997; Kermer et al., 2000; Ozdinler and Macklis, 2006), modulation of brain-barrier 

permeability, neuronal excitability, axonal growth and neurogenesis (Raizada, 1991; Arsenijevic 
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and Weiss, 1998; Werther et al., 1998; Anderson et al., 2002; Bondy and Cheng, 2002; Carro et 

al., 2003; Guan et al., 2003; Ozdinler and Macklis, 2006). Recombinant human IGF-1 has been 

tested in clinical trials for the treatment of ALS (Lange et al., 1996; Lai et al., 1997; Borasio et 

al., 1998). Interestingly, in the CNS there is abundant co-expression of estrogen receptors and 

IGF-1R in the same cells. Therefore, it has been suggested that estrogen effects in the brain 

may be mediated in part through the activation of the signaling pathways of IGF-1R (Cardona-

Gomez et al., 2001, 2002). Furthermore, the estrogen receptor may also form part of the 

signalling of IGF-1 (Mendez et al., 2006). 

 

2.1.4.3 Interleukins (ILs) 
ILs are a group of cytokines secreted by white blood cells. Repair of insult to the CNS has been 

increasingly attributed to immune responses, which depends largely on ILs. For example, IL-6 

can act as a survival factor for RGCs in vitro (Mendonca Torres and de Araujo, 2001; 

Sappington et al., 2006), protective factor in brain injury (Penkowa et al., 2000), or retinal 

ischemia reperfusion injury (Sanchez et al., 2003). It can mimic the effect of conditional lesion or 

cAMP analogue to enhance neurite regeneration of rat DRGs (Cao et al., 2006), perhaps 

through up-regulation of CNTF in DRGs (Shuto et al., 2001). Consistent with this, in IL-6 

knockout mice, conditioning injury fails to induce spinal axon regeneration (Cafferty et al., 2004). 

IL-1β also has been shown to promote remyelination and repair in the adult CNS, presumably 

through an IL-1 receptor-mediated Akt pathway (Diem et al., 2003), induction of MMP9 (Zhang 

and Chintala, 2004) and IGF-1 (Mason et al., 2001). Conditioning sciatic nerve lesion also 

upregulated IL-1β and TGF-β1 expression and significantly shortened initial delay of axonal 

regeneration (Ryoke et al., 2000). Similarly, IL-12 can promote neurite outgrowth in mouse 

superior cervical ganglion neurons (Lin et al., 2000). A recent study showed that white matter 

injury was significantly decreased in IL-18 deficient mice compared with wide type following 

hypoxia-ischemia. Therefore, IL-18 may be a potential target for pharmacological therapies 

aiming at protection of the cerebral white matter (Hedtjarn et al., 2005).  

 

2.1.4.4 Lens epithelium-derived growth factor (LEDGF) 
LEDGF, belongs to the hepatoma-derived growth factor (HDGF) family which includes HRP1-4, 

HDGF and p52/75/LEDGF (Dietz et al., 2002). p75/LEDGF and p52 are derived from a single 

gene by alternative splicing (Singh et al., 2000a). In the adult human brain, LEDGF may be 

involved in neuroepithelial stem cell differentiation and neurogenesis (Chylack et al., 2004). It 

enhances the survival and growth of lens epithelium cells (LECs), keratinocytes, fibroblasts 

(Singh et al., 2000b), embryonic retinal photoreceptor cells (Nakamura et al., 2000b) and protect 

LECs from insult (Singh et al., 1999; Sharma et al., 2000). The protective mechanisms of 

LEDGF include activation of PKCγ (Nguyen et al., 2003; Nguyen et al., 2004), binding to cis-

stress response ((A/T)GGGG(T/A)), heat shock (HSE; nGAAn) elements (Singh et al., 2001) 

and activation of their transcriptions (Sharma et al., 2003; Fatma et al., 2004). In the retina, 

intravitreal injection of LEDGF can protect retinal cell from apoptosis induced by N-methyl-D-

aspartate (NMDA) (Inomata et al., 2003), promotes photoreceptor survival in light damage 

(Machida et al., 2001) and delays photoreceptor degeneration in retinal explants (Ahuja et al., 
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2001). Studies also suggest that LEDGF may be a downstream transcription factor involved in 

the oncogene Bcl-2 signal pathway (Feng et al., 2004a). 

 

2.1.5 Nucleotides 
Cyclic AMP 
As described earlier, endogenous cAMP levels can determine neuronal responsiveness to 

diffusible growth factors (Cui et al., 2003a; Li et al., 2003a) and myelin-associated neurite 

growth inhibitory molecules (Qiu et al., 2002; Snider et al., 2002; Bandtlow, 2003; Gao et al., 

2003). Elevation of cAMP can promote axonal regeneration (Monsul et al., 2004) and functional 

recovery after CNS injury (Bhatt et al., 2004; Pearse et al., 2004). However, use of cGMP (cyclic 

guanosine monophosphate) analogues can elicit contradictory results, such as changing the 

Xenopus spinal neuronal growth cone response from repulsion to  attraction (Song et al., 1998) 

or Xenopus retinal growth cone response to semaphorin 3A (Campbell et al., 2001), but does 

not have significant effects on growth cone turning of embryonic Xenopus neurons (Lohof et al., 

1992) or neurite growth from P7 rat cerebellar granule cells (Bandtlow, 2003). 

 

Purine nucleoside  
Purine nucleosides include adenosine, guanine. Inosine is a naturally occurring product of 

adenosine hydrolysis (MacDonald et al., 1979). In both goldfish and rat RGC cultures, the 

purine analog 6-thioguanine (6-TG) can completely block outgrowth induced by other growth 

factors, however this inhibition can be reversed with inosine (Benowitz et al., 1998; Petrausch et 

al., 2000b). Axon outgrowth in CNS neurons may also involve an intracellular purine sensitive 

mechanism (Benowitz et al., 1998). For example, inosine can stimulate extensive axon 

collateral growth in the rat corticospinal tract after injury (Benowitz et al., 1999) and RGC axonal 

regeneration into PN grafts after ON transection (Wu et al., 2003a). Inosine also inhibits 

glutamate postsynaptic responses and reduces cerebral infarction (Shen et al., 2005). However, 

more evidence is needed to prove this naturally occurring product has genuine useful beneficial 

effects in CNS injury. 

 

2.2 Tissue engineering 
Tissue engineering has been especially developed for use in the treatment of PNS injury 

(Schmidt and Leach, 2003). For detailed review please see Schmidt et al., (2003) and Nomura 

et al., (2006). Clinical strategies to repair injured PN still concentrate on efforts to attain primary 

connection of the cut nerve ends without causing tension (Battiston et al., 2005). If this is 

impossible, autografts (e.g. sural nerve, saphenous nerve) are used as the “gold standard” in 

spite of the donor-site morbidity associated with the tissue harvesting (Battiston et al., 2005). If 

autograft is unavailable, isografts (also called isogeneic or syngeneic grafts) or allografts (also 

called allogeneic or homografts) will be the next choice. Cadaveric nerve allograft could provide 

unlimited supply of nerve material. However, allografts are vulnerable to immune rejection. 

Therefore, it is necessary either to use immune suppressors or remove the immunogenic 

components. Structures proposed to be antigenic components in the nerve grafts include myelin 

and cells. The critical cell components are antigen presenting cells (APCs) such as SCs, 
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endothelial cells and perivascular macrophage-like cells that can express MHC (Gulati and 

Cole, 1990; Gulati, 1995; Evans et al., 1999). Many pretreatment methods have been 

established such as thermal (Evans et al., 1999), radiation (Genden et al., 2001; Brenner et al., 

2005), or chemical processes (Dumont and Hentz, 1997; Hudson et al., 2004; Kim et al., 

2004a). Thermal method i.e. repeated deep freezing and thawing was first described by 

Sanders (Sanders, 1959) and it is still of current interest. Repeated freeze-thaw kills all the cells 

within the nerve, but leaves the perineurial and endoneurial connective tissue structures and at 

least laminin intact (Berry et al., 1988; Gulati et al., 1995; Cui et al., 2003b). Laminin is very 

important in axon regeneration (Fukuda et al., 1990; Wang et al., 1992).  

 

In PN injury, pretreatment by freeze-thawing has been found to allow regeneration similar to 

autografts (Accioli-De-Vaconcellos et al., 1999; Evans et al., 1999). However, in CNS, the 

transplantation of acellular PN sheaths does not support similar axonal regrowth compared to 

cellular autografts (Berry et al., 1988; Smith and Stevenson, 1988; Cui et al., 2003b). This is 

almost certainly due to the lack of viable SCs (Berry et al., 1988; Gulati, 1988; Smith and 

Stevenson, 1988; Cui et al., 2003b). If PN sheaths are reconstructed with SCs, the grafts will 

partially regain their ability to promote neural survival and regeneration (Cui et al., 2003b). 

Therefore, artificially produced nerve bridges or synthetic guidance channels reconstructed with 

autologous or allogeneic SCs could be used to accelerate CNS regeneration. Some successful 

attempts to graft reconstructed PNs into gaps within the spinal cord (Xu et al., 1997; Xu et al., 

1999) or ON (Cui et al., 2003b; Hu et al., 2005) have been reported. 

 

2.2.1 PN autografts 
The use of PN autografts to promote regeneration in the CNS was first described by Tello and 

Cajal at the turn of the 20th century. Later this approach was revived by Aguayo and colleagues 

in Montreal. It is also the first method used in ON injury that can achieve long distance axonal 

regeneration. More importantly, these studies showed that CNS neurons have the ability to 

regenerate if provided with a permissive environment (Richardson et al., 1980; David and 

Aguayo, 1981). PN autografts have been shown to promote RGC survival and under optimal 

conditions 20-30% survived RGCs can regrow axons into the graft. Some axons can even re-

enter the superior colliculus and form functional synapses (Bray et al., 1987; Vidal-Sanz et al., 

1987; Kittlerova and Valouskova, 2000; Sauve et al., 2001). Multiple intercostal nerve grafts 

were also tested in a SCI model. PN grafts were implanted into 5 mm gap in the thoracic spinal 

cord. Hind limb function improved progressively during the first 6 months. Some axons of the 

corticospinal tract regenerated through the grafted area to the lumbar enlargement (Cheng et 

al., 1996).  

 

2.2.2 Reconstructed acellular PN allografts 
As described earlier, acellular tissues prepared from fresh nerves are non-antigenic, incapable 

of degeneration and can be stored for a long time. These are the advantages of acellular tissue 

compared to fresh nerve. SCs and inflammatory cells from the host nerve can migrate into and 

remodel the acellular grafts and promote PN regeneration. This may explain why in short gap or 
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long term PN injury, addition of SCs to the acellular grafts did not further enhance PN  

regeneration (Accioli-De-Vaconcellos et al., 1999; Frerichs et al., 2002; Fox et al., 2005a; Fox et 

al., 2005b). However in CNS injury, repopulation of the acellular grafts with SCs (Gulati et al., 

1995) is necessary but has not been widely tested (Dezawa, 2002; Cui et al., 2003b). 

 
2.2.3 Synthetic channel grafts 
Various synthetic implants have been developed in attempt to promote regeneration after CNS 

injury (Nomura et al., 2006). For example, synthetic hydrogel tubular devices that are composed 

of poly (2-hydroxyethyl methacrylate-co-methyl methacrylate) (PHEMA-MMA) (Tsai et al., 

2004), SC seeded channels (Xu et al., 1999; Iannotti et al., 2003; Chau et al., 2004) and 

polymerized collagen rolls enclosing SCs (Paino and Bunge, 1991) have been tested in SCI 

injury; artificial graft made by SCs, ECM and trophic factors tested in ON injury (Negishi et al., 

2001); polymer/neonatal SCs/matrix has been tested in lesioned rat optic tract (Plant and 

Harvey, 2000).  

 

Summary 

Results to date from these various PN graft studies give hope for the therapeutic reconstruction 

of neural pathways after injury. However, the major challenges ahead include the growth of the 

injured nerve fibers back into the central neurons correctly and the functional integration with  

host synaptic pathways (English, 2005). 

 

2.2.4 Cell/ tissue transplantation  
Cell transplantation has been widely used in experimental and clinical trials of CNS injury. Glial 

cells (i.e. SCs, olfactory ensheathing cells, astrocytes and oligodendrocytes) and macrophages 

can all provide some degree of support for regeneration by clearing debris and secreting 

different sorts of neurotrophic factors. Fetal tissues may even act as a relay with host axons 

connecting to grafted neurons, and then sending their axons to connect with host neurons 

(Fawcett, 2002). 

 

Schwann cells (SCs) 
Since axons from PNS can successfully regenerate, but not axons in the CNS, it makes sense 

to introduce SCs into CNS in attempts to promote regeneration. SCs can secret various 

regeneration promoting molecules (Ide, 1996) such as NCAM (Martini et al., 1994; Iwase et al., 

2005), L1 (Martini et al., 1994; Weidner et al., 1999) and various neurotrophic factors. In 

addition, SC alignment can direct neurite outgrowth in the absence of other guidance cues 

(Thompson and Buettner, 2006). However, SCs also express MAG (Shen et al., 1998), 

tenascin-R (Probstmeier et al., 2001), CSPGs (Muir et al., 1989) that may balance the 

permissive effects by inhibiting outgrowth and branching (Shen et al., 1998). Highly purified SCs 

have been successfully cultured from animal and human tissues (Morrissey et al., 1991; 

Calderon-Martinez et al., 2002), allowing for transplantation of autologous SCs (Haastert et al., 

2006) and reconstruction. Acute transplantation of SCs alone can promote recovery in rat SCI 

(Garcia-Alias et al., 2004). SC transplantation has also been tested in combination with other 



27 

cells, tissues, agents or treatments, such as cAMP (Pearse et al., 2004), Chondroitinase ABC 

(Chau et al., 2004), demyelination treatment (Azanchi et al., 2004), OECs (Fouad et al., 2005), 

fetal spinal cord cells (Feng et al., 2004b, 2005), matrigel (Xu et al., 1997), or 

methylprednisolone (Chen et al., 1996). SC-seeded mini-channels can guide axonal growth into 

distal spinal cord in hemisected adult rat spinal cord (Xu et al., 1999), NGF or BDNF secreting 

SCs can guide spinal cord axonal growth and remyelinate axons (Menei et al., 1998; Tuszynski 

et al., 1998; Weidner et al., 1999). In the eye, intravitreal injection of SCs can promote the 

survival of axotomized RGCs (Li et al., 2004a). Artificial grafts made by SCs, ECM (Plant and 

Harvey, 2000) and trophic factors can significantly increase the regeneration of RGC axons 

(Negishi et al., 2001). 

 

Fibroblasts (FBs) 
FBs are one of the connective tissue cells which act as protein-synthesizing factory in 

connective tissue, secrete an ECM rich in collagen and other macromolecules. FBs and SCs 

are two major cell components of the PN. Many studies have demonstrated FBs to be a 

remarkable source of trophic factors with potential clinical applications. Intravitreal transplants of 

FBs can promote the survival of axotomized RGCs probably by secreting neurotrophic factors 

(Li et al., 2004a). Transplantation of genetically modified FBs has been tested widely in animal 

models as means to deliver a continuous supply of neurotrophic factors. For example, GDNF 

gene modified FBs promote motor axonal growth, increase the expression of trophic peptide 

CGRP (calcitonin gene-related peptide) in adult rats underwent unilateral transection of the 

hypoglossal nerve (Blesch and Tuszynski, 2001). BDNF, NT3, CNTF or NGF gene modified 

FBs can promote regeneration of axons and recovery of functions when placed into the injured 

spinal cord (Tuszynski et al., 1994; Liu et al., 1999; Jin et al., 2000; Himes et al., 2001; Liu et al., 

2002b; Murray et al., 2002) or into the lesioned optic tract (Loh et al., 2001). However, 

transplantation of FBs engineered to secret GDNF into the eye after ON transection can only 

promote RGC regeneration the same level as normal FBs do (Lindqvist et al., 2004). FBs may 

also have deleterious effects on axons remyelination comparing with SCs (Brierley et al., 2001).  

 

Activated macrophages 
Early and robust invasion by macrophages may be one of the reasons why axonal regeneration 

is more successful in PNS than in CNS (Franzen et al., 1998). Michal Schwartz et al. have 

shown that macrophage phagocytic activity can be stimulated by pre-incubation with sciatic 

nerve segments but inhibited by pre-incubation with ON segments. Transplantation of this 

activated macrophages into transected ON can promote axon regeneration (Lazarov-Spiegler et 

al., 1996). Lens injury or intravitreal injections of Zymosan, a yeast cell wall preparation which 

induce macrophage activation, also promotes RGC survival after axotomy and induce axon 

regenerate into the distal ON (Fischer et al., 2000; Leon et al., 2000; Fischer et al., 2001; Yin et 

al., 2003). Similarly, stimulation of macrophages by a group B-streptococcus exotoxin will 

increase phagocytosis of inhibitory debris, result in a less dense reactive gliosis, and 

corresponding  regrowth of axons through the glial scar in the injured ON (Ohlsson et al., 

2004b). In the injured adult rat spinal cord, transplantation of activated macrophage can also 
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stimulate tissue repair and partial functional recovery (Rapalino et al., 1998). Until now, no 

evidence for a direct synthesis of neurotrophic factors except oncomodulin (Yin et al., 2006) by 

the activated macrophages has been found. Resident glial cells may secrete neurotrophic 

factors stimulated by macrophage released cytokines (Franzen et al., 1998). Moreover, 

inflammation contributes to the lesion pathogenesis and may exert a negative effect (Hirschberg 

et al., 1994). Clinical trial using incubated macrophage for complete SCI is currently undergoing 

(Knoller et al., 2005). 

 

2.3 Neutralizing inhibitory molecules/ pathways  
As described in Chapter 1, the inability of adult CNS axons to regenerate is significantly 

associated with the hostile CNS environment that is inhibitory to axonal elongation. This 

inhibition is mediated by the inhibitors in the glial scar, as well as by oligodendrocyte and 

myelin-associated neurite outgrowth inhibitors such as OMgp, MAG and Nogo (Grandpre and 

Strittmatter, 2001). These inhibitors act through NgR/p75NTR/Lingo/TROY receptor complex 

with activation of PKC (Sivasankaran et al., 2004), EGFR (Koprivica et al., 2005; Ahmed et al., 

2006) and converge to the Rho GTPase pathway (Fig.1.3). Increasing knowledge of this 

inhibitory pathway has led to the development of a range of studies aimed at neutralizing these 

growth inhibitors in order to promote axon regeneration after CNS injury.  

 

2.3.1 Neutralizing the inhibitors in glia scar 
CSPGs are upregulated after injury (Morgenstern et al., 2002; Jones et al., 2003) and axon 

regrowth stops where CSPGs are deposited (Fawcett and Asher, 1999; Inatani et al., 2001). 

Therefore an obvious strategy to enhance axonal regrowth is to neutralize CSPGs. 

Chondroitinase ABC (Ch-ABC) can remove the chondroitin sulfate GAG chains and break down 

the glia scar and promote nerve fiber growth in the lesion area. For example, axonal 

regeneration in the spinal cord (Zuo et al., 1998b; Bradbury et al., 2002; Yick et al., 2003; Houle 

et al., 2006), PN (Krekoski et al., 2001; Zuo et al., 2002; Yang et al., 2006) and SC-seeded 

channels (Chau et al., 2004) is promoted by Ch-ABC. Ch-ABC and BDNF have synergistic 

effects on retinal fiber sprouting after denervation of the superior colliculus in adult rats (Tropea 

et al., 2003). However, Ch-ABC does not reduce the inhibitory effect of some proteoglycans 

such as NG2, perhaps because the inhibitory activity of NG2 resides in its core protein (Inatani 

et al., 2001). In addition to Ch-ABC, other strategies to suppress GAG chain synthesis include 

the use of DNA enzymes (Grimpe and Silver, 2004), X ray-irradiation (Zhang et al., 2005), NG2 

antibody (Tan et al., 2006), decorin (Davies et al., 2004); metalloproteases (MMPs) (Zuo et al., 

1998c; Ferguson and Muir, 2000; Winberg et al., 2003; Pastrana et al., 2006) or 

xylosyltransferase-1 (Grimpe and Silver, 2004). All of these methods have been shown to 

minimize the formation of lesion scars and attenuate CSPG inhibitory activity (Dou and Levine, 

1994; Zuo et al., 1998b; Bradbury et al., 2002; Morgenstern et al., 2002; Zuo et al., 2002). 
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2.3.2 Neutralizing the inhibitors in myelin 
Antibodies/antagonist to Nogo 
Following the early study using IN-1 (Schnell and Schwab, 1990), blockade of Nogo-A with 

Nogo-A specific antibodies or fragments (Brosamle et al., 2000; Fiedler et al., 2002; 

Papadopoulos et al., 2002) have been shown to improve regeneration in different injury models 

(Emerick et al., 2003; Emerick and Kartje, 2004; Fouad et al., 2004; Freund et al., 2006). 

Intraventricular or intrathecal delivery of Nogo-A antibody has better penetration and distribution 

in brain and spinal cord (Weinmann et al., 2006). IN-1 also has synergistic effects with CNTF 

(Cui et al., 2004), BDNF (Weibel et al., 1994), bFGF (Weibel et al., 1994) and NT-3 (Schnell et 

al., 1994). In addition to the actions on axon regeneration, IN-1 also induces sprouting of 

various intact axons and reorganization of undamaged motor tracts and cortex; this may 

contribute to some return of function (Raineteau et al., 2002; Emerick et al., 2003; Emerick and 

Kartje, 2004). However, direct transplantation of mouse hybridoma cells that secrete IN-1 

antibody into the CNS can only be done in animal models, other less invasive methods and 

humanized antibody still need to be developed before it can go to clinical trials. Further in 2003, 

three independent labs observed quite unexpectedly, different regeneration phenotypes from 

Nogo knockout mice (Woolf, 2003). The regeneration of corticospinal tract (CST) axons were 

seen in two groups (Kim et al., 2003; Simonen et al., 2003), but not in the third lab (Zheng et al., 

2003). The exact reasons still need to be clarified, but seem to relate to the strain differences 

(Dimou et al., 2006). 

 

Antibodies/antagonist to NgR 
Similar beneficial effects are seen when NgR is blocked. For example, blocking of NgR by 

transfection growth-sensitized RGCs with adeno-associated viruses expressing a dominant-

negative form of NgR can increase axon regeneration several-fold in ON crush (Fischer et al., 

2004a). In a mouse stroke model, both the recovery of motor skills and corticofugal axonal 

plasticity are promoted by intracerebroventricular administration of a function-blocking NgR 

fragment (Lee et al., 2004). Blockade of NgR by soluble NgR(310) ecto-Fc protein or antagonist 

peptide NEP1-40 promotes axonal sprouting and recovery after SCI in rat (GrandPre et al., 

2002; Li and Strittmatter, 2003; Li et al., 2004b; Wang et al., 2006). In NgR knockout mouse, 

motor function after dorsal hemisection or complete transection of the spinal cord is improved 

(Kim et al., 2004b). Interestingly, corticospinal fibers do not regenerate (Zheng et al., 2005), but 

there is some regeneration of raphespinal and rubrospinal fibers (Kim et al., 2004b).  

 

Knockout of p75NTR 
p75NTR has been demonstrated to be the coreceptor for NgR, mediating growth cone collapse 

by MAG, OMgp, and Nogo (Wang et al., 2002a; Wong et al., 2002; Kaplan and Miller, 2003). 

Removal of p75NTR by siRNA significantly enhances the RGC neurite growth response to 

CNTF and promotes RGC survival in vitro (Ahmed et al., 2006). However in p75NTR knockout 

mice, depletion of the functional p75NTR does not promote the regeneration of the descending 

CST and ascending sensory neurons after injury (Song et al., 2004; Zheng et al., 2005) nor 

protect photoreceptors from light-induced cell death (Rohrer et al., 2003) and even exacerbates 
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experimental allergic encephalomyelitis (EAE) (Copray et al., 2004). p75NTR is involved in 

diverse neuronal responses include differentiation, survival, inhibition of regeneration and 

initiation of apoptotic cell death, therefore knockout of p75NTR has complex outcomes and does 

not necessarily improve axon regeneration (Bandtlow and Dechant, 2004; Bronfman and 

Fainzilber, 2004). Local administration of p75NTR-Fc fusion molecule does not improve 

regeneration of ascending sensory neurons in the injured spinal cord neither (Song et al., 2004). 

All these observations suggest that p75NTR may not be a critical molecule mediating the 

function of inhibitory molecules but only plays a significant role in inflammation and preservation 

of blood-brain barrier integrity (Copray et al., 2004). In addition, the reason for this lack of effect 

in SCI maybe due to the fact that p75NTR expression is not restricted to CST axons (Song et 

al., 2004), there may be other inhibitory pathways independent of the p75NTR/NgR receptor 

complex (Schweigreiter et al., 2004; Koprivica et al., 2005; Ahmed et al., 2006), or because 

p75NTR has complex relationship with membrane proteins such as sortilin, NgR and Lingo-1.  

 
2.3.3 Inactivation of Rho pathway  
For review about inhibition of the Rho GTPase pathway please see McKerracher and Higuchi, 

(2006). Rho GTPases act as a common point of signal convergence of diverse regeneration 

inhibitory pathways (Yiu and He, 2006). Animal studies have demonstrated the important role of 

Rho GTPases. Activation of Rho was observed after TBI (Brabeck et al., 2004; Dubreuil et al., 

2006) or SCI (Dubreuil et al., 2003; Madura et al., 2004; Erschbamer et al., 2005; Mimura et al., 

2006). Inactivation of either Rho or downstream effectors can promote neural regeneration in 

vitro and in vivo (McKerracher and Higuchi, 2006). C3 transferase is a toxin from Clostridium 

botulinum, can inactivate Rho (Saito, 1997). It has been tested in ON and spinal cord lesion site 

with some success (Lehmann et al., 1999; Dergham et al., 2002; Fournier et al., 2003; Monnier 

et al., 2003; Bertrand et al., 2005; Bertrand et al., 2007). In tissue culture, inactivation of the 

Rho signaling pathway is effective in promoting neurite growth on inhibitory CNS substrates with 

C3 transferase, or by dominant negative mutation of Rho (Ellezam et al., 2002). Because of the 

poor membrane permeability of C3 transferase, different strategies such as microinjection, 

trituration, scrape-loading or protein delivery agent have been tested to help C3 to penetrate 

into neuronal cell bodies and promote neurite outgrowth (Lehmann et al., 1999; Winton et al., 

2002; Jain et al., 2004). New recombinant C3-like chimeric proteins have been designed to 

cross the cell membrane by receptor-independent mechanisms. These proteins were 

constructed by the addition of short transport peptides to the carboxyl-terminal of C3. They have 

been tested in numerous animal models (Winton et al., 2002; Bertrand et al., 2005; Bertrand et 

al., 2007; Hu et al., 2007) and are currently in a phase I/IIA clinical trial (McKerracher and 

Higuchi, 2006). The inhibitory effects of Rho GTPases also depend on the growth state of the 

neuron. For example, RhoA inactivation by itself results only in moderate regeneration, but 

strongly potentates axonal regeneration in crushed ON when the growth state of RGCs is 

activated (Fischer et al., 2004b). Y27632, a specific inhibitor of ROCK, can also enhance RGC 

axon growth on glial scar tissue (Monnier et al., 2003). Fasudil, is another ROCK inhibitor but 

has no effect if delivered 4 weeks after SCI (Nishio et al., 2006). Furthermore, activation of 
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Cdc42 and Rac, as well as inhibition of Rho, can also help to overcome CSPG-dependent 

inhibition of neurite extension (Jain et al., 2004).  

 
2.4 Immunotherapy 
2.4.1 Immune suppressors 
Methylprednisolone  
Until now, methylprednisolone (MP) is the only agent with clinically proven beneficial effects on 

functional outcome if administered within 8 hours after SCI (Pan et al., 2004; Bernhard et al., 

2005a; Bernhard et al., 2005b). However, a recent literature review also challenged the effect of 

MP (Sayer et al., 2006). In rat, MP improves axonal regeneration from both spinal cord and 

brain stem neurons into thoracic SC grafts, possibly by reducing secondary host tissue loss 

(Chen et al., 1996) or inhibits production of IL-1β and IL-6 (Fu and Saporta, 2005). Combined 

with OECs, MP can improve axonal regrowth up to 13 mm caudal to the lesion 6 weeks after 

injury (Nash et al., 2002). However, in the retina, there are divergent results. MP does not 

influence or may even exacerbate retinal neuron survival, macrophage activity at the site of 

injury, axonal degeneration/regeneration, or visual function following ON crush (Steinsapir et al., 

2000; Ohlsson et al., 2004a). On the other hand, Sheng et al. (2004) found MP can reduce 

apoptosis of RGCs after ON crush (Sheng et al., 2004). After ON transection, intravitreal 

injection of MP or cortisol can delay the RGC death through inhibition of microglia, up-regulation 

of glutamine synthetase, or heat shock protein induction (Heiduschka et al., 2004; Heiduschka 

and Thanos, 2006). In summary, clinical application of MP or cortisol in ON injury should be 

done with care with awareness of the possible adverse effects. 

