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ABSTRACT OF THE DISSERTATION 

 

Intrinsic and Extrinsic Mechanisms of Corticospinal Axon Regeneration 

by 

Edmund Roy Hollis II 

 

Doctor of Philosophy in Neurosciences 

University of California, San Diego, 2008 

 

 

Professor Mark H. Tuszynski, Chair 

 

 

Growth factors are indispensable in the formation and maintenance of neuronal 

circuits during development.  We investigated the ability of manipulating key 

developmental signaling cascades to recapitulate a growth state in lesioned corticospinal 

motor neurons (CSMNs).  We hypothesized that stimulation of axotomized CSMNs with 

insulin-like growth factor I (IGF-I), which robustly promotes neonatal CSMN axon 

outgrowth, would induce regenerative growth in the adult.  We found IGF-I to promote 

the survival of axotomized CSMNs but not to promote their regeneration following either 

a cervical spinal cord lesion or a lesion at the level of the internal capsule. 

As an alternative approach to solely providing a source of growth factor to 

axotomized CSMNs, we proposed that over-expression of a growth factor receptor would 



 xii 

alter the intrinsic capacity of the cell and induce regeneration in response to its ligand.  

Utilizing viral transgene delivery, we over-expressed the high-affinity brain derived 

neurotrophic factor (BDNF) receptor trkB in layer V motor cortex.  With subcortical 

axotomy and BDNF-secreting grafts, we observed regenerative axonal growth from 

identified CSMNs. 

We then attempted to refine a gene therapy technique for delivering a therapeutic 

transgene to the central nervous system via peripheral injection.  We tested the ability of 

self-complementary adeno-associated virus (scAAV) serotypes 1-6 to retrogradely infect 

lower motor neurons following injection to either the neuromuscular junction or within 

the sciatic nerve.  We found scAAV1 to be the most efficient for retrograde infection and 

anticipate exploiting this ability for delivering chemoattractive guidance cues to 

regenerating axons. 



1 

CHAPTER 1 

Introduction 

 

Human Spinal Cord Injury 

Each year approximately 12,000 people sustain a spinal cord injury (SCI) in the 

United States alone, and nearly 130,000 people worldwide (Spinal Cord Injury 

Information Network, www.spinalcord.uab.edu; International Campaign for Cures of 

Spinal Cord Injury Paralysis, ICCP, www.campaignforcure.org).  The mean age at time 

of injury is in the mid to late thirties with a median age of 19, which, when coupled with 

increasing life expectancies for SCI patients, can lead to lifetime costs over 3 million 

dollars per person (Jackson, et al., 2004; Eftekharpour, et al., 2008).  In the United States 

alone, the annual cost of health care and social services is approximately 7.7 billion 

dollars (www.campaignforcure.org). 

Traumatic injury of the spinal cord can produce a range of debilitating effects and 

permanently alter the capabilities and quality of life of its surviving victims.  Damage to 

the central nervous system (CNS) in general results in irreversible destruction of neuronal 

circuitry.  The contusion, compression and penetration injuries of the spinal cord 

resulting from motor vehicle collisions (45.6%), falls (19.6%), violence (17.8%), and 

sports (10.7%) can interrupt the flow of sensory and motor information between the brain 

and periphery (Jackson, et al., 2004).   

Depending on the location and severity of the injury, deficits can range from 

weakness of limb movement to total paralysis and ventilator-assisted respiration.  The 

classification for severity of SCI by the American Spinal Injury Association (ASIA) is 
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divided into four categories based on sensory and motor deficits.  ASIA Impairment 

Scale A (ASIA A) denotes complete impairment, while grades B through D denote 

incomplete levels of functional impairment, with B being most severe (sensory sparing, 

but no motor function) and D the least (sensory and motor control, with key muscle 

weakness).  An additional group, E, exists to characterize those people who have 

spontaneously recovered from mild SCI and are functionally indiscernible from normal.  

Spontaneous conversion of ASIA grade occurs in approximately 20% of ASIA A cases, 

with 10% regaining some sensory function (ASIA B) and the remaining 10% regaining 

limited motor control (ASIA C and D) within the first year after SCI (Fawcett, et al., 

2006).  Rates of spontaneous conversion, however, are much higher in patients who 

initially were found to retain some sensorimotor function, with up to 80% of ASIA B and 

C patients exhibiting increased motor capabilities (Fawcett, et al., 2006).  This recovery, 

which plateaus between 12 to 18 months, is very likely due to sparing or sprouting of 

axons within the zone of partial preservation, an area where some motor function remains 

intact, immediately below the lesion site (Fawcett, et al., 2006).  Despite the occurrence 

of spontaneous AIS grade conversion, it is a very small percentage of patients that fully 

recover (ASIA E) from any grade of impairment, and very few convert from ASIA A to 

E (Fawcett, et al., 2006).  Spontaneous recovery due to lesion incompleteness or neuronal 

plasticity following SCI is dependent upon the amount of remaining CNS substrate 

(Bishop, 1982; Basso, et al., 1996; Little, et al., 1999).  Endogenous plasticity, however, 

is insufficient to promote more than limited functional recovery (Horner and Gage, 

2000).  It is therefore necessary for therapeutic strategies to focus upon improving the 
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spontaneous plasticity of the injured spinal cord, or to induce sustained axonal 

regeneration around or through the site of injury. 

 

Clinical treatment 

There are no current treatments which are able to address increases in plasticity or 

induction of axonal regeneration.  Rather, the clinical field is restricted to attempting to 

limit the amount of secondary damage that follows spinal cord injury.  The main goals of 

this approach are to stabilize the spinal column and minimize the secondary neural 

degeneration brought on by numerous factors including: edema, hypoxia, ischemia, 

excitotoxicity, free radical damage, lipid peroxidation, inflammation, and activation of 

apoptosis (Fehlings and Baptiste, 2005; Hurlbert, 2006).  Acute spinal surgery, within the 

first 24 hours following SCI, to alleviate mechanical shearing and compression forces is 

utilized to restrict primary damage to the cord as well as secondary damage that can 

result from extended periods of compression (Fehlings and Perrin, 2006).  In addition to 

spinal cord stabilization, arterial oxygenation and maintenance of mean arterial blood 

pressure between 85 and 90mm Hg following acute SCI is vital in reducing secondary 

damage due to ischemia and hypoxia and improving functional outcome (Zach, et al., 

1976; Tator, et al., 1984; Levi, et al., 1991; Levi, et al., 1993; Vale, et al., 1997; Hurlbert, 

2006). 

In order to address mechanisms thought to be involved in subacute secondary 

damage, there have been multiple phase I clinical trials of pharmacological 

neuroprotection following acute SCI.  This included studies focused on free radical 

scavenging and inhibition of lipid peroxidation (methylprednisolone), reducing 
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excitotoxicity and apoptosis (Sygen or GM-1 ganglioside), reducing inflammation and 

free radical production (minocycline), rho inhibition (Cethrin) and cytokine secretion via 

activated macrophage implantation (Hurlbert, 2006).  Of these trials, only treatment with 

a large bolus of the adrenocortical steroid methylprednisolone (MP) has so far 

demonstrated any sustained, measurable effect on functional improvement (Bracken, et 

al., 1990; Bracken, 1991; Bracken, et al., 1997; Bracken, et al., 1998; Geisler, et al., 

2001a; Geisler, et al., 2001b; Fawcett, et al., 2006; Hurlbert, 2006).  Clinical trial data 

from the National Acute Spinal Cord Injury (NASCIS) randomized trials indicated that 

treatment within 8hr of SCI resulted in significant improvements in sensorimotor 

function six months after SCI (Bracken, et al., 1990; Bracken, 1991).  While MP reduces 

spinal cord invasion of granulocytes and macrophages in a rat model of SCI, the role 

those inflammatory cells play in mediating secondary damage is unclear, as reduced 

invasion does not alter the extent of secondary degeneration (Bartholdi and Schwab, 

1995). 

Acute treatment of SCI with MP, however, is not without controversy and 

potential drawbacks.  High dosages of MP led to increased levels of severe sepsis and 

pneumonia in the NASCIS-3 trial (Bracken, et al., 1997; Hurlbert, 2006).  In addition, 

patients treated with MP after the post-SCI 8hr cutoff actually exhibited worse recovery 

than controls (Hurlbert, 2006).  In a separate multicenter study on the effects of MP 

administration following head injury, results of the Corticosteroid Randomisation after 

Severe Head injury (CRASH) trial demonstrated a significant increase in the risk of death 

following MP administration at similar doses to those given in the NASCIS trials and was 

halted after administration to 10,008 patients (Roberts, et al., 2004; Hurlbert, 2006).  One 
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potential caveat to the significant increase in functional improvement seen in the 

NASCIS trials is that MP treatment can cause acute corticosteroid myopathy upon 

administration following SCI, and that the natural recovery from myopathy could 

potentially be mistaken for improved functional outcome after SCI (Qian, et al., 2004).  

Given the uncertainties regarding the benefits of MP administration, it is no longer 

routinely administered in some medical centers as treatment for acute SCI. 

 

Mechanisms underlying the failure of CNS regeneration 

There are several mechanisms that contribute to the failure of CNS regeneration.  

These include both neuron-dependent intrinsic mechanisms as well as neuron-

independent extrinsic ones.  Neuron-intrinsic deficits in regeneration include the absence 

of appropriate expression levels or localization of receptors capable of transducing 

growth signals, the modulation of growth factor signaling cascades, and the lack of 

expression of regeneration associated genes (RAGs), such as growth-associated protein 

43 (GAP43), that are indicative of an active axonal growth state (Al-Majed, et al., 2000a; 

Hiebert, et al., 2000; Lu, et al., 2001b; Al-Majed, et al., 2004; Arlotta, et al., 2005). 

A number of neuron-extrinsic factors affect the regenerative capacity of CNS 

neurons.  These extrinsic factors include the absence of a growth promoting substrate, 

inflammation following SCI, reactive astrogliosis, inhibitory extracellular matrix (ECM) 

proteins, myelin inhibitory proteins and the lack of trophic support in the injured CNS 

(Schwab and Bartholdi, 1996; Filbin, 2003; Silver and Miller, 2004; Ramer, et al., 2005).  

There are a number of experimental strategies for targeting these extrinsic mechanisms 

which will be addressed in detail below.  Strategies include providing growth promoting 
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substrates, mediating the inflammatory response to SCI, eliminating reactive astrogliosis, 

reducing inhibitory ECM and myelin proteins, as well as providing growth promoting 

neurotrophic signals. 

 

Mechanisms underlying regenerative failure following SCI: Lack of a permissive 

substrate 

The first mechanism to address in promoting CNS regeneration is the absence of a 

growth permissive substrate in the lesion site.  Cavitation and retraction of injured axons 

results from edema, ischemia and hemorrhagic necrosis (secondary degeneration) 

(Schwab and Bartholdi, 1996).  Cyst formation in human and non-human primates as 

well as in other mammalian models of SCI results in the absence of a substrate for 

growth; experimental strategies to address this mechanism include grafting of a growth-

permissive substrate or re-routing of lesioned axons around the injury site through spared 

tissue.   

It has long been known that regeneration occurs following lesions to the 

peripheral nervous system (PNS), so if follows that the first attempts at bridging lesions 

in CNS would be to graft segments of potentially permissive peripheral nerve.  Grafting 

of peripheral nerve to the CNS dates back at least as far as the work of Ramón y Cajal in 

1911 (Ramón y Cajal, 1991; Benowitz and Yin, 2008).  Sugar and Gerard demonstrated 

anatomical and physiological evidence of regeneration in the spinal cord through 

peripheral nerve grafts in 1940, though it was the work of Aguayo and colleagues that 

demonstrated a clear capacity for spinal cord regeneration through a peripheral graft 

using modern tracing methods (Sugar and Gerard, 1940; Richardson, et al., 1980; David 
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and Aguayo, 1981).  These studies demonstrated that, for at least some cell populations, 

lesioned CNS neurons are capable of regeneration if the injured CNS is grafted with a 

substrate permissive to growth. 

While autografting of peripheral nerve is an attractive method for bridging the 

cystic cavitation in the injured spinal cord, it is not without limitations.  Implantation of 

peripheral nerve bridges requires a resection of intact spinal cord tissue, potentially 

damaging spared tissue surrounding the lesion cavity and further reducing the limited 

functional capabilities of a patient.  An alternative to resection and transplantation of a 

peripheral nerve fragment is the injection of a cell suspension.  Unlike peripheral grafts, 

cells in suspension can fill the entire volume of the cyst, they can be isolated and purified 

to a well-defined, homogeneous population prior to transplant and they can be transduced 

ex vivo to produce neurotrophic factors required by systems unresponsive to peripheral 

nerve grafts. 

As peripheral nerve is a permissive substrate for growth of axotomized CNS 

neurons, the most appealing hypothetical candidate cell type for grafting in the lesioned 

spinal cord is Schwann cells.  Schwann cells are the principal cell type within peripheral 

nerves, they proliferate in response to injury, and the elimination of viable Schwann cells 

from peripheral nerve grafts abolishes the promotion of CNS regeneration (Berry, et al., 

1988a; Berry, et al., 1988b; Fawcett and Keynes, 1990).  Transplantation of Schwann 

cells into sites of CNS injury, including the lesioned spinal cord, mimics the effects of 

peripheral nerve grafts and supports axonal regeneration (Kromer and Cornbrooks, 1985; 

Paino and Bunge, 1991).  In addition to potentially myelinating regenerated axons, 

Schwann cells secrete multiple neurotrophic factors, express cell adhesion molecules and 
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produce components of the extracellular matrix (Bunge, 1994).  Whether grafted 

Schwann cells provide an advantage over other potential cell grafts remains to be 

determined, however, as the grafted cells survive poorly in the lesioned spinal cord and 

are replaced by migrating endogenous Schwann cells (Barakat, et al., 2005; Pearse, et al., 

2007). 

Another cell type that has gained interest in regeneration studies is the olfactory 

ensheathing cell (OEC).  The appeal of OECs is the nature of cell replacement within the 

olfactory neuroepithelium and their ability to guide the growth of newly generated axons 

to the olfactory bulb.  Enthusiasm due to this ability is tempered, however, as de-

afferentation of the olfactory bulb does not induce regeneration of axotomized olfactory 

neurons, but rather results in rapid degeneration and apoptosis (Graziadei and Monti 

Graziadei, 1980; Doucette, et al., 1983).  A number of experiments in which OECs were 

grafted into the lesioned rat spinal cord demonstrated very little cell survival and no 

improvement of functional outcome (Takami, et al., 2002; Goméz, et al., 2003; Resnick, 

et al., 2003; Riddell, et al., 2004; Barakat, et al., 2005; Collazos-Castro, et al., 2005; 

Pearse, et al., 2007).  Other studies have, however, claimed axonal regeneration and 

functional improvement due to OEC grafting (Ramón-Cueto and Nieto-Sampedro, 1994; 

Li, et al., 1997; Li, et al., 1998; Ramón-Cueto, et al., 1998; Navarro, et al., 1999; 

Imaizumi, et al., 2000; Ramón-Cueto, et al., 2000; Boruch, et al., 2001; Lu, et al., 2001a; 

Lu, et al., 2002; Nash, et al., 2002; Pascual, et al., 2002; Keyvan-Fouladi, et al., 2003; 

Plant, et al., 2003; Verdú, et al., 2003; Andrews and Stelzner, 2004; García-Alías, et al., 

2004; Li, et al., 2004b; Lopez-Vales, et al., 2004; Polentes, et al., 2004; Ramer, et al., 

2004; López-Vales, et al., 2006; Moreno-Flores, et al., 2006).  Confounding a number of 
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these results, however, is the absence of alternative cells in control animals and a 

selection criteria for OECs based on expression of the low-affinity neurotrophin receptor 

p75, which is also a marker of Schwann cells.  Genetically modified OECs producing 

neurotrophic factors have been used to promote regeneration, addressing the absence of 

trophic support, though there is no substantial evidence indicating that transduced OECs 

are a superior cell type for growth factor-mediated regeneration than more readily 

accessible cells such as fibroblasts or bone marrow stromal cells (MSCs) (Ruitenberg, et 

al., 2003; Cao, et al., 2004; Ruitenberg, et al., 2005; Lu, et al., 2006). 

The multipotency of neural progenitor cells (NPCs) has been well established in 

vitro, as cells derived from multiple CNS regions, including spinal cord, have been 

differentiated into all three main lineages: neuronal, astrocytic and oligodendrocytic.  

NPC transplants therefore have the potential for not only providing trophic support or 

myelinating regenerating axons following SCI as Schwann cells can, but potentially 

replacing damaged circuitry or forming relays to de-afferented populations of neurons.   

Unlike in culture, NPCs transplanted into both the intact and lesioned spinal cord 

demonstrate differentiation into cells of glial lineage only, despite the potential for in vivo 

neuronal differentiation as demonstrated by transplantation into neurogenic regions of the 

CNS (Shihabuddin, et al., 2000; Vroemen, et al., 2003).  The majority of the NPC-

derived glia that survive following transplant into the lesioned spinal cord express the 

astrocyte marker glial fibrillary acid protein (GFAP) (Hofstetter, et al., 2005).  Animals 

grafted with NPCs one week after contusion injury exhibited allodynia unless specific 

cell fate was directed away from an astroglial lineage via ex vivo gene transfer of the 

basic helix-loop-helix transcription factor neurogenin-2 (Hofstetter, et al., 2005).   
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While NPCs have demonstrated cell survival following injection to the lesioned 

spinal cord, there is no decrease in the size of the cystic cavity when compared to control 

animals without grafts, thereby negating the applicability of NPCs as a substrate for 

axonal regeneration across the lesion cavity (Vroemen, et al., 2003).  Though 

transplanted NPCs cannot provide a bridge for lesioned axons, the ability to differentiate 

into oligodendrocytes in vivo has been used to replace endogenous oligodendrocytes and 

NG2 immunoreactive oligodendrocyte precursors lost following injury, resulting in 

functional improvements when grafted during the subacute phase following compression 

injury (Horky, et al., 2006; Karimi-Abdolrezaee, et al., 2006; Eftekharpour, et al., 2008). 