 
2.4.2 Therapeutic vaccines 
Recent studies have indicated that both cell-mediated and antibody-mediated immune 

responses are involved in CNS injury (David, 2002; David and Ousman, 2002). Immune activity 

and specifically autoimmune activity which is evoked by the insult can be beneficial if properly 

regulated (Hauben and Schwartz, 2003). For example, active or passive immunization of CNS 

injured animals with myelin-associated peptides induces a T-cell-mediated protective 

autoimmune response, and promotes recovery by reducing posttraumatic degeneration 

(Hauben et al., 2001). Immunization with myelin, Nogo A, or MAG promote recovery after SCI 

(Huang et al., 1999a; Sicotte et al., 2003). Moreover, neonatal tolerance to myelin antigens will 

abolish the spontaneous neuroprotection response after ON crush injury and spinal cord 

contusion (Kipnis et al., 2002). On the other hand, vaccination with dendritic cells pulsed with 

peptides of myelin basic protein (MBP) could promote functional recovery following SCI 

(Hauben et al., 2003). Vaccination of adult rats with spinal cord homogenate can also promote 

regeneration of RGCs after ON microcrush lesion (Ellezam et al., 2003). However, no significant 

immune reaction to growth inhibitory proteins was detected, suggesting alternative mechanisms 

are involved (Ellezam et al., 2003). 
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2.5 Regeneration associated genes & guidance cues 
GAP-43 
GAP-43 (also known as neuromodulin or B50) is a membrane-anchored neuronal protein 

implicated in axonal growth and synaptic plasticity. It is highly expressed during development 

(Mahalik et al., 1992; Reh et al., 1993; Holgert, 1995; Donovan et al., 2002), in neurons with 

regeneration potential (Doster et al., 1991; Schaden et al., 1994). However it is also expressed 

by “reinnervated” Schwann cell (Tetzlaff et al., 1989; Hall et al., 1992). It has generally been 

associated with beneficial effects on neurons. However GAP-43 overexpression in transgenic 

mice or through AAV results in decreased resistance to injury (Buffo et al., 1997) and by itself 

does not seem to enhance regeneration through growth permissive transplants (Buffo et al., 

1997; Mason et al., 2000; Wehrle et al., 2001; Leaver et al., 2006c). Moreover, the CNS of adult 

GAP-43 deficient mice is grossly normal (Strittmatter et al., 1995). There is no evidence for 

interference with nerve growth rate, except retinal axons are trapped in the chiasm for 1 week 

(Strittmatter et al., 1995). Neurons extend neurites and growth cones in a fashion 

indistinguishable from controls in culture (Strittmatter et al., 1995). Similarly, in olfactory bulb, 

lesioning of a class of CNS neurons, the olfactory bulb mitral cells lead to enhanced GAP-43 

expression, without regeneration of their transected axons i.e. lateral olfactory tract (Verhaagen 

et al., 1993). In NGF-dependent sensory neurons, GAP-43 can modulate guidance signals 

emanating from Sema3, and absence of GAP-43 can protect neurons from cell death induced 

by trophic factor deprivation (Gagliardini et al., 2000).  

 

Bcl-2 family 
In the retina, expression of Bcl-2 is increased in Müller cells after neonatal optic tract lesion or 

ON transection in adult rat (Chen et al., 1994). Axotomized RGCs can be significantly rescued 

in Bcl-2 transgenic mice (Cenni et al., 1996; Porciatti et al., 1996; Leaver et al., 2006b). 

However, whether Bcl-2 affects axonal regeneration is still controversial. Optic tract 

regeneration after tectal lesion is promoted in P4 Bcl-2 transgenic mice (Chen et al., 1997), 

while ON regeneration following intracranial ON crush in P5 Bcl-2 transgenic mice (Lodovichi et 

al., 2001) or ON transection with PN graft in adult Bcl-2 transgenic mice is not improved (Inoue 

et al., 2002). This mystery could be explained partly due to the maturation of astrocytes after P4 

in the CNS (Cho et al., 2005). On the other hand, in Bcl-2 gene knockout adult mice there is still 

regenerative growth potential of transected RGCs into PN grafts (Kotulska et al., 2003) and 

RGCs remain viable after ON axotomy (Dietz et al., 2001). Furthermore, AAV mediated transfer 

of Bcl-2 into RGCs increases ganglion cell susceptibility to both axonal injury and intravitreal 

NMDA (Simon et al., 1999). Bcl-2 affects the release of cytochrome c from mitochondria and 

apoptosome formation (Kluck et al., 1997; Yang et al., 1997), supports axonal growth by 

enhancing intracellular Ca(2+) signaling and activating CREB and ERK (Jiao et al., 2005). Bcl-

XL is the predominant member of the Bcl-2 family in the adult retina, and its level decreases 

after ON crush (Levin et al., 1997). Overexpression of Bcl-XL in RGCs induces both neuronal 

survival (Liu et al., 2001; Malik et al., 2005) and axonal regeneration, but these two processes 

appear to be differentially modified by distinct pathways (Kretz et al., 2004). However, in vitro 
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adenovirus mediated transfer Bcl-XL to RGCs reduced apoptosis but impeded axon 

regeneration (Oshitari et al., 2003), or increased the axonal number but not axonal elongation 

(Dietz et al., 2006). 

 

Semaphorins 
The semaphorin (Sema) family contains more than 30 members (Neufeld et al., 2005). Plexins 

function as binding and signal transducing receptors for all semaphorins except for the class-3 

semaphorins which bind to neuropilins (NP) then subsequently activate signaling through 

associated plexins (Neufeld et al., 2005). NP-1 and -2 are transmembrane glycoproteins that 

have been characterized as receptors for both semaphorins and vascular endothelial growth 

factor (VEGF) (Fujisawa, 2004; Chen et al., 2005). Sema3A (previously designated semD/III or 

collapsin-1) is a chemorepulsive protein whose role is to guide growth cones by a motility-

inhibiting mechanism was the first discovered Sema (Luo et al., 1993). It is expressed in normal 

adult spinal motoneuron and neurons in brain (Hashimoto et al., 2004). Sema3A/NP-1 plays a 

role in guiding axons in the optic tract and stimulating terminal branching in the tectum 

(Campbell et al., 2001). The signaling pathway following NP and plexin involves Rac, the 

collapsing response mediator protein (CRMP) (Liu and Strittmatter, 2001; Deo et al., 2004) and 

Rho GTPase (Nakamura et al., 2000a; Rohm et al., 2000; Vikis et al., 2000; Driessens et al., 

2001; Liu and Strittmatter, 2001) (Fig. 1.3).  

 

Semaphorins have been suggested to contribute to the inhibitory nature of the scar tissue and 

involved in inhibiting regeneration (Pasterkamp et al., 2001; De Winter et al., 2002). In the 

retina, all five members of Sema3, NPs and Plexins are expressed in adult RGCs (de Winter et 

al., 2004). Sema3A is only expressed at low level (de Winter et al., 2004). ON axotomy induce 

transient upregulation of Sema3A in the retina, (Shirvan et al., 2002; Nitzan et al., 2006) and ON 

(Nitzan et al., 2006). Intravitreal injection of function-blocking antibodies against the Sema3A-

derived peptide can temporally rescue RGCs from cell death after ON transection (Shirvan et 

al., 2002).  

 
Ephrin 
Ephrins and Eph receptors have captured the interest recently for their pleiotropic functions 

during embryogenesis including segmentation, neural crest cells migration, angiogenesis, and 

axon guidance (Davy and Soriano, 2005). An essential property of this signaling pathway is the 

ability of both Ephs and Ephrins to behave as receptors or ligands and their consequent cell 

autonomous and non autonomous modes of action (Davy and Soriano, 2005). Eph receptors 

comprise the largest group of receptor tyrosine kinases and are found in a wide range of cell 

types in developing and mature nervous tissues (Flanagan and Vanderhaeghen, 1998; Murai 

and Pasquale, 2003). 13 Eph receptors and 8 Ephrins have been identified in mammals (Davy 

and Soriano, 2005). EphrinAs and EphrinBs bind to their respective tyrosine kinase receptors 

EphA or EphB (Wilkinson, 2001). In the visual system Eph receptors and Ephrins are expressed 

as retinal and tectal gradients, which are required for the development of retino-tectal 

topography (Brown et al., 2000; Nakagawa et al., 2000; Yates et al., 2001; Williams et al., 2003; 
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Mann et al., 2004; Oster et al., 2004; O'Leary and McLaughlin, 2005) and can be restored after 

ON injury in goldfish (King et al., 2004; Rodger et al., 2004) or adult mouse superior colliculus 

deafferentation (Knoll et al., 2001). Overexpression of EphrinA2 or EphrinA5 in the retina will 

lead to topographic targeting errors (Dutting et al., 1999). A recent paper showed that EphB3 

reappears in the mouse ON after crush injury and is involved in RGC axon sprouting and 

remodeling (Liu et al., 2006). All of these observations suggest that - if robust regeneration of 

RGC axons can be achieved - topographic guidance information as a requirement for 

functionally successful re-establishment of the retinocollicular projection is available (Knoll et al., 

2001; Rodger et al., 2004). In corticospinal tract, EphB and their ligands also function as a 

midline repellant for axons (Imondi et al., 2000; Kullander et al., 2001). EphrinB3 is also 

expressed in the adult spinal cord and retains inhibitory activity equivalent to three myelin-based 

inhibitors (Benson et al., 2005).  

 

Netrins 
Netrins and their classical receptors - deleted in colorectal cancer (DCC), neogenin and 

mammalian homologues (UNC5H1-3) of the C.elegans UNC-5 protein - play key roles in 

neuronal guidance and also function as angiogenic factor to attract blood vessels (Park et al., 

2004b). Netrins are diffusible bifunctional molecules that can act as chemoattractants or 

chemorellents for developing axons (Alcantara et al., 2000). DCC mediates the chemoattractive 

response to netrin (Forcet et al., 2002), while UNC-5 acts as chemorepellent signals (Leonardo 

et al., 1997). Netrin-1-induced growth cone expansion requires Cdc42, Rac1, Pak1 (p21-

activated kinase), and N-WASP (neuronal Wiskott-Aldrich syndrome protein) but not RhoA or 

ROCK activities (Li et al., 2002b; Shekarabi and Kennedy, 2002; Shekarabi et al., 2005). DCC 

influences growth cone morphology through an adhesive interaction with substrate-bound 

netrin-1 or netrin-1 binding to DCC recruits an intracellular signaling complex that directs the 

organization of actin (Shekarabi et al., 2005). DCC mediated netrin signaling pathway involves 

focal adhesion kinase (FAK), tyrosine kinases Src (Li et al., 2004c), MAPK signaling (Forcet et 

al., 2002) or MAP1B (Del Rio et al., 2004). 

 

Netrin-1 is expressed in different types of neurons and myelinating glia including 

oligodendrocytes in the CNS and SCs in the PNS (Madison et al., 2000; Manitt et al., 2001; 

Manitt and Kennedy, 2002), and is involved in the dispersal and development of 

oligodendrocyte precursors (Tsai et al., 2006). During development, netrins and their receptors 

are involved in RGC axon pathfinding from the eyecup to the ON (Gad et al., 2000; Stuermer 

and Bastmeyer, 2000; Oster et al., 2004). Contact with netrin-1 at the ONH encourages growth 

cones to turn into the ON. This response requires the axonal netrin receptor DCC, laminin-1, β-

integrin and most likely the UNC5H netrin receptors which convert the growth encouraging 

signal into a repulsive one therefore drives growth cones into the ON (Stuermer and Bastmeyer, 

2000; Oster and Sretavan, 2003). Furthermore, this attraction/repulsion  function of netrin-1 is 

modulated by intracellular cAMP levels (Shewan et al., 2002). In netrin-1 and DCC-deficient 

embryos, RGC axon pathfinding to the disc was unaffected. However, axons failed to exit into 

the ON, resulting in ON hypoplasia (Deiner et al., 1997). 
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In the adult animal, netrin-1 is expressed in both RGCs, ONs and PNs that were grafted into 

transected ON end, but not in ONH (Petrausch et al., 2000a; Ellezam et al., 2001). It is 

constitutively expressed by RGCs following ON transection (Ellezam et al., 2001). Netrin 

receptors are expressed in normal adult rat RGCs and down-regulated from surviving RGCs 

regardless of whether there is axonal regeneration into PN grafts (Petrausch et al., 2000a; 

Ellezam et al., 2001).  

 
2.6 Enhancing functional CNS plasticity  
Evidence suggests that following injury the brain has the capacity for some degree of local self-

repair that can be promoted in a variety of ways such as by motor activity (Smith and Zigmond, 

2003), and electromechanical gait training with functional electrical stimulation (FES) (Hesse et 

al., 2004; Jezernik et al., 2004). FES has been shown to be able to achieve selective stimulation 

of key weakened muscles for augmented walking. It had both direct and carryover effects 

(Johnston et al., 2003). In the eye, environmental light stimulation has been found to be an 

important factor to RGC survival and regeneration in cat (Watanabe et al., 1999) or hamster (So 

et al., 2005). Studies from lizard also suggest that visual training improves ON regeneration and 

restores vision presumably by stabilizing and refining retinal-tectal projections (Beazley et al., 

2003). 

 

2.7 Gene therapy 

2.7.1 Non-viral methods 
Non-viral vector methods consist of delivery of naked DNA by direct injection, liposomes, 

nanoparticles, electroporation (Trezise et al., 2003; Leclere et al., 2005) or other means. 

Administration of genes to neurons using these methods is however relatively inefficient, 

because of the restriction by an intact nuclear membrane in G0 cells (Berry et al., 2001a). 

Transgene expression is usually transient. There have been reports using non-viral methods in 

neuron regeneration, such as repeated intrathecal administration of plasmid DNA complexed 

with polyethylenimine (PEI)  (Shi et al., 2003). Liposomes are lipid bilayers entrapping a fraction 

of aqueous fluid. DNA will spontaneously associate to the external surface of cationic liposomes 

(Felgner et al., 1994). Cationic liposome-mediated GDNF gene expression is observed at least 

4 weeks after injection, and can promote axonal regeneration and locomotor function recovery 

after SCI in adult rats (Lu et al., 2002; Lu et al., 2004a). Electroporation with a contact lens-type 

electrode electrointroduces 40% of all RGCs with the GFP gene in vivo (Dezawa et al., 2002) 

and can protect RGCs from injury using Hsp27 protein (Yokoyama et al., 2001), BDNF (Mo et 

al., 2002) or GDNF genes (Ishikawa et al., 2005). 

 

2.7.2 RNA viral vectors 
RNA viral vectors are the most commonly used and the first delivery system developed for gene 

therapy. They include oncoretroviruses, lentiviruses, and spumaviruses (Kay et al., 2001). 

Oncoretroviral vectors have been widely used to transduce cells to express reporter genes like 

eGFP or Lac-Z (Dezawa et al., 2001; Boyd et al., 2004), to produce immortalised cell lines 
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(Trotter et al., 1991), or to secrete neurotrophic factors such as BDNF (Menei et al., 1998; Liu et 

al., 1999), GDNF (Cao et al., 2004), NT-3 (Himes et al., 2001) and NGF (Tuszynski et al., 

1998). However, oncoretroviral vectors can only transduce dividing cells, and the transgene is 

often switched off in transduced cells. Modified, replication deficient lentivirus was developed in 

1996 (Naldini et al., 1996a), with the ability to integrate into the genome of slowly or non-dividing 

cells (Naldini et al., 1996b), therefore, received more attention and has been tested in CNS 

(Jakobsson and Lundberg, 2006). For example, GDNF delivery using a lentiviral vector system 

can prevent nigrostriatal degeneration and induce regeneration in primate models of 

Parkinson's disease (Kordower et al., 2000). CNTF using lentiviral-mediated gene transfer to 

the retina can effectively rescue axotomized RGCs (van Adel et al., 2003). In purified cultures of 

primary OECs infected by lentiviral vector, transgene expression persisted for at least four 

months after implantation into the injured rat spinal cord (Ruitenberg et al., 2002). 

 
2.7.3 DNA viral vectors 
Adenovirus (Ad) 
Many studies have used Ad vectors. For example, intraventricular injection of adenovirus 

expressing heparin-binding EGF-like growth factor in focal cerebral ischemia (Sugiura et al., 

2005). Adenovirus vector mediated gene transfer of BDNF (Koda et al., 2004), NT3 (Zhang et 

al., 1998; Blits et al., 2000; Ruitenberg et al., 2005), VEGF (Facchiano et al., 2002), bFGF or 

NGF (Romero et al., 2001), cardiotrophin-1 (Zhang et al., 2003) or  major growth factor receptor 

downstream cascades such as MEK1 (which constitutively activate ERK pathway) (Miura et al., 

2000) and Akt (Namikawa et al., 2000) all can promote axonal regeneration and achieve some 

degree of functional recovery after SCI. Ad-Bcl-xL transduction can protect RGCs against 

apoptotic cell death in vitro (Oshitari et al., 2003), while intravitreal injection of adenoviral vector 

expressing the GDNF (Schmeer et al., 2002; Straten et al., 2002) or CNTF (Weise et al., 2000) 

could enhance axotomized RGC survival in vivo. Many of the protective effects of such Ad 

vectors are only transient, perhaps due to host immune responses to these viruses. However, a 

recent report suggested that repeated adenovector administration into the eye is feasible, and 

does not necessarily lead to increased neutralizing anti-Ad antibody titer (Hamilton et al., 2006). 

 

Adeno-associated virus (AAV) 
AAV is a small human parvovirus, which needs a helper virus to replicate. The recombinant 

modified version of AAV genome mainly persists in an episomal form in the cell (McCarty et al., 

2004; Schnepp et al., 2005; Mandel et al., 2006), although it still can integrate into host active 

genes (Kay and Nakai, 2003; Nakai et al., 2003). The cellular tropism of rAAV-mediated gene 

transfer in the CNS varies depending on the serotype used (Burger et al., 2004). Only minimal 

signs of inflammatory response have been described following rAAV2 administration to the brain 

(McPhee et al., 2006). In contrast, antibodies to AAV2 capsid and transgene product are elicited 

but no reduction of transgene expression is observed. Re-administration of vectors without loss 

of efficiency is also possible from 3 months after the first injection (Tenenbaum et al., 2004). 

However, 80% of the people maintain antibodies to wild-type AAV2, with 30% expressing 

neutralizing antibody (Peden et al., 2004; McPhee et al., 2006), which can reduce rAAV-2 
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mediated transduction in the brain and should be taken into account in future experiments 

utilizing this vector (Peden et al., 2004). Studies using AAV vectors in various injury models in 

the eye are summarized in Chapter 3.4.  

 

Summary 

Worldwide, over 600 clinical trials using gene therapy have been conducted or are underway 

(Verma and Weitzman, 2004). Most are in phase I and II, less than 1% in phase III, and 

presently there are no commercially approved gene therapy treatments (Verma and Weitzman, 

2004). One of the major concerns of gene therapy is its safety. Insertional mutagenesis has long 

been recognized as a potential hazard, and recent clinical trials have highlighted this risk 

(Hacein-Bey-Abina et al., 2003a; Hacein-Bey-Abina et al., 2003b). Long-term (more than 2-3 

years in large animals) follow up should be considered before entering clinical trials (Wood et 

al., 2006). The exact molecular mechanism for determine the integration site is still unknown. 

Until now, it was thought that retroviral integration is random. Lentivirus strongly favors active 

genes (Verma and Weitzman, 2004). A recently paper showed a high incidence of LV vector 

associated tumorigenesis following in utero and neonatal gene transfer in mice (Themis et al., 

2005). It is important to note that the same LV vector used in present study is also tested in this 

paper, and did not show high incidence of tumorigenesis in vivo (Themis et al., 2005). Recent 

development in integration-deficient LV vectors has also shown the possibility of using LV to 

achieve efficient and sustained (up to 9 months) transgene expression at the same time without 

the risk of insertional mutagenesis (Yanez-Munoz et al., 2006). In addition, more advanced 

studies have introduced a molecular switch to control genetically modified expression of 

neurotrophic factors (Blesch et al., 2001). Such methods include muristerone A-inducible 

expression and tetracycline-responsive promoters (Blesch et al., 2001). These may represent 

the future direction of viral vectors. Another important issue is the impact of viral vectors on the 

normal function of transduced or nontransduced cells. For example, a recent paper showed that 

retroviral mediated gene transfer of hematopoietic stem cells may comprise their homing 

potential and result in poor engraftment (Hall et al., 2006). 
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Chapter Three 

Literature review of ON injury and RGC 

reaction after injury 

 
Because of their anatomical location within the retina, and outside the skull, RGCs are much 

more easily accessible both to targeted manipulation and to quantitative assessment than 

almost all other CNS neuron populations. Therefore, rodent models of RGC injuries have 

become increasingly attractive to study and quantify neuroprotective and regeneration-

enhancing techniques for CNS injury (Chierzi and Fawcett, 2001; Harvey et al., 2006).  

 

3.1 Normal parameters of RGCs in rat 
Normal RGC number 
As shown in Table 3.1, in normal adult rat there are some differences in estimated total RGC 

number due to strain varieties and perhaps also to the observation methods used. 

 

Table 3.1 Examples of RGC number from normal adult rat.*  

Rat strain 
RGC 

(cells/mm2) 

RGC 
(cells/retina) 

Counting 
methods 

Reference 

3016±149 174,928± 8642 3%FG label SC 
(Lindqvist et 

al., 2004) 
Fisher 344 

1806 ± 54 104,748±3132 
0.5% FG label 

SC 

(Leon et al., 

2000) 

1710±73 99,180±4234 
5% Di-I label 

both SC 

(Klocker et 

al., 2001) 
Long-Evans 

2533±104 146,914±4234 
FG  retrograde 

label right SC 

(Kikuchi et 

al., 2000) 

2547±404 147,726±23432 

Methylene blue 

stained >80µm2 

cells 

(Villegas-

Perez et al., 

1988) 

2116±94 122,728±5452 
Fast blue label 

both SC 

(Villegas-

Perez et al., 

1988) 

2084±59 120,872±3422 
5%FG label cut 

ON stump 

(Schmeer et 

al., 2002; 

Kretz et al., 

2005) 

Sprague 

Dawley 

2481±121 143,898±7018 2% FG label SC 

(Koeberle 

and Ball, 
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2002) 

2511±20 145,638±1160 3% FG label SC 
(Lindqvist et 

al., 2004) 

2046±47 118,668±2726 Di-I label SC 
(Klocker et 

al., 1997) 

1446±376 83,868±21,808 
4Di-10ASP label 

SC 

(Thanos et 

al., 1992) 

1935±78 112,230±4524 
4Di-10ASP label 

SC 

(Fischer et 

al., 2000) 

1948±46 113,000±2700 
30% HRP label 

both SC 

(Potts et al., 

1982) 

1759±291 102,022±16878 
4Di-10ASP label 

ON 

(Shirvan et 

al., 2002) 

2209±42 128,122±2436 2% FG label SC 
(Bertrand et 

al., 2007) 

2144±176 124,352±10,208 
2% FG label 

both SC 

(Berkelaar et 

al., 1994) 

1683±68 97,609 ± 3930 

5% FG label 

both SC, 

counted with 

Image-Tool 

(Danias et al., 

2002) 
Wistar 

2068±16 119,973±939 
Axon number in 

ON 

(Sievers et 

al., 1989) 

* HRP: horseradish peroxidase; FG: flurogold; Di-l: F1,1'-dioctadecyl-3,3,3',3'-

tetramethylindocarbocyanine percholorate; 4Di-10ASP: (4-didecylaminostyryl)-N-methylpyridinium 

iodide; SC: superior colliculus. Highlighted number is the original data in the publication; other numbers 

are estimated by an average retinal area of 58 mm2. 

 
How many RGCs needed to get vision back in rat? 
Studies showed that 2-3 weeks after partial crush injury of ON, 11% RGCs were left however, 

recovery of vision was close to normal levels (Sautter and Sabel, 1993; Sabel, 1999; Rousseau 

and Sabel, 2001; Hanke, 2002). In PN autograft model, a few thousand RGC fibres were 

thought to be enough to mediate functional responses (Thanos et al., 1997). 

 

Parameters about rat RGCs and retina 
The average retinal area for adult Wistar rats is 57.54±1.56 mm2 (Danias et al., 2002) or 

59.4±0.486 mm2 (n=100) (Gellrich et al., 2002), in F344 rat it is about 60 mm2 (Yin et al., 2003). 

The vitreous volume of an adult rat eye is approximately 56 µl (Berkowitz et al., 1998; Chen and 

Weber, 2001). There are 5 different major classes of neuronal cells (RGCs, amacrine cells, 

bipolar cells, rods and cones) and 4 types of non-neuronal cells including astrocytes, Müller 

cells, microglia (Kohno et al., 1982) and pigment epithelial cells in the retina. RGCs represent 

only about 0.57%, while photoreceptors represent 70% of the total cell population (Simon and 
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Thanos, 1998). In the RGC layer in rat, half of the total number of neurons are RGCs which 

project an axon into the ON, whereas the other half are displaced amacrine cells that do not 

project an axon into the ON (Perry and Walker, 1980; Perry, 1981; Sievers et al., 1989; Klocker 

et al., 2001). The rat RGC axons are not myelinated until they enter the ON (Perry and Hayes, 

1985). The ON is approximately 0.64 mm in diameter (Gellrich et al., 2002). Within the ON, 

there are about 100,000 axons (1:1 to RGCs) (Fukuda et al., 1982; Fawcett et al., 1984; Sefton 

et al., 1985; Sievers et al., 1989; Brooks et al., 1999), all are myelinated, with a mean diameter 

of 0.77 μm (Foster et al., 1982; Fukuda et al., 1982) and 0.5 mm/d slow transport rate of 

neurofilament (McQuarrie et al., 1986). In rat, only a small population of RGCs (5%-10%) do not 

project to the superior colliculus (Jeffery, 1984; Dreher et al., 1985). In the retina of the newborn 

rat there are approximately twice as many ganglion cells as in the adult. The excess ganglion 

cells are lost over the first 10 postnatal days (Potts et al., 1982; Dreher et al., 1983; Perry et al., 

1983). Migration of amacrine cells into the ganglion cell layer occurs in the first 5 postnatal days 

(Perry et al., 1983). In adult rat, most RGC somata are between 7 and 21.5 µm in diameter 

(Danias et al., 2002). They can be classified into 3 groups by morphology. They are RGA, cells 

with a large soma and a large dendritic field; RGB, cells with a small- to medium-sized soma and 

a small- to medium-sized dendritic field; RGC, cells with a small- to medium-sized soma but a 

medium- to large dendritic field (Huxlin and Goodchild, 1997; Sun et al., 2002). Different types 

of RGCs are evenly distributed in the retina (Sun et al., 2002). ON injury results in the transient 

loss of large sized RGCs in the first few weeks post injury, partly because of shrinkage of large 

RGCs into medium or small categories (Misantone et al., 1984; Ota et al., 2002). Four weeks 

after injury, there is an increase in cell size, especially evident in crush injury (Moore and 

Thanos, 1996). large RGCs also seem to have better response to neurotrophic factors (Mey and 

Thanos, 1993) and PN grafts (Cui and Harvey, 2000). However, further study is needed to 

investigate if this is due to selective loss of smaller sized RGCs or simply changes of RGC size.  

 

RGC distribution in the retina 
The rat retina does not exhibit strict radial symmetry (Danias et al., 2002), and the location of 

highest RGC density area does not always localize in any particular quadrant (Danias et al., 

2002). However, in general there is a centro-peripheral density gradient, with almost 2 times the 

number in central compared to peripheral area. The highest density locus close to the ON head 

(Klocker et al., 1997; Isenmann et al., 1998; Klocker et al., 1998; Weise et al., 2000; Danias et 

al., 2002; Ota et al., 2002; Hou et al., 2004a). RGCs in the central area are more vulnerable to 

ON injury (Klocker et al., 1997; Weise et al., 2000; Hou et al., 2004a). This correlates well with 

the fact that the distance of the lesion from the cell body influences the extent of cell death 

(Villegas-Perez et al., 1993; Berkelaar et al., 1994; You et al., 2000), which can be explained by 

the neurotrophic theory that the shorter the axonal stump that remains the worse the retrograde 

effect on the neuron. Intravitreal injection of rescue molecules has different effects on RGCs in 

different parts of the retina. For example, inosine and Ad-BDNF exhibited better effect in central 

part (Isenmann et al., 1998; Hou et al., 2004a), BDNF or GDNF had more effect on peripheral 

(Klocker et al., 1997; Klocker et al., 1998), while Ad-CNTF effect was independent from retinal 

eccentricity (Weise et al., 2000). This discrepancy could be due to the differences in counting 
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methods, doses and methods of analysis. RGCs in other models without ON injury, such as 

glaucoma do not seem to have specific vulnerable areas (Urcola et al., 2006). More discussion 

on this issue is given in Chapter 7.  

 

3.2 Injury models 
RGC death and associated visual loss occur in various eye diseases such as glaucoma, 

anterior ischemic optic neuropathy, and traumatic ON injury (Harvey et al., 2006). The present 

study will focus on traumatic injury to the ON. Therefore, some commonly used ON injury 

models are described as below. 

 

Crush model 
ON crush is a method that simulates trauma to the ON caused by fractures of the midface 

and/or skull base. Several types of injury models (using forceps, micro clips, micro sling, and 

suture) have been established. The major drawback of this model is that the injury cannot be 

directly quantified at the lesion site, but is rather semi quantitatively referred to as forces (Chen 

and Weber, 2001; Klocker et al., 2001), distance between branches of a forcep, crush period 

(Gellrich et al., 2002) or suture time. These may result in spared axons and difficulties in 

comparison between results. 

 

Suture crush 
In the suture crush model, a 10/0 suture is used to hold a tight knot around the ON for 60 s 

(Selles-Navarro et al., 2001; Bertrand et al., 2005; Bertrand et al., 2007). The suture completely 

transects the ON. 6 h after injury all RGC axons retract back from the lesion site. An adjacent 

GFAP-negative zone develops in the lesion site early after injury, disappearing by 1 week 

(Selles-Navarro et al., 2001). By 1 week, 40-60% of RGCs remained alive (Selles-Navarro et al., 

2001; Bertrand et al., 2005), axons regrow toward the lesion, but most stop at the injury scar 

tissue (Selles-Navarro et al., 2001). 2 weeks after lesion, 5% (Bertrand et al., 2005; Bertrand et 

al., 2007) to 28% (Selles-Navarro et al., 2001) of RGCs remain, the lesion site is 

immunoreactive for CSPGs (Selles-Navarro et al., 2001). The few axons that are able to cross 

the injury site grow about 100 μm but do not extend further in the ON white matter (Selles-

Navarro et al., 2001). 

 

Forceps crush 
Usually, a standardized ON crush injury is made using a fine pair of jeweller’s forceps for 5 to 20 

sec (Berkelaar et al., 1994; Yin et al., 2003; Bertrand et al., 2005; Kurimoto et al., 2006), 

resulting in a degenerative pattern including a pronounced astroglial and microglial proliferation 

2-7 days post injury. Degenerative axons distal to the lesion site exhibit a gradual decrease in 

neurofilament immunoreactivity. Regeneration is sometimes observed proximal to the lesion in 

sprouts (Ohlsson et al., 2004b). 
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Partial ON transection 
As described by Levkovitch-Verbin et al, (2003) a modified diamond knife is used to transect the 

superior one third of the orbital ON. This partial ON transection leads to rapid loss of directly 

injured RGCs in the superior retina (4 days -30%; 8 days -63% compared with fellow eye) and 

delayed, but significant secondary loss of RGCs in the inferior retina (9 weeks -34%), whose 

axons are not severed (Levkovitch-Verbin et al., 2003). 

 
Complete ON transection 
This model is used most often, and the time-course and mode of RGC cell death has been well 

described. Intraorbital transection of rat ON lead to RGC death within a few days; virtually all 

RGCs are still alive and looks normal in 3 days (Thanos, 1988), after 5 days they begin to die, 

peaking at about 7 days post injury (Berkelaar et al., 1994; Garcia-Valenzuela et al., 1994). 85% 

of RGCs are lost by 14 days, 90% in 30 days after lesion (Sievers et al., 1989). This RGC death 

appears to be primarily apoptotic (Nickells, 2004)(see below). 

 

Superior colliculus lesion  
The superior colliculus is the major central target for RGC axon in the rodent brain. Ablation of 

the superior colliculus in neonatal rats results in a rapid increase in RGC death (Harvey and 

Robertson, 1992; Cui and Harvey, 1995; Spalding et al., 2005a) which appears not to be 

primarily related to caspase activation (Spalding et al., 2005b). In adult rat, no significant RGC 

loss was observed even 5 months after superior colliculus lesion (Perry and Cowey, 1979, 

1982; Murphy and Clarke, 2006).  

 

Lens lesion 
It was first described by Mansour-Robaey et al. (1994) who found that anterior eye punctures 

(Fig.3.4) without injection had more neurotrophic effect compared with posterior injections 

(Mansour-Robaey et al., 1994). Later, Leon et al. (2000) found that, in the ON crush model, a 

small puncture wound to the lens leads to an 8 fold increase in RGC survival and a 100 fold 

increase in the number of axons regenerating beyond the crush site (Leon et al., 2000). It has 

been reported that lens lesion is sufficient to induce RGC axons to override inhibitors at the 

lesion site, grow through the white matter of the ON, pass through the optic chiasm, and make 

synaptic connections within the brain 5 weeks after lesion (Fischer et al., 2001). However the 

regenerated axons were associated predominantly with astrocytes, remained of small diameter 

(0.1-0.5 μm) and unmyelinated for more than 2 months compared to axons regenerated into PN 

graft (Campbell et al., 2003). Recently, it has been shown that lens lesion also has synergetic 

effects with C3 ribosyltransferase or BDNF (Fischer et al., 2004b; Pernet and Di Polo, 2006). It 

is thought that macrophage activation plays a major role in lens lesion (Fischer et al., 2000; 

Leon et al., 2000; Yin et al., 2003; Lorber et al., 2005). What and where exactly these beneficial 

factors associated with the lesioned lens come from are still not clear. There are several 

possibilities (Fig 3.1). These factors seem not belong to either the NT or the neurocytokine 

family (Leon et al., 2000; Lorber et al., 2002), they may be come from lens epithelium cells 

(Stupp et al., 2005; Stupp and Thanos, 2005; Wong et al., 2006) or maybe proteins secreted by 
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macrophages with molecular weight <30 kDa (Yin et al., 2003), possibly oncomodulin (Yin et al., 

2006). 

 

 
Figure 3.1 Possible models of lenticuloretinal interactions after lens injury. Lens injury induced an 

inflammatory reaction within the eye leading to activation of macrophages, which results in an increase in 

axonal regeneration by a small peptide (A). In parallel with the accumulation of macrophages, activation 

of neuroglia could be observed that was correlated with neurite outgrowth. This may be due to 

upregulation of unknown trophic factors (B). The stimulating effect of lens injury on dissociated RGC 

cultures suggested the existence of factors that stimulate neurite outgrowth directly and independently 

from the existence of macrophages (C). Adapted from Stupp and Thanos (2005). 

 

In vitro RGC culture or retinal explant 
Explants are suitable for continuous observation of the response of retinal neurons to agents 

whose concentration can be precisely controlled, or for screening studies looking for potential 

therapeutic agents (Schlieve et al., 2006). Retinas with or without ON preconditioning injury can 

be chopped, cut into pieces, usually cultured on laminin, collagen, fibronectin coated dishes, or 

fibrin gel feed with neurobasal or serum free medium (Bahr et al., 1988; Koprivica et al., 2005; 

Dietz et al., 2006; Leaver et al., 2006a). Isolated RGC cell culture is more valuable when the 

impact from other cells in the retina needs to be ruled out. Postnatal RGCs can be isolated 

using marker Thy1.1 (CD90) by two-step immunopanning, magnetic bead procedure and 

cultured on PLL coated plates (Meyer-Franke et al., 1995; Shoge et al., 1999; Inatani et al., 

2001; Goldberg et al., 2002b; Ahmed et al., 2006; Sappington et al., 2006).  
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3.3 Pathophysiology after adult ON transection 
After adult ON injury, a cascade of inflammatory events is initiated, leading to degeneration of 

ganglion cell terminals and phagocytosis of somata in the retina. Apoptosis can be broken down 

into four stages (Nickells, 2004) as shown in Figure 3.2. 

 

 
Figure 3.2 The four basic stages of RGC death. Above each of the four stages are the names of genes that 

have been described in the process of RGC death. They are loosely placed at the point of the cell death 

pathway where they are thought to act. Adapted from Nickells, (2004). 

 

These stages include early changes in gene expression marked by the up-regulation of different 

genes (Isenmann et al., 2003) such as c-jun (Herdegen et al., 1993; Hull and Bahr, 1994b, a; 

Kreutz et al., 1999; Lu et al., 2003), p53 (Levkovitch-Verbin et al., 2006), bcl-2 (Chen et al., 

1994), Bax (Bahr, 2000; Qin et al., 2004) and poly(ADP-ribose) polymerase (PARP) (Weise et 

al., 2001). The most critical stage of RGC death is the dysfunction of mitochondria (Nickells, 

2004). This stage is characterized by a loss in the electrochemical proton gradient across the 

inner membrane, a reduction in ATP synthesis, the production of oxygen free radicals, 

superoxide anion (Geiger et al., 2002; Lieven et al., 2006). This then activate apoptosis, which 

is dominated by the sequential activation of caspases (Bahr, 2000; He et al., 2004) and DNA 

endonucleases, that attack the cell nucleus and create DNA fragments (Berkelaar et al., 1994; 

Garcia-Valenzuela et al., 1994; Nickells, 2004).  

 

Glutamate is a major neurotransmitter in the retina and other parts of the CNS. ON axotomy or  

crush leads to elevated levels of extracellular glutamate, while partial ON crush leads to an 

increase in vitreal glutamate (Yoles and Schwartz, 1998; Vorwerk et al., 2004). Glutamate 

neurotoxicity is mediated through NMDA receptor with influx of extracellular Ca2+ (Sucher et al., 

1997), activation of p38 MAP kinase (Kikuchi et al., 2000). Although RGCs themselves may be 
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relatively resistant to glutamate toxicity (Ullian et al., 2004), there is evidence that buffering of 

extracellular glutamate by retinal glutamate transporters such as GLAST (EAAT-1) and GLT-1 

(EAAT-2) or inhibition of NMDA, AMPA-kainate receptors is protective (Sucher et al., 1991; 

Schuettauf et al., 2000; Barnett et al., 2001; Guo et al., 2006). The protective effect of CNTF is 

also partly due to activation of astrocytes which can buffer high concentrations of glutamate 

(van Adel et al., 2005).  

 

3.4 Strategies to promote RGC survival and regeneration after injury 
Similar to injury elsewhere in the CNS, several steps have to be achieved for successful 

treatment of ON injury (Harvey et al., 2006). First, the death of RGCs must be prevented or 

decreased. Second, axons from surviving RGCs must be induced to extend toward their targets 

(LGN and superior colliculus). Finally, a process of synaptic connection and refinement must 

occur so that appropriate RGCs are connected to the appropriate target. Prevention of the 

death of RGCs is usually referred to as neuroprotection, whereas restoration of ON function is 

called neurorepair (Miller, 2001). 

 

Generally, four types of methods have been tested in RGC protection and repair.  

(a). Use of neurotrophic factors and/or build a better neuron growth environment. BDNF, GDNF, 

bFGF and CNTF have been shown to have survival and regeneration promoting effects on 

RGCs in vivo and in vitro (Turner et al., 1980; Mey and Thanos, 1993; Weise et al., 2000; 

Schmeer et al., 2002; Oshitari et al., 2003; Sapieha et al., 2003; van Adel et al., 2003; Bonnet et 

al., 2004; Lorber et al., 2005). However, repeated injections of these molecules into the CNS 

remain an unsolved problem and have proven a major obstacle for designing feasible treatment 

strategies in patients. The application of viral vectors for gene delivery therefore offers a new 

tool to ensure continuous availability of the encoded gene product for a prolonged time span 

(Jones et al., 2001). GFP can persist at least 6 months in ON and brain of mice and dogs after 

intravitreal delivery of rAAV-GFP (Dudus et al., 1999). Different viral vectors have been tried in 

the retina: 

 

Adenoviral vector: Ad-GDNF (Schmeer et al., 2002; Straten et al., 2002); Ad-CNTF (Cayouette 

and Gravel, 1997; Weise et al., 2000; Huang et al., 2004; van Adel et al., 2005); Ad-BDNF 

(Isenmann et al., 1998; Isenmann et al., 1999; Hou et al., 2004b); Ad-Bcl-XL(Oshitari et al., 

2003). AAV vector: AAV-GDNF (McGee Sanftner et al., 2001; Kells et al., 2004); AAV-NGF (Wu 

et al., 2004a); AAV-BDNF (Martin et al., 2003; Kells et al., 2004); AAV-CNTF (Liang et al., 2001; 

Schlichtenbrede et al., 2003; Leaver et al., 2006c; Maclaren et al., 2006); AAV-bFGF (Sapieha 

et al., 2003); AAV-NgR (DN) (Fischer et al., 2004a); AAV-C3 ribosyltransferase (Fischer et al., 

2004b); AAV-Bcl-XL (Malik et al., 2005); AAV-mitogen-activated protein kinase kinase 1 (MEK1) 

(Pernet et al., 2005); LV vector: LV-CNTF (van Adel et al., 2003). Recent results have indicated 

that RGC death after axotomy is not only because of deprivation of trophic factors, but also 

because they lose trophic responsiveness (Shen et al., 1999). Simply delivery of exogenous 

survival factors is not enough unless trophic responsiveness to such factors is simultaneously 

enhanced (Goldberg and Barres, 2000; Goldberg et al., 2002b; Goldberg, 2004).  
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(b). Removing inhibitory factors. Block the inhibitory action of myelin-associated molecules 

and/or other glial elements (Wong et al., 2003; Cui et al., 2004; Fischer et al., 2004a), block the 

downstream inhibitory pathways (Fischer et al., 2004b; Monsul et al., 2004; Bertrand et al., 

2005; Bertrand et al., 2007; Hu et al., 2007). 

 

(c). Surgical interventions to provide a permissive bridge across the injury site. PN autografts 

(Richardson et al., 1980; David and Aguayo, 1981; Vidal-Sanz et al., 1987), artificial PN 

containing SCs (Plant and Harvey, 2000; Negishi et al., 2001; Cui et al., 2003b; Hu et al., 2005), 

FBs,  OECs (Li et al., 2003b), gene activated matrices (Berry et al., 2001b) have all been used 

as bridges in the visual system. All can achieve some degree of regeneration. In PN autografts, 

the fastest regrowing axons extend at 2 mm/day after an initial of 4-5 days delay in adult 

hamster (Cho and So, 1987). In the transitional zone, GFAP positive astrocytes co-migrate with 

growing axons (Hall and Berry, 1989), SCs can also migrate into this transitional zone, both cell 

types facilitate RGC axons entry into the PN grafts (Hall and Berry, 1989; Dezawa et al., 1999). 

ED-1 positive macrophages accumulated at the regenerating stump 1 week after PN graft, and 

decreased 3 weeks post operation (Dezawa et al., 1999). PN autografts are still the most 

efficient means of inducing RGC regeneration at present (Chierzi and Fawcett, 2001). 

Furthermore, RGC axons guided by PN autograft that was inserted into the superior colliculus, 

can form synapses in superior colliculus (Vidal-Sanz et al., 1987; Carter et al., 1989; Carter et 

al., 1991; Vidal-Sanz et al., 1991; Carter et al., 1994; Sauve et al., 1995; Carter et al., 1998) 

with some degree of topological organization (Sauve et al., 2001) resulting in visual evoked 

cortical potentials (Keirstead et al., 1989; Thanos et al., 1997) and responses to light (Keirstead 

et al., 1985; Thanos, 1992; Sasaki et al., 1993; Thanos et al., 1997; Vidal-Sanz et al., 2002). 

 

(d). Other methods. Cell transplantation of stem cells (Kicic et al., 2003; Mellough et al., 2004), 

SCs, FBs (Li et al., 2004a), and PN-stimulated macrophages (Lazarov-Spiegler et al., 1998) 

have all been tested. In addition, intravitreal PN grafts (Berry et al., 1996; Su et al., 2001; Su 

and Cho, 2003; Ahmed et al., 2006), intraocular administration of inosine (Wu et al., 2003a; Hou 

et al., 2004a), latanoprost (Kudo et al., 2006), nipradilol (Watanabe et al., 2006) have alll been 

shown to be able to rescue RGCs. Anti-apoptosis therapy using siRNAs (Lingor et al., 2005), 

lithium (Huang et al., 2003; Schuettauf et al., 2006) or caspase inhibitors (Oshitari and Adachi-

Usami, 2003; Patil and Sharma, 2004). Immunotherapy such as application of immunophilin-

ligands (Gillon et al., 2003; Rosenstiel et al., 2003) or self antigen vaccination (Ellezam et al., 

2003) is also able to inhibit RGC death in vivo. 

 

3.5 RGC quantification 
Several strategies have been established to estimate RGC number: (1) by counting the RGC 

axons in cross-sections of the ON (Sievers et al., 1989; Cenni et al., 1996; Martin et al., 2003; 

Chauhan et al., 2006); (2) retrograde labeling with markers (most commonly used methods; Fig. 

3.3) (Isenmann et al., 2003); (3) labeling of RGCs with antibodies, and morphologic 

identification. None of the above counting methods is perfect. In mammalian ON there are no 
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fibers other than RGC axons; therefore axon counting provides a representation of the number 

of RGCs. However, counting of regenerated axons after injury is difficult, because axons can 

branch, alter course, turn back on themselves etc. The backfilling method is also easy to have 

bias. Degenerated RGCs could be phagocytosed by microglia and other cells producing 

inaccurate counting (Thanos, 1991; Thanos et al., 1992; Thanos et al., 1994; Nicole Bodeutsch, 

2000), although microglia may be distinguished from RGCs by their fluorescence and multiple, 

thin processes (Fischer et al., 2000; Leon et al., 2000). Therefore it is better to wait to backfill 

RGCs with dye just before sacrifice (Martin et al., 2003). Antibodies (such as βIII-tubulin, Thy-1, 

RT97) to identify RGCs have not been widely accepted and recognize all the RGC subtypes. 

One of the problem using antibodies is the staining of axons can overlay with RGCs especially 

in areas close to optic nerve head, this will cause underestimate of counting. Another problem 

with immunostaining is that it is not possible to determine the viability of RGCs. This is may be a 

problem when the RGCs have died and only left the cytoskeletal structures, leading to the 

counting of “ghost” RGCs. Counting RGCs by morphology is also imperfect, as the marginal 

difference between small RGCs and amacrine cells can be problematic (Martin et al., 2003). 

Recently, using RT-PCR to compare the expression of Thy-1 has been shown to be an 

alternative way if RGCs are too difficult to count directly (Schlamp et al., 2001; Chidlow et al., 

2005). However, possible changes of the level of gene expression can occur before actual 

detectable RGC death (Schlamp et al., 2001; Chidlow and Osborne, 2003; Chidlow et al., 2005; 

Huang et al., 2006). Furthermore, Müller cells may also express Thy1 (Dabin and Barnstable, 

1995). Studies using real-time PCR technique should also consider the changes of 

housekeeping genes (Kim et al., 2006b). Taken together, it is better to combine different 

methods together to reveal accurate changes in RGC number after experimental interventions. 
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Figure.3.3 The retino-tectal projection of the rat: anatomy, labelling techniques, and ON lesion paradigm. 

RGC axons project through the ON, cross to the contralateral side at the optic chiasm, travel along the 

optic tract, and terminate at the superior colliculus, with some 30% of RGCs sending collaterals to the 

lateral geniculate nucleus. In the albino rat, more than 99% of RGC axons cross the midline at the optic 

chiasm to the contralateral side. RGCs can be retrogradely labelled with fluorescent dyes (e.g., DiI, 

fluorogold, fast blue) from the superior colliculus or, following ON transection, from the transected ON 

stump. Adapted from Isenmann et al., (2003). 
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Figure 3.4 Graph shows the anatomic relations within the adult rat eye and the various methods of 

perforation to approach and interfere with intraocular compartments. In addition, it schematically shows 

the projection of the retina to the superior colliculus and the procedure of labeling and ON crush. The 

intraocular distances and sizes of the different compartments are given in millimeters; the ON and its 

connection are not drawn to size. Adapted from Fischer et al., (2000). 
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Chapter Four 

Lentiviral-mediated transfer of ciliary neurotrophic 

factor to Schwann cells in reconstituted peripheral 

nerve grafts 

 
4.1 Introduction 
As reviewed in Chapters 1, 2 and 3, neurons of the adult mammalian CNS exhibit poor 

spontaneous regenerative growth after injury unless provided with an appropriate 

microenvironment. Such an environment can be created by addition of exogenous trophic 

factors (Xu et al., 1995; Ye and Houle, 1997) and/or by implantation of cellular substrates or 

tissue bridges such as PN grafts (Bray et al., 1987). In the visual system and spinal cord of adult 

rodents, damaged axons have been shown to regrow through autologous PN grafts or into 

various types of Schwann cell (SC) implant (So and Aguayo, 1985; Harvey and Plant, 1995; Xu 

et al., 1995; Cheng et al., 1996; Thanos, 1997; Plant and Harvey, 2000; Sauve et al., 2001). 

 

The clinical use of multiple PN autografts after SCI has been reported (Cheng, 2000), however 

this therapeutic approach may generally be impractical due to problems in obtaining sufficient 

host material and the additional functional deficits that occur from harvesting autologous PNs. 

To test an alternative to autologous PN grafts, in a previous experiment reconstituted allogeneic 

PN sheaths reconstituted with autologous or congeneic SCs were transplanted onto the 

transected ON (Cui et al., 2003b). The reconstituted grafts supported the regrowth of adult RGC 

axons. However, compared to PN autografts the number of RGCs regenerating axons into the 

chimeric PNs was relatively low. Further improvements are thus needed in order to achieve a 

greater and more consistent level of regrowth.  

 

RGCs express receptors to CNTF (Kirsch et al., 1997; Ju et al., 2000) and become increasingly 

responsive to this cytokine as they mature (Meyer-Franke et al., 1995; Jo et al., 1999). 

Intravitreal injections of CNTF, but not neurotrophins (BDNF, NT-4/5 or NT-3), significantly 

increase long-distance axonal regeneration of adult RGCs into PN grafts (Cui et al., 1999; Cui 

and Harvey, 2000; Cui et al., 2003a). Previous studies have successfully used viral vectors to 

transfer BDNF, NT-3 or GDNF genes directly to injury sites, or into fibroblasts or PN 

segments/glial cells that were later applied to injury sites (Ruitenberg et al., 2002; Ruitenberg et 

al., 2003). In the present study, lentiviral vectors encoding CNTF (LV-CNTF) or green 

fluorescent protein (LV-GFP) were used to transduce purified adult SCs ex vivo prior to PN 

reconstruction (Fig 4.1, 4.2). It was examined whether long-term expression of CNTF around 

axonal growth cones within the reconstituted PN grafts (Cui et al., 2003b) would increase long-

distance regeneration of adult RGC axons. The results showed that both the viability and axonal 

regeneration of injured adult RGCs were significantly enhanced 4 weeks after LV-CNTF 
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intervention, associated with increased levels of CNTF in the chimeric PN grafts. These 

reconstituted grafts were even more effective than autografts in promoting RGC axonal 

regeneration. This approach thus provides a new and potentially important therapeutic 

alternative for CNS or PNS repair that increases axonal regeneration and at the same time 

reduces the need for obtaining autologous PN tissues from injured patients. 

 

4.2 Materials and Methods  

Adult (8-10 week old) Fischer 344 (F344) and Sprague Dawley (SD) rats were used in this study 

SD rats were used as PN sheath donors. Cui et al (2003a) previously showed that allogenic PN 

sheaths alone do not elicit an immunogenic reaction from the hosts (see also Gulati et al 1995) 

and when repopulated with SCs they can support the regeneration of at least some adult RGC 

axons (Cui et al., 2003b). Therefore, the allogeneic PN sheath approach was applied in the 

present study to prove the principle that PNs from other sources such as cadavers can 

potentially be used in a clinical context in the future. All surgical procedures were performed 

under halothane anaesthesia (induction 5%, maintenance 2% in 1:3 O2/N2O mixtures). Rats 

also received a subcutaneous injection of the analgesic buprenorphine (0.02mg/kg, Temgesic; 

Reckitt & Colman, Hull, UK) and intramuscular injection of Benacillin (0.3mg/kg, Troy 

Laboratories Pty. Ltd. Australia). Experiments conformed to NHMRC guidelines and were 

approved by the Animal Ethics Committee of the University of Western Australia. 

 

 
 

Figure 4.1 Diagram showing experimental protocol. PN sheaths were made from sciatic nerves of normal 

SD rats. SCs were cultured from F344 rats, transduced with LV-GFP or LV-CNTF ex vivo, and then 

injected into PN sheaths. These reconstructed PNs were grafted to the cut end of ONs, animals were kept 

for 4 weeks. Flurogold (FG) was injected into the distal end of the grafts 3 days before sacrifice to 

retrogradely label the regenerated RGCs. 
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Figure 4.2 Time course diagram showing experimental design. 

 

Production of acellular PN sheaths 
Acellular PN conduits were prepared from the peroneal nerve (Fig. 4.3) of euthanized (ip, 

Nembutal, sodium pentobarbitone, Rhone Merieux, Pinkenba, Australia) SD rats. Segments of 

peroneal nerve (1.5 cm in length) were dissected out and immediately freeze-thawed 5 times to 

kill endogenous cells (Gulati et al., 1995; Ide, 1996; Cui et al., 2003b). This procedure does not 

significantly disrupt the basal lamina scaffold within the nerves (Cui et al., 2003b). 

 

 
Figure 4.3 Diagram showing branches of left sciatic nerve. Provided by Grant Ferguson from School of 

Animal Biology, University of Western Australia. 

 

Adult Schwann cell cultures 
The preparation of adult SCs to a high purity (97%) has been described previously (Morrissey et 

al., 1991; Cui et al., 2003b). Briefly, under aseptic conditions sciatic nerves of F334 rats were 

divested of their epineurium and connective tissue and cut into 1 mm explants. These explants 

were placed onto 100 mm culture dishes (Corning, New York) with Dulbecco’s Modified Eagle’s 

medium (DMEM; Sigma, St Louis, MO) containing 10% fetal bovine serum (Sigma, St Louis, 

MO, USA) (D-10S). After allowing fibroblasts to grow out for 3 weeks, explants were 

enzymatically and mechanically dissociated before transferring to new poly-l-lysine (PLL, 

Sigma) coated dishes with D-10S containing 20 μg/ml bovine pituitary extract (PEX) (GibcoBRL, 

Grand Island, New York) and 2 μM forskolin (Sigma) for SC expansion (Morrissey et al., 1991). 

When SCs reached confluence (4-5 × 106 per dish), they were rinsed in Ca2+ and Mg2+ free 



53 

Hanks balanced salt solution (Sigma) and briefly treated with trypsin-versene (CSL, Parkville, 

VIC, Australia). Cells were washed in D-10S and passaged into new dishes of D-10S 

supplemented with PEX and forskolin at a density of 2 × 106 cells per 10 cm dish. SCs purity 

was routinely checked by immunostaining with antibodies to S100 (Dako, Glostrup, Denmark) 

(for SCs) and Thy1.1 (Serotec, Oxford, UK) (to check for contaminating fibroblasts). 

 

Production of lentiviral vectors 
Plasmids needed for production of lentiviral vectors (LV) were generously provided by Drs. L. 

Tamagnone and L. Naldini (Institute for Cancer Research, University of Torino, Italy). For 

construction of the LV-CNTF vector, the rat CNTF fragment (courtesy Dr P. Richardson) which 

contains signal sequence required for the release of human growth hormone was amplified by 

PCR, out of the plasmid HRC-5AS (gift of Dr. J. Henderson) using the following primers: 5’-

CGCGGATCCAATTCCGCAATGGCTACA-3’ containing a BamHI site and 5’-GGACTAGTCTA 

CATCTGCTTATCTTTGGC-3’ containing a SpeI site at the 5’ site or the 3’site respectively (Fig. 

4.4). Subsequently the CNTF fragment was ligated into the BamHI/SpeI digested multiple 

cloning site of pRRLsin-PPThCMV-MCS-wpre. Stocks of LV-GFP and LV-CNTF were produced 

by cotransfection of three plasmids, the viral core packaging construct pCMVdeltaR8.74, the 

VSV-G envelope protein vector pMDG.2, and the transfer vector pRRLsin-PPThCMV-MCS-

wpre containing either GFP or CNTF fragment, into HEK 293T cells (Naldini et al., 1996a; 

Follenzi and Naldini, 2002). 2.5-5 ×106 cells were seeded into 10 cm dishes (8 dishes for each 

stock) in Iscove’s modified Dulbecco culture medium (IMDM; Sigma), containing 10% foetal calf 

serum (FCS; Sigma), penicillin (100 IU/ml), 100 µg/ml streptomycin and 2 mM Glutamax 

(Sigma). Culture medium was refreshed 2 hours before transfection.  LV stocks were generated 

from 3 plasmids by transient transfection of 293T cells as described (Naldini et al., 1996a). Cells 

were transfected with 3.5 µg envelope plasmid, 6.5 µg packaging plasmid and 10 µg GFP- or 

CNTF-expressing gene transfer plasmid per 10 cm dish.  After 16-18 hours, medium was 

replaced with the same IMDM as above, containing 2% FCS. After another 24 hours, viral 

particle containing medium was harvested and cellular debris was removed by low-speed 

centrifugation and filtration through a 0.22 µm cellulose acetate filter. If needed, the viral 

particles were concentrated by ultracentrifugation at 28000 rpm. After the supernatant was 

discarded, the pellet containing the LV particles was resuspended in phosphate buffered saline 

(PBS), aliquoted and stored at –80oC until further use.   
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Figure 4.4 Schematic drawing of the vectors. Vectors carry an internal cassette containing the release 

signal sequence of human growth hormone/rat CNTF or enhanced green fluorescent protein (eGFP) 

sequence under control of the human cytomegalovirus (hCMV) promoter. The following viral cis-acting 

sequences are labelled: LTR regions (U3, R, U5); major splice donor site (SD); encapsidation signal (Ψ) 

including the 5' portion of the gag gene (GA); Rev-response element (RRE); splice acceptor sites (SA); 

and the post-transcriptional regulatory element of woodchuck hepatitis virus (WPRE). 

 

For LV-GFP stocks, the number of transducing particles was determined by infecting HEK 293T 

cells and counting the number of GFP-expressing cells after 48 hours. Titres were expressed as 

transducing units (TU) per ml and concentrated stocks ranged in the order from 108 to 109 

TU/ml. For CNTF-expressing viral stocks, viral particle content was determined by p24 antigen 

measurement (ELISA; NEN-050, Perkin Elmer Life Sciences) and the relative TU/ml was 

calculated by normalizing against the p24 content of a LV-GFP stock.  

 

Transduction of Schwann cells with lentiviral vectors   
When SCs reached 70-80% confluence, replication-deficient LV-GFP or LV-CNTF vectors were 

added to the dish at a multiplicity of infection (MOI) of 1:50 for 24 hours. After washes, 

transduced SCs were incubated for another 2 days to achieve high transgene expression before 

being used in the reconstruction of PN bridges. Expression of reporter gene GFP was visible 

directly under a fluorescence microscope and examined 24 and 48 hours after LV-GFP 

transduction. Immunoreaction with anti-CNTF antibody was carried out to reveal CNTF-positive 

SCs 48 hours after transduction. Briefly, SCs was permeabilised for 30 minutes in PBS with 

0.1% Triton X-100 (Progen Industures, Queensland, Australia) and 5% horse serum (Invitrogen) 

followed by incubation overnight at 4°C with goat anti-rat CNTF antibody (1:100; R&D Systems, 

Minneapolis, USA) which was diluted in PBS with 0.1% Triton X-100 and 5% horse serum.  

After washes, cells were incubated with donkey anti-goat Cy3 conjugated secondary antibody 

(1:500; Jackson ImmunoResearch Laboratories, West Grove, USA) in PBS for 60 minutes. Goat 

IgG control immunoglobulin or omission of primary antibody was used as negative control. 

 

 



55 

Reverse transcription PCR (RT-PCR) analysis 
To test for continued CNTF transgene expression in SCs, RT-PCR was used to examine the 

level of CNTF mRNA in LV-GFP and LV-CNTF manipulated SCs in vitro and in PN grafts 4 

weeks after in vivo transplantation. To obtain the PN grafts, the same surgical procedures as for 

the regeneration study mentioned above were performed. 4 weeks after PN transplantation 

animals were euthanased with Nembutal and the PN grafts were immediately dissected out and 

placed in RNAlater (Ambion, Austin, USA).  RNA was isolated from each PN using 1 ml RNAwiz 

(Ambion, Austin, USA) and equal amounts of total RNA (1 µg) were reverse transcribed in 25 µl 

volumes with M-MLV RT (Promega, Madison, USA) and random hexamers (Promega, Madison, 

USA) according to manufacturer’s instructions. Aliquots of the cDNA solution were subjected to 

PCR with primer pairs specific for the constitutively expressed mRNA of CNTF (289 bp) or 

GAPDH (240 bp).   

Primer sequences were as follows:  

CNTF forward primer: 5’ CTCTGTAGCCGTTCTATCTG 3’;  

CNTF reverse primer: 5’GAGTATGTATTGCCTGATGG 3’.  

GAPDH forward primer:  5’CAGAACATCATCCCTGCATCCACT3’;  

GAPDH reverse primer: 5’GTTGCTGTTGAAGTCACAGGAGAC 3’  

Reactions were performed using 25 mM MgCl2, 0.5 µM primers for both CNTF and GAPDH in a 

total volume of 50 µl. Cycling conditions were: 94oC 60s, 50oC 60s, 72oC 60s for 35 cycles.  