Other, more readily accessible cell types available for autologous cell grafting 

include MSCs and ectoderm-derived fibroblasts.  These cells can be non-invasively 

isolated from a patient, rapidly expanded in vitro, transduced to express therapeutic 

agents and transplanted without the need for immunosuppression.  Numerous studies 

have utilized these non-neural cells as a means of bridging the lesion cavity as well as 

providing extracellular matrix proteins and trophic support for regeneration (Tuszynski, 

et al., 1994; Senut, et al., 1995; Liu, et al., 1999; Blesch and Tuszynski, 2001; Lu, et al., 

2001b; Hofstetter, et al., 2002; Jones, et al., 2003c; Tuszynski, et al., 2003; Lu, et al., 

2004; Lu, et al., 2005; Taylor, et al., 2006).  While these cells are unable to initiate 

myelination of regenerated axons themselves, neurotrophin production by transplanted 

cells leads to robust graft infiltration by endogenous Schwann cells (Jones, et al., 2003c; 

Lu, et al., 2005). 

 An alternative or complementary approach to cellular grafts is the grafting of 

biomaterial conduits for nerve regeneration.  Biopolymer scaffolds can be manufactured 
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with little variability and are more easily tailored to fit within the lesion cavity than 

peripheral nerve grafts.  Both biodegradable and non-biodegradable scaffolds have been 

investigated in guiding regeneration in the nervous system (Friedman, et al., 2002; 

Novikova, et al., 2003). Theoretically, biodegradable scaffolds allow for the slow 

replacement of the graft with endogenous cells once regenerating axons have passed 

through the graft, resulting in a reconstruction of the injured spinal cord.  Non-

biodegradable scaffolds must be of similar mechanical properties as the CNS, allowing 

for movement of spinal cord within the spinal column without the risk of further 

compression or shearing stress at the host-graft interfaces.  Both biodegradable and non-

biodegradable scaffolds have been utilized to reduce cavitation, support axonal 

regeneration and even promote functional recovery in models of SCI, either in concert 

with trophic factor support or with seeded cells (Teng, et al., 2002; Novikova, et al., 

2003; Patist, et al., 2004; Tsai, et al., 2004; Stokols, et al., 2006; Stokols and Tuszynski, 

2006). 

 

Mechanisms underlying regenerative failure following SCI: Inflammation 

Inflammation during the phase of secondary degeneration presents another barrier 

to regeneration.  Activation of microglia following CNS injury results in morphological 

changes, increase in major histocompatiblity complex class I and expression of the 

macrophage marker ED1 (Streit, et al., 1988; Andersson, et al., 1991; Flaris, et al., 1993; 

Schwab and Bartholdi, 1996).  Neutrophil and macrophage infiltration of the lesion site 

correlates with demyelination and the death of oligodendrocytes and NG2 

immunoreactive oligodendrocyte precursors which survived the initial injury (Blight, 
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1985; Shuman, et al., 1997; Popovich, 2000; Horky, et al., 2006).  Leukocyte activity in 

the surviving tissue surrounding the lesion results in phagocytosis, and macrophage 

spread correlates with the amount of secondary damage seen following SCI (Carlson, et 

al., 1998; Schnell, et al., 1999; Jones, et al., 2005).  Artificial activation of macrophages 

in the intact spinal cord results in demyelination and cystic cavitation; and exacerbates 

secondary damage following SCI (Fitch, et al., 1999; Popovich, et al., 2002; Jones, et al., 

2004).  The loss of myelinating oligodendrocytes persists following injury and chronic 

demyelination is only partially ameliorated as invading Schwann cells remyelinate 

surviving axons incompletely (Crowe et al., 1997; Guest et al., 2005; Totoiu and 

Keirstead, 2005).  Depletion of macrophages with clodronate or inhibition of macrophage 

activation with the tetracycline derivative minocycline reduced the inflammatory 

response and secondary damage surrounding the site of SCI as well as increased 

oligodendrocyte survival and reduced axonal dieback (Popovich, et al., 1999; Wells, et 

al., 2003; McPhail, et al., 2004; Stirling, et al., 2004; Teng, et al., 2004). 

Interestingly, it is the macrophage phagocytosis of myelin debris following 

peripheral injury that appears to modulate the proliferative response of Schwann cells 

(Beuche and Friede, 1984; Perry, et al., 1987; Scheidt and Friede, 1987).  Macrophage 

clearance of myelin debris results in mitogen release which then stimulates Schwann cell 

proliferation (Baichwal, et al., 1988).   Paradoxically, macrophage-secreted tumor 

necrosis factor α (TNFα) is deleterious to oligodendrocytes, though it appears to 

stimulate proliferation of NG2-immunoreactive oligodendrocyte precursors and spur 

remyelination and stimulate regeneration of lesioned CNS axons (Schwartz, et al., 1991; 

Arnett, et al., 2001). 
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Macrophage activation with injection of either Zymosan or Corynebacterium 

parvum into the DRG increases regeneration of crushed fibers of the dorsal root (Lu and 

Richardson, 1991; Steinmetz, et al., 2005).  Stimulation of macrophages in the retina with 

Zymosan was found to induce macrophage-derived oncomodulin secretion, which, when 

coupled with cyclic adenosine monophosphate (cAMP) elevation, induced retinal 

ganglion cell axon regeneration (Yin, et al., 2003; Yin, et al., 2006).  Transplantation of 

macrophages activated via incubation with peripheral nerve fragments into the transected 

optic nerve promoted regeneration beyond the lesion compared to control macrophages 

or those pre-incubated with optic nerve fragments (Lazarov-Spiegler, et al., 1996). 

In the spinal cord, the injection of macrophages activated via incubation with 

peripheral nerve fragments for 24 hours promoted regeneration of descending fibers and 

functional recovery following complete transection at thoracic level 8 (T8), though lesion 

completeness in this study is unclear as putative regenerated fibers appeared along the 

meninges and further, the treated animals were split into two groups and only those that 

“recovered” some function eight weeks following lesion were used for follow-up 

behavioral tests, physiology and histology (Rapalino, et al., 1998).  Another major 

concern with this study is that contamination of the macrophage cultures with satellite or 

Schwann cells from the peripheral nerve fragments was not controlled for, while, even in 

small numbers, grafted Schwann cells could affect regeneration or sparing of fibers 

following SCI (Rapalino, et al., 1998).  The same group found that macrophages 

activated with skin biopsies reduced cavitation and improved functional outcome 

following contusion SCI, though again there was no control for contamination from the 

activating biopsies (Bomstein, et al., 2003).  The growth-promoting macrophages in these 
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studies were defined as “alternatively” activated, and were found to express significantly 

higher amounts of interleukin-1β (IL-1β) and brain-derived neurotrophic factor (BDNF) 

compared to unactivated monocytes and lower amounts of TNFα, which, in addition to 

affecting oligodendrocyte survival, also decreases neurite outgrowth in vitro (Neumann, 

et al., 2002a; Bomstein, et al., 2003).  It is unclear whether these differences in secreted 

factors are due to contaminating cells from the skin biopsies or due to the macrophages 

themselves.  It has been proposed that the differences in the conflicting effects observed 

following macrophage activity in the injured spinal cord are due not just to the 

“alternative” activation of macrophages, but also to the time course of macrophage 

activity, with macrophage phagocytocis targeting the glial scar in the chronic stage of 

SCI (Schwartz and Yoles, 2006). 

 

Mechanisms underlying regenerative failure following SCI: Reactive astrogliosis 

and the inhibitory ECM 

Another component of the inflammatory response to SCI is reactive astrogliosis 

defined by the activation of GFAP-immunoreactive astrocytes around the lesion site and 

a persistent glial scar demarcating the lesion boundaries well after the initial injury 

(Sofroniew, 2005).  During development, immature, vimentin-immunoreactive astrocytes 

are involved in the guidance of developing corticospinal motor neurons (CSMNs) 

(Joosten and Gribnau, 1989; Hsu, et al., 2005).  The timing of the rostral to caudal 

maturation of vimentin-immunoreactive astrocytes to mature chondroitin sulfate 

proteoglycan (CSPG)-expressing, GFAP-immunoreactive astrocytes lags behind 

expression of embryonic neural cell adhesion molecule (E-NCAM) and the developing 
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corticospinal tract (CST), the growth cones of which send filopodia into contact with 

vimentin-immunoreactive processes within the spinal cord (Joosten and Gribnau, 1989; 

Hsu, et al., 2005).  Following thoracic hemisection and grafting of a Schwann cell seeded 

polymer channel, GFAP and CSPG expression at the host-graft interface increased over 

one week following the lesion, while E-NCAM expression decreased as descending 

axons regenerated into the polymer graft, echoing the developmental pattern seen during 

CST outgrowth (Hsu and Xu, 2005). 

The development of reactive astrogliosis is characteristic of SCI and CNS injury 

in general (Sofroniew, 2005).  SCI leads to astrocyte proliferation and hypertrophy and a 

dense scar of GFAP-immunoreactive astrocytes that surrounds the damaged tissue at the 

lesion site protects the intact tissue from inflammation (Sofroniew, 2005).  Targeted 

ablation of reactive astrocytes eliminates the tight lesion boundary, impairs blood brain 

barrier repair and allows progression of inflammation and secondary degeneration over 

longer distances into spared spinal cord tissue resulting in greater neuronal and 

oligodendrocyte loss and increased functional deficits (Bush, et al., 1999; Faulkner, et al., 

2004). 

The same scar that protects the intact spinal cord from insult has been thought to 

present a barrier for regeneration (Silver and Miller, 2004).  Some axons retract from the 

lesion, while others abortively sprout at the lesion boundary, forming dystrophic 

endbulbs incapable of penetrating the glial scar (Liuzzi and Lasek, 1987; Rudge and 

Silver, 1990; Davies, et al., 1996; Silver and Miller, 2004).  Selective ablation of reactive 

astrocytes, while detrimental in terms of limiting secondary damage, does promote 

limited regeneration following SCI (Bush, et al., 1999).  In vitro, astrocytes display 
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conflicting effects on neurite outgrowth and it appears that only a subpopulation express 

molecules inhibitory to neurite outgrowth (McKeon, et al., 1991; Smith-Thomas, et al., 

1994).  Though the glial scar may be inhibitory, some regenerating CNS axons do 

associate with GFAP-immunoreactive astrocyte processes following SCI, when provided 

with a growth substrate and neurotrophic support (Kawaja and Gage, 1991). 

Originally proposed to be simply a physical barrier to regeneration, the glial scar 

has since been demonstrated to be a chemorepulsive one, as GFAP-immunoreactive 

astrocytes can inhibit regeneration even in the absence of a discernable, dense glial scar 

(Davies, et al., 1996; Fitch, et al., 1999).  Additionally, astrocyte-secreted factors can 

inhibit neurite outgrowth in vitro (Smith-Thomas, et al., 1994).  Reactive astrocytes at the 

site of CNS injury rapidly upregulate CSPGs (including neurocan and versican) 

(Pindzola, et al., 1993; Asher, et al., 2000; Jones, et al., 2003b; Grimpe, et al., 2005). 

CSPGs contain a protein core linked to a chondroitin sulfate glycosaminoglycan 

side chain with a variable number of disaccharide units (Silver and Miller, 2004).  CSPGs 

are spatially and temporally regulated during development and are involved in 

modulating chemorepulsion of axon outgrowth within the CNS (Fichard, et al., 1991; 

Brittis, et al., 1992; Pindzola, et al., 1993; Silver, 1994; Bovolenta and Fernaud-Espinosa, 

2000; Hsu, et al., 2005).  Inhibitory CSPGs are present in the glial scar matrix in vivo, 

spatially correlated with reactive astrogliosis, although NG2 is expressed by macrophages 

and may be found within cellular grafts as it is also expressed by infiltrating Schwann 

cells (McKeon, et al., 1991; Pindzola, et al., 1993; McKeon, et al., 1995; Asher, et al., 

2000; Jones, et al., 2002; Jones, et al., 2003c; Grimpe, et al., 2005).  Astrocyte-expressed 

CSPGs strongly inhibit neurite outgrowth in vitro (Snow, et al., 1990; McKeon, et al., 
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1991; Snow, et al., 1991; Canning, et al., 1993; Pindzola, et al., 1993; Dou and Levine, 

1994; Levine, 1994; Lips, et al., 1995; McKeon, et al., 1995; Canning, et al., 1996).  

Cleavage of the glycosaminoglycan (GAG) side chains with chondroitinase ABC reduces 

the neurite outgrowth inhibition of reactive astrocytes in vitro (McKeon, et al., 1991; 

McKeon, et al., 1995).  Chondtroitinase ABC delivery in vivo enhances regeneration 

beyond CSPG deposition, electrophysiologically active synapse formation and functional 

improvement in vivo (Moon, et al., 2001; Bradbury, et al., 2002; Steinmetz, et al., 2005; 

Houle, et al., 2006; Massey, et al., 2008). 

 

Mechanisms underlying regenerative failure following SCI: Myelin inhibition 

During development of the CNS, there is a temporal resolution to the generation 

of the three main cell types: neurons are generated first, astrocytes follow and 

oligodendrocytes are the last to develop (Miller, 2002).  Myelination occurs postnatally, 

with oligodendrocyte precursor migration and proliferation generating the appropriate 

number of mature oligodendrocytes for the number of axons to be ensheathed (Skoff, et 

al., 1976b; Skoff, et al., 1976a; Miller, 2002). 

As the generation of oligodendrocytes temporally lags behind the events of axon 

guidance and outgrowth in the developing CNS, oligodendrocytes may play a role in the 

switch from regeneration in the neonate to the lack of regeneration in the adult.  Indeed, 

mature oligodendrocytes and myelin produced by oligodendrocytes inhibits neurite 

outgrowth and cell adhesion in vitro (Caroni, et al., 1988; Schwab and Caroni, 1988; 

Savio and Schwab, 1989).  Interestingly, neurite outgrowth and cell adhesion are not 

inhibited by Schwann cell derived myelin of the PNS, where regeneration readily occurs 
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(Savio and Schwab, 1989).  In vivo, functional regeneration occurs in the neonate 

following CST lesion during the period prior to myelination of the CST (Kalil and Reh, 

1982; Reh and Kalil, 1982; Bernstein and Stelzner, 1983; Bates and Stelzner, 1993; 

Firkins, et al., 1993).  It is unclear as to whether the functional motor regeneration in 

neonates is due to CST regeneration or regeneration of other descending tracts such as the 

rubrospinal tract (RST) or reticulospinal tract, though variability in the age of animals at 

the time of lesion and the location of the lesion in regards to developing CST fibers may 

account for discrepancies in detecting regeneration of neonatal CST (Schreyer and Jones, 

1983; Goldberger, 1986; Wakabayashi, et al., 2001).  Alternatively, other compensatory 

mechanisms, such as alterations in spinal reflex pathways, may underlie the functional 

improvements seen following SCI in the neonate versus the adult (Goldberger, 1986).  

Also, the increased regeneration in the neonate is not a universal phenomenon as some 

tracts, including the ascending sensory fibers, fail to regenerate after SCI (Dent, et al., 

1996). 

Several studies in vivo have indicated either enhanced sparing or regeneration in 

animals depleted of myelin or with reduced inhibitory myelin signaling.  Oligodendrocyte 

eradication with x-irradiation, immunization with CNS myelin, and transient focal 

demyelination with galactocerebroside (GalC) antibody infusion have indicated that CNS 

myelin may inhibit axonal plasticity following SCI in vivo (Savio and Schwab, 1990; 

Keirstead, et al., 1995; Dyer, et al., 1998; Huang, et al., 1999).  Additionally, 

demyelination of the lesioned nigrostriatal pathway with ethidium bromide results 

extensive outgrowth of dopaminergic neurons within, but not beyond, the demyelinated 

tract (Moon, et al., 2000). 
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Numerous studies were undertaken to determine the identity of the inhibitory 

oligodendrocyte component.  It was determined that central myelin membrane fractions 

containing 35 (NI-35) or 250kD (NI-250) myelin-associated proteins, not lipids, are 

highly inhibitory for neurite outgrowth and removal of those fractions or binding with 

antibodies (IN-1 and IN-2) directed against NI-35 and NI-250 proteins partially 

ameliorates that inhibition (Caroni and Schwab, 1988b; Caroni and Schwab, 1988a).  

CST axonal plasticity was demonstrated in vivo following IN-1 hybridoma injection to 

the isocortex, though it is unclear from the tracing methods utilized whether the exhibited 

plasticity is actually spared descending axons, regeneration of lesioned fibers or 

background staining of endogenous peroxidases in the vasculature (Schnell and Schwab, 

1990; Bregman, et al., 1995).  An alternative to functional improvements derived from 

regenerated fibers is the plasticity of spared systems, which is desmonstrated following 

CST pyramidotomy, as functional axonal plasticity of spared rubrospinal axons increases 

following IN-1 treatment in vivo (Raineteau, et al., 2001). 

Myelin-associated glycoprotein (MAG) is expressed by both CNS 

oligodendrocytes, with localization to the uncompacted myelin at the periaxonal 

membrane internodes, and at lower levels by PNS Schwann cells, where it is also found 

in the outer mesaxon membranes (Trapp, 1990).  MAG isolated by anion exchange 

chromatography was identified to be one of the inhibitory components of CNS myelin 

(McKerracher, et al., 1994).  Interestingly, the effect of MAG on neurite outgrowth is 

dependent upon developmental stage (Filbin, 2003; Xie and Zheng, 2008).  While MAG 

strongly inhibits neurite outgrowth of adult neurons, it has been found to promote 

outgrowth of embryonic or early post-natal neurons (Johnson, et al., 1989; 
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Mukhopadhyay, et al., 1994; Turnley and Bartlett, 1998).  MAG knockout mice, 

however, did not confirm reports of neurite inhibition in vitro, nor did they exhibit 

improved regeneration of optic nerve or CST in vivo (Bartsch, et al., 1995).  Additionally, 

MAG knockouts and controls both demonstrate equally elevated axonal plasticity 

following IN-1 hybridoma injections near the cell somata (Bartsch, et al., 1995). 