Controls (with and without RT enzyme) were used to check for genomic DNA amplification. 

 

CNTF Enzyme Linked Immuno Sorbant Assay (ELISA) 
CNTF levels in the conditioned media and protein extracts from transduced SCs in vitro and 

engineered PN grafts 4 weeks after transplantation were determined using quantitative 

sandwich ELISA. To obtain the PN grafts, animals were overdosed with Nembutal, and then PN 

grafts were quickly dissected from the rats and snap-frozen in liquid nitrogen. The PNs were 

stored at -80°C until use. Each PN was homogenized in ice-cold 10 mM phosphate buffer (pH 

7.4) containing 30 mM NaCl, 0.1% Tween 20 (ICN, Ohio, USA), 0.1% bovine serum albumin 

(BSA; Sigma), and protease inhibitors (Sigma). The suspensions were centrifuged at 15,000g 

for 15 min at 4°C, after which the supernatant was collected. After reaction with the protein 

assay agent (Bio-Rad, Richmond, CA, USA), protein concentration of each sample, revealed by 

an absorbance shift in Coomassie Brilliant Blue G-250 when bound to arginine and aromatic 

residues, was measured by a spectrophotometer (Beckman, Germany). 96-well microplates 

(Costar, Cambridge, MA) were coated with 100 μl/well of monoclonal mouse anti-CNTF 

antibody (2 μg/ml; R&D Systems, Minneapolis, USA) diluted in PBS buffer overnight at 4°C.  

The plates were then incubated overnight at room temperature with blocking solution (1% BSA, 

5% sucrose and 0.05% NaN3 in PBS). With interceding washes (0.05% Tween 20 in PBS, pH 

7.4), the plates were subject to sequential 2 hour incubations at room temperature with aliquots 

of conditioned medium, cell lysis and protein extracts from PNs, or rat recombinant CNTF 

(rrCNTF; 0-0.003125 μg/ml; Peprotech, Rehovot, Israel), biotinylated polyclonal goat anti-CNTF 

antibody (300 μg/ml; R&D Systems, Minneapolis, USA), and ABC Reagent (Vectastain; Vector 

Laboratories, Burlingame, USA). Horseradish peroxidase activity was detected using 3,3’,5,5’-
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tetramethylbenzidine (MP Biomedicals, Irvine, USA) as the color substrate. After 30 min 

incubation, the colour reaction was stopped by adding 50 μl of 1 M H2SO4. Absorbance at 450 

nm was measured using an ELISA reader (Bio-Rad). Using serial dilutions of known amounts of 

rrCNTF, this colour reaction yielded a nonlinear standard curve from 0.0048 to 0.3125 ng.  

Nonlinear regression was performed using GraphPad Prism version 4.03 for Windows 

(GraphPad Software, San Diego, USA). CNTF levels in the samples were quantified within the 

nonlinear range of the standard curve and normalized for the total volume that was assayed in 

each PN.  Detection limit was 48 pg/ml. 

 

CNTF bioactivity assay 
To determine whether CNTF produced by the LV-CNTF is biologically active, conditioned 

medium from LV-GFP and LV-CNTF transduced SCs was collected, aliquoted and stored 

immediately in -80ºC until use for bioactivity assay. Embryonic day 15 (E15) dorsal root ganglia 

(DRG) were obtained from timed pregnant female rats. Pregnant rats were euthanized with a 

intraperitoneal overdose of Nembutal and the entire litter was rapidly removed by caesarean 

section and transferred to ice-cooled L-15 medium. The DRGs were aseptically dissected out 

from the rat embryos and pooled in ice-cooled L-15 medium. Isolated embryonic DRGs were 

subsequently transferred to collagen I-coated Aclar hats as previously described (Plant et al., 

2002) and allowed to adhere. Medium from SCs transduced with LV-CNTF or LV-GFP was 

added to the hats. The medium consisted of DMEM/F-12 (50:50% mixtures), 10% serum. The 

medium on the DRG was replenished every day from new stocks that were thawed quickly. 

DRGs were grown for 3 days in a CO2 incubator (5%) at 37ºC and then fixed in 4% 

paraformaldehyde. Double immunohistochemical labeling was performed to identify SCs using 

rabbit polyclonal S-100 antibody and outgrowing neurites using a monoclonal pan-neurofilament 

antibody (identifies 68, 160 and 200 kD) respectively. Cell nuclei were labeled with Hoechst 

33342 (Sigma) contained in the Citifluor mounting medium. Two pregnant mother rats were 

used as E15 DRG donors for bioactivity assay to confirm the CNTF produced was biologically 

active. Three collagen I-coated hats per treatment (control or CNTF) were done in each 

embryonic preparation. 

 

Cellular reconstitution of freeze-thawed nerves   
Prior to the injection of LV transduced adult SCs into freeze-thawed PN sheaths, the acellular 

PN segments were placed onto a dish containing a confluent culture of appropriate cells (i.e. 

adult SCs transduced with the same viral vectors). 105 SCs (5×104 in 1 µl of medium) were then 

slowly injected into each end of the PN via a glass micropipette attached to a 50 µl Hamilton 

syringe (Cui et al., 2003b). Placement of the cell-injected PN sheaths on confluent or near-

confluent beds of the same cells allowed for further cellular infiltration of the PN sheaths (Gulati 

et al., 1995). PN pieces were maintained in culture in D-10S containing PEX (20 μg/ml; 

GibcoBRL, Grand Island, New York) and forskolin (2 μM; Sigma) for 24 hours before grafting. 
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Optic nerve surgery  
SC repopulated PNs were grafted onto the cut left ON of F344 rats. All of these rats were 

anesthetized with halothane (see earlier). The ON was exposed intraorbitally after removal of 

some of the extraocular muscles and was completely transected approximately 1.5 mm behind 

the optic disc. Care was taken to avoid damaging orbital blood vessels and the internal 

ophthalmic artery lying beneath the ON. A reconstituted PN graft was sutured using a 10/0 

suture (Ethilon; Johnson & Johnson, North Ryde, NSW, Australia) onto the proximal stump of 

the axotomized ON immediately after transection (Cui et al., 1999; Cui and Harvey, 2000). The 

distal part of the PN was placed over the skull, the free end tied with 6/0 suture (Ethilon) and 

secured to connective tissue. Animals with any kind of postoperative complications (e.g., blood 

vessel damage, cataract) were excluded from analysis.  

 

Experimental groups 
Transplanted animals were divided into 2 experimental groups for RGC survival and axonal 

regeneration studies. The first group (n=13) received PN grafts reconstituted with LV-GFP 

transduced SCs. The second group (n=12) received PN grafts reconstituted with LV-CNTF 

transduced SCs. Additional rats under the same experimental conditions (receiving PN 

reconstituted with LV-GFP or LV-CNTF transduced SCs) were used for (i) immunostaining of 

CNTF (n=9) to examine CNTF expression in the PN grafts 4 weeks after transplantation, (ii) RT-

PCR and ELISA (n=10) to measure CNTF production in the PN grafts, and (iii) electron 

microscopy (n=6) to investigate the ultrastructure of the regrowing axons in the reconstructed 

PN grafts.   

 

Retrograde labeling of regenerating RGCs 
In adult hamster, the fastest regenerating RGC axons grow in PN grafts at a rate of about 2 

mm/day after an initial delay period of 4.5 days (Cho and So, 1987). The number of 

regenerating RGCs reaches a peak level at 3-4 weeks post PN grafts (Villegas-Perez et al., 

1988; Ng et al., 1995). Therefore the number of adult axotomized RGCs regrowing axons into 

PN grafts was counted 4 weeks after the surgery. This time point has been used in several 

previous studies, therefore it is possible to compare between studies. To retrogradely label 

regenerating RGC axons, animals were anesthetized with halothane (see earlier), the graft lying 

on the skull was exposed and 0.2 μl of 4% FG (Fluorochrome, Denver, CO) was slowly injected 

into the distal end of the graft. It was important to inject only a small volume of FG in order to 

avoid diffusion of dye towards the optic disc and consequent staining of viable, but non-

regenerating, RGCs. Cryostat sections of FG-injected PN grafts confirmed consistent FG 

labelling in the distal end of the PN bridges with limited diffusion along the nerve. Animals were 

left for 3 days to maximize retrograde transport of the dye. They were then deeply 

anaesthetized (0.2ml ip, Nembutal;, sodium pentobarbitone, Rhone Merieux, Pinkenba, 

Australia) and perfused with 4% paraformaldehyde in 0.1 M phosphate buffer (PBS). Retinas 

and PN grafts were dissected out and post-fixed in the same fixative for one and two hours 

respectively. After a final wash in PBS, retinas were cut with fine iris scissors at four points from 

the edge to the center and flat-mounted in Citifluor with RGC layer facing up on glass slides. 
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Retinas were then coverslipped, sealed with nail varnish and the total number of FG-labeled 

RGCs was counted. To determine the total number of FG-labelled RGCs, the outline of each 

retina was drawn on a computer screen using a MD2 microscope digitizer (Accustage, 

Minnesota, USA) and a grid was randomly placed over the drawing. A cursor was placed on 

each grid intersection and the number of FG-labeled RGCs was counted at that point. Each 

sample field was 0.235 mm × 0.235 mm and 60-80 fields were sampled per retina. 

 

Immunohistochemical staining and counting of viable RGCs 
After FG counts were made, retinas were immunostained with the βIII-tubulin antibody (TUJ1; 

Cat#MMS-435P, Covance). βIII-tubulin immunostaining has been shown to be an efficient  and 

reliable method to label surviving RGCs in retinal wholemounts or sections after ON injury (Cui 

et al., 2003a; Yin et al., 2003; Koprivica et al., 2005; Ahmed et al., 2006; Leaver et al., 2006c). 

For immunostaining, retinas were blocked in 10% normal goat serum (NGS, Hunter Antisera, 

NSW, Australia) and 0.2 % Triton X-100 (Progen Industries, Queensland, Australia) for 1 hour, 

then incubated in the same medium with βIII-tubulin antibody (1:500; Covance, Research 

Products, Denver, PA) overnight at 4°C. After further washes, retinas were incubated with Cy3-

conjugated goat anti-mouse secondary antibody (Jackson Laboratories, Bar Harbor, USA) 

overnight at 4°C. The same sampling procedures described in FG counting were used to 

determine the total number of βIII-tubulin positive cells. 

 

Cryosectioning and immunostaining of PN grafts 
Four weeks after transplantation, PN grafts were detached from the back of the operated eye 

and were cryo-protected in a 30% sucrose solution overnight. Frozen cryostat sections (16 µm 

thickness) were cut longitudinally and collected on gelatine coated slides. One rat that received 

an LV-GFP manipulated PN was allowed to survive for 12 weeks in an attempt to see whether 

long-term transgene expression could be achieved in this model.  Parallel series of sections 

were taken, collecting every fifth section from the PNs, such that each slide contained a series 

of longitudinal sections across the whole nerve. GFP expression was examined directly under a 

fluorescence microscope. To identify CNTF-positive and regenerating axons in the reconstituted 

PN grafts, immunohistochemistry of CNTF (same as staining for transduced SCs), pan-

neurofilament (Zymed, San Francisco, USA) (recognizing 68, 160 and 200 kD neurofilament 

proteins present in the perikarya and axons of neurons throughout the CNS and PNS axons), 

calcitonin gene-related peptide (CGRP) (Biogenesis, UK) (for sensory axons) and S-100 (Dako) 

(for SCs) was carried out on the cryosections. Frozen sections were washed in PBS and 

blocked for 1 hour in the antibody diluent containing 10% NGS and 0.2% Triton X-100 (Progen 

Industries, Queensland, Australia) in PBS. Sections were incubated overnight at 4°C for pan-

neurofilament (1:400; Zymed, San Francisco, USA) and S-100 antibodies (1:200; Dako, 

Glostrup, Denmark), or overnight at room temperature for CGRP antibody (1:1000; Biogenesis, 

UK). Control IgG immunoglobulin or omission of primary antibody were used as negative 

controls. After three washes in PBS, appropriate secondary fluorescent antibodies (Jackson 

Laboratories) were then added for 1-4 hours at room temperature. All sections were mounted in 

Citifluor.  
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Counts of axons that had regrown into PN grafts  
On average, 5-6 sections were stained for each nerve, and in each of these sections the 

number of regenerating axons was counted at increments of 625 µm from the proximal to distal 

ends of the PN graft.  A linear eyepiece graticule was used as a marker and oriented orthogonal 

to the long axis of the nerve; every 625 µm the number of immunostained axons that crossed 

this marker was documented. The average number of axons per section was then determined 

for each fixed increment along the graft.  For each group these data were then averaged to give 

an estimate of the number of regenerating axons per section at different distances along the PN 

grafts as described previously (Gillon et al., 2003). Immunostaining and counting of pan-

neurofilament and CGRP positive axons were performed in different but similar serial sections.  

 

Semithin and ultrathin microscopy 
To assess the viability of adult SCs in reconstructed PN grafts and to determine whether 

regenerating RGC axons were myelinated by these cells, 3 PN grafts from each treatment 

group were processed for semithin and electronic microscopic (EM) analysis (Cui et al., 2003b). 

For comparison, lengths of intact normal peroneal nerve were also removed and processed for 

EM analysis. (Semithin section and EM were performed by Dr. Michael Archer, School of 

Animal Biology, the University of Western Australia) 

 

Statistical analysis 
Statistical analysis was performed using GraphPad Prism version 5 and InStat version 3.06 for 

Windows (GraphPad Software, San Diego, USA).  Data that met the criteria for parametric tests 

were analyzed using unpaired two-tailed Student t test. Groups of data that failed tests for 

normality were analyzed using the Mann-Whitney test. 

 

4.3 Results 
Successful and rapid transduction of Schwann cells in vitro 
The LV vector used in this study was highly efficient in transducing SCs. The reporter GFP gene 

was expressed rapidly by transduced SCs; the proportion of GFP expressing SCs increased 

from less than 20% at 24 hours to over 90% at 48 hours after transduction in vitro (Fig. 4.5 A, 

B). In contrast, about 30% of the SCs were CNTF-positive 48 hours after LV-CNTF transduction 

(Fig. 4.5 C, D). The discrepancy in transduction efficacy between these 2 types of LVs may be 

due to lack of sensitivity of the CNTF immunofluorescence procedure and/or due to different 

transduction efficacy of each stock. In addition, most of the CNTF is released from the cells thus 

immunostaining will only stain the small fraction that remains in the cytoplasm (Fig. 4.7 A). It is 

also possible that CNTF degrades quickly, further reducing the levels detected within the cells. 

 

CNTF released from LV-CNTF transduced Schwann cells is biologically active 
Compared with conditioned medium from LV-GFP transduced SC cultures, conditioned medium 

from LV-CNTF transduced SC cultures promoted neurite outgrowth of embryonic DRG explants.  

Three days after conditioned medium treatment, immunostaining with pan-neurofilament 
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antibody revealed a clear increase in the number of outgrowing neurites in all 3 embryonic 

DRGs after treatment with supernatant from LV-CNTF transduced SCs compared with LV-GFP 

supernatant (Fig. 4.5 E, F). Owing to the large number of the outgrowing and often overlapping 

neurites after LV-CNTF supernatant treatment, we were unable to count the numbers of 

neurites and quantitatively analyse the clear difference in the number of outgrowing neurites 

between the 2 groups. 

 

The results thus confirmed that the CNTF produced and released by LV-CNTF transduced SCs 

did have biological activity. Interestingly, as revealed by immunoreaction with S-100 antibody 

and Hoechst 33342 staining, the LV-CNTF supernatant treatment also clearly increased SC 

migration out of the DRG explants. The cellular migration distances of Hoechst 33342 labelled 

cells were significantly different at p<0.01 level (two-tailed student t test), with the average 

migration area being 5.66±1.14 mm2 in LV-GFP group and 10.88±1.017 mm2 in LV-CNTF group 

(±standard deviation). 

 

Enhanced CNTF mRNA expression after LV-CNTF transduction in vitro and in vivo 
RT-PCR analysis of CNTF mRNA expression levels was carried out in LV-GFP and LV-CNTF 

transduced SCs and in engineered PN grafts 4 weeks after transplantation. An increase in the 

level of CNTF mRNA expression was clearly seen in SCs 2 days after transduction in vitro (Fig. 

4.6 A) and in PN grafts 4 weeks after in vivo transplantation (Fig. 4.6 B), indicating successful 

incorporation of the CNTF gene into adult SCs and prolonged expression of the transgenic 

mRNA after in vivo transplantation. Lower levels of CNTF were seen in LV-GFP transduced 

SCs 48 hours in culture or in PNs repopulated with LV-GFP transduced SCs 4 weeks after 

transplantation.  
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Figure 4.5 Direct fluorescence images of reporter gene GFP expression in adult SCs 24 (A) and 48 (B) 

hours after LV-GFP transduction: over 90% of SCs were expressing GFP 48 hours after transduction.  

Immunostaining with anti-CNTF antibody of normal adult SCs (C) and adult SCs 48 hours after LV-

CNTF transduction (D): no detectable CNTF-positive SCs were seen in normal SCs but about 30% of 

CNTF-positive SCs (red in D) were seen 48 hours after LV-CNTF transduction.  Bioactivity assay of 

supernatants from LV-GFP (E) and LV-CNTF (F) transduced SCs on E15 DRG: significantly more 

neurite outgrowth and cellular migration were seen after LV-CNTF supernatant treatment.  Green, pan-

neurofilament positive neurites; red, S-100 positive SCs; blue, Hoechst 33342 labeled nuclei.  Scale bars, 

100 µm in A-D and 200 µm in E and F. 
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Figure 4.6  RT-PCR of CNTF mRNA from transduced SCs 2 days after in vitro transduction (A) and 

from engineered PN grafts 4 weeks after in vivo transplantation (B).  Low level of CNTF mRNA 

expression was detected in control SCs 2 days after transduction in vitro or in PNs 4 weeks after in vivo 

transplantation. Significantly higher levels of CNTF mRNA were seen in SCs in vitro or PNs in vivo after 

LV-CNTF treatment at corresponding times. +, with reverse transcription polymerase; -, without reverse 

transcription polymerase. 

 

Increased CNTF production as revealed by ELISA analysis 
ELISA analysis of CNTF product in transduced SCs in vitro and engineered PN grafts 4 weeks 

after in vivo transplantation revealed a consistent increase in CNTF protein after LV-CNTF 

treatment. Significant increases in CNTF level was seen in both supernatant and cultured SCs 

48 hours after LV-CNTF transduction (Fig. 4.7 A). It is known that SCs produce various 

neurotrophic factors including CNTF, but the natural form of CNTF is usually cytosolic and 

apparently not readily released from cells. Thus, as expected, the level of CNTF in the 

supernatant of LV-GFP transduced SCs was undetectable. However, the level of endogenous 

CNTF in these SCs was generally very low. Of the 6 ELISA tests on LV-GFP transduced SCs, 

no detectable CNTF was seen in 5 tests, but an outlier occurred in the other run that yielded an 

unexpected high level of CNTF at 10 ng per 106 LV-GFP transduced SCs, thus resulting in an 

average level of cytosolic CNTF of 1.7 ng per 106 LV-GFP transduced SCs. 

 

CNTF produced after LV-CNTF transduction contained the human growth hormone release 

sequence, and could thus be released from the transduced SCs. Consistent with this, 1×106 

SCs transduced with LV-CNTF secreted an average of 94 ng of CNTF in 48 hours into the 

culture medium (filled columns in Fig. 4.7 A). LV-CNTF transduced SCs also contained on 
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average, 22 ng of cytosolic CNTF per 1×106 cells; thus while the level of CNTF secretion was 

very high from these transduced cells, there were still relatively large amounts of CNTF in the 

cytoplasm compared to the LV-GFP transduced cell population. 

 

In vivo, 4 weeks after transplantation, a significant difference (p<0.05) in CNTF content was 

detected between the 2 types of transduced PN grafts. This CNTF was presumably mostly 

cytosolic in origin. The average CNTF content per mg of total protein was 5.7 ng in LV-CNTF 

engineered PN grafts, while the content was 1.8 ng/mg in LV-GFP engineered PN grafts (Fig. 

4.7 B).  Measurement of total CNTF content in each LV-CNTF transduced PN graft revealed an 

average level of 1.785 ng of CNTF per graft. Based on our in vitro data, the levels of secreted 

CNTF were likely to be at least 4-5 times this amount. 
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Figure 4.7  ELISA of CNTF from conditioned media and SCs in vitro (A) and engineered PN grafts 4 

weeks after in vivo transplantation (B).  In the in vitro condition, no detectable CNTF was seen in the 

supernatant from LV-GFP transduced SCs and was seen at a very low level within LV-GFP transduced 

SCs.  Significantly more CNTF was seen after LV-CNTF treatment in both supernatant and SCs in vitro 

and PN grafts in vivo compared with LV-GFP treatment.  *p<0.05, **p<0.01; two-tailed student t test.  

Error bars, SEM. 
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Figure 4.8  Photomontages of PN grafts reconstituted with LV-GFP 7 days in vitro (A) and LV-CNTF 

transduced SCs 4 weeks after in vivo transplantation (B). PN sections from LV-CNTF engineered animals 

were immunoreacted with anti-CNTF antibodies to show CNTF positive SCs (red) while GFP expressing 

SCs were directly visible using fluorescence.  Transduced SCs were observed to be viable and disperse 

along the entire length of the PN segments. Higher power images of a PN graft reconstituted with LV-

GFP transduced SCs showing GFP (C) and S-100 (D) positive adult SCs 4 weeks after transplantation.  E, 

merged image of C and D.  F, higher power image of a PN graft reconstituted with LV-CNTF transduced 

SCs showing CNTF positive adult SCs 4 weeks after transplantation.  G, long-term (12 weeks) transgene 

(GFP) expression.  FG-labeled regenerating (H) and TUJ1-positive viable (I) RGCs in an animal that 

received an LV-GFP manipulated PN graft (H and I, same field).  J and K (same field), FG-labeled 

regenerating (J) and TUJ1-positive viable (K) RGCs in an animal that received an LV-CNTF manipulated 

PN graft.  Scale bars, 400 µm in A and B and 100 µm in C-J. 
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Immunostaining of reconstituted PNs reveals long-term Schwann cell viability 
One week after injection of SCs into PN sheaths in vitro (Fig. 4.8 A), or 4 weeks after PN 

transplantation in vivo (Fig. 4.8 B), GFP expressing and CNTF immunopositive SCs were seen 

to be dispersed along the entire length of the PN grafts, indicating the presence of many viable 

SCs. The majority of these cells congregated towards the middle of the grafts, forming a 

longitudinal core of cells along the axis of the PN implants. This is consistent with a previous 

study (Cui et al., 2003b). Importantly, 4 weeks after PN transplantation, large numbers of 

transduced S-100 positive SCs continued to express high levels of GFP (Fig. 4.8 C-E) or CNTF 

(Fig. 4.8 F).  In addition, in the PN graft from the long-term survival rat, expression of reporter 

gene GFP was still visible (Fig. 4.8 G), indicating the possibility of prolonged transgene 

expression in this model. 

 

Increased RGC survival after LV-CNTF treatment 
Examples of TUJ1 immunopositive RGCs after LV-GFP or LV-CNTF treatment are shown in 

Figures 4.8I and 4.8K. There was a significantly higher number of surviving RGCs in the LV-

CNTF PN grafted animals in comparison to LV-GFP animals (10262±1085/retina, n=12 

compared to 6217±626/retina, n=13; p=0.003, two-tailed Student t test) (Fig. 4.9). 

 

Increased number of RGCs regenerating an axon after LV-CNTF treatment 
Examples of FG retrogradely labelled axon-regenerating RGCs after LV-GFP or LV-CNTF 

treatment are shown in Figures 4.8H and 4.8J. There was approximately an eight-fold increase 

in the mean number of RGCs regenerating into the graft after LV-CNTF intervention 

(2555±1079/retina, n=12) compared with LV-GFP intervention (290±164/retina, n=10) (Fig. 5.8). 

As we previously found an average 299 RGCs/retina regenerating axons into congeneic PN 

sheaths repopulated with congeneic SCs without genetic manipulation (Cui et al., 2003b), it is 

unlikely that the expression of a high level of GFP in the PNs would exert a toxic effect in this 

condition. The difference between the two LV groups was highly significant (p=0.0002, Mann-

Whitney test).  In the best case, one of LV-CNTF treated animals had very high numbers of both 

surviving (18753) and regenerating (13748) RGCs; in this animal, over 70% of viable RGCs 

regenerated an axon into this PN graft. Examination of this PN graft also revealed a large 

number of pan-neurofilament positive regrowing axons in the graft (see below).  

 

In summary, both RGC survival and axonal regeneration were increased after transplantation of 

LV-CNTF engineered PN grafts.  When compared to LV-GFP grafted PNs, the relative influence 

of LV-CNTF on RGC survival (65% increase) was less than the effect on axonal regeneration 

(781% increase). Only 4.7% of viable adult RGCs were FG-labeled in the LV-GFP group 

compared with 24.9% in the LV-CNTF group, suggesting that the major therapeutic effect of 

sustained supply of CNTF in the PN grafts was in the promotion of long-distance axonal 

regeneration. 
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Figure 4.9 The average number and SEM of TUJ1-positive surviving and FG-labeled regenerating RGCs 

after genetic manipulation of the reconstituted PN grafts using LV-GFP and LV-CNTF. Significantly 

higher numbers of both surviving and regenerating RGCs were seen in LV-CNTF manipulated animals 

(**p<0.01, two-tailed Student t test; ***p<0.001, Mann-Whitney test). 

 

Immunohistochemical analysis confirmed axonal regrowth in reconstructed PN grafts 
Consistent with the FG-labeled RGC counts obtained from the retinal wholemounts, 

immunohistochemical staining of longitudinal PN sections with pan-neurofilament antibodies 

revealed numerous regenerating axons in all LV-CNTF treated PN grafts.  In the animal with an 

especially high number of FG-labeled regenerating RGCs after LV-CNTF treatment, a large 

number of regrowing axons was present along the whole length of the PN graft, although 

substantially more axons were seen in proximal parts of the graft close to the ON-PN interface 

(Fig. 4.10 A, B). There were consistently higher average numbers of regenerating axons in LV-

CNTF treated PN grafts compared to LV-GFP treated PN grafts along the length of the 

reconstructed PN grafts (Fig. 4.10 C). There was thus a clear beneficial effect of enhanced 

CNTF expression on sustained axonal regrowth in PN tissue. Interestingly, in both groups there 

were similar numbers of regenerating axons at the most proximal end (axon entry site) of the 

PN grafts, but in the LV-GFP treated group there was a greater decrease in axonal numbers 

with increasing distance along the grafts (Fig. 4.10 C). A comparable fall-off in axonal number at 

the distal end of PN grafts has also been described in blind-ended PN autografts (David and 

Aguayo, 1981; Golka et al., 2001) and in immunosuppressed allografts (Gillon et al., 2003). It 

remains to be seen whether this fall-off in axonal numbers after ON-PN transplantation is seen 

in grafts that are inserted into retinorecipient target sites in the brain (Bray et al., 1987; Thanos, 

1997; Sauve et al., 2001).  

 

Part of the sections was further immunostained with CGRP. Immunohistochemical staining of 

CGRP was performed in an adjacent series of sections to those stained for pan-neurofilament, 

and axon numbers were counted separately. A higher proportion of CGRP immunopositive 
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sensory axons in pan-neurofilament stained regenerating axons was revealed in LV-GFP 

treated compared with LV-CNTF treated group (Fig 4.11). This will be discussed further in 

Chapter 5. 
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Figure 4.10 Pan-neurofilament staining showing regenerating RGC axons in the proximal (A) and distal 

(B) parts of a PN graft repopulated with LV-CNTF transduced SCs. Numerous axons were seen 

throughout the whole length of the PN graft. Arrowhead points to a suture that was used to connect the 

PN graft with the ON stump. P, proximal to the ON stump; D, distal to ON stump.  Scale bar, 50μm. C, 

immunohistochemical data from LV-GFP and LV-CNTF engineered PN grafts 4 weeks after 

transplantation.  The average number of pan-neurofilament positive axons across the PN is plotted against 

incremental distance from PN-ON interface.  While the numbers of regenerating axons were similar at the 

entry zone between the two groups, they decreased gradually towards the distal part of the PN grafts in 

both conditions.   

 



69 

 

LV-GFP

0 1000 2000 3000 4000 5000 6000 7000
0

10

20

30

40

50

60

70

Pan-Neurofilament n=6
CGRP n=6

(A)

Distance from proximal end
(in 625 um increments)N

o.
 o

f r
eg

en
er

at
in

g 
ax

on
s 

/s
ec

tio
n 

/m
m

LV-CNTF

0 1000 2000 3000 4000 5000 6000
0

10

20

30

40

50

60

70
Pan-Neurofilament n=3
CGRP n=3

(B)

Distance from proximal end
(in 625 um increments)

N
o.

 o
f r

eg
en

er
at

in
g 

ax
on

s 
/s

ec
tio

n 
/m

m

 
  

Figure 4.11 The number of pan-neurofilament and CGRP 

positive regenerating axons were counted at various distances 

along the LV-GFP (A) or LV-CNTF (B) SCs reconstructed PN 

grafts. The average percentage of CGRP positive to pan-

neurofilament positive axons in the different types of 

reconstructed PN grafts (C). *p<0.05 compared with LV-GFP 

group; unpaired Welch corrected t test. 

 

Electron microscopy of adult SC repopulated PN grafts 
Examination of semithin and ultrathin transverse sections of adult SC-repopulated PN 4 weeks 

after PN-ON transplantation revealed that, in accordance with immunohistochemical 

observations, regenerating axons were usually located toward the center of the grafts and often 

formed close-packed axon fascicles (Fig. 4.12 A, B). No attempt was made to quantify the 

number of regenerating axons in this material.  Consistent with our previous study (Cui et al., 

2003b), SCs were found in large numbers and had a normal ultrastructural appearance (Fig. 

4.12 C), indicative of their continued viability 4 weeks after injection into PN sheaths and 

transplantation to host ON.  SCs myelinated regenerating RGC axons (Fig. 4.12 C). The myelin 

was densely packed, typical of normal PN myelination. Some of the axons were small and 

unmyelinated, often grouped together in fascicles, and sometimes clearly associated with a 

single SC (Fig. 4.12C). As described previously (Cui et al., 2003b), a consistent and intriguing 

difference between normal and reconstructed PN was the presence of substantially higher 

amounts of collagen in the extracellular space of the reconstituted nerves (Fig. 4.12 C).   