Oligodendrocyte myelin glycoprotein (OMgp) is a glycosylphosphotidylinositol 

(GPI)-linked proein which is expressed in both oligodendrocytes, near the Nodes of 

Ranvier, and in neurons (Habib, et al., 1998).  Proteomic dissection of axogliasomes 

along with Western blot and immunohistochemistry demonstrated the nodal distribution 

of OMgp (Huang, et al., 2005).  The loss of OMgp in knockout mice affects internodal 

distance and allows for collateral sprouting of axons from the Nodes of Ranvier, 

indicating a role in fasciculation and restriction of inappropriate neuronal branching 

(Huang, et al., 2005).  Effects on axonal regeneration, however, have not been established 

for OMgp (Xie and Zheng, 2008). 

Investigation of the fractions leading to neurite outgrowth inhibition and growth 

cone collapse led to the finding of a 220kD (NI-220/250) protein biochemically purified 

from bovine spinal cord by anion exchange chromatography and gel electrophoresis 

(Spillmann, et al., 1998).  The reticulon family member Nogo was cloned and found to be 

the NI-220/250 recognized by antibody IN-1 (Chen, et al., 2000; GrandPré, et al., 2000; 

Prinjha, et al., 2000).  The nogo gene is alternatively spliced to form three isomers, Nogo-

A, B and C, all of which inhibit neurite outgrowth in vitro (GrandPré, et al., 2000; Oertle, 

et al., 2003; Xie and Zheng, 2008).  These splice variants all contain an inhibitory, 66-

residue, extracellular domain, while Nogo-A also contains an inhibitory N-terminal 
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region (GrandPré, et al., 2000; Oertle, et al., 2003; Xie and Zheng, 2008).  The 

expression pattern of Nogo is also indicative of a role in myelin inhibition in vivo, with 

expression in oligodendrocytes of the CNS, not in the myelinating Schwann cells of the 

PNS (GrandPré, et al., 2000; Xie and Zheng, 2008).  Testing of two antibodies raised 

against Nogo-A demonstrated limited functional improvement and axonal plasticity 

similar to that seen in previous studies with the IN-1 antibody (Liebscher, et al., 2005).  

However, the examples used to demonstrate the lesions in this study appear to be highly 

variable with clear examples of linear long-distance descending fibers indicative of 

incomplete lesions.  Additionally, in all behavioural assays, control animals exhibited 

worse performance (though not significantly) than treatment groups at the initial time 

point tested (7 days), far too early for functional regeneration to have occured.  These 

behavioral deficiencies persisted throughout the testing, with proportional levels of 

recovery as treatment groups, indicating that the “enhanced” recovery of antibody treated 

animals was likely due to sparing of descending fibers at the time of lesion or an effect on 

reducing secondary damage. 

A Nogo-66 antagonist peptide NEP1-40 demonstrated a significant reduction in 

myelin inhibition in vitro (GrandPré, et al., 2002; Li and Strittmatter, 2003).  Following 

dorsal hemisection in the rat, infusion of NEP1-40 resulted in numerous ectopic CST 

fibers and significant functional improvements in the Basso-Beattie-Bresnahan (BBB) 

locomotor score were observed at the earliest time point measured, two days post-lesion, 

with similar levels of improvement occurring across all groups with time, indicating 

either incompleteness of lesions or possible effects of NEP1-40 on tissue sparing 

(GrandPré, et al., 2002).  NEP1-40 infusion following dorsal hemisection in the mouse 
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resulted in diffuse axonal plasticity with numerous ectopic CST fibers (Li and 

Strittmatter, 2003).  Recently, however, the ectopic CST labeling demonstrated in this 

and other studies from the same group has been found to be largely artefactual, resulting 

from inaccurate labeling methods (Steward, et al., 2007). 

As IN-1 lacks specificity for Nogo and the antibodies raised against Nogo do not 

completely prevent myelin inhibition of neurite outgrowth in vitro, knockout mice were 

generated in order to determine the importance of Nogo in myelin inhibition.  Three 

groups independently generated nogo knockouts, with mixed results.  In one study, 

neither Nogo-A,B,C nor Nogo-A,B mutants displayed increased regeneration following 

CST lesion (Zheng, et al., 2003).  A second group generated Nogo-A deficient mice 

which inadvertently upregulated Nogo-B (Simonen, et al., 2003).  These mice were found 

to have significantly higher numbers of sprouted or non-retracted CST fibers at the rostral 

edge of the lesion than control mice, but no significant regeneration into the scar tissue or 

beyond the lesion (Simonen, et al., 2003).   The third group demonstrated robust long-

distance regeneration of ectopic CST fibers following dorsal hemisection in nogo-A,B 

knockout mice with significant BBB functional improvement at two days post SCI, the 

earliest time point measured (Kim, et al., 2003).  These results, however, have been 

called into question by a more recent study which has demonstrated robust ectopic 

labeling of fibers following mis-targeted CST labeling (Steward, et al., 2007).  At this 

time, it remains unclear as to the role of Nogo in myelin-mediated inhibition of axonal 

plasticity. 

One potential reason for the lack of regeneration following nogo knockout 

observed in two of the three aforementioned studies is that the GPI-linked putative Nogo 
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receptor (NgR1) binds not only Nogo, but the two other myelin-associated inhibitors 

discussed previously, MAG and OMgp, despite a lack of structural homology 

(Domeniconi, et al., 2002; Liu, et al., 2002a; Wang, et al., 2002b).  A NgR1 ectodomain 

delivered intrathecally to antagonize NgR1 signaling through competitive binding of the 

inhibitory ligands Nogo, MAG and OMgp was found to promote axonal plasticity and 

functional improvement following dorsal hemisection in rats (Li, et al., 2004a).  

However, similar to the other studies by this group, the ectopic CST fibers demonstrated 

are likely due to inaccurate labeling techniques (Steward, et al., 2007).  In a model of 

optic nerve crush, expression of a dominant negative form of NgR1 enhanced injury-

mediated axon regeneration, while over-expression of wild-type NgR1 arrested 

regeneration and caused axonal retraction (Fischer, et al., 2004).  NgR1 knockout mice 

exhibit increased functional recovery over wild-type littermates, though there is no effect 

on corticospinal axon plasticity (Xie and Zheng, 2008).  NgR1 null mice do exhibit 

increased regeneration of rubrospinal and serotonergic raphespinal axons following 

complete transection (Kim, et al., 2004).  However, the putative regenerated rubrospinal 

axons are more likely spared ventral CST fibers as the location shown in the camera 

lucida reconstructions is inappropriate for rubrospinal fibers, though the CST does pass 

near the red nucleus and may be labeled during red nucleus tracing, and the arched 

morphology at the lesion site, along with the long, linear axons caudal to the lesion are 

characteristic of spared axons (Steward, et al., 2003; Kim, et al., 2004).  Also in this 

study, significantly higher behavioral scores on the BBB at two days following dorsal 

hemisection, similar to those found in the study of GrandPré, et al., 2002, likely indicate 

incompleteness of that lesion model, casting doubt on functional improvements recorded 
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following complete transection (Kim, et al., 2004).  In vitro, growth cone collapse of 

cultured NgR1 null primary neurons was reduced when presented with solubilized myelin 

inhibitors Nogo-66, MAG and OMgp (Kim, et al., 2004; Chivatakarn, et al., 2007).  

However, neurite outgrowth on immobilized myelin substrate was equally inhibited when 

compared to wild-type cells (Zheng, et al., 2005; Chivatakarn, et al., 2007).  These results 

indicate that while growth cone collapse is mediated through NgR1 signaling, inhibition 

of neurite outgrowth can proceed through an alternative mechanism (Kim, et al., 2004; 

Zheng, et al., 2005).  There are two homologues to NgR1, NgR2 and NgR3, that could 

potentially compensate for the loss of NgR1 expression.  NgR2 is capable of binding 

MAG, while a ligand for NgR3 has not been established (Venkatesh, et al., 2005; Xie and 

Zheng, 2008). 

NgR1 interacts with a number of binding partners to transduce inhibitory signals.  

The low-affinity neurotrophin receptor p75NTR has been demonstrated to be part of the 

NgR1 signaling complex (Wang, et al., 2002a).  Inhibition of neurite outgrowth and 

induction of growth cone collapse in cultured primary neurons by myelin and myelin-

inhibitory proteins is abolished following dominant negative p75NTR expression or 

p75NTR knockout (Wang, et al., 2002a; Yamashita, et al., 2002).  In vivo, however, 

p75NTR knockout or dominant negative p75NTR delivery did not promote regeneration 

of descending corticospinal axons or ascending sensory fibers (Song, et al., 2004; Zheng, 

et al., 2005).  The p75NTR is not expressed in all neurons reportedly affected by myelin 

inhibition and co-expression of NgR1 and p75NTR in COS-7 cells is insufficient to 

activate the downstream inhibitory response signal RhoA (Mi, et al., 2004).  Two 

additional co-receptors for NgR1 have been identified.  A transmembrane protein 
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specifically expressed in the nervous system, LINGO-1, has been found to bind NgR1 

and p75NTR (Mi, et al., 2004).  Also, LINGO-1 expression in COS-7 cells along with 

NgR1 and p75NTR results in RhoA activation in response to OMgp stimulation (Mi, et 

al., 2004).  Infusion of dominant negative LINGO-1 (LINGO-I-Fc) was found to promote 

axonal plasticity of lesioned RST and CST fibers in vivo, although examples of dorsal 

hemisection in LINGO-I-Fc treated animals demonstrate clearly incomplete lesions (Ji, et 

al., 2006).  Additionally, increased labeling of the ventral CST is described following 

LINGO-I-Fc infusion, though it is unclear if this is the result of variability in labeling, 

differential transport of BDA tracer following dorsal hemisection and unmasking of 

latent fibers, or an increase in axonal plasticity as claimed (Ji, et al., 2006).  The 

statistical assessment of BBB behavioral data with a repeated measures ANOVA was 

inappropriate, however, as BBB data is non-parametric, and in the range of 8 to 10, the 

level of recovery in the two groups tested, highly subjective, ranging from plantar support 

without weight bearing, to plantar support with weight bearing only when static, to 

plantar stepping with occasional weight bearing (Barros Filho and Molina, 2008).  A 

member of the TNF receptor family, TROY, associates with NgR1 and LINGO-1 and 

was found to mediate myelin-associated inhibition in the absence of p75NTR expression 

(Park, et al., 2005; Shao, et al., 2005).  The role of TROY in axonal plasticity in vivo has 

not yet been determined. 

Other myelin-associated mediators of regeneration may exist beyond the 

NgR/LINGO signaling axis.  Netrins are a family of secreted signaling molecules which 

mediate both growth cone attraction and repulsion through differential expression of the 

DCC (attraction) and UNC-5 (repulsion) receptors (Barallobre, et al., 2005).  Netrin-1 
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was found to be expressed throughout the CNS and, similarly to MAG, enriched in the 

periaxonal myelin and axolemma (Manitt, et al., 2001).  In a pattern of expression similar 

to that observed with OMgp, netrin-1 is located at the Nodes of Ranvier (Huang, et al., 

2005; Löw, et al., 2008).  Competitive inhibition of netrin-1 signaling in vitro resulted in 

increased neurite outgrowth, while expression of netrin-1 in a C3 dorsal column lesion 

graft reduced regeneration of UNC5 expressing neurons (Löw, et al., 2008). 

Another class of guidance cues involved in axon pathfinding that may be involved 

in myelin-mediated inhibition in the adult are the semaphorins.  Semaphorins are a family 

of 8 classes of both membrane-associated and secreted, developmentally regulated 

guidance molecules that signal through the neuropilin and plexin protein families (Fiore 

and Puschel, 2003).  Sema3s were initially found to be chemorepulsive cues capable of 

promoting neuropilin-1 induced growth cone collapse and repulsion of neurites from 

NGF-responsive DRG neurons in vitro with ventral spinal cord expression patterns 

indicative of a role in guiding appropriate topographical projections of developing 

sensory neurons (Luo, et al., 1993; Messersmith, et al., 1995; Reza, et al., 1999).  Indeed, 

Sema3A expression limits the NGF-dependent sprouting of small diameter DRG neurons 

and mechanical allodynia in vivo (Tang, et al., 2004a).  Following injury, Sema3 reduces 

reinnervation of the corneal epithelium by NGF-sensitive corneal nerve termina 

collaterals (Tanelian, et al., 1997).  Soluble Sema3s appear to be upregulated following 

SCI and may be expressed by fibroblast-like components of the glial scar, though three 

dimensional confocal immunohistological evidence and purification of Sema3 secreting 

cells would make for a stronger argument as to the source (Pasterkamp, et al., 1999; De 

Winter, et al., 2002; Lindholm, et al., 2004).  This upregulation of Sema3 has been 
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proposed to inhibit regeneration into regions of the glial scar where Sema3 is expressed 

as labeled, pre-conditioned, regenerating DRG fibers are excluded from those regions, 

though it is unclear which population of neurons would be inhibited by Sema3 as the 

large-diameter neurons in the ascending sensory tract which are responsive to pre-

conditioning and NT-3 stimulation were demonstrated to be unaffected by Sema3 in vitro 

(Messersmith, et al., 1995; Pasterkamp, et al., 2001).  A small molecule inhibitor, SM-

216289, specifically inhibits the binding of Sema3A to neuropilin-1 and prevents 

Sema3A-mediated neurite repulsion and growth cone collapse in vitro, and may reduce 

Sema3A inhibition of regeneration in vivo, though variability in immunostaining for 

markers of neuronal regeneration and ambiguous demarcation of the lesion boundaries in 

this study casts doubt on some of the in vivo results (Kaneko, et al., 2007).  Additionally, 

significantly higher levels of spontaneous activity at 3 days post-lesion indicates a strong 

likelihood of incomplete lesions in the experimental group (Kaneko, et al., 2007).  

Functional recovery, as assessed by BBB testing, following SM-216289 infusion may 

result from the decreased cystic cavitation exhibited in treated animals in comparison to 

controls, rather than regeneration; resection of the cord was used to justify claims of 

functional regeneration, however, resection may just as easily damage tissue spared the 

initial lesion (Kaneko, et al., 2007).  Additionally, membrane-associated Sema5A induces 

growth cone collapse and limits retinal ganglion cell (RGC) neurite outgrowth in vitro 

and is expressed by oligodendrocytes in the optic nerve in vivo (Goldberg, et al., 2004).  

Another membrane-associated semaphorin, Sema4X, is inhibitory in vitro, expressed by 

oligodendroctyes, and upregulated following SCI, indicating a possible role in myelin-

mediated inhibition of regeneration (Moreau-Fauvarque, et al., 2003).  Semaphorin-
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mediated axon repulsion by plexin signals through a family of flavoprotein 

monooxygenases, MICALs, which are required for axon pathfinding during development 

(Terman, et al., 2002).  MICAL-1 and 3 are also upregulated following SCI and their 

inhibition in vitro with the flavonoid (-)-epigallocatechin gallate (EGCG) neutralizes 

Sema3F-mediated, but not membrane-bound Sema6A or myelin-mediated, repulsion of 

neurites in vitro (Pasterkamp, et al., 2006). 

Clearly there is a wealth of evidence linking myelination in the adult to effects on 

neurite outgrowth and regeneration.  It remains unclear as to what roles the individual 

signaling components may play following SCI, and whether inhibition is linked to the 

activation of specific repulsive or inhibitory pathways.  Further study on the effects of 

mediating myelin inhibitors must be done to determine the roles of tissue sparing and 

sprouting and strengthening of intact systems following these treatments for SCI. 

 

Mechanisms underlying regenerative failure following SCI: Lack of trophic support 

Neurotrophic factor expression is tightly linked to the appropriate growth, 

maintenance of synapses and survival of neurons during development.  The classical 

neurotrophins, nerve growth factor (NGF), BDNF, neurotrophin-3 (NT-3) and 

neurotrophin-4/5 (NT-4/5) have unique functions in the CNS and are differentially 

regulated during developmental maturation of the brain and spinal cord.  All four 

neurotrophins are translated as proneurotrophins which are subsequently proteolytically 

cleaved to produce 13kD proteins that exist as noncovalently-linked homodimers (Bibel 

and Barde, 2000).  All four can bind the low-affinity receptor p75NTR, which, when co-

expressed with one of the high-affinity tropomyosin receptor kinase (trk) neurotrophin 
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receptors, can modulate the signaling activity of trk (Bibel and Barde, 2000).  In the 

absence of trk expression, p75NTR signaling can lead to caspase activation and 

programmed cell death (Bibel and Barde, 2000).  There are three known high-affinity 

neurotrophin receptors: trkA which binds NGF, trkB which binds both BDNF and NT-

4/5, and trkC which binds NT-3; these interactions are not exclusive and cross-signaling 

may occur, albeit at lower affinities than with the appropriate ligand and receptor 

combination (Bibel and Barde, 2000). 

Neurotrophin expression levels are regulated both spatially and temporally 

throughout development.  Throughout most of the CNS, NT-3 expression levels decrease 

from neonates to adults, except in the hippocampus, while BDNF expression levels 

exhibit a robust increase, primarily in the hippocampus (Maisonpierre, et al., 1990).  NGF 

levels decrease somewhat during post-natal development, but expression persists in 

hippocampus, cortex and olfactory bulb, which are all sites of neural plasticity in the 

adult (Maisonpierre, et al., 1990).  In the adult spinal cord, there is a dramatic reduction 

in levels of NGF, BDNF and NT-3 in comparison to embryonic expression levels 

(Maisonpierre, et al., 1990). 