 

Recombinant CNTF enhances myelin formation by oligodendrocytes in culture (Stankoff et al., 

2002) and in the injured PNS the cytokine accelerates SC myelination of regenerating axons 

(Sahenk et al., 1994; Zhang et al., 2004). It was therefore surprising that at 4 weeks after 

transplantation, no qualitative differences in axon myelination were seen between the LV-CNTF 

and LV-GFP treated PN grafts. Perhaps the myelination of adult RGC axons by SCs in the 

reconstructed PN grafts is slow and is not complete at this time, therefore, longer survival times 

might reveal a difference between these two groups. 
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Figure 4.12 Representative semithin (A), ultrathin (B) and electron microscopic (C) images of LV-CNTF 

transduced SCs-reconstituted PNs 4 weeks after transplantation.  Repopulating SCs (sc in C) survived and 

were of healthy appearance.  Numerous myelinated (arrows in B and C) and unmyelinated (asterisks in C) 

regenerating RGC axons, which were often in clusters (arrowhead in B), were observed in the 

reconstituted PN grafts.  Dense myelin sheaths wrapping regenerating axons were seen throughout the 

transverse sections (arrows in B and C).  Sometimes axon myelination in progress was evident as the 

axons were only partially wrapped by myelin sheath (white arrowhead in C).  Basal lamina formation 

(black arrowheads in C) and a substantial amount of collagen deposition were also visible (c in C).  Scale 

bars, 100 μm (A), 10 μm (B) and 2 μm (C). 
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4.4 Discussion 
As reviewed in Chapter 2, neural regeneration in acellular PN allografts is slow and this type of 

graft is not suitable for supporting long distance CNS regeneration (Berry et al., 1988; Cui et al., 

2003b). Viable SCs are essential for the regrowth of axons in PN autografts (Bray et al., 1987; 

Berry et al., 1988; Smith and Stevenson, 1988; Bunge et al., 1999). SCs promote axonal 

regeneration in both CNS and PNS due to their capacity to provide growing axons with a variety 

of adhesion molecules and neurotrophic factors (Berry et al., 1988; Fawcett and Keynes, 1990; 

Dezawa and Adachi-Usami, 2000). Therefore, one approach to improve the properties of 

acellular grafts is to repopulate them with autologous or congeneic SCs (Gulati et al., 1995). 

Using in vitro expanded populations of SCs, Cui et al. (2003b) developed a way of 

reconstructing PN segments that was shown to support long distance axonal regeneration of 

RGCs after transplantation). Although the number of regenerating RGCs in rats with adult SC-

repopulated grafts was generally less than that seen with PN autografts, intraocular injections of 

recombinant CNTF significantly increased the amount of regeneration in these reconstructed 

PN grafts (Cui et al., 2003b).  

 

To further improve the chimeric PN graft procedure, in the present study a gene therapy 

approach was used to introduce a gene expressing a secretable form of CNTF into SCs prior to 

reconstitution of the grafts. In the chimeric PN constructs there was therefore enhanced CNTF 

production. We examined whether this new type of engineered bridge could further promote 

survival and axonal regeneration of injured RGCs. The results showed that LV was efficient in 

ex vivo transduction of adult SCs, and that the CNTF produced and secreted by these 

transduced SCs was biologically active. A sustained supply of CNTF by genetically modified 

SCs in reconstituted PN segments can be achieved over an extended period after 

transplantation to the cut ON. Importantly, these reconstituted PN segments containing LV-

CNTF transduced SCs promoted both the survival and especially the long-distance axonal 

regeneration of injured adult RGCs. Transduced SCs expressed the transgene for at least 12 

weeks, and enhanced RGC survival and axonal regeneration were correlated with increased 

CNTF production in PN grafts. 

 

CNTF has previously been shown to be effective in promoting the survival and regrowth of adult 

RGC axons into PN grafts, when injected intraocularly as a recombinant protein (Cui et al., 

1999; Cui and Harvey, 2000; Cui et al., 2003a). It is demonstrated here for the first time that 

supply of CNTF in the PN bridges themselves can also exert beneficial biological actions on 

adult CNS neurons, and with similar or even greater efficiency. After multiple intraocular CNTF 

injections in rats with PN autografts, it was previously shown that there were, on average, 

15,574 surviving RGCs, of which 23.6% (3678) were retrogradely labeled with FG and had 

regenerated an axon to the distal end of the graft (Cui et al., 2003a). In a previous chimeric PN 

study (Cui et al., 2003b), using unmodified adult SCs in reconstituted PNs, even after intraocular 

CNTF injections, there was an average of only 999 regenerating RGCs per grafted animal. In 
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the present study, using LV-CNTF transduced SCs, a mean of 10262 surviving RGCs was 

achieved, of which 24.9% (2555) regenerated an axon, an impressive outcome. 

 

There is some evidence that CNTF can act via retrograde signalling transport to achieve its 

biological function in facial motoneurons (Kirsch et al., 2003) and in peripheral nerves (Curtis et 

al., 1993). RGCs express CNTFRα (Kirsch et al., 1997; Ju et al., 2000) and expression of this 

receptor in the retina is transiently increased after ON injury (Ju et al., 2000). It is thus possible 

that the observed enhancement of RGC survival and increased axonal regeneration was 

achieved by CNTF retrograde signalling from the engineered SCs to RGC somas in the retina. 

On the other hand, local environmental modulation of growth cone path-finding and elongation 

by sustained supply of CNTF within the PN grafts may also have contributed to the observed 

axonal regeneration. Importantly, similar numbers of axons were observed to grow into the 

proximal ends of LV-GFP and LV-CNTF engineered PN grafts, indicating that the potential for 

injured axons to enter the PN grafts is similar in both conditions. This, together with the vast 

difference in the number of long distance regrowing axons in the two types of PN grafts (Fig. 

4.10 C) suggests that CNTF exerts its primary effect on axon elongation rather than on local 

sprouting at the proximal PN-ON interface. Issues concerning CGRP immunopositive axons 

inside PN grafts (Fig. 4.11) will be discussed in Chapter 5. 

 

Previous studies have used viral vectors to transfer growth factor genes directly into fresh PN 

segments (Blits et al., 1999; Blits et al., 2000; Ruitenberg et al., 2002; Ruitenberg et al., 2003). 

The present approach allows the specific ex vivo transduction of purified adult SCs and their 

subsequent placement within cell-free PN sheaths. Unlike direct LV injection into PNs, our more 

selective approach means that other PN cells such as endothelial cell, macrophage and 

fibroblast are not transduced, thus reducing any potential immunogenic effects of the vector. 

Potentially, SCs engineered with different genes can be mixed together to even further optimize 

axonal regeneration in such reconstituted grafts. The use of this ex vivo transduction of purified 

adult SCs with LV has advantages over PN autografts as 1) this approach results in prolonged 

but potentially modifiable transgene expression after in vivo transplantation, and 2) it eliminates 

the need to harvest the patients’ own PNs as bridging materials, a process that will by itself lead 

to additional functional deficits. Remarkably, the extent of RGC axonal regeneration in the LV-

CNTF modified PN grafts (mean of 2555 FG labeled RGCs) is almost 2.5-fold higher than the 

figure previously reported for PN autografts in the absence of any other interventions (mean of 

1116 RGCs) (Cui et al., 2003a).  

 

Finally, it is important to note that the LV vector was developed only 10 years ago (Naldini et al., 

1996a). It has the ability to integrate into the genome of non-dividing cells (Naldini et al., 1996b) 

and has been demonstrated to offer the satisfactory combination of efficacy of gene transfer, 

sustained transgene expression, and biosafety. However, insertional mutagenesis by vector 

DNA has always been recognized as a potential hazard, and recent clinical trials have 

highlighted this risk (Hacein-Bey-Abina et al., 2003a; Hacein-Bey-Abina et al., 2003b). A recent 

paper also points out the importance in investigating the safety issues prior to any clinical trials, 
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a high incidence of LV vector associated tumorigenesis was found following in utero and 

neonatal gene transfer in mice (Themis et al., 2005). Importantly, the same vector used in 

present study was also tested, and shown to have no observable ontogenetic effect. Recent 

development in integration-deficient (Yanez-Munoz et al., 2006) and controllable (Blesch et al., 

2001) LV vectors may represent the future directions of such viral vectors, and hasten their use 

in clinical medicine. 

 

4.5 Conclusion 
The present study demonstrated that genetically engineered, reconstituted PN grafts could 

successfully bridge tissue defects and promote axonal regeneration. This novel technique could 

provide a clinical alternative to using multiple PN autografts to promote regrowth in injured CNS. 

It provides a basis for the development of new therapeutic alternatives for the treatment of 

traumatic CNS injuries, alternatives that may also be of benefit in the field of plastic surgery and 

PN repair. 
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Chapter Five 

Lentiviral-mediated transfer of BDNF or GDNF to 

Schwann cells in reconstructed peripheral nerve 

grafts 

 
5.1 Introduction 
As reviewed in Chapters 1&2, BDNF plays an important role in the survival, differentiation, 

axonal extension and regeneration of various types of CNS neurons (Monteggia et al., 2004). In 

the retina, BDNF is a potent survival neurotrophic factor for damaged RGCs (Mey and Thanos, 

1993; Mansour-Robaey et al., 1994; Di Polo et al., 1998; Klocker et al., 2000; Pernet and Di 

Polo, 2006). Its trophic effects on RGC survival and axonal regeneration have been tested in 

different animals including rat (Isenmann et al., 1998), cat (Chen and Weber, 2001), and pig 

(Bonnet et al., 2004); also in various injury models including ON transection (Mo et al., 2002), 

crush (Huang et al., 2000; Chen and Weber, 2001) and glaucoma (Martin et al., 2003). 

 

Similar to BDNF, GDNF plays an important role in neurodevelopment (Yan et al., 2003) and 

neuronal survival (Blesch and Tuszynski, 2001; Dolbeare and Houle, 2003; Eslamboli et al., 

2003; Saito et al., 2003; Sakamoto et al., 2003; Tai et al., 2003; Wu et al., 2003b; Bohn, 2004; 

Krieglstein, 2004; Lu et al., 2004a; Zhao et al., 2004b). RGCs in the retina express the GDNF 

receptors GFRα-1 (Lindqvist et al., 2004) and Ret (Pachnis et al., 1993). GDNF can also be 

retrogradely transported to RGCs (Yan et al., 1999). Many studies have demonstrated a 

protective effect of GDNF on RGCs after injury (Klocker et al., 1997; Koeberle and Ball, 1998; 

Yan et al., 1999; Koeberle and Ball, 2002; Schmeer et al., 2002; Straten et al., 2002; Lindqvist 

et al., 2004; Ishikawa et al., 2005). 

 

In this part of the study, we used the same strategy as described in Chapter 4, but used LV 

vectors expressing BDNF (LV-BDNF) or GDNF (LV-GDNF). SCs were transduced with LV-

BDNF or LV-GDNF and used to cellularly reconstruct PN. These PNs were then grafted onto 

the cut ON in adult rats and we examined their impact on RGC survival and axonal regeneration 

compared with PN grafts containing LV-GFP or LV-CNTF transduced SCs. The in vivo results 

showed that unlike the LV-CNTF studies, LV transduction of SCs with BDNF or GDNF did not 

have beneficial effects on RGCs. Interestingly, PNs containing BDNF engineered SCs attracted 

many peripheral sensory neural axons from the surrounding environment into the reconstructed 

nerves. 

 
5.2 Materials and Methods 
See Chapter 4 for methods of production of acellular PN sheaths, adult Schwann cell culture, 

production of lentiviral vectors, bioactivity assay, cellular reconstitution of freeze-thawed nerves, 
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optic nerve surgery, retrograde labeling of regenerating RGCs, immunohistochemical staining of 

viable RGCs, cryosectioning and immunostaining of PN grafts, counts of axons that had 

regrown into PN grafts.  

 

Adult (8-10 weeks old) female Fischer 344 (F344) and Sprague Dawley (SD) rats were used in 

this study (source: Animal Resource Center, WA). SD rats were used as PN sheath donors. 

Animals were anesthetized with intraperitoneal injections of 1 ml/kg body weight of an equal 

volume mixture of xylazine (20mg/ml) and ketamine (100mg/ml). Animals also received a 

subcutaneous injection of buprenorphine (0.02mg/kg) and intramuscular injection of Benacilin 

(0.1ml). Experiments conformed to NHMRC guidelines and were approved by the Animal Ethics 

Committee of the University of Western Australia. 

 

Experimental Groups 
Transplanted animals were divided into 3 experimental groups for RGC survival and axonal 

regeneration studies. The first group (n=13) received PN grafts reconstituted with LV-GFP 

transduced SCs (data from Chapter 4). The second group (n=8) received PN grafts 

reconstituted with LV-BDNF transduced SCs. The third group (n=11) received PN grafts 

reconstituted with LV-GDNF transduced SCs. All animals were kept for 4 weeks and received 

FG injections into distal PN 3 days before sacrifice. Retinas and PN grafts were then dissected 

out and used for analyzing RGC survival and axonal regrowth as described in Chapter 4. 

Additional rats in each group (receiving PN reconstituted with LV-GFP, LV-BDNF or LV-GDNF 

transduced SCs) were used for ELISA (n=2 for each group) to measure BDNF and GDNF 

production in the PN grafts. One pregnant mother rat was used as E15 DRG donor for 

bioactivity assay to confirm that the BDNF or GDNF produced by LV transduced SCs was 

biologically active. Embryonic DRGs were placed on collagen I-coated hats, 3 preparations 

were made for each factor. Additional rats received PN autografts, a 1.5 cm segment of 

peroneal nerve from the same animal was grafted onto the cut ON end immediately after 

transection. The same ON surgery procedure was performed as described in chapter 4. Animals 

were kept for 1 or 4 weeks, and received FG injection 3 days before perfusion.  

 

Production of lentiviral vectors 
Plasmids used for production of LV vectors were generously provided by Prof. Joost Verhaagen 

(The Netherlands Institute for Brain Research, 1105 AZ Amsterdam, The Netherlands). 

Concentrated LV-BDNF and LV-GDNF was produced by Ajanthy Arulpragasam or by Prof. 

Joost Verhaagen’s lab (in the Netherlands Institute for Brain Research, 1105 AZ Amsterdam, 

The Netherlands), with titers of 2.6x1010 TU/ml and 2.0x109 TU/ml respectively. Viral particles 

were dissolved in PBS, aliquoted and stored at -80oC. Viral particle content was determined by 

p24 antigen measurement (ELISA; NEN-050, Perkin Elmer Life Sciences). The relative 

transducing units (TU) /ml for LV-GDNF was calculated by normalizing against the p24 content 

of a LV-GFP stock.  
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Transduction of Schwann cells with lentiviral vectors 
When SCs reached 70-80% confluence, replication-deficient LV-GFP, LV-BDNF or LV-GDNF 

vectors were added to the dish at a multiplicity of infection (MOI) of 1:50, 1:100 or 1:50 

respectively for 24 hours. After washes, transduced SCs were incubated for another day to 

achieve high transgene expression before being used in the reconstruction of PN bridges.  

 

Quantitative PCR of BDNF or GDNF 
To test for continued transgene expression in SCs, real-time PCR was used to examine the 

level of BDNF or GDNF mRNA in LV-GFP, LV-BDNF and LV- GDNF manipulated SCs in vitro. 

RNA was isolated from cultured SCs using 1ml of RNAwiz (Ambion), and equal amounts of total 

RNA (1 µg) were reverse transcribed in 25 µl volumes with Moloney murine leukemia virus 

reverse transcriptase (Promega) and random hexamers (Promega), according to manufacturer’s 

instructions. The reactions were then purified through columns (MoBio PCR Clean-up; MoBio 

Laboratories, West Carlsbad, CA) before PCR. Quantitative PCR was performed using the 

Roche (Basel, Switzerland) LightCycler with the following primers: BDNF: (forward, 5’- ATG 

AAA GAA GCA AAC GTC C -3’; reverse, 5’- CCT GCA GCC TTC CTT CG -3’). GDNF: 

(forward, 5’-ATG AAG TTA TGG GAT GTC G-3’; reverse, 5’-GAT ACA TCC ACA CCG TTT 

AG-3’). L19 ribosomal protein RNA: (forward, 5’-CTGAAGGTCAAAGGGAATGTG-3’; reverse, 

5’-GGACAGA GTCTTGATG ATCTC-3’). Reactions were performed using 1 µl of FastStart DNA 

Master SYBR Green I (Roche) with 0.5 µM primers in a total volume of 10 µl. Cycling conditions 

were: 95°C for 10 sec, 55°C for 20 sec, and 72°C for 20 sec for 50 cycles (BDNF); 95°C for 0 

sec, 54°C for 15 sec, and 72°C for 5 sec for 40 cycles (GDNF or L19). Controls (with or without 

RT enzyme) were used to check for genomic DNA amplification. All the samples were run at the 

same time. Amplification was checked by melt curve analysis and by electrophoresis in 2% 

agarose/1XTAE/ethidium bromide for product size (BDNF: 537bp, GDNF: 633bp, L19: 194bp). 

 

ELISA 
BDNF or GDNF levels in the conditioned media and protein extracts from transduced SCs in 

vitro and engineered PN grafts in vivo were obtained using ELISA kits (BDNF Emax
®; Cat.# 

G7610; GDNF Emax
®; Cat.# G7620) purchased from Promega corporation. SCs or PN grafts 

were homogenized in 500 μl of assay buffer (see chapter 4), centrifuged at 12,000g 15mins 

4oC, and the supernatants were used as the samples for the assay. Duplicate standards and 

samples were processed in a Nunc-ImmunoTM MaxiSorpTM 96-well plate according to the 

detailed protocol provided by Promega. Briefly, plates were coated with monoclonal antibody, 

and then plates were blocked, followed by incubation of standards or samples. ELISA was 

developed using a polyclonal antibody revealed by an anti-IgY antibody conjugated to 

horseradish peroxidase for detection, followed by the peroxidase substrate and 

tetramethylbenzidine solution to produce the color reaction. The absorbance of the plate was 

read at 450 nm on a plate reader, and the samples were plotted against the levels obtained 

from the standard curve. The assay sensitivity is 15.6 pg/ml for BDNF and 31.2 pg/ml for GDNF. 

At the dilution used, the sample values were above the lower limit on the standard curve. 
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Cryosectioning and immunostaining of optic nerve, peripheral nerve grafts 
To investigate the origin of sensory axons inside the reconstituted PN grafts and to compare 

with staining in normal PN and ON, sections from normal PN, ON tissue and PN autografts 1 or 

4 weeks after transplantation, were stained for pan-neurofilament, tyrosine hydroxylase (TH) 

(Chemicon; gift of Dr. Janet Keast, Sydney University; 1:1000), calcitonin gene-related peptide 

(CGRP) (1:1000; Biogenesis, UK), or vesicular acetylcholine transporter (VAChT) (Chemicon; 

gift of Dr. Janet Keast, Sydney University; 1:1000). The same staining procedures were used as 

described for CGRP in Chapter 4. 

 

Statistical analysis 

Statistical analysis was performed using GraphPad InStat version 3.06 for Windows (GraphPad 

Software, San Diego, USA). RGC numbers from different groups that met the criteria for 

parametric tests were analyzed by one-way ANOVA test, Dunnett’s post-test was used to 

compare mean values of experimental groups against the control group (the GFP group), 

whereas Bonferroni’s post-test was used to compare mean values among all intragroups. 

Groups of data that failed tests for normality were analyzed by Kruskal-Wallis test, Dunn’s post-

test was used to compare between groups. Two-way ANOVA and post-hoc Bonferroni tests 

were used to assess changes in the number of axons at different distances along the length of 

the PN grafts in different experimental groups (Fig. 5.6). 

 

5.3 Results  
Successful and rapid transduction of Schwann cells in vitro  
Reverse transcription and real-time PCR analysis of mRNA expression levels were carried out 

in LV transduced SCs 48 hours after transduction. Relative to respective LV-GFP control 

samples, an approximately 90 and 40 fold increase in the level of BDNF or GDNF mRNA 

expression was seen after SCs transduced with LV-BDNF or LV-GDNF respectively, indicating 

successful incorporation of the BDNF or GDNF gene into adult SCs (Fig. 5.1). 

 
Figure 5.1 Real-time PCR result shows levels of BDNF (A) or GDNF (B) mRNA expression from LV-

GFP, LV-BDNF or LV-GDNF transduced Schwann cells. 
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Increased BDNF, GDNF production revealed by ELISA analysis 
ELISA analysis of BDNF and GDNF protein in transduced SCs in vitro and engineered PN 

grafts 4 weeks after in vivo transplantation revealed that there were significant increases in 

BDNF and GDNF protein levels in both supernatant and cultured SCs 48 hours after LV 

transduction (Fig. 5.2). The level of BDNF protein in the supernatant of control LV-GFP 

transduced SCs was 0.26 ng/106 cells/24 h. In comparison, 1×106 SCs transduced with LV-

BDNF secreted an average of 5.9 ng BDNF/106 cells /24 hours into the culture medium (Fig. 5.2 

A). LV-BDNF transduced SCs also contained, on average, 0.4 ng of cytosolic BDNF per 1×106 

cells; thus while the level of BDNF secretion was much higher from these transduced cells, 

there were still relatively large amounts of BDNF in the cytoplasm compared to the LV-GFP 

transduced cell population (0.05 ng/1×106 cells). In vivo, 4 weeks after transplantation, a higher 

BDNF content was detected compared to LV-GFP SCs reconstructed PN grafts (Fig. 5.2 A). 

This BDNF was presumably mostly cytosolic in origin. Measurement of total BDNF content in 

each LV-BDNF SC reconstituted PN graft revealed an average of 0.01 ng BDNF per graft, while 

it was undetectable in PN grafts containing LV-GFP engineered SCs. Based on our in vitro data, 

the levels of secreted BDNF in PN grafts were likely to be about 15 times this amount. 

 

The level of endogenous GDNF in normal SCs was generally very low. Of the 3 ELISA tests on 

LV-GFP transduced SCs, no detectable GDNF was seen in 2 tests. 1×106 SCs transduced with 

LV-GDNF secreted an average of 1.4 ng of GDNF/24 hours into the culture medium (Fig. 5.2 B). 

LV-GDNF transduced SCs contained, on average, 114 pg of cytosolic GDNF per 1×106 cells; 

thus while the level of GDNF secretion was very high from these transduced cells there were 

still relatively large amounts of GDNF in the cytoplasm compared to the LV-GFP transduced cell 

population. However, 4 weeks after transplantation, no GDNF protein was detected in these 2 

types of LV transduced PN grafts.  

 

BDNF or GDNF released from transduced Schwann cells is biologically active 
Compared to conditioned medium from LV-GFP transduced SC cultures, conditioned medium 

from either LV-BDNF or LV-GDNF transduced SCs promoted more neurite outgrowth from 

embryonic DRG explants (Fig. 5.3 A-C). Three days after conditioned medium treatment, 

immunostaining with pan-neurofilament antibody revealed a clear increase in the number of 

outgrowing neurites in all 3 embryonic DRGs treated with supernatant from either LV-BDNF 

(Fig. 5.3 B) or LV-GDNF (Fig. 5.3 C) transduced SCs compared with LV-GFP supernatant (Fig. 

5.3 A). Owing to the large number of the outgrowing and often overlapping neurites after LV-

BDNF, LV-GDNF supernatant treatment, I was unable to count the numbers of neurites and 

quantitatively analyse the clear difference in these groups. However, unlike LV-CNTF 

supernatant, LV-BDNF and LV-GDNF supernatant treatment did not increase cellular migration 

of S100 or Hoechst 33342 labelled cells out of the DRG explants. 
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Figure 5.2 ELISA data shows levels of BDNF (A) or GDNF (B) protein released from or within Schwann 

cells in culture, reconstructed PN grafts 4 weeks in vivo. 

 

 
Figure 5.3 Bioactivity assays of supernatants from LV-GFP (A), LV-BDNF (B) and LV-GDNF (C) 

transduced SCs on E15 DRG: more neurite outgrowth (green signal) was seen after LV-BDNF or LV-

GDNF supernatant treatment.  Green, pan-neurofilament positive neurites; red, S-100 positive SCs; blue, 

Hoechst 33342 labeled nuclei.  Scale bars, 200 μm. 

 

RGC survival after LV-BDNF or LV-GDNF treatment 
Examples of βIII-tubulin immunopositive RGCs after LV-BDNF treatment are shown in Figure 

5.4 B. The average number and SEMs of βIII-tubulin positive surviving RGCs were 

6217±626/retina (n=13) after LV-GFP PN graft, 5211±406/retina (n=8) after LV-BDNF PN graft 

and 3689±219/retina (n=11) in LV-GDNF PN grafted animals (Fig. 5.5). The difference was 

A B C
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statistically significant when LV-GFP and LV-GDNF data were compared (p<0.01, One-way 

ANOVA with Bonferroni post test). 

 

 
 

Figure 5.4 Examples of FG labelling (A) and βIII-tubulin staining (B) from retinas with LV-BDNF SCs 

reconstructed PN graft. Scale bars, 100 μm. 
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Figure 5.5 The average number (± SEM) of surviving βIII-tubulin positive and regenerating FG labeled 

RGCs in LV-GFP, LV-BDNF or LV-GDNF SCs reconstructed PN graft. **p<0.01, One-way ANOVA 

with Bonferroni post test. 

 

RGC regeneration after LV-BDNF, LV-GDNF treatment 
Examples of FG retrogradely labelled axon-regenerating RGCs after LV-BDNF treatment are 

shown in Figure 5.4A. There was no significant difference in the mean number of RGCs 

regenerating an axon into the graft after LV-BDNF intervention (331±175/retina, n=5) compared 

with LV-GFP intervention (290±164/retina, n=10) (Fig. 5.5). Unexpectedly, no FG labelled RGCs 

were found in retinas with LV-GDNF treatment. In summary, compared to LV-GFP grafted PNs 

neither RGC survival nor axonal regeneration was significantly increased after transplantation of 

PN grafts containing engineered LV-BDNF or LV-GDNF SCs. 
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Immunohistochemical analysis revealed sustained axonal ingrowth in LV-BDNF SC 

reconstructed PN grafts 
In contrast to the FG or βIII-tubulin labelled RGC counts obtained from retinal wholemounts, 

immunohistochemical staining of longitudinal PN sections with pan-neurofilament antibody 

surprisingly revealed large number of pan-neurofilament positive axons in LV-BDNF treated PN 

grafts (Fig. 5.6). Along the length of the reconstructed PN grafts there were consistently higher 

average numbers of axons in LV-BDNF treated PN grafts compared to LV-GFP, and even when 

compared to LV-CNTF treated PN grafts (Fig. 5.6). Double staining of the PN sections with 

CGRP and pan-neurofilament antibodies revealed that most of these pan-neurofilament positive 

axons were also CGRP positive (Fig. 5.7). Counting of axon numbers revealed a higher 

proportion of CGRP+ axons in LV-BDNF grafts (>75% pan-neurofilament stained axons were 

CGRP+ compared with 25% in LV-CNTF PN grafts) (Fig. 5.8). This suggested that the axons did 

not come from the regenerated RGCs but from the peripheral sensory nervous system.  
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Figure 5.6 Average numbers (± SEM) of pan-neurofilament staining positive regenerating axons at 

various distances along the PN graft. The average number of pan-neurofilament positive axons across the 

PN is plotted against incremental distance from the PN-ON interface. 
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Figure 5.7 Examples of CGRP (A), pan-neurofilament (B) staining (merged C) of sections in PN graft 
four weeks after surgery. Arrows show examples of axons immunoreactive for both CGRP and pan-
neurofilament. Scales bar, 100µm. 
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Figure 5.8 The average number (± SEM) of pan-neurofilament and CGRP positive regenerating axons at 

various distances along the LV-BDNF SCs reconstructed PN graft (B). Data from LV-GFP PNs (A), LV-

CNF PNs (C) were shown for comparison. (D) The average ratio of CGRP positive compared to pan-

neurofilament positive axons in different types of reconstructed PN grafts 4 weeks in vivo. **p<0.01; 

Kruskal-Wallis test with Dunn’s post test, comparisons were made against the LV-GFP or LV-BDNF 

group. 
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Immunostaining in normal peroneal, optic nerves and PN autografts 
To further investigate the potential origin of these CGRP positive axons, normal ONs and PNs 

were sectioned and stained for TH, VAChT, and CGRP. In normal ON sections, axons were 

immunostained for pan-neurofilament and βIII-tubulin, but there was no CGRP or VAChT 

immunopositive sensory, motor, sympathetic or parasympathetic axons (Fig. 5.9). Some CGRP, 

TH, VAChT positive fibers were found around the ON and the eye ball (Fig. 5.9 D-F). This 

confirmed that axons inside the ON come from RGCs; no other neurons project an axon into the 

ON. Outside the ON there are some autonomic fibers associated with blood vessels, or sensory 

axons that innervate the eye ball. In normal peroneal nerve, immunostaining revealed large 

numbers of axons stained for TH, CGRP and pan-neurofilament (Fig. 5.10 A,B,D), but lower 

numbers of axons stained for VAChT (Fig. 5.10 C). This confirmed that normal peroneal nerve 

contained both motor (stained for VAChT) and sensory (stained for TH, CGRP) axons. 

 

In sections from PN autografts 1 week after transplantation, pan-neurofilament staining showed 

that all the peripheral axons originally within the PN tissue had degenerated after 

transplantation onto the ON stump. Pan-neurofilament staining debris but not axons were seen 

in the middle and distal parts of the PN (Fig. 5.11 B,C). One week after grafting, in the proximal 

end of the PN, axons were found, and had grown into PN grafts up to about 300 µm (Fig. 5.11 

A). This is also confirmed with FG injection into the distal end of the PN; no labeled RGCs were 

found in the retina. This demonstrated that all axons in PN tissue had degenerated and no 

regrowing axons reached the distal end at 7 days. However, in PN sections 4 weeks after 

autograft, axons positive for pan-neurofilament, CGRP, TH and VAChT (Fig. 5.10 E-H) were 

found along the length of the grafted PN tissue.  
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Figure 5.9 Immunostaining in normal optic nerve sections showed βIII-tubulin (A), pan-neurofilament (B, 

C) immunoreactive axons, no staining for VAChT (D), TH (E), or CGRP (F) axons were found. Scale 

bars, 100 µm. 
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Figure 5.10 Photomicrograph of immunostaining from peroneal nerve before and 4 weeks after grafting. 