Neurotrophins in the embryo and neonate promote the survival of neurons during 

a period of synaptic and neuronal elimination, with exogenously applied neurotrophins 

able to reduce normal levels of cell death (Oppenheim, et al., 1992).  The role of 

neurotrophins in preventing the inappropriate paring of synaptic connections in neonatal 

animals leaves these neurons much more susceptible to cell death following the removal 

of a trophic source, either through biochemical manipulations or via de-efferentation by 

axotomy, than neurons in adult animals (Thoenen and Barde, 1980; Snider and Johnson, 
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1989).  The reduction in neurotrophin expression in the adult CNS is correlated with an 

apparently reduced requirement for trophic support of synaptic connections as well as a 

reduced potential for axonal plasticity. 

Although there is a general downregulation of neurotrophin expression with 

development and an apparent decrease in the need for neurotrophic stimulation following 

axotomy in the adult, in comparison to the neonate, the effects of increased levels of glia 

in the adult cannot be discounted.  There is evidence for a window for neurotrophin-

mediated survival following lesion of the sciatic nerve in neonatal animals.  Sciatic lesion 

before post-natal day 5 (p5) results in a loss of approximately two-thirds of the lower 

motor neurons (MNs) in the lumbar enlargement, while lesion after p10 results in no 

significant motor neuron death (Li, et al., 1994).  Furthermore, this neuronal loss is 

completely ameliorated with the application of BDNF, NT-3 or insulin-like growth factor 

I (IGF-I) (Li, et al., 1994).  This death of neonatal MNs is in stark contrast to adult lower 

MNs that not only survive, but regenerate following sciatic injury.  However, sciatic 

injury has been shown to result in increased NGF and BDNF secretion from Schwann 

cells (Meyer, et al., 1992; Funakoshi, et al., 1993).  Antibody depletion of Schwann cell 

produced BDNF leads to decreased regeneration and myelination of lower MNs (Zhang, 

et al., 2000).  In addition, there is significant retrograde MN death following ventral root 

avulsion in the adult which can be partially ameliorated with BDNF application 

(Novikov, et al., 1995; Kishino, et al., 1997; Novikov, et al., 1997). 

There are other nuclei in the adult CNS that maintain a requirement for trophic 

support as evidenced by somatic atrophy and cell death following axotomy, although cell 

loss does not occur at the same rate or to the same extent as in neonatal animals.  
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Axotomy of medial septal cholinergic neurons with a fimbria-fornix transection results in 

cell atrophy and eventual death, which is ameliorated by NGF delivery within the first 

week (Hefti, 1986; Hagg, et al., 1988; Hagg, et al., 1989).  Delayed NGF treatment 

cannot completely prevent cell loss, though it can restore cell size and neurotransmitter 

expression in a large proportion of medial septal cholinergic neurons (Hagg, et al., 1988; 

Hagg, et al., 1989; Fischer and Björklund, 1991). 

Cortical and brainstem neurons involved in motor control pathways have 

demonstrated a somewhat reduced requirement for neurotrophic stimulation in the adult.  

During development, neonatal animals exhibit a critical period for axonal plasticity where 

lesioned and spared CST as well as rubrospinal motor axons may sprout following SCI 

(Bregman and Goldberger, 1982; Kalil and Reh, 1982; Reh and Kalil, 1982; Bernstein 

and Stelzner, 1983; Xu and Martin, 1992; Bates and Stelzner, 1993; Firkins, et al., 1993).  

Despite this regenerative capacity, the neurotrophic requirements of neonatal rubrospinal 

neurons lead to massive cell loss following RST lesion, which can be rescued with BDNF 

administration (Bregman and Goldberger, 1982; Xu and Martin, 1992; Wang, et al., 

1999).  In contrast, RST lesion in the adult results in significant atrophy of motor neurons 

in the red nucleus (RN) but limited cell death; this atrophy is fully reversible with BDNF 

delivery even up to one year after SCI (Kobayashi, et al., 1997; Kwon, et al., 2002; Liu, 

et al., 2002b; Kwon, et al., 2007).  Additionally, BDNF administration at either the RN or 

in the spinal cord following RST lesion results in upregulation of growth associated 

genes and promotes functional axonal plasticity, though it is unclear if this plasticity is 

due to regeneration or sprouting of intact fibers (Kobayashi, et al., 1997; Liu, et al., 1999; 

Kwon, et al., 2002; Ruitenberg, et al., 2003; Tobias, et al., 2003; Kwon, et al., 2007). 
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Neurotrophin delivery to the injured spinal cord has demonstrated robust 

regenerative effects on a number of discrete neuronal populations.  NGF promotes the 

regeneration of cholinergic local motor neurons, primary sensory neurons from 

dorsolateral funiculus expressing calcitonin-gene related peptide (CGRP) and tyrosine 

hydroxylase (TH) immunoreactive coerulospinal fibers (Tuszynski, et al., 1996; Grill, et 

al., 1997b).  BDNF-secreting MSC grafts promote regeneration of a number of neuronal 

phenotypes including serotonergic, coerulospinal and large-diameter ascending sensory 

neurons (Lu, et al., 2005).  NT-3 expression, similar to BDNF, promotes the regeneration 

of ascending sensory neurons across the dorsal root entry zone (DREZ) and within the 

dorsal columns (Zhang, et al., 1998; Bradbury, et al., 1999; Oudega and Hagg, 1999; 

Ramer, et al., 2000; Lu, et al., 2004; Taylor, et al., 2006).  Additionally, NT-3 expression 

following dorsal column lesion promotes sprouting of descending CSMNs in spared 

tissue but not into grafts (Schnell, et al., 1994; Grill, et al., 1997a; Blits, et al., 2000; 

Tuszynski, et al., 2003).  BDNF delivery to the motor cortex is able to promote sprouting 

of lesioned CST fibers in the spared tissue rostral to a site of thoracic SCI, but again fails 

to elicit growth into a peripheral graft (Hiebert, et al., 2002; Zhou and Shine, 2003). 

Following cervical SCI, beyond the effects at the site of axotomy, there is little 

effect on CSMNs.  There is no detectable cell loss and sparse evidence for somata 

atrophy (Tang, et al., 2004b).  Axotomy proximal to the cell body at the level of the 

internal capsule, however, results in a loss of approximately 50% of lesioned CSMNs and 

atrophy of the surviving neurons (Giehl and Tetzlaff, 1996).  This cell death and atrophy 

are completely ameliorated with high levels of BDNF or NT-3 delivery through trkB 

activation (Giehl and Tetzlaff, 1996; Giehl, et al., 2001; Lu, et al., 2001b).  However, 
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only BDNF has an effect on promoting long-term survival of these neurons following 

neurotrophin withdrawal (Hammond, et al., 1999).  Endogenous levels of BDNF are also 

sufficient to support cell survival through autocrine/paracrine mechanims, but only in the 

absence of NT-3 signaling through p75NTR (Giehl, et al., 1998; Giehl, et al., 2001). 

 

Mechanisms underlying regenerative failure following SCI: Intrinsic capacity to 

regenerate 

The shift in the ability of embryonic and neonatal CNS neurons to regenerate 

following injury to the dearth of regeneration in the adult may be affected by the 

development of the surrounding glia, though it is also likely to be the result of the 

maturation of the neurons themselves.  In the olfactory epithelium, for instance, axotomy 

produces no attempted regeneration despite a growth permissive environment evidenced 

by the extensive axonal outgrowth of newly born olfactory neurons (Graziadei and Monti 

Graziadei, 1980; Doucette, et al., 1983).  Studies on fluorescence-activated cell sorted 

(FACS) populations of cortical projection neurons have demonstrated in vitro changes in 

growth factor responsiveness during development and have identified changes in gene 

expression that differ between subpopulations of corticofugal neurons (Catapano, et al., 

2001; Catapano, et al., 2004; Arlotta, et al., 2005).  

Two distinct methods have been used to attempt to determine the permissiveness 

of the adult CNS milieu on axonal outgrowth of cortical projection neurons.  One such 

approach is the transplantation of embryonic tissue containing immature neurons into the 

adult CNS.  Transplantation studies of embryonic cortex into sites of isocortical lesion in 

the adult have demonstrated graft survival and in some cases, putative integration of 
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circuitry with the adult tissue, based on tracer injection into the grafted cortex (Gonzalez, 

et al., 1988; Guitet, et al., 1994; Sørensen, et al., 1996).  Transgenic mice allow for the 

analysis of this potential integration based on reporter gene expression.  Recently, it has 

been demonstrated that embryonic day 14 (E14) sensorimotor cortex from green 

fluorescent protein (GFP) reporter mice transplanted into the adult CNS integrate and 

form appropriate, long-distance projections, which included projections to the spinal cord 

(Gaillard, et al., 2007).  In addition to topographically appropriate growth, some of these 

projections demonstrated myelination and synaptic integration with host tissue (Gaillard, 

et al., 2007).  The authors attempted to address the possibility of cell fusion, which has 

been demonstrated to underlie the inaccurate reports of de-differentiation of transplanted 

BMSCs and to occur in the CNS (Alvarez-Dolado, et al., 2003; Ackman, et al., 2006).  

None of the controls for cell fusion were able to definitively eliminate the possibility.  

FACS purification and examination of DNA content could lack the sensitivity to detect a 

cell fusion event as could the fluorescent in situ hybridization techniques used in 

detecting host Y chromosomes in retrogradely labeled GFP-expressing neurons 

(Tuszynski, 2007).  Additionally, FACS purification would not be able to detect 

microglial fusion with the apical dendrites of pyramidal neurons as demonstrated by 

Ackman, et al. (Ackman, et al., 2006).  Doublecortin labeling of GFP expressing cells 

was used as validation of an embryonic or developing phenotype, however some adult 

neurons may also express doublecortin (Nacher, et al., 2001; Tuszynski, 2007).  Should 

these results be replicated and withstand more thorough investigation of the possibility of 

cell fusion events, this technique would demonstrate the remarkable plasticity of the 

immature CNS. 
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One alternative strategy to transplantation of differentiated neurons is the use of 

neuronal progenitors and either progenitor transplantation or differentiation of 

endogenous precursors.  Neuronal differentiation of precursor cells is dependent upon 

extrinsic signals from the surrounding environment and transplantation of precursors into 

non-neurogenic regions of the CNS does not result in neurogenesis despite the 

multipotency of the transplanted cells (Shihabuddin, et al., 2000).  While the adult cortex 

is generally not amenable to neurogenesis, CNS injury has been implicated in mediating 

limited neurogenesis in normally non-neurogenic regions of the brain (Lie, et al., 2004).  

Indeed, photoactivated synchronous apoptosis of corticothalamic and corticospinal 

neurons with retrogradely transported, chlorin e6 conjugated microspheres appears to 

provide a permissive cue for neuronal differentiation and integration of endogenous 

neuronal precursors with long-distance projections to appropriate targets (Magavi, et al., 

2000; Chen, et al., 2004).  Magavi, et al., did not specifically address the capacity for 

neuronal fusion within the adult CNS or BrdU incorporation via DNA repair or abortive 

cell cycle reentry which can occur following certain insults; Chen, et al., attempted to 

address the issues by pre-labeling CSMNs with fluorogold prior to microsphere injection, 

while no BrdU and fluorogold double-labeled cells were detected, approximately 19% 

more cells were labeled with the microspheres by their counts (Magavi, et al., 2000; 

Chen, et al., 2004; Taupin, 2007).  While still reliant on some change in the 

permissiveness of adult CNS for neuronal differentiation, this strategy illustrates the 

ability of a newly born neuron to grow extensively throughout the adult CNS. 

Another key piece of evidence supporting changes in intrinsic growth capacity 

comes from the ascending sensory fibers.  Sensory neurons in the DRG demonstrate a 
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robust change in regenerative potential of the central branch following a conditioning 

lesion of the peripheral branch of the neuron (Richardson and Issa, 1984; Neumann and 

Woolf, 1999).  This increase in regenerative potential is accompanied by regulated 

changes in hundreds of genes in the DRG (Costigan, et al., 2002).  A dramatic decrease in 

cyclic adenosine monophosphate (cAMP) levels occurs at P3-4 in rat DRGs which 

correlates quite strongly with an increase in myelin and MAG inhibition of neurite 

outgrowth (Cai, et al., 2001).  Priming DRGs with neurotrophins in vitro results in 

elevated cAMP levels and PKA activation, which, similar to conditioning lesion, blocks 

MAG and myelin inhibition (Cai, et al., 1999).  Peripheral lesion results in elevation of 

cAMP levels in the DRGs, correlating with the conditioning lesion effect (Qiu, et al., 

2002).  Elevation of cAMP alone by injection of the membrane-permeable analog 

dibutyryl-cAMP (db-cAMP) results in enhanced regeneration similar to conditioning 

lesion, though less extensive, and a decrease in myelin and MAG inhibition of neurite 

outgrowth (Neumann, et al., 2002b; Qiu, et al., 2002). 

Developmental downregulation of growth-associated genes is a potential reason 

for the lack of regeneration in the adult CNS.  Growth-associated protein 43 (GAP-43) is 

highly expressed in the embryonic and early postnatal spinal cord with almost 

undetectable levels by P29 (Fitzgerald, et al., 1991).  Following peripheral lesion, lower 

MNs and DRG sensory neurons dramatically upregulate GAP-43 mRNA with elevated 

levels for 5 to 10 weeks (Chong, et al., 1992).  This increase in GAP-43 expression does 

not occur following lesion of the central branch of the DRG, suggesting a potential role 

for GAP-43 in the regenerative response which occurs specifically following peripheral 

lesion (Schreyer and Skene, 1993).  Although generally accepted as a marker of growing 
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or regenerating neurons, GAP-43 is not necessarily sufficient to indicate a growth state, 

as evidenced by the increase in GAP-43 expression in non-regenerating rubrospinal 

neurons for as long as 7 weeks following cervical SCI (Tetzlaff, et al., 1991).  

Electrical stimulation of lesioned femoral nerve promotes regeneration of lower 

MNs (Al-Majed, et al., 2000b; Brushart, et al., 2002).  Brief stimulation of lesioned 

femoral nerves for one hour leads to a rapid increase in levels of BDNF and trkB mRNAs 

in the MNs that peaks two days post-stimulation with maximum six- and four-fold 

increases, respectively, in comparison to contralateral intact MNs (Al-Majed, et al., 

2000a).  Temporally following increases in BDNF and trkB expression is an increase in 

mRNA of the growth-associated genes Tα1-tubulin and GAP-43 (Al-Majed, et al., 2004).  

Interestingly, electrical stimulation of the intact sciatic nerve for 1hr increases cAMP 

levels in the DRGs to levels found 24hr following sciatic nerve conditioning lesion 

(Udina, et al., 2008).  Similar to cAMP elevation via direct injection of the membrane-

permeable analog db-cAMP, electrical stimulation of the sciatic nerve also promotes 

significant DRG axonal regeneration both in cultured dissociated adult DRG neurons and 

in vivo following a central lesion (Udina, et al., 2008).  Electrical stimulation may 

therefore activate a similar cascade of events for promoting regeneration as peripheral 

conditioning lesion does, and could potentially be used to promote regeneration of 

systems that do not project to the periphery.  

 

Combinatorial approaches to regeneration 

Seldom are the experimental approaches to SCI performed in isolation.  Most of 

the experiments described above target not just one of, but multiple barriers to 
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regeneration.  Occasionally experimental strategies focus on just one aspect of 

regenerative failure.  For instance, infusion of NT-3 protein following a dorsal column 

crush lesion (in the absence of a grafted substrate) promotes regeneration of ascending 

sensory fibers, but no target reinnervation, indicating that additional growth-promoting 

cues are necessary for regeneration of potentially functional synapses (Bradbury, et al., 

1999). 

Even those studies seemingly focused on one experimental manipulation may 

have promoted axonal plasticity through a combinatorial treatment.  While grafting of 

peripheral nerve segments or Schwann cells to sites of SCI provides a substrate rich in 

extracellular matrix for axons to bridge across, another potential mechanism for the 

robust regeneration observed in these studies is likely due in part to the secretion of 

growth factors (Paino and Bunge, 1991; Bunge, 1994).  Schwann cells secrete 

neurotrophic factors including NGF, BDNF, NT-3 and GDNF (Heumann, et al., 1987; 

Funakoshi, et al., 1993; Naveilhan, et al., 1997).  Sciatic injury results in regulation of a 

number of the classical neurotrophins, including a significant upregulation of BDNF 

(Funakoshi, et al., 1993).  Additionally, in other studies, Schwann cells robustly respond 

to growth factor secretion from other grafted cell types by infiltrating sites of SCI and 

may act to promote or stabilize axonal regeneration in a secondary manner (Jones, et al., 

2003c; Blesch, et al., 2004; Lu, et al., 2005; Blesch and Tuszynski, 2007). 

Combinatorial approaches to SCI repair have the added benefit of reducing what 

may be a number of barriers to regeneration and have demonstrated significant 

regeneration over individual treatments alone (Lu, et al., 2004).  Many studies have 

focused on building a permissive environment within the lesioned CNS and then on 
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providing a growth signal, either through extrinsic manipulations or changes in intrinsic 

capacity.  Transplantation of growth permissive substrates is often coupled with factors 

promoting axon outgrowth.  For example, elevation of cAMP levels in DRG neurons 

promotes outgrowth of ascending sensory fibers into the permissive environment of a 

MSC graft, however growth factor stimulation rostral to the lesion is required to induce 

regeneration beyond the site of lesion (Lu, et al., 2004).   Many lines of evidence indicate 

that successful target reinnervation and functional recovery due to this reinnervation, and 

not a compensatory mechanism, will require the careful manipulation of a number of 

techniques to overcome the numerous barriers to regeneration outline above. 