PN sections from normal peroneal nerve were immunoreactive for pan-neurofilament (A), CGRP (B), TH 

(D), but not VAChT (C). However, 4 weeks after PN graft, axons in grafts were immunolabelled for all 

these antibodies (E-H). Many axons were immunostained for Pan-neurofilament (E), but only a few axons 

were immunostained for CGRP, VAChT or TH (arrows in F, G and H). Scale bar, 100 µm.  

 

 
 

Figure 5.11 Pan-neurofilament staining of the PN sections 1 week after PN autograft shows no axons in 

the distal end (C) and middle part (B) of the PN grafts. A few axons were found in the proximal end (A), 

which is about 320 µm from the suture in the proximal end. Pan-neurofilament staining debris can be seen 

in the middle of the graft (B), no axons were found in the distal end (C). S, suture. Scale bar, 100 µm. 
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Immunohistochemical analysis confirmed little axonal growth in LV-GDNF SCs 
reconstructed PN grafts 
Consistent with the lack of FG-labeled RGCs in retinal wholemounts, immunohistochemical 

staining of longitudinal PN sections with pan-neurofilament antibodies revealed lower numbers 

of axons in LV-GDNF treated PN grafts comparing with LV-GFP treated PN grafts (Fig.5.12). 
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Figure 5.12 Average numbers (± SEM) of pan-neurofilament staining positive regenerating axons at 

various distances along the LV-GDNF PN graft. The average number of pan-neurofilament positive 

axons across the PN is plotted against incremental distance from the PN-ON interface. Data from LV-

GFP PNs are shown for comparison. 

 

5.4 Discussion 
It was shown in Chapter 4 that CNTF gene modified SCs in chimeric PN constructs can promote 

the survival and axonal regeneration of injured adult rat RGCs. The same method was used to 

examine if other important neurotrophic factors such as BDNF and GDNF had similar beneficial 

effects on injured RGCs. The present study showed that LV-BDNF and LV-GDNF can 

successfully transduce SCs and that the BDNF or GDNF secreted by SCs is biologically active 

(Fig.5.3). However, these reconstituted PN segments containing LV-BDNF or GDNF transduced 

SCs did not promote either the survival or axonal regeneration of injured adult RGCs. In fact, 

outcomes were even worse in GDNF PNs compared to the GFP control (Fig. 5.5). 

Unexpectedly, more axons were observed inside the PN segments reconstructed with LV-BDNF 

transducted SCs. Thus BDNF transduction did not support increased RGC axonal regrowth but 

did attract axon sprouting of CGRP-immunoreactive fibers from the surrounding environment 

into the reconstructed PN. There was thus a clear beneficial effect of enhanced BDNF 

expression on sensory axonal growth and/or sprouting into PN tissues. 
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BDNF has previously been shown to stimulate RGC survival and axonal regeneration (Huang et 

al., 2000; Chen and Weber, 2001; Mo et al., 2002; Martin et al., 2003; Bonnet et al., 2004), but 

its effectiveness is limited; higher doses do not yield increased cell survival, and multiple 

applications are not additive, and do not maintain long-term RGC viability. This limitation of 

BDNF in promoting RGC survival following ON injury is, in part, likely to be due to BDNF 

induced down-regulation of the full-length TrkB receptor (Frank et al., 1997; Cui et al., 2002; 

Chen and Weber, 2004). The present results also show that sustained supply of BDNF in the 

PN bridges is not sufficient to promote RGC survival or regeneration, even though BDNF can be 

both anterogradely and retrogradely transported (Nawa and Takei, 2001; Spalding et al., 2002). 

Therefore, we hypothesize that the non-beneficial effect of BDNF is associated with a down-

regulation of the TrkB receptors in RGCs as well as competition from peripheral axons from the 

surrounding environment. However, further experiments are needed to prove this.  

 

As reviewed in Chapter 2, there is evidence that after axotomy, die-back of RGC axons is 

decreased by BDNF application (Weibel et al., 1995). However, the current data suggests that 

BDNF is not neurotropic for RGC axons i.e. they do not grow towards a source of BDNF. 

Interestingly, in a recent paper by Pernet et al. they demonstrated BDNF had synergistic effect 

with lens injury on RGC survival but caused hypertrophic axonal swelling and ON dystrophy 

(Pernet and Di Polo, 2006). Others have reported that BDNF acts as an arborization factor 

(Cohen-Cory and Fraser, 1995; Sawai et al., 1996), but does not promote long-distance RGC 

axonal regeneration (Cui et al., 1999; Leaver et al., 2006c). While, the exact impact of BDNF on 

RGC axons (non-neurotrophic, detrimental or arborization effect) needs further investigation, 

taken together it appears that BDNF is not a good candidate for stimulating axonal regrowth in 

certain parts of the CNS.  

 

From the immunostaining of PN grafts it is clear that no axons remain in the PN tissue 1 week 

after graft, therefore all the axons stained by pan-neurofilament must be newly grown axons. 

However, axons from RGCs should not be immunostained for CGRP, TH or VAChT. Therefore, 

where do these sensory axons come from? They must come from either inside or outside of the 

retina. Recent research has characterized a normal dopaminergic system in the retina (Eglen et 

al., 2003) and TH has also been shown to be expressed by dopaminergic amacrine cells in 

RGC and inner nuclear layer (INL) (Kielczewski et al., 2005). In normal animals no amacrine 

cells project axons into ON (Perry and Walker, 1980; Perry, 1981; Sievers et al., 1989; Klocker 

et al., 2001). However, there is evidence that BDNF regulates dopaminergic amacrine cells in 

the retina (Cellerino et al., 1999) and intravitreal injection of BDNF promotes type I amacrine cell 

arborization and TH-labelled varicosity after ON transection (Lee et al., 2005). Therefore, it is 

possible that the axons from some of the displaced dopaminergic amacrine cells may have 

grown into the PN graft. Despite this possibility, in my view it is much more likely that these 

CGRP positive axons come from the surrounding areas of eyeball, perhaps from trigeminal 

nerve branches. It has been shown that around the eyeball and ON sheath, there are sensory 

axons that innervate the tissue of the eye (Schmid et al., 2005). CGRP, TH positive axons are 

also found surrounding the vessels of ON (Bergua et al., 2003). These CGRP, TH, VAChT 
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positive fibers can also be seen in the sections in Figure 5.9 D-F. Furthermore, from gene array 

studies, it is known that RGCs and other sensory ganglia such as dorsal root and trigeminal 

ganglia share some transcription factors (Xiang et al., 1995). They also share similar genetic 

regulatory hierarchies (Xiang et al., 1995; Farkas et al., 2004) or neurotrophic responses. It is 

possible for their axons to respond the same way as RGC axons, i.e. grow into PN grafts. Thus, 

the CGRP positive axons that regrow into PN grafts may come from the sensory branches of 

the trigeminal nerve. Indeed, recent reports have demonstrated that CGRP is a marker for 

trigeminal primary nociceptors, and nearly 50% trigeminal ganglion cells are BDNF 

immunoreactive. BDNF may modulate nociceptive transmission in the medullary dorsal horn 

(Ichikawa et al., 2006). Similar functions of BDNF have been shown to contribute to neuropathic 

pain after SCI (Obata and Noguchi, 2006). 

 

Previous studies have shown that GDNF is effective in promoting axonal regeneration in sciatic 

nerve bridged with a conduit containing GDNF gene modified SCs (Ping et al., 2003; Li et al., 

2006), a fibrin sealant containing GDNF (Jubran and Widenfalk, 2003), or synthetic nerve 

guidance channels releasing GDNF (Chen et al., 2001; Fine et al., 2002). The high affinity 

GDNF receptor, GFRα-1 is expressed by RGCs and Müller cells (Koeberle and Ball, 2002; 

Lindqvist et al., 2004). Exogenous administration of GDNF can be retrogradely transported and 

significantly attenuate the degeneration of RGCs after ON transection in a dose-dependent 

fashion (Yan et al., 1999). However, the protective effect of GDNF was found to be transient 

e.g. within 1 week even with intraocular injection of FBs expressing GDNF (Lindqvist et al., 

2004). Therefore, the lack of effect of GDNF gene modified SCs reconstructed PN grafts may 

be due to the limited effect of GDNF secreted from SCs. We also can not exclude the possibility 

that LV-GDNF SCs did not survive well in the reconstructed PN environment, leading to no 

detected GDNF in the PN grafts 4 weeks after transplantation (Fig.5.2B). Further study using 

nucleus labelling or a LV-GDNF-eGFP bi-cistronic vector is needed to prove this hypothesis. In 

addition, the unexpected GDNF result may also suggest an adverse effect of massive GDNF 

expression on SC bioactivity such as secretion of other neurotrophic factors, or a negative 

influence on SC viability. However due to time constraint, no further studies have been 

conducted to investigate these possibilities. 

 

5.5 Conclusion 

In conclusion, LV-BDNF or GDNF can successfully transduce SCs to express the corresponding 

neurotrophic factor. However, reconstructed PN grafts containing LV-BDNF or GDNF 

transduced SCs did not enhance RGC survival or regrowth. Interestingly, BDNF secreted from 

this PN tissue attracted more peripheral sensory axons from the surrounding environment into 

the chimeric PN grafts. Importantly, we showed here for the first time that there is growth of 

various types of axons into PN grafts, which may lead to miscounting of axonal numbers and 

correspondingly inaccurate evaluation of RGC regeneration. GDNF secretion may interfere with 

the normal cellular function of SCs. Therefore, BDNF or GDNF may not be suitable for RGC 

regeneration when applied to the retinofugal pathways. 
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Chapter Six 

PN grafts containing fibroblasts or mixtures of 

fibroblasts and Schwann cells 

 
6.1 Introduction 
As reviewed in Chapters 1&2, fibroblasts (FBs) and Schwann cells (SCs) are two major cell 

constituents of the peripheral nerve (PN). Many studies have demonstrated them to be a source 

of a variety of neurotrophic factors with potential clinical applications. Autologous SCs and FBs 

can easily be obtained from small pieces of PN. Transplantation of genetically modified FBs has 

been widely tested in animal injury models as means to deliver a continuous supply of active 

neurotrophic factors (Blesch and Tuszynski, 2001; Lindqvist et al., 2004). For example, FBs 

genetically modified to express BDNF, NT3, or NGF promote regeneration of axons and 

recovery of function when applied into the injured spinal cord of adult rat (Tuszynski et al., 1994; 

Liu et al., 1999; Jin et al., 2000; Himes et al., 2001; Liu et al., 2002b; Murray et al., 2002). Also 

reported before by our group, combined use of CNTF and BDNF expressing FBs can 

synergistically enhance RGC axonal regrowth within polymer scaffolds implanted into the rat 

optic tract (Loh et al., 2001). Therefore in this part of the study, CNTF gene modified FBs were 

injected into PN autografts as a means of delivery of CNTF or used to reconstitute acellular PN 

sheaths. In two other groups, SCs were mixed with FBs to reconstruct PN grafts. The amount of 

survival RGC and axonal regrowth into the modified PN grafts were quantified. These studies 

were aimed at determining whether a sustained increase of CNTF expression in PN grafts could 

enhance RGC regeneration, and examined if the use of CNTF gene modified FBs plus SCs in 

reconstructed PN would achieve similar effects as LV-CNTF SCs (see Chapter 4). 

 
6.2 Materials and Methods  
See chapter 4 for methods of adult SC culture, CNTF Immunostaining, ELISA, production of 

acellular PN sheaths, cellular reconstitution of freeze-thawed nerves, optic nerve surgery, 

retrograde labelling of regenerating RGCs, immunohistochemical staining of viable RGCs, 

cryosectioning and immunostaining of PN grafts, counts of axons that had regrown into PN 

grafts. 
 

Fibroblast cell culture 
Dermal FBs from adult Fischer 344 rats were transduced by a retroviral vector from the maloney 

leukaemia virus containing rat CNTF gene (same gene was used in LV-CNTF construct) in Prof. 

F. H. Gage (Salk Institute) ’s laboratory. Same dermal FBs without viral transduction were used 

as control. FB cultures were incubated at 37°C in 5% CO2 and were grown in flasks containing 

Dulbecco’s modified Eagle’s medium (DMEM, Trace), supplemented with 10% fetal calf serum 

(FCS, Gibco), L-glutamine (2 mmol/L, CSL), penicillin (10,000 IU/ml) and streptomycin (10 
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mg/ml), all antibiotics diluted 1:100 in the culture media. Cultures were passaged when 

confluent (3–5 days) and replated at a density of 1:3. 

 

Experimental Groups 
Animals were randomly divided into 5 experimental groups (Table 6.1). The first group (n=5) 

received normal PN autografts that were injected with 2×104 control normal FBs (CON-FBs). 

The second group (n=6) received normal PN autografts that were injected with 2×104 FBs 

expressing CNTF (CNTF-FBs). The third group (n=6) received acellular PN grafts reconstituted 

with 1×105 SCs plus 2×104 CON-FBs. The fourth group (n=5) received acellular PN grafts 

reconstituted with 1×105 SCs plus 2×104 CNTF-FBs. The last group (n=5) received acellular PN 

grafts reconstituted with 1×105 CNTF-FBs. In group I and II, PNs were dissected out and 

cultured in a Petri dish (in SC culture medium) for 6 days before injection to allow endogenous 

FB to migrate out (Morrissey et al., 1991). After 6 days, 2×104 CON-FBs or 2×104 CNTF-FBs 

were  slowly injected into the cellular PN segments (1×104/0.5 μl into each end) via a glass 

micropipette attached to a 50 µl Hamilton syringe (Cui et al., 2003b). PN pieces were 

maintained in culture in D-10S for 24 hours before grafting. In group III-V, the same 

reconstruction method was used as described in Chapter 4. All PNs were grafted onto the cut 

ON of 8 week old female Fischer rats. All animals were kept for 4 weeks and received FG 

injection 3 days before sacrifice. Retinas were dissected out and used for analyzing RGC 

survival and regeneration. PN grafts were cryosectioned and regrowing axons were stained with 

pan-neurofilament and analyzed as described in Chapter 4. 

 

Table 6.1 Experimental cohorts. 

Group FBs SCs PN n 

I 2×104 FBs - autograft 5 
II 2×104 CNTF-FBs - autograft 6 
III 2×104 FBs 1×105 SCs reconstituted 6 
IV 2×104 CNTF-FBs 1×105 SCs reconstituted 5 
V 1×105 CNTF-FBs - reconstituted 5 

 
Statistical analysis 

Statistical analysis was performed using GraphPad InStat version 3.06 for Windows (GraphPad 

Software, San Diego, USA). RGC numbers from different groups were analyzed by one-way 

ANOVA test. Bonferroni’s post-test was used to compare mean values among all groups. 

 
6.3 Results 
Increased CNTF production in FBs as revealed by immunohistochemistry and ELISA 

analysis 
A previous report using RT-PCR analysis had shown CNTF PCR products were detected in 

these CNTF engineered FBs but not in control FBs (Loh et al., 2001). Consistent with this, 

nearly 100% of CNTF-FBs expressed CNTF as revealed by immunostaining with CNTF 

antibody (Fig. 6.1 B), but not in the control FBs (Fig. 6.1 A). ELISA analysis of CNTF protein in 
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CNTF-FB in vitro revealed an increase in CNTF protein. Significant increases in CNTF level 

were seen in both supernatant and cell lysis of cultured CNTF-FB. However, only a small 

amount of CNTF was secreted into the supernatant. CNTF-FBs secreted less than 1/10 the 

amount of CNTF that was secreted from LV-CNTF transduced SCs (see Chapter 4). No 

detectable CNTF was found in the supernatant of normal CON-FB (Fig. 6.2). 

 

 
 

Figure 6.1 Immunostaining of CNTF in control FB (A) and CNTF-FB (B). Red, CNTF positive cells, 

blue, Hoechst 33342-labeled nuclei. Scale bars, 50um. 
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Figure 6.2 ELISA data shows levels of CNTF protein released from or within CNTF-FB and CON-FB. 

 

RGC survival after transplantation of CNTF-FB reconstructed PN grafts 
An example of surviving βIII-tubulin immunopositive RGCs after CNTF-FB treatment is shown in 

Figure 6.3. The average number and SEMs of βIII-tubulin positive surviving RGCs were 

1589±351/retina (n=5) in group I (2×104 CON-FB) and 1311±292/retina (n=6) in group II (2×104 

CNTF-FB) PN autografted animals (Fig. 6.4). In groups that received reconstructed PNs with 

FBs and SCs, similar numbers of surviving RGCs were found, i.e. 2815±242/retina (n=6) in 
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group III (1×105 SCs plus 2×104 CON-FB) and 2627±406/retina (n=5) in group IV (1×105 SCs 

plus 2×104 CNTF-FB) (Fig. 6.4). These numbers are similar to ON transection alone without any 

other treatment which is 2815±161 RGCs/retina (n=3; unpublished observation). In group V 

(1×105 CNTF-FB) reconstructed PN-grafted animals, there were an average 5250±524/retina 

(n=5) survival RGCs, which is closer to the PN autograft data (see Chapter 7), also significantly 

higher compared to all other groups (p<0.001, One-way ANOVA with Bonferroni's post test) 

(Fig. 6.4). 

 

 
Figure 6.3 βIII-tubulin positive surviving RGCs with CNTF-FB reconstructed PN graft. There were no 

FG labeled regenerating RGCs. Scale bar, 100μm. 
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Figure 6.4 The average number of surviving βIII-tubulin positive and regenerating FG labeled RGCs in 

FB manipulated PN grafts. ***p<0.001 CNTF-FB compared with all the other groups, Bonferroni’s test.  

Error bars represent SEM. Data from LV-GFP SC reconstructed PN grafts are shown for comparison. 
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No RGC regeneration after CNTF-FB reconstructed PN graft 
In all groups there were very few retrogradely labelled RGCs that regenerated an axon into the 

PN grafts: CON-FB intervention (481±176/retina n=3), SC plus CON-FB (48±42/retina n=5), and 

SC plus CNTF-FB (141±96/retina n=5). No regenerating RGCs were found when only CNTF-

FBs were used in reconstituted PNs (Fig. 6.4).  

 
Immunohistochemical analysis confirmed less or no axonal regrowth in reconstructed 

PN grafts 
Consistent with the FG or βIII-tubulin labelled RGC counts obtained from retinal whole mounts, 

immunohistochemical staining of longitudinal PN sections with pan-neurofilament antibodies 

revealed very few regenerating axons crossing the entry zone to reconstructed PN tissue in all 

the PN graft groups. In the transition zone of ON-PN graft, pan-neurofilament staining revealed 

that many RGC axons did not penetrate the border, but appeared to turn back on themselves 

(Fig 6.5). 

 

 
Figure 6.5 An example of pan-neurofilament staining of longitudinal sections through the transitional 

zone from the optic nerve to CNTF-FB reconstructed PN graft, showing very few RGC axons crossing 

the ON-PN border. (A) and (B) are from the same field. (B) is shown under higher magnification. Scale 

bars, 100μm. 

 
 
6.4 Discussion 
In the present study, SCs and CNTF gene modified FBs combined with our PN reconstruction 

technique were used in an attempt to promote RGC survival and axonal regeneration. However, 

neither CON-FBs nor CNTF-FBs in PN grafts promoted RGC survival or axonal regeneration. 

On the contrary, FBs had an adverse effect and all but neutralised the neurotrophic effect of PN 

autografts. 

 

FBs and SCs are major cellular components in normal PNs, accounting for about 15-30% and 

75% of the cell populations respectively (Schubert and Friede, 1981; Salonen et al., 1988). In 

normal sciatic nerve, a 1.5 cm segment would contain about 1x105 SCs and 2x104 FBs. Thus 

injection of a moderate number (2x104) of genetically modified FBs should not substantially alter 

the cellular microenvironment of the PN grafts. We also chose to reconstruct freeze-thawed, 
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acellular PN segments with the same number of SCs and FBs as distributed in normal PN 

tissue. In PN graft reconstructed with 1x105 FBs, the number of surviving RGCs was increased, 

it was close to PN autografts or PN reconstructed with 1x105 SCs alone (Fig. 6.4; also see 

Chapter 4). 

 

RGC survival in reconstructed grafts 
Reconstructed PN graft containing 1×105 CNTF-FBs can achieve a similar effect on RGC 

survival as PN reconstructed with 1x105 LV-GFP SCs alone. This survival effect may be due to 

retrograde transport of CNTF by RGC axons that are located close to the ON-PN graft interface. 

The secretable CNTF construct used to produce CNTF-FB cell line is the same as used in LV-

CNTF. However, the amount of CNTF secreted from CNTF-FBs is much lower than LV-CNTF 

SCs, and only about 3 times higher than LV-GFP SCs. In addition, SCs produce other 

neurotrophic factors (Assouline et al., 1987; Funakoshi et al., 1993; Bampton et al., 2005). 

Therefore, the survival effect achieved in 1×105 CNTF-FBs is much lower than LV-CNTF SCs 

and only comparable to LV-GFP SC reconstructed PN graft. 

 

Interestingly, in SC reconstructed PN grafts containing 1×105 SCs the addition of 2×104 FBs did 

not improve, but actually abolished the beneficial effect of SCs. This is hard to explain, as SCs 

and FBs are two major cell constituents of PN, we also used the cell number and ratio similar to 

the normal situation. This reconstructed PN should be more close to autograft than reconstruct 

with either SCs or FBs alone. These data are possibly explained by an adverse effect of the FB 

cell line. Perhaps unlike the cultured SCs, FB cell line continued to divide after transplantation 

and physically block the grafts. Further studies using bromodeoxyuridine (BrdU), ki67 to label 

dividing cells are needed to investigate the proliferation state of FBs. Immunostaining using a 

pan-neurofilament antibody also showed that many axons cannot penetrate the transitional 

zone from ON to PN. This may influence the capacity of RGC axons to pick up and retrogradely 

transport neurotrophic factors, therefore abolishing the beneficial effect of these grafts.  

 

RGC regeneration in reconstructed grafts 
The lack of beneficial effect on RGC axonal regrowth may also be because injected FBs 

produce axonal growth-inhibitory molecules like tenascins (Hagios et al., 1996), Eph receptor 

(Bundesen et al., 2003) and proteoglycans that inhibit RGC axon regrowth. Indeed, recent 

research has found that NG2 is expressed on endoneurial and perineurial FBs in PN, but not on 

SCs (Morgenstern et al., 2003). Axons preferred to grow on the SCs and seldom crossed onto 

the FBs. Three-dimensional cultures of sciatic nerve FBs were also inhibitory to the growth of 

DRG axons. Inhibition of proteoglycan synthesis made the cells more permissive. These data 

suggest that NG2 may play a role in blocking axon regeneration through scar tissue in injured 

PN (Morgenstern et al., 2003). Apart from NG2, FBs also secret type IV collagen which is 

inhibitory to axonal regrowth (Stichel and Muller, 1998; Stichel et al., 1999; Fawcett, 2006). 

Thus, the secretion of inhibitory molecules from FBs may contribute to the non-beneficial effect 

on RGC regeneration seen in all these groups. However, Van Gieson staining to identify 
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collagen did not reveal evident changes of collagen deposit in various PN grafts (data not 

shown). More study therefore is needed to examine other inhibitory molecules. 

 

PN autografts with FB injection 
Surprisingly, the present study showed that FB injection into PN tissue neutralised the effect of 

the PN autograft. Counting of survival RGC number revealed similar levels of survival as ON 

transection only (2815±161 RGCs/retina). This indicated the PN tissue was not healthy, or SCs 

did not survive well. Maybe some SCs also migrate out in Petri dish before graft, or the injection 

procedure influenced PN structure or cell availability. Considering the results from SCs plus FBs 

reconstructed PN grafts, it is more likely this is due to the inhibitory effects of FBs, which act 

against the neurotrophic support usually found in PN.  

 

6.5 Conclusion 

In conclusion, the work presented in this chapter shows that CNTF expression per se in the PN 

grafts is not sufficient to promote either RGC survival or regeneration. More importantly, it 

suggests the type of cell producing the factor is also of great importance. FB cell lines may not 

be suitable candidates for reconstituting PN grafts, even when engineered to express relevant 

growth factors. SCs would seem to be the preferred cell type for use in structures that bridge 

major tissue defects in CNS injury (Cui et al., 2003b)(see also Chapter 4). 
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Chapter Seven 

Synergistic effect of C3, cyclic AMP and CNTF on 

adult retinal ganglion cell survival and axonal 

regeneration into PN autografts 
 
7.1 Introduction 
As reviewed in Chapters 1,2 and 3, adult RGCs exhibit little or no spontaneous regenerative 

response after injury, most dying within about 14 days after axotomy (Berkelaar et al., 1994; 

Nickells, 2004). The survival of injured RGCs can be increased for a period of time by 

application of recombinant or virally expressed neurotrophic factors such as BDNF, NT-4/5 or 

CNTF (Mey and Thanos, 1993; Mansour-Robaey et al., 1994; Peinado-Ramon et al., 1996; Yan 

et al., 1999; Weise et al., 2000; Nakazawa et al., 2002; Oshitari and Adachi-Usami, 2003; Logan 

et al., 2006). CNTF in particular is an effective axogenic factor for injured RGCs (Cui et al., 

1999; Jo et al., 1999; Cui et al., 2003a; Leaver et al., 2006c). Injury to adult RGCs also causes 

changes in receptor expression (Cui et al., 2002; Chen and Weber, 2004; Lindqvist et al., 2004) 

and may alter responsiveness to any trophic signals the neuron might receive (Shen et al., 

1999; Goldberg et al., 2002b). It is therefore important to ensure that the responsiveness to 

such factors is enhanced and/or maintained during the regenerative process. In this regard, 

intracellular cAMP levels have been shown to influence neurotrophin receptor levels in cell 

membranes (Meyer-Franke et al., 1998; Park et al., 2004a) and enhance neuronal 

responsiveness to diffusible growth factors (Cui et al., 2003a; Li et al., 2003a; Park et al., 

2004a).  

 

In addition to loss of neurotrophic support, neurite growth is inhibited by the glial scar, which 

includes reactive astrocytes, secreted CSPGs, and is also inhibited by myelin-associated factors 

such as OMgp, MAG and Nogo (Grandpre and Strittmatter, 2001; Chaudhry and Filbin, 2006; 

Yiu and He, 2006)(see also chapter 1). Most of these axonal growth inhibitory ligands act via 

Rho GTPase signaling pathway (Borisoff et al., 2003; Fournier et al., 2003; Monnier et al., 2003; 

Sandvig et al., 2004; Chaudhry and Filbin, 2006) and inactivation of Rho or downstream 

effectors such as Rho-kinase (ROCK) have been shown to promote neural regeneration both in 

vitro and in vivo.  The enzyme C3 transferase is a toxin from Clostridium botulinum which 

inactivates Rho by ADP ribosylation (Saito, 1997). Cell-permeable C3 fusion proteins stimulate 

neurite growth in tissue culture (Shearer et al., 2003; Bertrand et al., 2005) and in vivo 

(Lehmann et al., 1999; Dergham et al., 2002; Fournier et al., 2003; Monnier et al., 2003; 

Bertrand et al., 2005; Bertrand et al., 2007).  

 

In the present study I tested the effect of intravitreal injections of one of the C3 fusion proteins 

(C3-11) on promoting RGC survival and axonal regeneration into a PN graft. I further tested 

whether C3-11 combined with CNTF and/or a non-degradable cell permeant cAMP analogue 



 97 

chlorphenylthio-cAMP (CPT-cAMP) (Cui et al., 2003a) had synergistic effects. RGC viability and 

axonal regeneration was quantitatively assessed four weeks after PN transplantation using 

immunohistochemical and retrograde tracing techniques as described before. Furthermore, to 

look at the influence of C3-11 on the activity of other cell types especially macrophages inside 

retina, immunostaining of ED1, PCNA and Ki67 were performed on retinal sections. 

 
7.2 Materials and Methods 
See Chapter 4 for methods for intraorbital ON axotomy and PN graft, retrograde labeling of 

regenerating RGCs, retinal wholemounts, immunohistochemical staining of viable RGCs, 

cryosectioning of PN grafts and counts of axonal regrown into PN grafts. 

 

Adult (8-10 weeks old) female F344 rats were used in this study. Animals were anesthetized 

with intraperitoneal injections of 1:1 mixture of xylazine (20mg/ml) and ketamine (100mg/ml), 

with a total injection of 1 ml/kg body weight. Animals also received a subcutaneous injection of 

buprenorphine (0.02mg/kg) and intramuscular injection of Benacilin (0.1ml). Chloramphenicol 

eye ointment (ilium chloroint; Troy Laboratories) was applied after each intravitreal injection. 

Experiments conformed to NHMRC guidelines and were approved by the Animal Ethics 

Committee of the University of Western Australia. 

 

Rho antagonist C3-11 
C3-11 (BA-210) was kindly provided by Dr. Lisa McKerracher (University of Montreal, Montreal, 

Québec, Canada). C3-11 was supplied under a specific confidentiality agreement with BioAxone 

Therapeutic. Inc. The data in this chapter are therefore confidential and must not be released to 

any third party. C3-11 was purified by fast-protein liquid chromatography (FPLC), as described 

previously (Han et al., 2001). The FPLC purified protein was ~99% pure (Bertrand et al., 2005; 

Bertrand et al., 2007). Its activity was also verified by neurite growth assay (Winton et al., 2002; 

Bertrand et al., 2005).  

 

Experimental groups for RGC regeneration 
All of the animals received PN autografts as described before (see Chapter 4 and 5). PN 

autografted animals were allocated to different experimental groups (Table 7.1). The first and 

second groups received a single saline injection at 4 days, or a double saline injection at 4 and 

11 days after PN-ON surgery respectively. A glass micropipette was inserted peripherally from a 

temporal approach, immediately adjacent to the ora serrata, and angled toward the vitreous 

humour. Care was taken to avoid any damage to the lens during intravitreal injection 

procedures. These groups served as controls. Another 3 groups received single, double or triple 

injections of C3-11 (1 μg/4 μl per injection) at 4 days, 4 and 11 days, or 4, 11 and 18 days after 

PN-ON surgery. The remaining animals received intravitreal injections of C3-11, the cell-

permeable cAMP analog CPT-cAMP (0.1 mM; Sigma) (Cui et al., 2003a), and/or CNTF (1.5 µg 

per injection; PeproTech, Rehovot, Israel) in various combinations (Table 7.1). All of these 

animals received two 4 µl injections, on days 4 and 11 after PN-ON surgery. Concentrations of 

factors were as described in previous reports (Cui et al., 2003a; Park et al., 2004a; Bertrand et 
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al., 2005). After PN autografts, rats were kept for 4 weeks, and received FG injection 3 days 

before sacrifice. Retinas were then dissected out and used for analyzing RGC survival and 

regeneration. PN grafts were cryosectioned in longitudinal sections and axons were stained for 

pan-neurofilament and CGRP as described earlier in chapters.  