 

Interpretation of studies on SCI: an exercise in critical optimism 

A number of the studies on regeneration described above tout the spectacular 

regenerative effects of the tested treatments.  While a few of the treatments clearly affect 

the regenerative capacity of axotomized neurons, some of these claims are occasionally 

based on muddied examples of histological axon tracing and creatively interpreted 

behavioral responses.  Hardly, if ever, are alternatives to regenerative growth such as 

sprouting of collaterals from intact fibers, reduction in secondary damage, or increased 

sparing of tissue considered as mechanisms underlying behavioral improvements.  The 

very real possibility exists that one or more of these mechanisms may underlie a number 

of the behavioral responses in the published SCI literature. 

Early studies on regeneration utilized wheat germ agglutinin-HRP as an 

anterograde tracer.  The amount of background from endogenous peroxidases in the 

vasculature of the animals make the examples of regeneration shown in some of these 
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studies very difficult to interpret (Savio and Schwab, 1990; Schnell and Schwab, 1990; 

Schnell, et al., 1994). 

Even with clear anterograde axonal tracing, the extent of lesion completeness is a 

difficult issue to address.  There must be certain criteria that help elucidate whether or not 

regeneration has actually occurred (Steward, et al., 2003).  Growth beyond the host 

tissue, either through the glial scar or into a grafted substrate, is one key indicator of 

regenerative growth.  Ideally, complete transections would be utilized to indisputably 

demonstrate regeneration beyond a site of SCI.  In cases of regeneration where growth 

through the glial scar or a grafted substrate is disputable, serial reconstructions should be 

utilized to demonstrate the path of regeneration.  Studies in which sprouting of fibers 

occurs around the graft, within spared tissue, make the determination of regenerating 

fibers harder to ascertain  (Grill, et al., 1997a; Blits, et al., 2000). 

Further criteria then, must be established for determining regeneration around the 

lesion.  Regenerating axons exhibit morphological discrepancies from spared intact axons 

(Steward, et al., 2003).  The thin, tortuous branching pattern of regenerating axons differs 

from that of stretched, but intact, axons arching upwards towards the lesion site (Huang, 

et al., 1999).  The spinal cord is quite elastic when penetrated, and lesions made utilizing 

microscissors and needles are likely to be incomplete as fiber tracts may simply be 

pushed out of their normal position rather than cut (Steward, et al., 2003).  Putative 

regenerated axons must not only exhibit these morphological differences, but they must 

also originate from the area of the lesioned CST.  Excessive ectopic fibers have been 

proposed to be sprouted and regenerated axons following injury, however careful 
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examination revealed these ectopic fibers to likely be an artefact of inaccurate 

anterograde tracer targeting (Kim, et al., 2003; Steward, et al., 2007). 

When a treatment has a robust effect on axonal regeneration or sprouting of a 

population of neurons, there is usually a graded pattern of growth.  The density of 

ascending or descending fibers regenerating or sprouting in response to NT-3 

demonstrates a decreasing gradient of fiber density distal to the cell somata (Grill, et al., 

1997a; Taylor, et al., 2006).  Isolated, long-distance projections beyond a lesion are more 

likely indicative of spared axons than a robust regenerative effect only stimulating a few 

select fibers.  Additionally, some of these long-distance fibers exceed the maximal 

distance expected for regenerated fibers after the period of growth they are allowed 

(Huang, et al., 1999; GrandPré, et al., 2002; Steward, et al., 2003).  Resection of grafts 

are often used as a means of demonstrating functional regeneration through and beyond 

sites of SCI, however the loss of recovered behavior following resection is just as likely 

due to lesioning of previously spared systems as it is to lesioning of regenerated fibers. 

Behavioral recovery is often presented as further evidence of functional 

regeneration.  However, behavioral recovery may be mediated by other factors, such as 

increased sparing of tissue due to the experimental treatment, or sprouting of intact 

systems.  In one example of compensatory functional sprouting, deafferentation 

following pyramidotomy lead to increased sprouting of the intact RST in response to a 

reduction in myelin inhibition (Raineteau, et al., 2001).  Other claims of regeneration 

underlying functional recovery demonstrate significant differences in behavioral 

measurements at the first time points tested after injury (as early as two days post lesion) 

(GrandPré, et al., 2002; Kim, et al., 2003).  Over the following weeks of testing, the 
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curves of these behavioral data sets do not differ between treatment and control groups 

indicating either discrepancies in the extent of lesions between the two groups or effects 

of the treatment on sparing of descending motor systems (GrandPré, et al., 2002; Kim, et 

al., 2003).  Interestingly, both of these studies were performed by the same research 

group. 

The use of proper controls in studies of SCI is paramount to assessing 

experimental effects.  Often cell medium is used a control for grafted cells.  This has led 

to misinterpretations of the abilities and effects of certain cell types in mediating 

secondary damage and increasing axonal plasticity (Lu, et al., 2006).  In a study of 

macrophages activated with fragments of peripheral nerve, controls animals were injected 

with media alone, which did not control for the possibility of fibroblast or Schwann cell 

contamination of the macrophage cultures (Rapalino, et al., 1998). 

While there are clear effects of some treatments on axonal plasticity of selected 

systems, caution must be exercised in assessing claims of regeneration and improved 

functional outcomes in studies of SCI.  Clear examples addressing the criteria listed 

above must demonstrate the histological changes underlying proposed behavioral 

improvements.  Thoughtful experimental design and careful execution must be exercised 

when investigating SCI as the cost of careless work or misrepresented data is not limited 

to trivializing the work of a small field of dedicated researchers, but may also gravely 

endanger the lives of those patients whose hope and desperation lead them to endure such 

dubious treatments (Cyranoski, 2006; Dobkin, et al., 2006). 
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Rationale and hypotheses 

Throughout the analysis of mechanisms limiting regeneration there has been one 

overarching theme: developmental changes in the CNS affect the ability of neurons to 

regenerate following injury.  Whether it is the change from axon guidance to growth 

inhibition following the maturation of astrocytes, the expression of inhibitory myelin-

associated proteins by oligodendrocytes, or intrinsic neuronal changes affecting the 

capacity for axon outgrowth, there is an orchestrated change in the permissibility of axon 

outgrowth within the CNS.  The focus of this work is to target developmentally regulated 

pathways of axon outgrowth and attempt to recapitulate a growth state through the 

presentation of appropriate neurotrophic factors and expression of neurotrophin receptors 

utilizing gene therapy techniques.  As the corticospinal pathway is the main system of 

voluntary motor control in the primate, it is an appealing target for regenerative studies 

following SCI, and will be the subject of this work. 

A gene array study on FACS-purified CSMNs implicated the IGF-I signaling axis 

in corticospinal development with a developmental upregulation in genes that modulate 

IGF-I signaling (Arlotta, et al., 2005).   Further work by this same group demonstrated a 

robust effect of IGF-I on neurite outgrowth of FACS-purified CSMNs as well as a 

disruption of appropriate axon outgrowth in vivo with an antibody-mediated disruption of 

IGF-I receptor (IGF-IR) signaling (Ozdinler and Macklis, 2006).  IGF-I stimulation also 

promotes neurite outgrowth of adult sensory neurons in vitro and sprouting of adult lower 

MN terminals in vivo (Recio-Pinto, et al., 1986; Caroni and Grandes, 1990; Fernyhough, 

et al., 1993; Kimpinski and Mearow, 2001; Jones, et al., 2003a).   The first aim of this 
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work is to determine if adult CSMNs retain the ability to mount a regenerative response 

to IGF-I following axotomy. 

NT-3 stimulation of the lesioned CST in the adult results in axonal plasticity and 

sprouting of terminals within the spared grey matter (Grill, et al., 1997a; Blits, et al., 

2000).  This plasticity, however, does not translate to regenerative axonal growth into a 

grafted, permissive substrate (Grill, et al., 1997a; Blits, et al., 2000).  BDNF has similar 

effects on axonal plasticity following SCI when presented at the cell body, but not at the 

lesioned axon terminal (Lu, et al., 2001b; Hiebert, et al., 2002; Zhou and Shine, 2003).  

Furthermore, BDNF stimulation at a site of internal capsule axotomy, proximal to the cell 

somata, does not promote axon regeneration, but is capable of mediating cell survival 

(Lu, et al., 2001b).  While trkB expression is detectable in the developing CST, 

expression in adult CSMNs is restricted to the cell somata and apical dendrite (Lu, et al., 

2001b; Ozdinler and Macklis, 2006).  The second aim of this work is to determine if 

altering the expression levels and localization of trkB in the adult via gene therapy is 

sufficient to switch the response from one mediating cell survival to one inducing axonal 

outgrowth. 

The ultimate goal of all studies on SCI repair is to induce functional improvement 

whether through regeneration or plasticity of spared systems.  To this end, we 

investigated the possibility of making lower motor neurons “beacons” for regenerating or 

sprouting fibers, capable of guiding motor axon growth specifically towards the neurons 

controlling motor output in the spinal cord.  Both adenovirus and adeno-associated virus 

(AAV) are capable of retrogradely infecting neurons in the CNS, and both have been 

used to peripherally deliver therapeutic transgenes to the lower MNs in studies of 
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regeneration and cell survival (Kaspar, et al., 2002; Kaspar, et al., 2003; Zhou, et al., 

2003; Zhou and Shine, 2003).  However, the retrograde infection of both of these viruses 

is somewhat limited.  Additionally, retrograde infection with adenovirus in these studies 

was accomplished by completely severing the sciatic nerve and submerging the proximal 

stump in an aliquot of virus, a technique that prevents the assessment of functional 

reconstruction of lesioned motor circuits (Zhou, et al., 2003; Zhou and Shine, 2003).  The 

AAV utilized in these earlier studies was a single-stranded serotype 2 (rAAV2) vector. A 

pseudo double-stranded, self-complementary AAV (scAAV) has been generated by 

modification of one of the terminal repeat regions in the AAV genome (Fu, et al., 2003).  

scAAV infection results in faster gene expression in higher numbers of transduced cells 

than single-stranded recombinant AAV (McCarty, et al., 2001; McCarty, et al., 2003). 

Additionally, there are at least 11 naturally occurring AAV serotypes, each with unique 

binding affinities (Choi, et al., 2005).  Variability in retrograde infection of CNS neurons 

between some of these serotypes has been previously reported (Dodge, et al., 2005; 

Pirozzi, et al., 2006).  We systematically examined the retrograde infection efficiency of 

scAAV serotypes 1 through 6 on the lower MNs following both intramuscular and 

peripheral nerve delivery of the vectors. 
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Chapter 2 The hypothesis presented in chapter 2 is that IGF-I, critical for proper axon 

outgrowth of the developing CST, will induce corticospinal axon regeneration following 

injury in the adult. 

 

Chapter 3 In chapter 3 we investigate the neurotropic effects of over-expression of the 

high-affinity BDNF receptor trkB in CSMNs following subcortical axotomy and BDNF 

stimulation. 

 

Chapter 4 In chapter 4 we present the data from a systematic, quantitative study on 

reporter gene expression in retrogradely infected lower MNs following peripheral 

administration of scAAV serotypes 1-6. 
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CHAPTER 2 

IGF-I Gene Delivery Promotes Corticospinal Neuronal Survival But Not 

Regeneration After Adult CNS Injury 

 

ABSTRACT 

An unmet challenge of spinal cord injury research is the identification of 

mechanisms that promote regeneration of corticospinal motor axons. Recently it was 

reported that IGF-I promotes corticospinal axon growth during nervous system 

development. We therefore investigated whether IGF-I also promotes regeneration or 

survival of adult lesioned corticospinal neurons. Adult Fischer 344 rats underwent C3 

dorsal column transections followed by grafts of IGF-I-secreting marrow stromal cell 

grafts into the lesion cavity. IGF-I secreting cell grafts promoted growth of raphespinal 

and coerulospinal axons, but not corticospinal axons, into the lesion/graft site. We then 

examined whether IGF-I-secreting cell grafts promote corticospinal motor neuron 

survival or axon growth in a subcortical axotomy model. IGF-I expression coupled with 

infusion of the IGF binding protein inhibitor NBI-31772 significantly prevented 

corticospinal motor neuron death (93% cell survival compared to 49% in controls, 

P<0.05), but did not promote corticospinal axon regeneration. Coincident with observed 

effects of IGF-I on corticospinal survival but not growth, expression of IGF-I receptors 

was restricted to the somal compartment and not the axon of adult corticospinal motor 

neurons. Thus, whereas IGF-I influences corticospinal axonal growth during 

development, its application to sites of adult spinal cord injury or subcortical axotomy 

fails to promote corticospinal axonal regeneration under conditions that are sufficient to 
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prevent corticospinal cell death and promote the growth of other supraspinal axons. We 

conclude that developmental patterns of growth factor responsiveness are not simply 

recapitulated after adult injury, potentially due to post-natal shifts in patterns of IGF-I 

receptor expression. 
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INTRODUCTION 

The corticospinal system is the principal motor pathway in primates and 

modulates fine motor movement in the rat.  Injury of corticospinal motor neurons in 

humans and non-human primates results in severe and permanent loss of motor function.  

For this reason, it is essential to identify mechanisms whereby regeneration of 

corticospinal axons can be augmented. One potential means of identifying mechanisms 

for promoting axonal regeneration in the injured adult central nervous system (CNS) is to 

identify and apply conditions that support outgrowth of axons during neural development. 

A recent study examined gene expression profiles of corticospinal motor neurons 

during development and implicated insulin-like growth factor I (IGF-I) signaling in the 

developmental regulation of corticospinal outgrowth (Arlotta, et al., 2005). IGF-I is one 

of two small insulin-like growth factors (Rinderknecht and Humbel, 1978). It binds the 

type I insulin-like growth factor receptor (IGF-IR) with high affinity and, with a much 

lower affinity, the type II insulin-like growth factor receptor and insulin receptor 

(Baserga, 2000). The IGF axis signals through IRS-1/Akt, Shc/ERK and 14.3.3/Raf 

pathways to promote cell survival and differentiation (Jones and Clemmons, 1995; 

Baserga, 2000).  IGF-I is essential for normal growth and central nervous system 

development (Baker, et al., 1993; Liu, et al., 1993).  Studies utilizing mice with either a 

genetic ablation of or the mis-expression of Igf-I have also demonstrated mitogenic 

activity of IGF-I in the developing brain (Beck, et al., 1995; Popken, et al., 2004).   

In vitro, IGF-I prevents apoptotic neuronal cell death in cortical cultures, 

organotypic and dissociated lower motor neuron cultures, and in cerebellar granule 

neuron cultures (Heck, et al., 1999; Bilak and Kuncl, 2001; Yamada, et al., 2001; 
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Vincent, et al., 2004a; Vincent, et al., 2004b; Yoshida, et al., 2004).  Further, IGFs induce 

neurite outgrowth in both embryonic and adult sensory neurons and in brainstem motor 

neurons in vitro (Recio-Pinto, et al., 1986; Fernyhough, et al., 1993; Kimpinski and 

Mearow, 2001; Jones, et al., 2003; Salie and Steeves, 2005) and in vivo (Caroni and 

Grandes, 1990; Li, et al., 1994; Kaspar, et al., 2003).   

Recently, it was reported that cultures of FACS-purified early postnatal 

corticospinal motor neurons respond to IGF-I stimulation with robust axonal outgrowth 

in vitro, and that blockade of IGF-I signaling during post-natal periods in vivo led to 

defasciculation and discontinuation of corticospinal axonal growth (Ozdinler and 

Macklis, 2006). This finding led us to investigate the hypothesis that IGF-I would induce 

corticospinal axon regeneration in the injured adult spinal cord or following subcortical 

axotomy.  We now report that IGF-I gene delivery promotes the survival of injured adult 

corticospinal neurons, but does not promote corticospinal axonal regeneration under 

conditions that succeed in eliciting growth of other injured axonal populations. 

 

MATERIALS AND METHODS 

IGF-I cloning and plasmid generation  

The class 1, Ea isoform IGF-I coding sequence was isolated from adult female 

Fischer 344 rat kidney.  mRNA was isolated using Micro-to-Midi Total RNA Purification 

System (Invitrogen, Carlsbad, CA) and cDNAs were generated using iScript cDNA 

Synthesis Kit (Bio-Rad Laboratories, Hercules, CA).  IGF-I cDNA was amplified using 

primers 5’-CCTCAGCAGGCATTCATTTCG-3’ and 3’-

CGTGGCATTTTCTGTTCCTCG-5’.  For generation of the lentiviral construct, nested 
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primers were then used to amplify the coding region, including the signal sequence (5’-

ACTGACCGGTATGTCGTCTTCACATCTCTT-3’, 3’-

ACTGGCGGCCGCCTACATTCTGTAGGTCTTGTTT-5’).  The PCR product was 

cloned into the AgeI and NotI cut sites on a lentiviral expression vector between the CAG 

promoter and woodchuck post-transcriptional regulatory element. 

 

Animal subjects 

Animal use in this research was approved by the Institutional Animal Use and 

Safety Committee. For all surgical procedures, animals were anesthetized with 2ml/kg of 

a 25mg/mL ketamine, 1.3mg/mL xylazine and 0.25mg/mL acepromazine cocktail. 

 

Marrow stromal cell culture, viral production and transduction of syngeneic 

marrow stromal cells  

Primary rat bone marrow stromal cells (MSCs) were isolated from adult (150-

165g) female Fischer 344 rats as previously described (Lu et al., 2003). 293T cells were 

transiently transfected to produce self-inactivating lentiviral vectors encoding either rat 

IGF-I or GFP as described previously (Zufferey, et al., 1998; Blesch, 2004).  Viral titers 

determined by p24 ELISA of serial dilutions of concentrated virus were 260µg/mL for 

lenti-GFP and 215µg/mL for lenti-IGF-I.  Ten microliters of 215ug p24/mL (equivalent 

to 3.3x107 infectious units of lenti-GFP) were used to infect 3x106 cultured syngeneic 

MSCs.  MSC media was changed after 24 hours and cells were grown until confluent.  

MSC media was replaced with serum-free α-MEM for 12 hours.  The conditioned, 
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serum-free media was filtered (0.22µm) and collected.  IGF-I ELISA (R&D Systems, 

Minneapolis, MN) was used to determine levels of secreted IGF-I. 

 

In vitro assay of IGF-I bioactivity 

Cerebellar granule neurons (CGNs) were isolated from P7 rat pups and plated in 

poly-L-lysine [20ug/mL] coated 96-well plates at 105cells/well in DMEM/F-12 + B27.  

After 24hrs, media was replaced with MSC-conditioned serum-free media from GFP or 

IGF-I expressing cells.  Recombinant mouse IGF-I (PeproTech, Inc., Rocky Hill, NJ) was 

added to GFP MSC-conditioned media at concentrations ranging from 10 to 1000ng/mL.  

A cell viability assay using 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium 

bromide (MTT; Sigma-Aldrich, St. Louis, MO) was performed 24hrs later.  Briefly, 

following overnight incubation at 37°C, 5% CO2, cells were cultured for two hours with 

500µg/mL MTT.  Media was removed after two hours and replaced with 0.04N HCl in 

isopropanol with trituration and shaking for 30min; optical density measurements were 

read at 570nm with a 690nm correction.  Levels of survival and were measured as 

absorbance in experimental conditions divided by absorbance in control DMEM/F-12 + 

B27.  All conditions were run in triplicate on cells isolated from three pups. 

 

In Vivo Lesion Model 1: Spinal Cord Injury 

To assess sensitivity of lesioned spinal cord axons to IGF-I, adult Fischer 344 rats 

(150-165g) were anaesthetized and underwent C3 dorsal column lesions, as previously 

described (Weidner, et al., 2001).  Briefly, a Kopf wire knife (David Kopf Instruments, 

Tujunga, CA) was inserted 0.6mm lateral to midline and 1.1mm under the dorsal surface 
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of the spinal cord; the knife was extruded 2.5mm and lifted to transect the dorsal 

columns, with coincident compression with a 28gauge blunt tip from above to ensure 

lesion completeness. One group of subjects then received cell suspension injections of 

2x105 IGF-I-secreting MSCs into the lesion cavity (n=9 animals), and a control group 

received injections of control, GFP-expressing MSCs (n=10). Two weeks later, 

corticospinal axons were anterogradely traced using a 10% solution of biotinylated 

dextran amine (BDA, 104MW; Invitrogen, Carlsbad, CA). BDA was injected into the 

motor cortex, 21 sites/hemisphere, 150nL/site, as previously described (Lu, et al., 2005).  

Animals were perfused two weeks after tracer injection with 4% paraformaldehyde.  

Spinal columns were removed and post-fixed in 4% PFA at 4°C overnight, then 

cryoprotected in 30% sucrose. Responses of corticospinal axons, raphaespinal axons and 

cerulospinal axons to IGF-I-secreting cell grafts were then examined, as described below. 

 

In Vivo Lesion Model 2: Subcortical Axotomy 

Lesion model 1 examined whether IGF-I gene delivery within a site of spinal cord 

injury would promote corticospinal tract axon regeneration. Previous studies indicate that 

lesions remote from the cell body may limit the retrograde injury response, thereby 

attenuating responses to growth-promoting experimental manipulations (Fernandes, et al., 

1999). The distance of axotomy from cell body may influence the corticospinal response 

to injury in particular, as subcortical axotomy results in corticospinal neuronal death 

(Giehl and Tetzlaff, 1996) whereas remote axotomy in the spinal cord results in more 

modest corticospinal neuron cortical degeneration. Thus, to determine whether more 

proximal lesions of the corticospinal projection provide a model in which sensitivity to 
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IGF-I can be detected, 24 additional rats were examined after subcortical axotomy. Layer 

V corticospinal neurons were first identified by retrograde labeling with the tracer cholera 

toxin B subunit (CTB; LIST Biological Laboratories, Campbell, CA).  2ul of a 1% CTB 

solution was injected into the dorsal columns at C4 bilaterally (±0.2mm lateral to 

midline, 0.8mm ventral to the dorsal spinal cord surface). Two weeks later, a subcortical 

axotomy of corticospinal projections was made by aspirating white matter underlying the 

motor cortex between two craniotomies flanking the motor cortex, as previously 

described (Lu, et al., 2001).  The lesion cavity was then filled with a collagen graft matrix 

containing either: 1) IGF-I secreting MSCs (n=6 animals), 2) GFP-expressing MSCs 

(n=6 animals), 3) IGF-I-secreting MSCs plus intraventricular infusions of the IGF 

binding protein inhibitor NBI-31772 (1-(3,4-dihydroxybenzoyl)-3-hydroxycarbonyl-6, 7-

dihydroxyisoquinoline (EMD Biosciences, Gibbstown, NJ) (n=4 animals), 4) GFP-

expressing MSCs plus intraventricular infusions of the IGF binding protein inhibitor 

NBI-31772 (n=4 animals), or 5) IGF-I-secreting MSCs plus intraventricular infusions of 

the control substance artificial CSF with 1.67% DMSO (n=4 animals). IGF binding 

proteins were blocked in this lesion model to enhance sensitivity  for detecting an IGF-I 

effect, as post-developmental upregulation of IGF binding proteins may act as a 

biological mechanism for controlling or attenuating adult IGF-I signaling (Jones and 

Clemmons, 1995). To retain cells in the subcortical lesion cavity, they were placed into a 

gelled collagen matrix prior to implantation, as previously described (Lu, et al., 2001). 

After an additional two week survival period, subjects were transcardially perfused with 

4% paraformaldehyde.  
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Sectioning and histology 

Spinal cords were removed from the vertebrae and serially sectioned in the 

sagittal plane at 35µm intervals.  Every seventh section was used for BDA label 

detection.  Sections were washed three times in TBS, incubated for 15’ at room 

temperature in 0.6%H2O2 in methanol, washed two more times and incubated overnight 

at 4°C in TBST (TBS + 0.25% Triton-X100) with avidin: biotinylated enzyme complex 

(Vector Labs, Burlingame, CA).  Sections were washed 3 times on the second day in TBS 

and developed in 3,3’-diaminobenzidine (DAB), in parallel.  Following DAB 

development, sections were washed three times in TBS and incubated overnight at 4°C in 

TBST with 5% donkey serum and primary antibody, rabbit anti-GFAP (DAKO, 

Carpinteria, CA; [1:750]).  The next day, sections were washed three times in TBS, 

incubated 2.5hrs at room temperature in Alexa Fluor 594 conjugated secondary antibody 

generated in donkey (Invitrogen, Carlsbad, CA; [1:250]), incubated at room temperature 

in 4’,6-diamidino-2-phenylindole dihydrochloride (DAPI; [1µg/mL]; Sigma-Aldrich) for 

10 minutes, then washed three times in TBS.  Fluorescent labeling of other axonal 

markers, goat anti-serotonin (5-HT; ImmunoStar, Inc., Hudson, WI; [1:500]) and rabbit 

anti-tyrosine hydroxylase (TH; Millipore; [1:500]), was performed as described above 

with Alexa Fluor 594 and 647 conjugated secondary antibodies generated in donkey 

(Invitrogen; [1:250]). 

 

For analysis of survival and axonal regeneration of cortical neurons following subcortical 

axotomy, immunohistochemistry on transverse cortical sections was performed.  40µm 

thick cryostat sections were washed three times in TBS, endogenous peroxidases were 
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quenched with 0.6% H2O2 in TBS for 15min, sections were rinsed two times in TBS and 

then blocked for one hour in TBST with 5% serum.  Primary antibodies were incubated 

overnight at 4°C in TBST with 5% serum at the following concentrations: rabbit anti-

NF200 [1:500], mouse anti-GAP43 [1:1000] (Millipore) or goat anti-CTB (LIST 

Biological Laboratories; [1:80,000; 3-day incubation]).  The next day (3 days later for 

CTB immunohistochemistry), sections were washed three times in TBS then incubated at 

room temperature for one hour in TBS with biotin conjugated secondary antibodies 

generated in either donkey or horse (Jackson ImmunoResearch Laboratories, West 

Grove, PA; [1:250]).  Following secondary antibody incubation, sections were washed 

three more times in TBS, then incubated in avidin:biotinylated enzyme complex (Vector 

Labs) for one hour at room temperature prior to development with DAB. 

For IGF-IR immunodetection, sections were immunolabeled for either IGF-IRα 

(Santa Cruz Biotechnology, Santa Cruz, CA; sc-712 [1:50]) or β (Cell Signaling 

Technology, Danvers, MA; #3027 [1:50]) subunits per manufacturers’ protocol.  Sections 

were incubated in biotinylated donkey anti-rabbit secondary antibody (Jackson 

ImmunoResearch Laboratories; [1:250]) in TBS for one hour at room temperature.  IGF-

IR staining was then developed in DAB.  Sections stained with rabbit anti-IGF-IRα were 

also stained with goat anti-CTB (LIST Biological Laboratories; [1:10,000]) overnight in 

TBST with 5% donkey serum followed by a two and a half hour incubation in Alexa 

Fluor 488 conjugated donkey anti-goat antibody (Invitrogen). 
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IGF-I production in vivo 

Seven additional animals underwent grafting of IGF-I-secreting (n=3) or control 

(n=4) MSCs to the C3 spinal cord lesion cavity. Four weeks later, subjects were perfused 

with ice-cold saline (IGF-I n=3, GFP n=4).  The cervical enlargement was removed and 

the graft was excised and frozen over dry ice in a pre-chilled, pre-weighed 1.5mL tube.  

The tissue was homogenized using a sonicator in ice-cold PBS [15µg tissue/mL] with 

1.44% w/v NaCl, 0.5% w/v BSA, 0.1mM PMSF, 0.9mM aprotinin, 5mM EDTA and 

0.1% Triton X-100.  Samples were centrifuged at 14krpm for 30min at 4°C and 

supernatants were assayed via ELISA for IGF-I levels. 

 

Analysis of tissue sections  

The host-graft interface was identified using GFAP immunolabeling and DAPI 

staining (most glial processes abruptly terminate at the host/lesion or host/graft interface; 

DAPI identifies changes in the uniformity of nuclear distribution, which is distinct when 

comparing graft versus spinal cord cell populations).  BDA labeled corticospinal axons 

were examined in every 7th section and images were digitally acquired with PictureFrame 

software (Optronics, Goleta, CA).  Fluorescent images were inverted and thresholded, 

and pixel density within dorsal column grafts was quantified using ImageJ (NIH, 

Bethesda, MD).  Every 7th cortical section from animals that underwent subcortical 

lesions were analyzed for axonal penetration using NF200 or GAP43 immunolabeling.  

Stereological counts of CTB-labeled surviving corticospinal motor neurons in lesioned 

and intact hemispheres were made using Stereo Investigator software (MicroBrightField, 

Inc, Williston, VT).  Random fields of view were sampled throughout the extent of the 
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motor cortex (sampling fraction 50%).  The top and bottom 12.5% of the sections were 

omitted to prevent potential double-counting of neurons in adjacent sections.  For 

quantification of surviving corticospinal motor neurons following intracerebroventricular 

infusions, the total number of CTB-labeled corticospinal motor neurons over a 980µm 

distance (490µm rostral and 490µm caudal to the site of infusion) were quantified in the 

lesioned and contralateral intact hemispheres.  All analyses were conducted in a blinded 

manner. 

 

Statistics: 

Group differences in experiment 1 were assessed using unpaired, two-sided 

Student’s t-test, with a significance criterion of p<0.05. In experiment 2, group 

differences were assessed by ANOVA and post-hoc differences were assessed by 

Fisher’s PLSD, with a significance criterion of p<0.05. 

 

RESULTS 

IGF-I production and bioactivity 

In vitro, lenti-IGF-I transduced MSCs secreted 1400±10ng IGF-I/106cells/day, 

while control, lenti-GFP transduced MSCs secreted no detectable amounts of IGF-I (Fig. 

1, P=0.01).  Bioactivity of secreted IGF-I was examined on cerebellar granule cells: 40% 

more cerebellar granule neurons survived when treated with IGF-I MSC-conditioned 

media survived compared to GFP MSC-conditioned media (P=0.02, Fig. 1), similar to 

effects of adding recombinant mouse IGF-I. Dissection of IGF-I-secreting MSCs four 

weeks after in vivo grafting to the spinal cord demonstrated a 61% increase in IGF-I 
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levels compared to control grafted animals (P<0.01, Fig. 1). Thus, transduction to secrete 

IGF-I results in secretion of significantly elevated levels of bioactive IGF-I. 

 

IGF-I-secreting cells promote growth of supraspinal axons after SCI  

Growth of cerulospinal and raphaespinal axons was significantly greater into 

grafts of IGF-I-secreting MSC grafts compared to control, GFP-expressing MSC grafts 

four weeks after C3 spinal cord lesions (Fig. 2). The density of raphaespinal axons was 5-

fold greater in IGF-I secreting grafts compared to GFP-producing grafts (P<0.02, Fig. 

2C), and the density of TH-labeled cerulospinal axons was 8-fold greater (p<0.01, Fig. 

2F). Thus, biologically active IGF-I secreted from transduced cell grafts significantly 

promotes the growth of descending axonal systems that modulate motor function in the 

rodent spinal cord.  

 

IGF-I-secreting cells do not promote growth of corticospinal axons after SCI  

Unlike growth-promoting effects of IGF-I-secreting grafts on other motor control 

system in the spinal cord, no effects were detected on corticospinal axonal regeneration. 

Only rare BDA-labeled corticospinal axons were detected within IGF-I and control MSC 

grafts in the lesion cavities, and the extent of this growth did not differ between groups 

(P=0.4, Fig. 3). Thus, in the presence of quantities of IGF-I sufficient to promote the 

growth of other axonal systems, corticospinal axons exhibit no detectable response to 

IGF-I after spinal cord injury. 
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IGF-I promotes survival but not growth of corticospinal motor neurons after 

subcortical lesions 

To determine whether IGF-I can promote cell survival or axon growth after 

axotomy close to the cell body, grafts of IGF-I-secreting cell grafts were placed in 

subcortical lesion sites. Both in the presence and absence of co-infusion of the IGF 

binding protein inhibitor NBI-31772, axons failed to penetrate IGF-I-secreting or control, 

GFP-expressing cell grafts in the lesion site (Fig. 4). Notably, IGF-I grafts combined with 

NBI-31772 infusions significantly ameliorated lesion-induced death of corticospinal 

motor neurons: 93% of corticspinal motor neurons survived the subcortical axotomy, 

compared to only 48% survival in control lesioned subjects (P<0.005; Fig. 5). Thus, IGF-

I delivery combined with NBI-31772 infusion achieved sufficient in vivo levels to 

demonstate biological efficacy in promoting corticospinal motor neuron survival, but 

failed to elicit corticospinal axonal regeneration into the lesion site, as assessed by GAP-

43 and heavy-chain neurofilament labeling (Fig. 5). 

 

Mechanisms underlying corticospinal responses to IGF-I: receptors are expressed in 

the somal but not axonal compartment 

The differential effects of IGF-I overexpression on corticospinal neuronal survival 

but not axonal growth suggested potential differences in distribution of IGF-I receptors in 

neuronal compartments. Immunolabeling for IGF-I receptor confirmed the presence of 

both IGF-IRα and β subunits in identified layer V corticospinal somata (co-localized 

with retrograde CTB labeling), and an absence of detectable expression in intact or 

lesioned CST axons in the spinal cord (Fig. 4). Thus, differential distribution of IGF-I 
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receptors is a candidate mechanism accounting for in vivo biological effects of this 

growth factor in the adult CNS. 

 

DISCUSSION 

An unmet challenge of spinal cord injury research is the identification of 

mechanisms for promoting regeneration of corticospinal motor axons. Signals modulating 

corticospinal axonal outgrowth during development represent candidate mechanisms for 

enhancing their growth after adult injury. A recent study by Ozdinler and Macklis 

reported that IGF-I is an important modulator of axonal outgrowth of early post-natal 

corticospinal motor neurons both in vitro and in vivo (Ozdinler and Macklis, 2006). 

Utilizing a gene delivery method that has previously resulted in the identification of 

growth factor sensitivity of other axonal systems after adult spinal cord injury 

(Tuszynski, et al., 1994; Grill, et al., 1997; Lu, et al., 2001), we examined whether IGF-I 

over-expression in sites of spinal cord injury or subcortical axomtomy would promote 

cortcospinal axonal regeneration or survival. While we find that IGF-I over-expression 

promotes the survival of corticospinal neurons after subcortical axotomy and promotes 

the regeneration of raphaepsinal and cerulospinal axons after spinal cord injury, we did 

not detect regeneration of corticospinal axons. A candidate mechanism underlying the 

lack of corticospinal axonal sensitivity to IGF-I is the absence of detectable trafficking of 

the IGF-I receptor to the axonal compartment of corticospinal neurons. 

There are challenges in interpreting outcomes of negative studies. The most 

important of these, in the present study, is whether levels of IGF-I expression sufficient to 

elicit growth were likely to have been achieved using our gene delivery methods. 
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Amounts of IGF-I expression by transduced cells in vitro were sufficient to achieve 

survival of cerebellar granule neurons. Levels of IGF-I protein were significantly 

elevated in vivo in transduced cell grafts, and this elevation exceeded levels in control, 

GFP-expressing cell grafts by 61%. The in vivo augmentation of IGF-I levels in the 

spinal cord were sufficient to elicit a significant, 5-fold increase in growth of 

raphaespinal axons and a significant, 8-fold increase in growth of cerulospinal axons into 

the spinal cord lesion site. Thus, while we cannot conclude with certainty that still higher 

levels of IGF-I expression would not support corticospinal axonal regeneration, we can 

conclude that IGF-I expression at levels sufficient to support growth of other supraspinal 

systems that project to the spinal cord and that modulate motor function are not equally 

capable of supporting corticospinal axonal regeneration. The finding that the IGF-I 

receptor is not expressed on corticospinal axons in the spinal cord further supports the 

probability that even higher levels of IGF-I expression than those achieved in the current 

paradigm would not elicit a response from these axons. Notably, IGF-I supports 

corticospinal axonal outgrowth during development, as blockade of IGF-I function in the 

developing system terminates corticospinal growth (Ozdinler and Macklis, 2006).  IGF-I 

receptor has been localized to developing corticospinal axons (Ozdinler and Macklis, 

2006), thus the lack of corticospinal axonal regeneration in the adult likely results from 

developmentally-regulated shifts in growth factor receptor expression. 