 

To investigate any morphological changes of retina induced by PN grafts and intravitreal C3-11 

injections, additional rats (n=2 for saline or C3-11; n=1 for Zymosan A) were used for 

immunostaining by ED1 (a marker for activated cells of monocyte lineage) and markers for cell 

proliferation such as PCNA (proliferating cell nuclear antigen) or Ki67 antibody. Animals were 

kept for two weeks after PN graft, received two 4 µl injections at day 4 and 11. Zymosan A (15.6 

μg/μl in saline; Sigma) was sterilized at 90oC for 10 mins as described in a previous report (Yin 

et al., 2003).  

 

Retinal section and Immunostaining 
Animals were perfused as described before. Retinas were dissected out and embedded in OCT 

(Jung Tissue Freezing Medium) overnight. 16μm frozen sections were cut horizontally, and 

collected on gelatin-coated slides. Parallel series of sections were taken, collecting every third 

retinal section. Retinal sections were collected onto about 10 slides such that each slide 

contained a series of sections across the whole retina. For immunohistochemistry frozen 

sections were washed in PBS and retinal sections were processed with an ED1 (1:200; Serotec, 

Raleigh, NC), PCNA (1:200; Cat#MAB424, Chemicon, Temecula, CA) or Ki67 monoclonal 

antibody (1:250; Clone#MIB-1, Dako) according to the same protocol as βIII-tubulin staining, 

and visualized using a Cy3-conjugated anti-mouse secondary antibody (1:400; Jackson 

ImmunoResearch Laboratories). All sections were mounted in Citifluor containing Hoechst 

33342 (Sigma) to label cell nuclei. ED1 immunopositive cells were counted along different 

layers of the retina. Average densities of ED1 immunopositive cells were evaluated in mean ± 

SEM/mm and plotted. 

 

Statistical analysis 

Statistical analysis was performed using GraphPad InStat version 3.06 for Windows (GraphPad 

Software, San Diego, USA). RGC numbers from different groups that met the criteria for 

parametric tests were analyzed by unpaired Welch’s corrected t test or one-way ANOVA test. 

Groups of data that failed tests for normality were analyzed by the Mann-Whitney test or 

Kruskal-Wallis test. Dunnett’s post-test were used to compare mean values of experimental 

groups against the same control group (the saline group), whereas Bonferroni’s post-test was 

used to compare mean values among all intragroups. Two-way ANOVA, regression analysis 

and post-hoc Bonferroni tests were used to assess changes in the number of axons at different 

distances along the length of the PN grafts in different experimental groups (Fig. 7.4). 
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7.3 Results 
Treatment with C3-11 stimulates RGC survival and axonal regeneration into PN grafts  
Previous reports have shown that C3 transferase delivered to the site of ON lesion (Lehmann et 

al., 1999) or cell body (Fischer et al., 2004b; Bertrand et al., 2005; Bertrand et al., 2007) can 

promote axonal regeneration into an inhibitory CNS environment. To test if Rho antagonists can 

promote RGC survival and axonal regeneration into a more permissive growth environment, we 

injected the cell-permeable Rho antagonist C3-11 (Bertrand et al., 2007) into the eye of young 

adult Fischer F344 rats at 4, 11, 18 days after ON transection and autologous PN 

transplantation. Four weeks after PN transplantation the number of surviving RGCs was 

assessed in retinal wholemounts using βIII-tubulin immunohistochemistry. RGCs with 

regenerating axons were retrogradely labeled with FG after injection of the tracer into the distal 

end of each PN graft. Examples of βIII-tubulin and FG label in retinal wholemounts from saline 

and C3-11 injected eyes are shown in Figure 7.1. In the single (4 day) C3-11 injection group, 

the number of βIII-tubulin immunoreactive RGCs was significantly higher (15632±1889 /retina; 

n=5) than saline control (6834±336 /retina; n=6) (unpaired student t test with Welch’s correction, 

p=0.01) (Fig. 7.2). However, the number of retrogradely labeled RGCs that regenerated an axon 

into the PN grafts was not significantly different (unpaired student t test with Welch’s correction, 

p=0.24) (Fig. 7.2). 
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Figure 7.1 Fluorogold (FG) labeled regenerating (A, C) and viable βIII-tubulin positive (B, D) RGCs in 

rats that received saline (A and B, same field) or C3-11 injections (C and D same field).  These field were 

taken from similar retinal eccentricities from the optic disk. Scale bars, 100 μm. 
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Figure 7.2 Average number of surviving (βIII-tubulin positive) and regenerating (fluorogold labeled) 

RGCs per retina after injection of saline or C3-11 (C3).  SalineD, saline double injection; C3D, C3-11 

double injection; C3T, C3-11 triple injection. * p<0.05, **p<0.0001; unpaired student t test Welch’s 

corrected; comparisons were made against the saline group respectively. Error bars represent SEM. 
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Repeated doses of C3-11 enhanced both the survival and axonal regeneration of injured RGCs 

(Fig. 7.2). In the double C3-11 injection group (day 4 and 11 injections), RGC survival 

(15764±948 /retina; n=7; p<0.0001) and regeneration (5847±1165 /retina; n=7; p=0.01) was 

significantly higher (unpaired student t test with Welch’s correction) than in the comparable 

saline double injection group (Fig. 7.2). In the triple C3-11 injection group (day 4, 11 and 18 

injections), RGC survival and regeneration were not significantly greater than the double 

injected animals (Fig. 7.2). Note that our previous studies revealed no significant difference 

between PN-ON graft only and saline injection groups (Cui et al., 2003a; Park et al., 2004a), 

thus the eye injection procedure does not by itself influence RGC viability in PN grafted rats.  

 

RGC survival and regeneration into PN grafts with combined C3-11, CNTF and CPT-cAMP 

injections 
The results from the intravitreal C3-11 injections indicated that this Rho inhibitor can promote 

RGC survival and axonal regeneration into PN grafts. Double injections were better than single 

injection but there was no obvious additional benefit using the triple injection procedure. Thus in 

all subsequent studies, to minimize ocular injury and at the same time optimize therapeutic 

effects, the double injection protocol was used. Intraocular injection of CNTF and CPT-cAMP 

has previously been shown to be effective in promoting adult RGC survival and axonal 

regeneration into PN grafts (Cui et al., 2003a). To test if inactivation of Rho combined with 

neurotrophic molecules and/or cyclic nucleotides could further increase RGC survival and 

regeneration, rats in these various groups received two intravitreal injections, at 4 and 11 days 

after the PN-ON graft procedure.  

 

In groups injected with C3-11 alone or C3-11 combined with either CNTF or CPT-cAMP, RGC 

survival was significantly higher than the saline control (Dunnett’s post test, p<0.01) (Fig. 7.3), 

but the addition of either CNTF or CPT-cAMP did not further enhance the survival promoting 

effect of C3-11. Further comparison between treatment groups revealed that RGC survival in 

C3-11 and C3-11/CNTF/CPT-cAMP groups was similar, but RGC viability in both groups was 

significantly higher than in the CNTF/CPT-cAMP group (Bonferroni’s test ; P<0.01 and P<0.001 

respectively) (Fig. 7.3). 

 

The total number of regenerating RGCs was increased after C3-11, C3-11/CNTF or C3-11/CPT-

cAMP injections (Fig. 7.3), but only after intravitreal injections of all three factors was this 

increase significantly greater than saline controls (Kruskal-Wallis test with Dunn’s test, p<0.05).  

Indeed, the combination of C3-11/CNTF/CPT-cAMP offered the best overall effect; both RGC 

survival (16736±1405/retina; n=7) and axonal regeneration (9666±1884/retina; n=6) were 

significantly higher than saline injection controls. It is instructive to compare between groups the 

proportion of surviving βIII-tubulin positive RGCs that were double-labeled with FG and 

therefore regenerated an axon into the PN graft. In the saline group 25% of viable RGCs 

regenerated an axon compared to 37% in the C3-11 group, 38% in the C3-11/CNTF group and 

32% in the C3-11/CPT-cAMP group. Consistent with previous work (Cui et al., 2003a; Park et 
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al., 2004a), after combined CNTF/CPT-cAMP eye injections the proportion of surviving RGCs 

that regrew an axon was higher (54%), an outcome also seen after C3-11/CNTF/CPT-cAMP 

injections (58%). Importantly, only in the combined C3-11/CNTF/CPT-cAMP treatment group 

was there both an increase in the total number of viable RGCs and the proportion of these 

neurons that regenerated an axon.   
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Figure 7.3 Average number of surviving (βIII-tubulin positive) and regenerating (fluorogold labeled) 

RGCs per retina after various double injection (days 4 and 11 after PN transplantation) protocols.  

*p<0.05, **p<0.01; Dunnett’s test; comparisons were made against the saline group. **p<0.01 C3-11 vs. 

CNTF/CPT-cAMP group, ***p<0.001 C3-11/CNTF/CPT-cAMP vs. CNTF/CPT-cAMP group, 

Bonferroni’s test.  Error bars represent SEM. 

 

Immunohistochemical analysis of axonal regeneration within PN grafts 
Consistent with the FG-labeled RGC counts there were more regenerating axons in the double 

and triple C3-11 injection groups (Fig. 7.4 A-C). Note that with double and triple C3-11 injections 

the number of pan-neurofilament positive axon was higher at the proximal end of the grafts and, 

compared to saline and single C3-11 injection groups, this growth was more effectively 

maintained along the length of the transplant (Fig. 7.4 B, C). Although the PN grafts from the 

C3/CNTF/CPT-cAMP group generally contained the most axons, comparison between different 

combined treatment groups failed to show any significant differences in axon numbers (Fig. 7.4 

D). Earlier chapters have shown that not all axons come from RGCs. Therefore CGRP staining 

was performed on sections from C3-11 treated animals. Axon counting revealed a similar 

pattern of distribution of CGRP immunopositive sensory axons in reconstructed PN grafts using 

LV-CNTF transduced SCs (Fig. 7.5 A). This proportion is significantly lower compared to PN 

grafts containing LV-GFP or LV-BDNF transduced SCs (Fig. 7.5 B). This innervation by other 

axons in addition to RGC axons may explain why the effect of C3/CNTF/CPT-cAMP on RGC 

regeneration was not reflected in axon numbers in the sections of PN grafts (Fig. 7.4 D). 
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Figure 7.4 Average number (± SEM) of pan-neurofilament immunostained axons at various distances 

along PN autograft in different eye injection groups.  The average number of pan-neurofilament positive 

axons per section across the PN is plotted against incremental distance from the PN-ON interface.  (A) In 

saline and C3-11 single injection groups similar numbers of axons enter PN grafts and grow towards the 

distal end of the grafts.  (B) More axons are seen along the length of the the PN grafts in the C3-11 double 

injection versus saline double injection groups.  (C) Repeated C3-11 treatments promoted more axonal 

regrowth into the PN grafts.  (D) Comparison of pan-neurofilament counts in PN grafts from four eye 

injection groups: C3-11/CNTF/CPT-cAMP, C3-11/CNTF, C3-11/CPT-cAMP and CNTF/CPT-cAMP.  In 

(D) the data from the double injection saline control group (plotted in B) is shown by the dotted line.  

Error bars represent SEM. 
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Figure 7.5 The average number (± SEM) of pan-neurofilament and CGRP positive regenerating axons at 

various distances along the PN autograft. (B) The average ratio of CGRP positive compared to pan-

neurofilament positive axons in different types of reconstructed PN grafts 4 weeks in vivo. **p<0.01; 

ANOVA with Bonferroni post test, comparisons were made against the LV-GFP or LV-BDNF group 

 

Spatial differences in the distribution of surviving and regenerating RGCs 
RGC densities in different treatment groups were assessed at various eccentricities from the 

ON head (Fig. 7.6). There was a gradual decrease in the density of surviving RGCs with 

increasing distance from the ON head in saline control groups (Fig. 7.6 A). This largely reflects 

similar changes in RGC density at increasing eccentricities in normal rat retina (Danias et al., 

2002) and suggests that, in PN grafted rats, without additional intervention there is 

proportionate loss of about 90% of RGCs at all retinal eccentricities. In the C3-11 and C3-

11/CPT-cAMP injection groups a decreasing gradient was also evident although less obvious 

than in the control group (Fig. 7.6 B,C), but in other combined treatment groups RGC densities 

were similar at all eccentricities. This was especially the case in the C3-11/CNTF and 

C3/CNTF/CPT-cAMP groups (Fig. 7.6 D,F). These observations imply that the neuroprotective 

effects of Rho inhibition on axotomized RGCs was relatively greater in peripheral retina. 

 

Important differences in RGC regenerative ability with eccentricity were also revealed. In all 

groups the proportion of surviving RGCs that regenerated an axon into a PN graft was always 

higher in central retina (Fig. 7.6). In the double saline injection group these proportions 

averaged about 46% in central, 38% in intermediate and 24% in peripheral retina (Fig. 7.6 A). 

Similar values were seen in the C3-11 and C3-11/CPT-cAMP groups (Fig. 7.6 B,C).  Intravitreal 

injections of CNTF, either with C3-11, CPT-cAMP or with both C3-11 and CPT-cAMP increased 

the proportion of regenerating RGCs in central retina.  Increased regeneration was also seen in 

more peripheral retina when CNTF was injected with CPT-cAMP (Fig. 7.6 E), but the most 

dramatic effects were seen after combined C3-11/CNTF/CPT-cAMP injections; in this group the 

proportion of viable RGCs that regenerated an axon was 86% in central, 72% in intermediate, 

and 46% in peripheral retina (Fig. 7.6 F).  
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Figure 7.6 RGC densities at different eccentricities from the optic nerve head (ONH) for six eye injection 

groups.  Central, intermediate and peripheral values represent density measurements of surviving (βIII-

tubulin positive) and regenerating (fluorogold positive) RGCs sampled within concentric circles with 

radii of 0.1-1.4 mm, 1.4-2.8 mm, or over 2.8 mm from the ONH respectively.  The proportion of viable 

RGCs that regenerated an axon into PN autografts is shown by the percentage values.  Based on the data 

of Danias et al. (2002), note that the density of RGCs in these zones in normal rat (Wistar) retina 

approximates 2200 cells/mm2 (central), 2000 cells/mm2 (intermediate) and 1200 cells/mm2 (peripheral).  

Error bars represent SEM. 

 

Macrophage distribution in retinas after C3 injection 

Activated macrophages were visualized with ED1 antibody. As described before (Leon et al., 

2000; Yin et al., 2003), very few ED1 immunopositve cells were found in RGC layer after PN 

graft and saline injection (Fig. 7.7 A,B). Injection of Zymosan into the vitreous results in a 

massive infiltration of ED1-positive monocytes in the retina, and it is impossible to count 

individual cells (Fig. 7.7 C). In the retinas with C3 injection, there was a moderate infiltration of 

ED1-positive cells in RGC and ONL layer (Fig. 7.7 F). Interestingly, in addition to the small 
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extent of infiltration of ED1 immunopositive cells in retinal sections with C3 injection, it was only 

found that the ONL and photoreceptor layers had a ruffled appearance (Fig. 7.7 D,E). This 

morphological change was also observed in retinal wholemounts. It was hypothesized that this 

ruffled appearance might be due to C3-11 induced proliferation of cells in the ONL and 

photoreceptor region. However, staining of retinal sections with cell division markers PCNA or 

Ki67 antibodies did not shown any positive staining (data not shown).  

 

 
Figure 7.7 ED1 staining (Red) of retinal sections in rats that received saline (A and B), Zymosan (C) or 

C3-11 injections (D and E) 2 weeks after ON transection and PN grafts. Average numbers of ED1-

positive cells were quantified in different layers of the retina (F). GCL, ganglion cell layer; IPL, inner 

plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer. Red, 

ED1 positive cells; blue, Hoechst 33342 labeled nuclei. Scale bar, 100 μm. Error bars represent SEM. 

 

7.4 Discussion 
In the present study the effect of the Rho GTPase antagonist C3-11 on RGC survival and 

axonal regeneration into autologous PN grafts was examined. Four weeks after ON transection 

and PN transplantation, compared to saline injections a single C3-11 increased RGC viability 

and repeated injections also increased axonal regrowth. RGC survival and axonal regeneration 

were significantly and substantially increased when C3-11 was combined with the neurotrophic 

factor CNTF and the cAMP analogue CPT-cAMP.  

 

cAMP levels in the retina 
The cAMP analogue used in present study is a nondegradable membrane-permeable cyclic 

adenosine monophosphate analogue, 8-(4-chlorophenylthio)-adenosine 3’:5”-cyclic 

monophosphate (CPT-cAMP) (Fig. 7.8), which has been shown previously to be effective in 

neonates (Shen et al., 1999; Goldberg et al., 2002a), adult rats (Cui et al., 2003a; Park et al., 
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2004a) and in goldfish (Rodger et al., 2005). However, many studies used another membrane-

permeable, non-hydrolyzable cAMP analog dibutyryl-cAMP (db-cAMP) (Fig. 7.8) (Kao et al., 

2002; Li et al., 2003a; Lu et al., 2004b; Monsul et al., 2004; Pearse et al., 2004; Deng et al., 

2005; Domeniconi and Filbin, 2005) which is metabolized in cells to mono-butyrate cAMP and 

the free butyrate that can have non specific effects on cells. Some groups (Li et al., 2003a) also 

use adenosine- 3', 5'- cyclic monophosphorothioate, Sp-isomer (sp-cAMP), which is higher 

resistance against cyclic nucleotide phosphodiesterases (that is responsible for cAMP 

degradation) compared to db-cAMP and has no metabolic side effects. However, whether there 

are different effects on RGCs using these different cAMP analogues is unclear. Forskolin (an 

adenylate cyclase activator can elevate cAMP to non-physiological levels) alone can sufficiently 

elevate cAMP levels in RGCs in culture, but it does not increase cAMP immunoreactivity in 

RGCs in vivo, unless combined with the cyclic nucleotide phosphodiesterase inhibitor IBMX 

(Shen et al., 1999; Chierzi et al., 2005).  

 

Changes of cAMP levels after CNS injury have been reported before. In normal rat retina, 

strong cAMP immunostaining was observed in INL, and faint staining in RGC layer; 6 days after 

ON transection and PN autograft, the level of cAMP immunoreactivity was reduced in INL and 

very few positive cells were found in RGC layer (Cui et al., 2003a). Similar drop of cAMP levels 

after axotomy was also reported by others (Shen et al., 1999). Interestingly, in goldfish retina 

where spontaneous regeneration can be successful, endogenous cAMP levels increased in the 

whole retina and in RGCs during regeneration (Rodger et al., 2005). This also implies the 

intrinsic response of RGCs after axotomy is controlled by cAMP levels (Shen et al., 1999), 

which has been observed in other neurons as well (Cai et al., 2001; Neumann et al., 2002b; Qiu 

et al., 2002; Lu et al., 2004b). 

 

Fig 7.8 Diagram 

shows the CPT-

cAMP (A) and 

db-cAMP (B) 

structures. 

 

 
 

RGC survival after C3 injection 
In normal rats from our F344 colony, an average about 110,580±7960 βIII-tubulin positive RGCs 

per retina was found (n=4). Thus after a single injection of C3-11 about 14% of RGCs remained 

alive four weeks after injury compared with about 7% in the saline control group. This survival-

promoting effect is consistent with previous studies that used adult rat ON crush models 

(Fischer et al., 2004b; Bertrand et al., 2005). RGC viability was not further increased by double 

or triple C3-11 injection protocols, suggesting that the effects of this particular cell-permeable 

C3 fusion protein are maintained for at least four weeks after an intravitreal injection. The C3–11 

may act directly on RGCs but may also exert effects via other retinal cells, such as Müller cells, 
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which can influence RGC survival (Harvey et al., 2006). It is also possible that C3-11 injections 

induce some macrophage activation in the eye (Fig 7.7), potentially of relevance because the 

macrophage-derived factor oncomodulin has been shown to promote injured RGC survival (Yin 

et al., 2003; Yin et al., 2006).  However, this is unlikely, as macrophage activation is much more 

massive in Zymosan injection (Fig 7.7C), and in vitro studies without the influence of 

macrophages have also revealed the beneficial effects of the C3 fusion proteins (Bertrand et al., 

2005).  

 

A number of studies have shown that Rho signalling pathways promote neuronal survival 

(Kobayashi et al., 2004; Desagher et al., 2005; Kanekura et al., 2005; Loucks et al., 2006). In 

cerebellar neurons, Rho family GTPases act via a pro-survival Rac-dependent mitogen-

activated protein kinase (MAPK)/ERK pathway which in turn suppresses a pro-apoptotic Janus 

kinase (JAK)/signal transducer and activator of transcription (STAT) signaling pathway (Loucks 

et al., 2006). Perhaps consistent with this, pharmacological inhibition of JAK/STAT increases 

RGC viability in PN grafted adult rats (Park et al., 2004a); however survival is also increased 

after inhibition of MAPK/ERK or PI3 kinase and, as described in the present study, by C3-11 

inactivation of Rho. Others have reported that inactivation of Rho results in increased survival of 

neural cells (Dubreuil et al., 2003) and ROCK is involved in the fragmentation and subsequent 

phagocytosis of apoptotic cells (Orlando et al., 2006). Interestingly, the ROCK inhibitors Fasudil 

and Y-27632 reduce RGC loss after NMDA-induced neurotoxicity (Kitaoka et al., 2004). In 

injured spinal cord it has been suggested that Rho inactivation reduces cell death by preventing 

the synthesis of pro-apoptotic proteins such as p75 (Dubreuil et al., 2003). p75 has been 

implicated in developmental RGC death (Frade and Barde, 1999), and while the role of this 

receptor and its close relative TROY (Park et al., 2005) in injured adult RGC survival in vivo 

remains unclear, knockdown of p75 and consequent inactivation of Rho-A has been reported to 

increase adult RGC viability in dissociated cultures (Ahmed et al., 2006).   

 

Spatial differences in the distribution of surviving and regenerating RGCs 
In normal rat retina there is a centro-peripheral density gradient of RGCs (eg Danias et al., 

2002).  RGCs in central retina are more vulnerable to ON axotomy (Klocker et al., 1997; Hou et 

al., 2004a), perhaps because the length of the axon within the retina and associated trophic 

support from adjacent fibres and glia influences the kinetics of RGC death (Isenmann et al., 

2003). Intraocular injections of neuroprotective factors have variously been described as 

enhancing injured adult RGC survival more in central retina (Isenmann et al., 1998; Hou et al., 

2004a) or in peripheral retina (Klocker et al., 1997; Klocker et al., 1998).   

 

The extent of RGC survival (βIII-tubulin immunopositive) and axonal regeneration (FG labeled) 

was quantified at three different eccentricities within the retinas (0.1-1.4 mm, 1.4-2.8 mm, or 

over 2.8 mm from the ON head) (Fig. 7.6). After two control saline injections RGC density 

showed a similar centro-peripheral gradient as in normal rats. About 10% of RGCs were viable 

across the whole retina; however the proportion of surviving RGCs that regenerated an axon 

was higher in cells located close to the optic disk.  Although the total number of viable RGCs 
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was higher, these overall trends were similar in the C3-11 and C3-11/CPT-cAMP groups. A 

survival gradient was less evident in the C3-11/CNTF and C3-11/CNTF/CPT-cAMP injected 

rats, but only in the latter group was this increased survival also associated with an increase in 

the proportion of RGCs regenerating an axon. Remarkably, in these animals 86% of surviving 

RGCs in central retina regenerated an axon 1-1.5mm into a PN graft. In peripheral retina this 

proportion was reduced to just under 50%, about double the value seen in control PN grafted 

eyes. 

 

RGCs in central retina are closer to an important source of trophic factors emanating from the 

grafted PN tissue, but the observed regenerative bias towards central retina was seen even 

though the repeated intraocular injections would presumably have affected all surviving RGCs, 

irrespective of their retinal location. These observations highlight a previously noted conundrum; 

the closer a neuron is to the site of axotomy the more likely it is that the neuron will die, but if the 

neuron survives it has a much greater capacity to regenerate its axon (Berkelaar et al., 1994; 

Ota et al., 2002). Our data suggest that delivery of neurotrophic factors and growth inhibitor 

antagonists to neurons has differential effects on survival versus axonal regeneration in vivo. It 

will be of interest to determine if this distribution pattern of surviving and regenerating RGCs can 

be altered by application of C3-11 and/or CNTF to the distal end of the PN graft or ON stump.  

 

Long-distance regeneration of RGC axons in peripheral nerve grafts 
Within 24 hours of an ON lesion CSPGs begin to be expressed at the injury site (Selles-Navarro 

et al., 2001). CSPGs are also abundant in PN sheaths and the interstitium, secreted by FBs 

(Morgenstern et al., 2003) and SCs (Muir et al., 1989; Bruce et al., 2000; Castro and Kuffler, 

2006). These CSPGs are up-regulated after PN injury (Zuo et al., 1998a).  SC-derived myelin 

also contains myelin derived inhibitors such as MAG (Filbin, 1995; Kuramoto et al., 1997) which 

inhibits axonal outgrowth from adult DRG neurons (Mukhopadhyay et al., 1994) and can restrict 

regeneration in PN in vivo (Torigoe and Lundborg, 1998). Shen et al. confirmed these inhibitory 

effects and pointed out that successful PN regeneration occurs, but only after myelin is cleared 

and myelin-specific proteins are down-regulated by SCs (Shen et al., 1998). Delay of myelin 

clearance impedes PN regeneration unless the MAG gene is disrupted and the myelin is 

therefore MAG-free (Schafer et al., 1996). Importantly, peripheral myelin is also non-permissive 

for RGC axons (Bahr and Przyrembel, 1995).  

 

MAG binds with the NgR and co-receptor (p75/TROY) and in the presence of an intracellular co-

receptor component Lingo-1 causes growth cone collapse by activating Rho-A (Chaudhry and 

Filbin, 2006; Yiu and He, 2006). NgR, Lingo-1 and TROY are expressed by cells in the GCL, 

presumed to be RGCs (Park et al., 2005; Ahmed et al., 2006). Rho and its downstream effector 

ROCK also mediate axonal growth inhibition associated with CSPGs (Monnier et al., 2003). 

Recent evidence also suggests that growth inhibition elicited by myelin and CSPGs can be 

mediated by an NgR-and Ca2+-dependent mechanism that activates epidermal growth factor 

receptor and as yet unknown downstream pathways (Koprivica et al., 2005; Ahmed et al., 

2006). In the present study, C3-11 inhibition of retinal Rho was presumably the primary 
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mechanism that led to increased long distance regenerative growth of RGC axons into PN 

grafts. It was also shown that C3 fusion protein is transported from cell body to axon and vice 

versa (Bertrand et al., 2005). It is most likely therefore that the C3-11 injected into the eye had 

direct effects on RGCs and was also anterogradely transported to the RGC growth cones in the 

PN grafts. Unlike RGC survival, dual but not single C3-11 injections were effective in eliciting 

regeneration; a third injection did not further enhance the proportion of surviving RGCs that 

were retrogradely labeled with FG, although in this group there were more pan-neurofilament 

positive axons within the graft tissue. In C3-11 injection groups we observed gradually 

decreasing numbers of axons along the grafts, although this decline appeared less with 

increasing dose of C3-11 (Fig. 7.4).  

 

Effect of combined treatment of C3-11 with CNTF and CPT-cAMP 
A major goal of this study was to determine whether RGC survival and/or regeneration could be 

further enhanced by a combinatorial strategy that provides exogenous neurotrophic support, 

enhances responses to neurotrophic factors, and at the same time blocks the effects of growth 

inhibitory molecules. After ON crush, pro-regenerative effects of the Nogo-neutralizing antibody 

IN-1 are potentiated by co-application with CNTF (Cui et al., 2004) and CNTF-induced growth of 

adult retinal neurites in vitro is enhanced when Rho-A activity is suppressed by siRNA 

knockdown of p75 (Ahmed et al., 2006). Perhaps surprisingly therefore, in the present study 

twice repeated injections of C3-11 with CNTF, or C3-11 with the cAMP analogue CPT-cAMP did 

not result in increased RGC viability or stimulate greater axonal regrowth. On the other hand 

injections containing all three factors (C3-11/CNTF/CPT-cAMP) did alter the regenerative 

response. This was the only group in which there was increased RGC survival as well as a 

substantial increase in the proportion of viable RGCs (58%) that regenerated an axon into PN 

grafts. These animals also contained the highest number of pan-neurofilament positive axons in 

the PN grafts. A similar proportion (54%) of regenerating FG labeled RGCs was seen in the 

CNTF/CPT-cAMP group (see also Cui et al., 2003), but in these rats four weeks after two 

CNTF/CPT-cAMP eye injections the increase in RGC viability was not significant compared to 

saline controls. 

 

A previous report examined the mechanisms that underly the cooperative effects of CNTF and 

rasied cAMP on adult RGC regeneration (Park et al., 2004a). The present data reveals further 

interactive effects between Rho inhibition, CNTF and altered cyclic nucleotide levels in mature 

RGCs. The effects on neuronal survival and axonal regeneration were only partially additive 

suggesting some convergence in the signaling pathways activated by these various factors.  As 

an example, cAMP-induced activation of protein kinase A phosphorylates and thus inhibits Rho 

signalling pathways (Lang et al., 1996; Dong et al., 1998). On the other hand, a more 

independent route by which cAMP elevation overcomes myelin inhibitors such as MAG is by 

activation of cAMP response element binding protein (CREB) and upregulation of Arginase I 

and polyamines (Cai et al., 2002; Gao et al., 2004). CNTF activates multi-subunit receptor 

complexes that can influence a number of signaling pathways including JAK/STAT3, 

MAPK/ERK and PI3K/Akt (Park et al., 2004a). CNTF combined with other neurotrophic factors 
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appears to initiate a series of events that results in RhoA inactivation in RGCs and CNTF-

induced growth of adult retinal neurites in vitro is enhanced when RhoA is inactivated (Ahmed et 

al., 2006). It remains to be determined why elevation of cAMP is required to obtain additional 

synergistic effects on RGC axonal regeneration into PN grafts in vivo, although there is 

evidence for cAMP-induced changes in CNTF receptor subunit expression (Park et al., 2004a) 

and/or suppressor of cytokine signaling (SOCS) (Park et al., 2006). 