Also supporting the absence of a detectable effect of IGF-I on corticospinal 

axonal growth in adulthood, we found that subcortical grafts of IGF-I-secreting cells 

prevented corticospinal neuronal death when co-administered with an IGF binding 

protein inhibitor. Thus, sufficient in vivo levels of IGF-I were achieved to elicit effects on 
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corticospinal neurons themselves (in a cell survival assay), but these levels were not 

sufficient to promote axonal regeneration into the same IGF-I-secreting subcortical 

grafts. The proximity of the IGF-I-secreting cell graft to corticospinal neuronal somata in 

the adjacent, overlying cortex likely provided the capability to activate survival 

mechanisms through somally-expressed IGF-I receptors. 

The half-life of IGF-I protein in plasma is quite brief, on the order of 12 minutes 

(Guler, et al., 1989). Yet grafts continuously secrete the growth factor, ensuring a 

continuous supply over the period of this experiment (confirmed by ELISA). 

The results of this study correspond with previously published results regarding 

the effects of BDNF administration either by gene delivery or protein infusion in the CNS 

(Giehl and Tetzlaff, 1996; Lu, et al., 2001). That is, both gene delivery and protein 

delivery of BDNF promoted survival of corticospinal motor neurons after subcortical 

axotomy  (Giehl and Tetzlaff, 1996; Lu, et al., 2001), but did not promote corticospinal 

axonal regeneration (Nakahara, et al., 1996; Lu, et al., 2001; Hiebert, et al., 2002). Thus, 

similar to previous findings regarding BDNF, IGF-I exerts neurotrophic but not 

neurotropic effects on injured adult corticospinal axons. The lack of neurotropic effects 

in the adult may result from a shift in the role of the IGF-I axis from a developmental 

axonal outgrowth function to an adult somal support function, coinciding with a change 

in the intracellular compartmentalization of the IGF-I receptor.   
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Figure 2.1.  Production and bioactivity of IGF-I.  (A) IGF-I levels secreted into 
conditioned media by lentiviral-transduced MSCs, by ELISA (Mann Whitney *P<0.05).  
(B) Cerebellar granule neuron survival after 24hrs in conditioned medium from IGF-I-
secreting cells, compared to GFP-transduced cells with known quantities of IGF-I protein 
added. Survival in presence of IGF-I-secreting cell medium is equal to that of the highest 
quantity of IGF-I protein (ANOVA P<0.005, post-hoc Fisher’s *P<0.05, **P<0.001). (C) 
MSC grafts transduced to express IGF-I exhibit significantly greater amounts of IGF-I 
protein after 4 weeks in vivo compared to naïve MSC grafts (Student’s t-test, *P=0.01). 
While naïve MSCs do not produce detectable levels of IGF-I in vitro prior to grafting, 
IGF-I is detectable in naïve grafts after 4 weeks in vivo, possibly due to migration of host 
cells into graft that express IGF-I. 
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Figure 2.2.  IGF-I promotes growth of raphaespinal and rubrospinal axons into IGF-I-
secreting cell grafts in sites of spinal cord injury.  (A) Few 5HT-labeled serotenorgic 
axons penetrate a GFP-expressing cell graft in the C3 lesion site, four weeks after 
placement of spinal cord lesion.  (B) In contrast, 5HT-labeled axons extensively penetrate 
an IGF-I-secreting cell graft.  (C) Quantification reveals a 5-fold increase in 
seroteonergic axon penetration into IGF-I-secreting cell grafts (two-tailed t-test *P<0.02). 
(D) Similarly, tyrosine hydroxylase-labeled cerulospinal axons modestly penetrate GFP-
producing cell grafts in the lesion site, and (E) more extensively penetrate IGF-I-
secreting cell grafts. (F) Quantification reveals an 8-fold increase in the axon penetration 
of IGF-I-secreting cell grafts (two-tailed t-test **P<0.01).  Scale bar = 25µm. 
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Figure 2.3.  Corticospinal axons do not regenerate into IGF-I-secreting cell grafts.  (A) 
Light-level label demonstrates corticospinal tract, adjacent to lesion site. Sagittal section, 
left rostral, right caudal. No axonal penetration of IGF-I-secreting cell graft is evident. 
(B) GFAP labeling delineates host/graft interface. (C) Merge with color rendering 
demonstrates absence of corticospinal axon penetration of IGF-I graft.  (D) 
Quantification reveals rare corticospinal axonal penetration of either graft type (IGF-I: 
0.67±0.49, GFP: 0.17±0.17; P=0.4). Thus, while IGF-I-secreting cell grafts elicit 
regeneration of other supraspinal axonal populations that modulate motor function, they 
do not elicit growth of corticospinal axons under these conditions. Scale bar = 100µm. 
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Figure 2.4.  IGF-I prevents corticospinal motor neuron death after subcortical axotomy. 
(A) Nissl-stain section to illustrate lesion underlying motor cortex and graft in lesion site. 
Light brown staining present in layer V consists of corticospinal motor neurons 
retrogradely labeled with CTB. (B) Illustration of intact layer V motor cortex containing 
CTB-labeled corticospinal neurons. (C) Reductions in numbers of CTB-labeled motor 
neurons two weeks after subcortical axotomy, in subject that received GFP-producing 
cell graft with infusion of the IGF binding protein inhibitor NBI-31772. (D) Neurons 
remain largely labeled with CTB two weeks after subcortical axotomy in subjects that 
receive IGF-I-secreting cell grafts and infusions of NBI-31772. (E) Quantification 
indicates that IGF-I-secreting grafts combined with NBI-31772 infusion prevent 
axotomy-induced loss of CTB-labeled corticospinal motor neurons after subcortical 
axotomy (ANOVA P<0.005; * indicates significant differences on post-hoc Fisher’s). 
Scale bars, 500µm (A), 25µm (B-D). 
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Figure 2.5.  Adult corticospinal motor neurons express the IGF-I receptor in the somal 
compartment.  (A, B) IGF-I-receptor β subunit staining of large-diameter pyramidal 
neurons within layer V motor cortex. (C, D) IGF-I-receptor α subunit immunoloabeling 
in identified corticospinal motor neurons retrogradely labeled with CTB (arrowheads 
indicate co-labeled cells).  In contrast, IGF-I receptor labeling is not detectable on 
lesioned or intact corticospinal motor axons in the cortex or spinal cord (not shown). (E) 
Axons do not penetrate subcortical grafts expressing IGF-I with NBI-31772 infusion 
(host-graft interface demarcated with dashed line), or (F) control, GFP-producing 
subcortical grafts with NBI-31772 infusion (neurofilament label). Scale bars, 100µm (A); 
50µm (B-F). 
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CHAPTER 3 

Over-Expression of the High-Affinity BDNF Receptor trkB Enables Corticospinal 

Axon Regeneration 

 

ABSTRACT 

Strategies for inducing regeneration of neurons in the adult central nervous 

system (CNS) have focused on modifying the extracellular milieu by providing trophic 

support, eliminating inhibitory molecules, or providing permissive substrates for growth.  

In addition to these approaches, it may be possible to alter the responsiveness of a neuron 

by modifying intrinsic gene expression. We tested the hypothesis that over-expression of 

the high-affinity brain-derived neurotrophic factor (BDNF) receptor trkB would enable 

corticospinal axon regeneration in the presence of BDNF stimulation.  Lentiviral-trkB 

over-expression in primary adult DRG neurons in vitro significantly increased neurite 

outgrowth in response to BDNF, as determined by an increase in longest neurite length 

from 353±3.9mm in controls to 559±72mm (P<0.05) as well as an increase in neuritic 

arbor complexity as assayed by Sholl analysis (P<0.05).  In vivo, corticospinal motor 

neurons transduced to over-express trkB (using lentiviral vectors) exhibited significant 

regeneration into a BDNF-secreting subcortical graft (14.9±4.9 axon profiles/4th 

transverse section) compared to a complete absence of regeneration in controls that 

received BDNF in the absence of trkB over-expression (P<0.0002).  This novel approach 

to modulating the responsiveness of an adult CNS neuron demonstrates that activation of 

a single gene, and a known signaling cascade, is sufficient to induce a regenerative 
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response in an otherwise static cell, laying the groundwork for new directions in CNS 

regeneration therapies. 

 

INTRODUCTION 

The corticospinal motor system is the primary means of voluntary muscle control 

in primates.  Studies on axonal regeneration within the central nervous system (CNS) 

typically focus on inducing axonal outgrowth by modulating the environment 

surrounding the site of injury.  Strategies for enhancing regeneration include providing 

growth-promoting signals, grafting of substrates capable of supporting axonal growth and 

reducing inhibitory molecules present in the injured spinal cord.  A complementary 

strategy to these extracellular manipulations is to alter the intrinsic response of the 

injured neurons to a neurotrophic signal so that axonal outgrowth is enhanced following 

injury. 

Alteration of the cellular response to injury can range from recapitulation of an 

earlier developmental state to the expression of a single component in a defined signaling 

cascade directed at guided axonal regeneration.  An example of the former is the 

elevation of cyclic AMP in the adult to levels found in early postnatal dorsal root ganglia 

(DRG) sensory neurons which results in increased neurite outgrowth on myelin in vitro 

and enhanced axonal outgrowth of NT-3 responsive neurons in vivo (Cai, et al., 2001; 

Neumann, et al., 2002; Qiu, et al., 2002; Lu, et al., 2004). The latter approach has been 

used in testing the ability of integrins alpha 1 and 5 or retinoic acid receptor beta 2 

expression to confer neurite outgrowth and axonal regeneration capabilities on adult 

sensory neurons both in vitro and in vivo (Condic, 2001; Corcoran, et al., 2002; Wong, et 
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al., 2006).  So far, however, no studies investigating the modulation of trophic 

responsiveness have been performed on neurons of the adult CNS.  

During development, neurons extending processes must respond to a series of 

attractive and repulsive guidance cues that either do not persist once circuits have formed 

or exhibit quite different roles in the adult.  While it is expected that orchestration of the 

series of signals required for the formation of intricate cortical projections is dependent 

upon both the plasticity of the immature neuron as well as the transient state of the 

immature CNS, recent work has demonstrated axonal outgrowth of long-distance 

projections from fetal grafts transplanted into the adult motor cortex (Gaillard, et al., 

2007).  In contrast to the grafting of fetal neuronal tissue, endogenous neuronal 

precursors have been found to differentiate into immature neurons and replace damaged 

adult cortical circuitry (Chen, et al., 2004).  These studies demonstrate that the adult 

CNS, while certainly more structured than the developing CNS, retains the potential for 

providing a substrate for axonal regeneration in the event that a population of adult 

neurons has retained, or been conferred with, the capacity for axonal outgrowth. 

Previous work has demonstrated only limited sprouting of corticospinal axons 

within spared spinal cord tissue despite numerous modifications of the extracellular 

milieu (Grill, et al., 1997; Blits, et al., 2000; Hiebert, et al., 2002; Zhou, et al., 2003).  

Grafting of neurotrophic signals and inhibition of growth inhibitory proteins have not 

definitively demonstrated corticospinal axon regeneration into grafted cell suspension or 

other substrates permissive to regeneration of ascending sensory neurons or other locally 

projecting neurons.  Rather than attempt to recapitulate the early developmental state of 

lesioned corticospinal motor neurons (CSMNs), our interest was in utilizing a defined 
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signaling pathway to evoke regeneration of axotomized CSMNs.  We have tested the 

regenerative effects of lentivirus-delivered over-expression of the high affinity BDNF 

receptor trkB in cultured adult DRG neurons as well as CSMNs in vivo.  Our findings 

indicate that trkB over-expression enables DRG neurite outgrowth in vitro as well as 

axonal regeneration of CSMNs in vivo in response to BDNF stimulation. 

 

MATERIALS AND METHODS 

Lentiviral vector cloning and production 

Full length trkB rat cDNA was used to generate a Gateway entry vector in pEnter-

2B (Invitrogen, Carlsbad, CA) with a C-terminal hemagglutinin (HA) tag (pEnter-

trkBHA).  This construct was then recombined with a lentiviral expression cassette 

behind a CMV/β-actin hybrid (CAG) promoter (Niwa, et al., 1991).  Following the trkB-

HA transgene is a second promoter, elongation factor 1 α (EF1α) driving expression of 

the reporter gene copepod-derived GFP (copGFP) with a 3’ woodchuck post-

transcriptional regulatory element (lenti-trkB-copGFP) (Löw et al., in preparation).  

Control vectors expressed copGFP behind the EF1α promoter (lenti-copGFP).  Vesicular 

stomatitis virus glycoprotein (VSV-G) pseudotyped, self-inactivating lentivirus was 

generated by transient transfection of 293T cells as described previously (Zufferey, et al., 

1998; Blesch, 2004).  Infectious titers were determined through infection of 293T cells 

with serial dilutions of concentrated lentivirus; all viral stocks were diluted to 1x108 

infectious units bassed on copGFP expression 48 hours after infection.  
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DRG neuron culture 

Animal use in this research was approved by the Institutional Animal Use and 

Safety Committee.  Adult (150-165g) female Fischer 344 rats were anaesthetized with 

2mL/kg of a 25mg/mL ketamine, 1.3mg/mL xylazine and 0.25mg/mL acepromazine 

cocktail (ketamine cocktail), decapitated and the spinal columns were removed and 

submerged in ice-cold DMEM/F-12 (Invitrogen).  DRGs were dissected from the 

capsule, cut in half and collected in Hibernate A (Brain Bits LLC, Springfield, IL).  

DRGs were washed twice in DMEM/F-12 then digested for 1hr at 37°C in collagenase 

type XI (1:1, DMEM/F-12 : 0.5% collagenase XI in L15 medium) with gentle agitation 

every 15’ (Worthington Biochemical Corp., Lakewood, NJ).  Cells were centrifuged 2’ at 

3000rpm, collagenase solution was removed and gently replaced with DMEM/F-12 + 

10% fetal bovine serum (FBS) so as not to disturb the cell pellet.  Cells were then washed 

twice by gently applying DRG culture medium (DMEM/F-12 with B-27 supplement and 

Pen/Strep/Glu) so as not to disturb the pellet.  Cells were resuspended in 1mL DRG 

culture medium, allowed to settle for 45” then 0.5mL cell suspension was added to 

3.5mL DRG culture medium.  0.5mL final cell suspension was added to 0.5mL culture 

medium in poly-D-lysine coated 35mm cell culture dishes.  DRGs isolated from 

individual animals were plated separately. 

DRG cultures were infected with 5x105 IU lentivirus per 35mm culture dish.  

Cultures were either stimulated with rh-BDNF [20ng/mL] (Peprotech, Rocky Hill, NJ) or 

treated with equal amounts of PBS every 24 hours.  After 72 hours of culture at 37°C in 

5% CO2, cells were fixed with 4% paraformaldehyde (PFA) for 30’, washed three times 

with TBS, blocked and permeabilized with TBST (TBS + 0.25% Triton-X100) with 5% 
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serum for 1 hour and then incubated overnight at 4°C in TBS and 1% serum with primary 

antibodies: mouse anti-βIII tubulin (Promega, Madison, WI; [1:1000]) and rabbit anti-

CGRP (Millipore, Temecula, CA; [1:2500]).  Cells were washed three times with TBS, 

incubated at RT for 2.5 hours with secondary antibodies donkey anti-rabbit 594 and 

donkey anti-mouse 647 (Invitrogen, Carlsbad, CA; [1:250]) and 4’,6-diamidino-2-

phenylindole dihydrochloride (DAPI; [1µg/mL]; Sigma-Aldrich, St. Louis, MO), then 

washed three times in TBS. 

DRGs virally transduced to express trkB were treated with inhibitors of trkB 

downstream signaling kinases for 72 hours at 37°C in 5% CO2 with rh-BDNF [20ng/mL].  

Inhibitors were added every 24 hours: Erk inhibitor (3-(2-Aminoethyl)-5-((4-

ethoxyphenyl)methylene)-2,4-thiazolidinedione, HCl; [100µm, 0.5% DMSO]), PI-3K 

inhibitor (LY294002; [10µm, 0.5% DMSO]), Akt inhibitor (1L6-Hydroxymethyl-chiro-

inositol-2-(R)-2-O-methyl-3-O-octadecyl-sn-glycerocarbonate; [10µm, 0.5% DMSO]; 

EMD, San Diego, CA) and control 0.5% DMSO.  Immunocytochemistry was performed 

as described above. 

 

Neurite length and Sholl quantification 

Monochrome images of virally-transduced CGRP immunoreactive DRG neurons 

were aquired with PictureFrame software for a MicroFire digital camera (Optronics, 

Goleta, CA) mounted on an upright fluorescent microscope (Olympus, Center Valley, 

PA).  The NeuronJ plugin for ImageJ (NIH, Bethesda, MD) was used for neurite tracing 

and quantification on acquired images (Meijering, et al., 2004).  Sholl analysis was 
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performed on images inverted and thresholded in ImageJ with the Sholl ImageJ plugin 

version 1.0 (Anirvan Ghosh Ph.D., University of California, San Diego). 

 

Lentiviral transduction of motor cortex 

Sixteen adult (150-165g) female Fischer 344 rats were anaesthetized with 

ketamine cocktail, the skin over the skull was opened and the skull over the right motor 

cortex was shaved down to until translucent.  Lenti-trkB-copGFP (n = 8) or lenti-copGFP 

(n = 8) [1x108 IU/mL] was delivered to 21 sites, 500nL/site, in the right motor cortex 

with a beveled 36ga nanoliter syringe (World Precision Instruments Inc., Sarasota, FL) at 

a depth of 1.2mm and a rate of 200nL/min using a stereotactically mounted syringe pump 

(Kent Scientific Corp., Torrington, CT).  The skin was then closed with surgical staples. 