 
7.5 Conclusion 

In conclusion, the present study demonstrated the beneficial effects of the Rho GTPase 

antagonist C3-11 on RGC survival and the regeneration of RGC axons into the relatively 

permissive regenerative environment of a PN graft. These effects were significantly enhanced 

by combining Rho inactivation with provision of exogeneous CNTF and intraretinal elevation of 

cAMP, and together the data again reveal the power of combinatorial strategies in the 

therapeutic management of neurotrauma. The mechanisms underlying these partially 

synergistic effects remain to be elucidated, but it would prove informative to determine why 

there were differential effects on RGC survival versus regeneration at different retinal 

eccentricities and when using different combinations of growth-promoting factors. 
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Chapter Eight 

Chondroitinase-ABC treated PN autografts 

 
8.1 Introduction 
As described earlier (Chapter 1&2), glial scaring is an important inhibitory barrier for axonal 

regrowth after CNS injury. Several inhibitory molecules exist in the glial scars including tenascin, 

keratin, chondroitin sulfate proteoglycans (CSPGs) (Fig 8.1), and class III semaphorins. 

Growing evidence has demonstrated that CSPGs are detrimental to neural regeneration 

(Chierzi and Fawcett, 2001; Yang et al., 2006). CSPG expression is enhanced after CNS injury 

(Lemons et al., 1999; Ikegami et al., 2005; Kim et al., 2006a), correlating with decreased neurite 

outgrowth (Beggah et al., 2005; Properzi et al., 2005). Different strategies to overcome the 

inhibitory effect of CSPGs have been tested in vivo, (i) use of an enzyme that degrades CSPGs, 

Chondroitinase-ABC (Ch-ABC) (Houle et al., 2006; Kim et al., 2006a), (ii) decorin which is a 

naturally antagonist of scar formation (Davies et al., 2004), (iii) DNA enzymes against the GAG-

chain initiating enzyme (Grimpe and Silver, 2004), or X ray irradiation (40 Gy) that reduce the 

number of reactive astrocytes and glia formation (Zhang et al., 2005). All of these methods have 

been shown to attenuate inhibitory activity of CSPGs, and promote regeneration in vivo (Dou 

and Levine, 1994; Zuo et al., 1998c; Yick et al., 2000; Moon et al., 2001; Bradbury et al., 2002; 

Morgenstern et al., 2002; Zuo et al., 2002; Yick et al., 2003).  

 
Figure 8.1 Proteoglycan structure. Adapted from Histology (Ross et al., 2003). 

 

Importantly, CSPGs are also found in the PNS. They are abundant in the PN sheaths and 

interstitium. They are secreted by fibroblasts (Morgenstern et al., 2003), Schwann cells (SCs) 

(Muir et al., 1989; Bruce et al., 2000; Castro and Kuffler, 2006), and up-regulated following PN 

injury (Zuo et al., 1998b; Morgenstern et al., 2003). Injection of Ch-ABC near the injury site or 

soaking the nerve grafts with Ch-ABC can enhance axonal regeneration through the PN injury 

site (Zuo et al., 2002; Groves et al., 2005; Houle et al., 2006).  
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PN grafted on to the cut ON enhances RGC survival and axonal regeneration. The beneficial 

effect of C3-11 observed in chapter 7 is probably related to inhibition of RGC responses to 

myelin associated inhibitors. However, because Rho GTPase can also be activated by CSPGs 

(Monnier et al., 2003; Laabs et al., 2005), the beneficial effect of C3-11 may also reflect altered 

RGC responses to CSPGs (Jain et al., 2004) present in PN tissues, In the present study Ch-

ABC was tested on ON-PN graft model. I first examined the effectiveness of Ch-ABC over time. 

Then I investigated whether degradation of CSPGs inside PNs by Ch-ABC could further 

enhance RGC survival and/or axonal regeneration into PN grafts.  

 
8.2 Materials and Methods 
See Chapter 4 for methods of optic nerve surgery, flurogold injection, immunohistochemical 

staining of viable RGCs, cryosectioning and immunostaining of PN grafts, counts of RGC 

number and axons in PN grafts. 

 

Adult (8-10 weeks old) female F344 rats were used in this study. Animals were anesthetized 

with intraperitoneal injections of 1:1 mixture of xylazine (20mg/ml) and ketamine (100mg/ml), 

with a total injection of 1 ml/kg body weight. Animals also received a subcutaneous injection of 

buprenorphine (0.02mg/kg) and intramuscular injection of Benacilin (0.1ml). Experiments 

conformed to NHMRC guidelines and were approved by the Animal Ethics Committee of the 

University of Western Australia. 

 

Nerve preparation 
A 1.5 cm long segment of the left peroneal nerve distal to the branch point of the peroneal nerve 

from sciatic nerve was dissected out from anesthetized adult Fisher 344 rats. Each PN segment 

was placed into a petri dish containing 5 µl of either PBS, 10%BSA (pH 7.4), or protease-free 

Ch-ABC (from Proteus vulgaris, E.C. 4.2.2.4, Seikagaku Tokyo, Japan) (20 U/ml in PBS, 

10%BSA, pH 7.4). In addition, 1 µl Ch-ABC or PBS was slowly injected into each end of the PN 

via a glass micropipette attached to a 50 µl Hamilton syringe. This method and concentration 

have been previously shown to be effective in PN regeneration in vivo (Groves et al., 2005). PN 

segments were then incubated at 37oC, in an atmosphere of 5% CO2 for 1 hour. Medium was 

mixed every 15 mins, to ensure PN segments were covered in the medium at all times. After 

incubation, PN segments were grafted onto the cut end of the ON as described before. Animals 

were killed and analysed at different time points (see below). 

 

Experimental Groups 
First, to examine the effectiveness of Ch-ABC over time, transplanted animals were divided into 

Ch-ABC and control PBS groups. The Ch-ABC group (n=2 for each time point of 1, 3, 6, 10, 28 

days after surgery) received PN grafts treated with Ch-ABC. The control group (n=2 for each 

time point) received PN grafts treated with PBS. Animals were sacrificed and perfused at each 

time point. Retinas and PN grafts were dissected out and used for analyzing RGC survival and 

CSPG immunostaining. Second, the effect on RGC survival and axonal regeneration into PN 
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grafts was examined. Additional rats with PN grafts soaked with Ch-ABC (n=9) or PBS (n=10) 

were kept for 4 weeks received FG injection into distal PN 3 days before sacrifice. Retinas and 

PN grafts were then dissected out and used for analyzing RGC survival and axonal regrowth as 

described in Chapter 4.    

 

Cryosectioning and immunostaining of PN grafts 
Animals were killed by overdose of lethabarb (0.2 ml i.p.) and fixed with 4% paraformaldehyde. 

PN grafts were detached from the back of the operated eye and were cryo-protected in a 30% 

sucrose solution overnight. Frozen cryostat sections (16 µm thickness) were cut longitudinally or 

transversely and collected. The sections were treated with blocking buffer (10% NGS in PBS 

and 0.2% Triton X-100) and then incubated overnight at 4oC with primary antibodies 2-B-6 

(Seikagaku, Japan; 1:100), CS-56 (Sigma; 1:200), or pan-neurofilament (Zymed; 1:400) (all 

diluted in blocking buffer). Antibody 2-B-6 recognizes an epitope created following Ch-ABC 

degradation of chondroitin-4 sulfate, and does not recognize intact chondroitin sulfate (Moon et 

al., 2001; Zuo et al., 2002). While, CS-56 antibody immunostains a variety of CSPGs, it 

recognizes the terminal portions of chondroitin sulfate -4 or -6 side chains (Avnur and Geiger, 

1984; Fawcett and Asher, 1999; Moon et al., 2001). Bound primary antibody was labeled with 

goat anti-mouse Cy3 conjugated secondary antibody (1:400; Jackson ImmunoResearch 

Laboratories) for 1 hr at room temperature in the dark. Then sections were washed, cover 

slipped in Citifluor and sealed with nail varnish. Omission of primary antibody was used as 

negative control for background staining. Sections were evaluated by immunofluroescence 

microscopy using a Nikon E800 epifluorescent microscope. All the sections were stained at the 

same time and all pictures were taken using the same exposure time. Numerical values 

(arbitrary units; higher value indicating greater staining) of the intensity of immunostaining were 

generated using Image-Pro 3DS 5.1 software. Images were collected at 200x magnification, 

digitized, and evaluated with a free form profile measurement tool that defined the stained 

regions of the sections. The intensity of fluorescence (red signal) in CS-56, 2-B-6 antibody 

positive staining was normalized by comparison to background areas. Normalized value= (raw 

value-background value) /background value. 

 

Statistical analysis 

Statistical analysis was performed using GraphPad InStat version 3.06 for Windows (GraphPad 

Software, San Diego, USA). RGC numbers from different groups that met the criteria for 

parametric tests were analyzed by unpaired Welch’s corrected t test. Groups of data that failed 

tests for normality were analyzed by the Mann-Whitney test.  

 
8.3 Results 
Degradation of CSPGs by treatment of PN segments with Ch-ABC 
To determine whether Ch-ABC treatment could effectively degrade CSPGs throughout intact 

segments of PN in vitro. Segments of rat peroneal nerve were bathed en bloc in Ch-ABC or 

PBS solution for 1 hour at 37oC. CSPG degradation within the nerves was examined 

immediately after incubation by immunostaining with CS-56 and 2-B-6 antibodies. 2-B-6 
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immunostaining was intense throughout the entire nerve treated with Ch-ABC; while only slight 

staining was found in PBS treated nerves (Fig. 8.2 A). The arbitrary values of staining intensity 

of CSPG (CS56) was slightly lower in Ch-ABC treated PN compared to PBS control; while 

degraded chondroitin sulfate proteoglycans (2-B-6) was much higher in Ch-ABC treated, 

compared to PBS control (Fig. 8.2 B). These results confirmed that chondroitin sulfate chains 

were effectively degraded by Ch-ABC. 

 

Time course study of CSPG expression in PN graft in vivo 
To determine the changes of CSPG expression in PN grafts in vivo, the immunoreactivity of 

CSPGs was examined at different time points after grafting. As shown in Figure 8.3 and 8.4, 

while immunoreactivity of CSPG was at similar low levels in both Ch-ABC and PBS treated 

nerves just before graft; CS-56 immunoreactivity started to increase 10 days after PN graft in 

the Ch-ABC group. At 28 days post grafting, much higher and diffuse CSPG immunoreactivity 

was observed along the length of the PN grafts in Ch-ABC treated nerves compared with PBS 

(Fig. 8.3). No significant changes of CS-56 immunoreactivity were observed during the 4 week 

period in the PBS group (Fig. 8.4).  

 

For the CSPG neoepitope, higher immunoreactivity with 2-B-6 antibody was observed in Ch-

ABC treated animals in the first 10 days after graft. Then it decreased to control levels 4 weeks 

after grafting (Fig. 8.3). In PBS control group, similar levels of weak immunoreactivity of 2-B-6 

were found continuously at all time points after PN grafting (Fig. 8.4). 

 

Time course study of survival RGC number after Ch-ABC treatment 
In addition to analysis of CSPG changes in PNs after transplantation, βIII-tubulin 

immunopositive surviving RGCs were counted at different time points (Fig. 8.5). The pattern of 

RGC loss was similar in Ch-ABC or PBS treatment. RGC loss began from day 3 then increased 

from day 6 to 10. At day 28 only about 7% of RGCs left (Fig. 8.5). Interestingly, from day 1 to 6 

there seemed to be more RGCs in Ch-ABC treated animals compared with PBS control (Fig. 

8.5). However, due to the lower animal numbers (n=2 each time point) no statistical analysis 

was performed. There was no difference at 10 or 28 days post surgery (see below). 
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Figure 8.2 CSPG neoepitope immunofluorescence of chondroitinase ABC treated PN grafts in vitro. Rat 

peroneal nerve segments were treated en bloc with chondroitinase ABC for 1 hour. CSPG were labeled 

with CS-56 antibody, CSPG neoepitope was labeled with 2-B-6 antibody (A). All the sections were 

stained at the same time and all the pictures taken using the same exposure time. (B) Histogram showing 

quantification of CS-56 and 2-B-6 immunohistochemistry in PN sections in vitro. Scale bar, 100 µm.  
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Figure 8.3 Intensity of immunofluorescence in chondroitinase ABC treated PN grafts 1, 3, 6, 10 or 28 

days after graft. CSPGs were labeled with CS-56 antibody, CSPG neoepitope was labelled with 2-B-6 

antibody. All the sections were stained at the same time and all the photos taken using the same exposure 

time. Scale bar, 100 µm. 
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Figure 8.4 Intensity of immunofluorescence in PBS treated PN grafts 1, 3, 6, 10 or 28 days after 

graft. CSPGs were labeled with CS-56 antibody, CSPG neoepitope was labelled with 2-B-6 antibody. All 

the sections were stained at the same time and all the photos taken using the same exposure time. Scale 

bar, 100 µm. 
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Figure 8.5 The average number (± SEM) of surviving βIII-tubulin positive RGCs at different time points 

(1, 3, 6, 10, 28 days) in control or Ch-ABC treated PN graft. 
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Similar numbers of RGCs survived 4 weeks after treatment 
Examples of βIII-tubulin immunopositive RGCs after PBS or Ch-ABC treatment are shown in 

Figure 8.6 A and C. There was no statistical difference between the number of survival RGCs 

after PBS or Ch-ABC treatment (p=0.8421, Mann-Whitney test). The average numbers and 

SEMs of βIII-tubulin positive surviving RGCs were 7844±617/retina in PBS and 8381±844/retina 

in Ch-ABC treated PN grafted animals (Fig. 8.7).  

 

 
 

Figure 8.6 Examples of surviving βIII-tubulin positive and regenerating Flurogold labeled RGCs in retina 

in PBS (A, B) or Ch-ABC (C, D) treated PN grafted animals. Scale bar, 100 µm. 
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Figure 8.7 The average number (± SEM) of surviving βIII-tubulin positive and regenerating flurogold 

labeled RGCs in PBS or Ch-ABC treated PN graft 4 weeks in vivo. * Significant difference level p<0.05 

compared with Ch-ABC treatment group.  
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Less RGCs regenerate into PN graft 4 weeks after Ch-ABC treatment   
Examples of Flurogold labeled RGCs after PBS or Ch-ABC treatment are shown in Figure 8.6 B 

and D. Surprisingly, there was a significant difference (p=0.0350, Mann-Whitney test) in the 

average number of FG labeled RGCs in the PBS group (2563±454/retina) compared to Ch-ABC 

group (1340±418/retina) (Fig. 8.7). There were fewer regenerating RGCs in the Ch-ABC treated 

animals. 

 

Immunohistochemical analysis of axonal regrowth in reconstructed PN grafts 
Consistent with the unexpected FG-labeled RGC counting result obtained from retinal 

wholemounts, immunohistochemical staining of longitudinal PN sections with pan-neurofilament 

antibody revealed consistently higher average numbers of axons in PBS treated compared to 

Ch-ABC treated PN grafts along the length of the PN tissue (Fig. 8.8). In both groups there were 

similar numbers of regenerating axons at the proximal end (axon entry site) of the PN grafts, but 

in the Ch-ABC treated group there was a greater decrease in axonal numbers with increasing 

distance along the grafts (Fig. 8.8). This decrease in numbers of regenerating axons was 

consistent with the lower number of FG-labeled RGCs in the retina. Thus there was clearly a 

non beneficial effect of Ch-ABC treatment on RGC axonal regrowth in PN tissues. 
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Figure 8.8 The average number (±SEM) of pan-neurofilament positive regenerating axons at various 

distances along the PBS or Ch-ABC treated PN grafts.  

 

8.4 Discussion 
Previous studies have shown that CSPGs are inhibitory molecules that can be found in glial 

scars after CNS injury; digestion of CSPGs with Ch-ABC can promote axonal regeneration and 

even achieve functional recovery (Zuo et al., 1998b; Bradbury et al., 2002; Yick et al., 2003; 

Chau et al., 2004; Houle et al., 2006). The present study showed that (i) CSPG was expressed 

in PN segments; (ii) Ch-ABC could successfully digest the side chain of CSPGs; however (iii) 
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CSPG expression was upregulated 10 days after Ch-ABC treatment and reached even more 

than control level at 28 days; (iv) Ch-ABC treatment did not improve RGC survival or 

regeneration 4 weeks post injury, and may even have had detrimental effects. 

 

Previous studies using Ch-ABC 
The dosage of Ch-ABC used in many previous reports differs, as Ch-ABC has high molecular 

weight, making it difficult to penetrate the pia mater. Furthermore, proteins (e.g. enzyme) are 

generally more stable at high concentrations (Ikegami et al., 2005). Therefore, it has been 

recommended to be used continuously at small volumes and high concentrations. However, 

high concentration (>20 U/ml) of Ch-ABC may be detrimental in vivo (Tom et al., 2006). Some 

examples of previous in vitro studies are listed here: 

(a) 6-10 µm rat sciatic nerve sections were digested with 0.02 U/ml Ch-ABC for 3 h for staining 

with chondroitin sulfate “stub” antibodies (Morgenstern et al., 2003). 

(b) E14 retinal explant cultured with 0.5 U/ml Ch-ABC (Cheung et al., 2005). 

(c) Cultured RGCs treated with 10 U/ml Ch-ABC (Inatani et al., 2001). 

(d) 0.02 U/ml Ch-ABC was added to the SC and DRG co-culture 20 mins and repeated 24h, 

after plating the DRG neurons (Castro and Kuffler, 2006). 

Examples of in vivo studies include: 

(a) 200µl of 5 U/ml Ch-ABC was intrathecally delivered to hemisected spinal cord (Chau et al., 

2004). 

(b) 0.2U of 10 U/ml Ch-ABC was applied with gelfoam immediately after surgery with another 3 

intrathecal injections of same volume at 3, 7, and 11 days (Kim et al., 2006a). 

(b) 6µl of 10 U/ml Ch-ABC was intrathecally immediately injected to dorsally hemisected spinal 

cord (Bradbury et al., 2002). 

(c) 2µl of 10 µg/ml Ch-ABC was applied to complete transected spinal cord every other day for 4 

weeks (Fouad et al., 2005). 

(d) 200µl of 200 U/ml Ch-ABC was continuously, using osmotic pump, injected into the 

subarachnoid space after spinal cord contusion injury (Ikegami et al., 2005). 

(e) 3µl of 600 ng Ch-ABC was intrathecally delivered to nigrostriatal axotomy lesion at day 0, 3, 

7 and 10 post axotomy (Moon et al., 2001). 

(f) 1 µl of 50 U/ml Ch-ABC was injected lateral to the cuneate nucleus immediately and one 

week after cervical SCI (Massey et al., 2006). 

(g) 5 µl of 1 U/ml Ch-ABC was delivered by minipump to C5 dorsal quadrant spinal cord lesion 

(Houle et al., 2006). 

(h) 750nl of 48 U/ml Ch-ABC was injected into the superior colliculus 3 d after the retinal 

scotoma (Tropea et al., 2003). 

(i) 3-5 mm common fibular nerve was soaked with 10µl of 20 U/ml Ch-ABC room temperature 

for 1 hour before graft (Groves et al., 2005). 

(j) Distal stump of cut sciatic nerve was draped over s piece of Parafilm and soaked in 20 U/ml 

Ch-ABC for 1 hour (English, 2005) or injected with 1 U in 2 µl Ch-ABC (Zuo et al., 2002) before 

reconnected. 
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Importantly, the dosage applied in the present study was 7 µl of 20 U/ml (in PBS and 10%BSA; 

pH 7.4), including 1 µl Ch-ABC was injected into each end of the PN. This concentration is 

consistent with most in vivo studies and has been shown previously to be effective in promoting 

PN regeneration in vivo (Groves et al., 2005). 

 

Effect of Ch-ABC on RGC survival 
The changes of RGC number after ON transection and PN graft are consistent with previous 

reports (Villegas-Perez et al., 1988; Berkelaar et al., 1994) i.e. RGCs are still alive and look 

normal in 3 days (Thanos, 1988), after 5 days they begin to die, death rate peaking at about 7 

days post injury (Fig. 8.5). There was a slight difference between the two groups in the first 10 

days but after 10 days there was no difference in the number of surviving RGCs in the two 

treatment groups.  

 

Effect of Ch-ABC on RGC regeneration 
CSPGs exist in normal animal tissues and are secreted by FBs (Morgenstern et al., 2003), SCs 

(Muir et al., 1989; Bruce et al., 2000; Castro and Kuffler, 2006), oligodendrocyte precursors, 

meningeal cells (Properzi et al., 2005) and reactive astrocytes (McKeon et al., 1991). After injury 

to the adult CNS, numerous cytokines and growth factors are released, contributing to reactive 

gliosis and extracellular matrix production (Smith and Strunz, 2005). This glial scar structure 

forms an inhibitory substrate for axon re-growth. CSPGs are up-regulated specifically around 

the lesion site where the glial scar forms (Ikegami et al., 2005) and contributes to neuronal 

growth inhibition, specifically through the CSPG sugar side chains. These chains are composed 

of repeats of the same disaccharide unit carrying sulphate groups in different positions. The 

sulphation pattern directly influences the CSPG binding properties and function. However the 

specific sulphation pattern required for the inhibitory activity of these molecules on axonal 

growth is still unknown (Properzi et al., 2003; McCann et al., 2006).  

 

Based on previous work, we hypothesized that Ch-ABC treatment in PN would eliminate the 

inhibitory effect of CSPGs and therefore provide a more permissive environment, further 

improving axonal regrowth from adult RGCs. However, on the contrary, in vivo results showed 

that Ch-ABC treatment is not effective in promoting RGC axonal regeneration into PN grafts. 

Some possible explanations may be: (i) A single initial pre-transplantation treatment of Ch-ABC 

can not fully remove the GAGs from CSPGs that are made afterwards, i.e. compensatory over-

production of CSPGs; (ii) Effects of Ch-ABC are transient, consistent with some previous 

observations (Bruckner et al., 1998); (iii) The enzyme is not effective in removing all GAGs from 

CSPGs; (iv) The neurite-outgrowth inhibitory effect of CSPGs on RGCs is associated with not 

only the GAGs but also the core glycoprotein; (v) Ch-ABC treatment may disrupt the nerve 

sheath organization and alter extracellular matrix structure which are beneficial to axon 

regrowth. These various issues are addressed in the following discussion. 
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Previous studies have shown that Ch-ABC treatment does not influence the structural integrity 

of laminin-rich basal lamina tubes inside PN. Laminin staining was intense, and basal laminae 

appeared intact compared to control (Krekoski et al., 2001). Ch-ABC is regarded as safe, with 

no adverse effects on nerve tissues or blood vessels after local application, and currently being 

used in clinical trials as  a chemonucleolytic agent (Olmarker et al., 1996; Takahashi, 2004). 

Therefore, the lack of beneficial effect is unlikely to be correlated to an adverse effect on PN 

structures. 

 

In vitro treatment of PNs with Ch-ABC was effective in digesting the CSPG side chains; 

however Ch-ABC cannot completely remove GAG chains from the protein core (Grimpe and 

Silver, 2004). CSPG removal alone may not be sufficient to significantly diminish the inhibitory 

effects of specific CSPGs (Lemons et al., 2003; Groves et al., 2005), or other inhibitors (Groves 

et al., 2005). For example, tenascin, which is also expressed in the lesioned adult rat ON, may 

influence the early stages in the formation of the glia limitans, and thus prevent the regeneration 

of CNS tissue after injury (Ajemian et al., 1994). Recently, a proteoglycan was identified using a 

new monoclonal antibody (hybridoma clone mab Te38), that did not alter its inhibitory properties 

after Ch-ABC treatment. It is expressed in cells in the optic fissure, the dorsal ON or the chiasm 

and inhibits RGC axon outgrowth (Henke-Fahle et al., 2001).  

 

Apart from the possible existence of other Ch-ABC non-response growth inhibitors, Ch-ABC 

treatment may be more effective on fast regenerating axons such as the axons regrowing in the 

acellular graft 2-4 days after transplantation (Krekoski et al., 2001; Zuo et al., 2002), but not on 

the populations of slowly growing axons in PN (Groves et al., 2005; Hoke, 2005) or the RGC 

axons in the present study. This lack of effect on slowly growing axons is likely due to the 

restoration and even upregulation of CSPGs in the grafts shown in the present study and other 

previous reports (Bruckner et al., 1998; Heine et al., 2004; Hoke, 2005). 

 

Furthermore, the sub-components of CSPGs that are inhibitory to RGC regeneration remain 

unclear. A recent study indicates that degradation of the CSPG side chain of chondroitin-4-

sulfate or chondroitin-6-sulfate has different effects on axonal regrowth (McCann et al., 2006). 

Digestion of both 4- and 6- chondroitin sulfate side chains may not be effective to remove or 

inactivate the inhibitory site of CSPGs. Another study showed that neurocan and phosphacan 

inhibited neurite outgrowth from RGCs after 48 and 72 hours in culture. However, when CSPG 

side chains linked to the core proteins were digested by Ch-ABC, the inhibitory effect remained 

and even significantly enhanced the inhibitory effect of phosphacan on neurite outgrowth from 

RGCs (Inatani et al., 2001). Thus these data suggest that the presence of CSPG core protein 

may have continued to exert growth-inhibitory actions on RGC axons (Ughrin et al., 2003). 

Interestingly, regeneration of goldfish ON axons was found to be accompanied by a major 

increase of a 28kD CSPG (Pizzi and Elam, 2004).  
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8.5 Conclusion 
Previous studies have shown PN tissue is not a fully permissive environment for axonal growth 

after injury, and caintains axonal growth inhibitors such as MAG and CSPGs. Inhibition of the 

Rho GTPase by C3-11 promotes RGC survival and axonal regeneration into autologous PN 

grafts (Chapter 7). However the data from the present study using Ch-ABC did not further clarify 

this issue. The chondroitinase treatment was initially effective in degrading CSPGs, but over 

time new CSPGs were synthesized, by 28 days reaching levels higher than control. These data 

suggest a compensatory over-production of CSPGs in the Ch-ABC treated grafts, perhaps 

explaining the decreased RGC axonal regeneration in this particular transplant paradigm. 
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Chapter Nine 

General discussion 

 
The overall aims of this project were to develop novel combinations of therapies that can 

improve the viability and regenerative capacity of RGCs and, hopefully, develop strategies that 

can be of more widespread use in CNS repair. 

 

The first part of the project (Chapter 4) described the development of new types of PN bridges 

that contained genetically modified adult SCs. Extended from previous studies (Cui et al., 1999; 

Cui et al., 2003b), SCs transduced with lentiviral vectors encoding a secretable form of CNTF 

were used to reconstitute PN grafts. The PN grafts were sutured on to the cut ON of adult rats. 

The in vivo results showed that transducing SCs led to enhanced RGC survival and increased 

axonal regrowth in reconstructed PN bridges. This novel technique could provide a clinical 

alternative to using multiple PN autografts to promote regrowth in injured CNS. It provides a 

basis for the development of new therapeutic alternatives for the treatment of traumatic CNS 

injuries, alternatives that may also be of benefit in the field of plastic surgery and PN repair.  

 

These finds were further extended in the following chapters (Chapter 5&6) in two directions: the 

efficiency of 1) other neurotrophic factors including BDNF and GDNF, and 2) fibroblasts 

expressing CNTF were also tested in these reconstituted PN transplants. Neither of these 

approaches led to beneficial effects on RGCs, although PN containing BDNF engineered SCs 

attracted substantial numbers of peripheral sensory neural axons from the surrounding 

environment into the reconstructed nerves. The data suggest that fibroblasts are not a suitable 

candidate for reconstituting PN grafts, even when engineered to express relevant growth 

factors. Incorporation of mixed populations of fibroblasts and SCs was also less effective than 

using pure SC populations. Despite the lack of positive outcomes in these extended 

transplantation experiments, what has become clear is that the nature of the neurotrophic 

factors and the cell type expressing these factors are crucial elements in successful CNS repair 

strategies.  

 

Apart from modifying and enhancing axonal regrowth, it is also important to maintain RGC cell 

viability so that the greatest amount of regeneration is achieved. The next part of the study 

(Chapter 7) therefore investigated the effects of intraocular application of a range of 

pharmacological agents and other factors. Targeting Rho GTPase, the effect of C3 transferase 

was tested on RGC survival and axonal regeneration into PN autografts. Results showed that 

there was significantly more RGC survival and axonal regeneration in PN autografts after 

repeated intraocular injection of C3-11. This effect was further enhanced when combined with 

CPT-cAMP plus CNTF. The use of combination therapies therefore offers the best hope for 
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robust and substantial regeneration. The effect of C3 transferase combined with other types of 

neurotrophic factor remains to be examined. 

 

Recent rapid advances in our knowledge of neuron growth inhibitory molecules and pathways 

makes it clear that PN tissue is not a completely permissive environment for CNS axonal 

regrowth. CSPG is a growth inhibitory molecule abundantly expressed in PN and peripheral 

myelin also contains blocking factors (MAG). Therefore in the last part of my study (Chapter 8), I 

examined the effect of degradation of CSPGs inside PNs by Ch-ABC. However, in vivo results 

showed that this treatment did not improve RGC survival or regeneration. On the contrary, it 

actually reduced the amount of RGC axon regeneration. It also suggested a possible 

compensatory over-production of CSPGs over time although the exact reason for this requires 

further investigation.  

 

Overall, the results from the present study further reveal the complex nature of the injured adult 

CNS. Even using combined therapy, there seems to be an upper limit for promoting RGC 

survival (usually up to about 20% of the total RGC population survive) that limits the success of 

RGC regeneration. What is the reason for this? Is the survival and regeneration response a 

random or stochastic event (Harvey et al., 2006)? It is clear that it is important to better 

understand the signalling pathways, interaction between different NTs, pharmacological 

interventions and the molecular mechanisms that control RGC survival and/or axonal 

regeneration after injury. Only then can we design better combinatorial strategies, hopefully 

leading to improved functional recovery. To date, most efforts have focused on the extrinsic 

influences, more future studies should target on strategies enhancing the intrinsic growth 

potential of neurons. Each of the strategies described in the present study might only produce 

small improvements; however a combination of therapies could achieve significant beneficial 

effects. 
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