 

Syngeneic fibroblast culture and transduction 

Rat fibroblasts were generated from skin biopsies and transduced with BDNF-

encoding retrovirus as previously described (Lu, et al., 2001).  Two-site BDNF ELISA 

was used to determine levels of growth factor secretion [97.9ng/M cells/day] following 

G418 selection of transduced fibroblasts (Lu, et al., 2001).  Cells were cultured in 

standard medium (DMEM with 10% FBS and Pen/Strep/Glu) with G418. 

 

Collagen graft preparation  

Type I rat tail collagen grafts were prepared one day prior to surgery.  BDNF-

secreting fibroblasts were washed with PBS, trypsinized, and 2.16x106 fibroblasts were 

resuspended in 1mL standard media in a 15mL conical tube.  86µL 0.2N sterile filtered 
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NaOH was added followed by 1mL of 3mg/mL collagen I in 0.1% sterile acetic acid.  

The grafts were cultured at 37°C, 5% CO2 for 5hrs, then 6mL standard media was added 

and grafts were cultured overnight.  Each graft provided sufficient material for two 

animals. 

 

Subcortical aspiration lesion 

Two weeks after lentiviral infection of primary motor cortex, animals were again 

anaesthetized with ketamine cocktail.  Two craniotomies were performed over the rostral 

and caudal boundaries of the motor cortex.  Using a fine aspiration pipette, a subcortical 

axotomy of corticospinal projections was made by aspirating white matter underlying the 

motor cortex between the two craniotomies as previously described (Lu, et al., 2001).  

The lesion cavity was then filled with the collagen graft matrix containing BDNF 

secreting fibroblasts.  Animals were transcardially perfused two weeks later with ice-cold 

saline followed by 4% PFA fixation. 

 

Retrograde infection of CSMNs with scAAV6-eGFP 

 Thirteen adult (150-165g) female Fischer 344 rats were anaesthetized with 

ketamine cocktail and laminectomies of C4 and C5 were performed.  4µL of scAAV6-

eGFP [1x1012 VG/mL] (University of North Carolina Vector Core, Chapel Hill, NC) 

were injected with a pulled glass micropipette (OD 40µm) in the lateral grey matter 

(0.6mm lateral to midline, 1.0 and 0.5mm ventral to the dura) at six points along the 

length of the cervical enlargement using a Picospritzer II (General Valve, Fairfield, NJ).  

Additionally, 7 rats were injected with lenti-trkB-copGFP and 6 with control lenti-
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copGFP in the motor cortex as described above.  Two weeks later, all animals underwent 

subcortical aspiration lesions and grafting of BDNF-secreting fibroblasts in collagen I as 

described above.  Animals were transcardially perfused two weeks after subcortical 

lesion with ice-cold saline followed by 4% PFA fixation. 

 

Demyelination of the CST with 0.1% ethidium bromide 

Twenty-three animals were anaesthetized with ketamine cocktail and a C3 

laminectomy was performed.  All animals were injected with 1µL of 0.1% ethidium 

bromide (EtBr) in 4 sites: 0.2mm lateral to midline, 0.6 and 1.0mm ventral from the dura 

and 1.0mm.  One week later, animals were injected with 1µL of scAAV6-eGFP [1x105 

VG] into the demyelinated cervical spinal cord.  At the same time as retrograde infection 

with scAAV6-eGFP, 13 animals were injected with lenti-trkB-copGFP and 10 animals 

with control lenti-copGFP as described above.  Two weeks later, all animals underwent 

subcortical aspiration lesions and grafting of BDNF-secreting fibroblasts in collagen I as 

described above.  Animals were transcardially perfused two weeks after subcortical 

lesion with ice-cold saline followed by 4% PFA fixation. 

 

Sectioning and histology  

Brains were removed from the skull and sectioned transversely at 40µm on a 

cryostat (Leica, Bannockburn, IL).  For light level immunhistochemistry sections were 

washed three times in TBS, endogenous peroxidases were quenched for 15’ at RT in 

0.6%H2O2 in TBS, washed two more times then blocked for one hour in TBST (TBS + 

0.25% Triton-X100) with 5% serum at RT before overnight incubation at 4°C in TBST 
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with 5% serum and primary antibodies.  On the second day, sections were washed then 

incubated in biotinylated secondary antibody generated in donkey or horse (Jackson 

ImmunoResearch Laboratories, West Grove, PA; [1:250]) at RT for 1 hour, washed again 

then incubated in avidin: biotinylated enzyme complex (Vector Labs, Burlingame, CA) 

for 1 hour at RT prior to development in 3,3’-diaminobenzidine (DAB).  For fluorescent 

immunohistochemistry, sections were washed in TBS, then blocked in TBST with 5% 

serum for 1 hour at RT, incubated overnight at 4°C in TBST with 5% serum and primary 

antibodies, washed and incubated for 2.5 hours in TBS with Alexa Fluor conjugated 

secondary antibodies generated in donkey (Invitrogen, Carlsbad, CA; [1:250]) with 4’,6-

diamidino-2-phenylindole dihydrochloride (DAPI; [1mg/mL]; Sigma-Aldrich).  For HA 

immunohistochemistry, sections were first incubated in 0.01M Tris-HCl, pH 9.0 for 6 

hours at 65°C prior to peroxidase quenching or blocking.  The following primary 

antibodies were used in this study: rabbit anti-copGFP (Wako Chemicals USA, Inc., 

Richmond, VA; [1:10,000] light level, [1:2000] fluorescent), mouse anti-HA (Sigma-

Aldrich; [1:500]), rabbit anti-NF200 [1:500], mouse anti-GAP43 [1:1000], rabbit anti-

eGFP [1:6000 light level, 1:6000, fluorescent] (Millipore, Temecula, CA), mouse anti-

NF200 non-phosphorylated (Covance Research Products, Inc., Emeryville, CA; SMI-32, 

[1:1000]), goat anti 5-HT (ImmunoStar, Inc., Hudson, WI; [1:500]), mouse anti-

parvalbumin (Millipore; [1:2500]). 

 

Quantification and analysis 

For quantification of NF200, fluorescent images were inverted, thresholded and 

pixel density was quantified using ImageJ (NIH).  To quantify growth into the graft of 
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SMI-32, parvalbumin, 5-HT and GFP immunoreactive axons, continuous segments of 

axons within grafts, clearly delimited by brightfield microscopy, were counted as axon 

profiles.  When quantifying the number of CSMNs retrogradely infected with scAAV6-

eGFP only cells with clear GFP-immunoreactivity within dendritic and axonal processes 

were counted.  All quantification was performed by an experimenter blinded to the 

subject group.  

 

RESULTS 

trkB expression in cultured adult DRG neurons confers BDNF-dependent 

outgrowth through Erk activation 

We constructed a human immunodeficiency virus (HIV) based, self-inactivating, 

dual-promoter lentiviral vector encoding a C-terminal hemagglutinin (HA) tagged trkB 

driven by the CAG promoter with a reporter gene, copepod-derived GFP (copGFP), 

driven by the elongation factor-1 alpha (EF1α) promoter (lenti-trkB-copGFP) (Löw et 

al., in preparation).  Our control construct encoded copGFP behind the EF1α promoter 

(lenti-copGFP).  DRG neurons were isolated, dissociated and plated on poly-D-lysine 

(PDL; [16.6µg/mL]) for 4 hours before lentiviral infection.  Lentiviral-transduced 

neurons were cultured for three days in vitro (DIV) with or without 20ng/mL BDNF 

stimulation.  βIII-tubulin immunoreactive processes of lentiviral-transduced, NGF-

responsive, calcitonin gene-related peptide (CGRP) expressing DRG neurons were 

measured.  Viral transduction of CGRP immunoreactive neurons with lenti-trkB-copGFP 

resulted in significant increases in neurite arbor complexity, as assayed by Sholl analysis 

(P < 0.05, repeated measures ANOVA, Fig. 1D), and longest neurite length (559±72µm) 
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in comparison to controls (353±3.9µm), in response to BDNF stimulation (Fig. 1E, P < 

0.05).  Unstimulated lenti-trkB-copGFP transduced neurons (379±29µm) did not differ 

from controls (Fig. 1D,E).  We then examined the effects of disrupting the cell survival 

and neurite outgrowth signaling pathways of trkB.  trkB-mediated neurite outgrowth in 

transduced CGRP immunoreactive DRG neurons was unaffected by inhibitors of PI-3K 

(LY294002; 527±61µm) or Akt (518±79µm), two components of the trk signaling 

cascade mediating cell survival (Fig. 1F).  Inhibition of Erk, in the canonical trk neurite 

outgrowth pathway, completely eliminated the extension of stable neuronal processes 

(25±8.9µm; Fig. 1F, P < 0.0001). 

 

Over-expression of trkB in vivo induces axonal regeneration of a diverse population 

of cortical neurons in response to BDNF 

In vitro, we have demonstrated that trkB expression in DRG neurons promoted 

neurite outgrowth in response to BDNF.  In vivo we examined the effects of trkB over-

expression in layer V motor cortex.  In a previous study, immunohistological detection of 

endogenous trkB was restricted to the cell somata and apical dendrites of CSMNs (Lu, et 

al., 2001).  Here we found that lentiviral delivered HA-tagged trkB demonstrated no 

spatially restricted distribution of the receptor, it was detected in the somata, apical and 

basal dendrites and axon of layer V pyramidal neurons (Fig. 2A).  HA immunoreactivity 

in the axon was found as far away as the subcortical white matter (Sup. Fig. 1), though 

the transgene was undetectable in the cervical spinal cord.  In order to assess the 

regenerative capacity of trkB over-expression in the motor cortex, we performed a 

subcortical aspiration lesion immediately ventral to the isocortex (Fig. 2B).  This lesion 
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induces CSMN apoptosis in the absence of BDNF or NT-3 stimulation; and, as the 

presence of BDNF was required in vitro to induce trkB-mediated neurite outgrowth, all 

subcortical lesions were grafted with BDNF-secreting syngeneic fibroblasts [97.9ng 

BDNF/M cells/day] in a type I collagen matrix (Giehl and Tetzlaff, 1996; Lu, et al., 

2001). 

We injected animals unilaterally with 2.1x106 infectious units (IU) of either lenti-

trkB-copGFP or lenti-copGFP spread over 21 sites in the right motor cortex.  Two weeks 

later, we performed subcortical aspiration lesions and grafted BDNF-secreting syngeneic 

fibroblasts in a type I collagen matrix.  In animals transduced with lenti-trkB-copGFP, 

numerous copGFP immunoreactive processes were found penetrating the BDNF-

secreting subcortical grafts.  These process showed colocalization with a marker of 

axonal growth, GAP-43 (Fig. 2C-E).  In addition, copGFP immunoreactivity in the graft 

colocalized with SMI-32 staining, which labels medium and heavy chain non-

phosphorylated neurofilament, and is a marker of type I, layer V pyramidal neuron axons, 

a subset of which are CSMNs (Fig. 2F-H) (Voelker, et al., 2004; Molnar and Cheung, 

2006).  Serotonergic fibers, which project to the cortex from the raphe nuclei and are 

responsive to BDNF stimulation, did not demonstrate colocalization with copGFP 

immunoreactive processes within BDNF-secreting subcortical grafts (Fig. 2I-K) 

(Molliver, 1987; Mamounas, et al., 1995; Mamounas, et al., 2000). 

We quantified and compared axonal regeneration between lenti-trkB-copGFP and 

control lenti-copGFP transduced animals.  Two neurofilament markers expressed in type 

I, layer V pyramidal neuron axons were quantified (Voelker, et al., 2004; Molnar and 

Cheung, 2006).  Heavy chain neurofilament (NF200) immunoreactive axons within the 
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graft were photographed; pixel density within the graft area of thresholded photographs 

was quantified and found to be significantly increased in lenti-trkB-copGFP transduced 

animals in comparison to controls (Fig. 3A-C; 0.88±0.16% in trkB, 0.06±0.01% in 

control; n = 8; χ2 P < 0.002).  Quantification of axonal profiles (continuous segments of 

axon) within BDNF-secreting subcortical grafts demonstrated significantly increased 

levels of axon regeneration of neurons labeled with SMI-32 (57.4±11.5 axon profiles in 

trkB, 1.4±0.7 axon profiles in control) as well as with parvalbumin (5.9±2.0 axon profiles 

in trkB, no axon profiles in control), a marker of inhibitory, GABAergic, non-projecting 

interneurons (Fig. 3D-I; n = 8; χ2 P < 0.002).  Importantly, serotonergic fibers, which 

were not transduced with lentivirus injected into layer V motor cortex, demonstrated no 

increased affinity for BDNF-secreting subcortical grafts in lenti-trkB-copGFP transduced 

animals compared to contols (Fig. 3J-L; 20.9±4.2 axon profiles in trkB, 14.6±2.6 axon 

profiles in control; n = 8). 

 

trkB over-expression specifically induces axonal regeneration of identified CSMNs 

in response to BDNF  

While we found significant levels of axonal regeneration in lenti-trkB-copGFP 

transduced animals with markers expressed by type I, layer V pyramidal neurons, we did 

not definitively identify regenerating CSMNs.  In order to do so, we utilized the 

retrograde infection capacity of self-complementary AAV serotype 6 expressing 

enhanced GFP (scAAV6-eGFP).  We have previously found scAAV6 to exhibit superior 

retrograde infection of CSMNs in comparison to serotypes 1 through 5 (Kadoya et al., in 

preparation).  Motor cortex was transduced unilaterally with either lenti-trkB-copGFP or 
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lenti-copGFP, while scAAV6-eGFP was injected into the cervical spinal cord (Fig. 4A).  

copGFP and eGFP are structurally distinct proteins derived from different organisms and 

immunohistochemistry allows for the detection of each reporter individually.  Two weeks 

later, we performed subcortical aspiration lesions and grafted BDNF-secreting syngeneic 

fibroblasts in a type I collagen matrix.  Co-expression of copGFP reporter gene in 

CSMNs retrogradely infected with scAAV6-eGFP (Fig. 4B-D) occurred in 12.7±3.0% of 

identified CSMNs.  Dual immunohistological staining of copGFP and eGFP 

demonstrated lenti-trkB-copGFP transduced CSMNs extending processes into a 

subcortical aspiration lesion (Fig. 4E-G).  Quantification of immunohistological staining 

of eGFP axonal profiles within BDNF-secreting subcortical grafts demonstrated a 

significant number of regenerating corticospinal axons (3.6±0.3 in every 4th transverse 

section, n = 7) in lenti-trkB-copGFP transduced animals in comparison to no axon 

profiles detected within the grafts of animals infected with lenti-copGFP (n = 6) control 

virus (Fig. 4H-J; χ2 P < 0.002). 

 

Demyelination of the corticospinal tract allows for greater labeling of CSMN 

processes and detection of axonal regeneration 

Our previous findings on retrograde infection of peripheral nerve indicated that 

greater access to a demyelinated axon allowed for significantly increased levels of 

retrograde infection (Hollis et al., in preparation).  Injection of 1µL of 0.1% EtBr one 

week prior to scAAV6-eGFP injection resulted in significantly more retrogradely 

infected CSMNs with eGFP immunoreactive processes, 43.9±11.4 CSMNs in every 

fourth transverse section compared to 15.1±2.9 CSMNs without EtBr induced 
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demyelination (Fig. 5A).  The increase in efficiency of retrogradely infected CSMNs 

allowed for increased detection of regenerated corticospinal axons in lenti-trkB-copGFP 

animals(14.9±4.9 axon profiles in every 4th transverse section, n = 13), with no detectable 

corticospinal regeneration in controls (n = 10), as well as replication of our previous 

result (Fig. 5B; χ2 P<0.0002).  Importantly, the number of retrogradely infected CSMNs 

in both control and trkB transduced groups were similar, with an average of 36.8±7.2 

CSMNs (in every 4th section) transduced in control animals and 47.0±22.7 CSMNs 

transduced in trkB animals (Sup. Fig. 2B).  The ratio of detected regenerated axon 

profiles to the number of infected CSMNs did not differ between the animals 

demyelinated with 0.1% EtBr (0.24±0.06) and those that were not treated with EtBr 

(0.21±0.03) prior to scAAV6-eGFP infection (Fig. 5C). 

An example of retrogradely infected CSMNs demonstrates the numerous axon 

profiles penetrating BDNF-secreting subcortical grafts in a lenti-trkB-copGFP transduced 

animal (Fig. 6A,C-E).  This is in stark contrast to the total lack of axonal regeneration 

found in a control lenti-copGFP transduced animal (Fig. 6B,F).  The fibers detected 

within subcortical grafts following retrograde infection of demyelinated corticospinal 

axons in lenti-trkB-copGFP transduced animals exhibited various morphologies 

indicative of regenerated axons.  Thin, tortuous branches, axons association with the 

vasculature, and growth cone-like morphologies were all detected within BDNF-secreting 

subcortical grafts (Fig. 6G-J). 
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DISCUSSION 

In this study we have demonstrated that lentivirus-mediated delivery of trkB is 

capable of altering the cellular response of adult neurons and conferring upon them the 

ability to regenerate following BDNF stimulation.  We found that trkB expression 

induced neurite outgrowth of primary DRG neuron cultures in vitro and axonal 

regeneration of lesioned CSMNs in vivo, in response to BDNF.   

Studies from our lab and others have demsontrated that BDNF stimulation can 

prevent axotomy-induced death of CSMNs following a lesion of the internal capsule 

(Giehl and Tetzlaff, 1996; Hammond, et al., 1999; Giehl, et al., 2001; Lu, et al., 2001).  

Though there was an absence of axonal regeneration in those studies, BDNF-mediated 

cell survival indicated that at least part of the downstream effectors of trkB signaling 

were present in adult CSMNs (Lu, et al., 2001).  While trkA and trkC signal through the 

same pathways as trkB, we elected to utilize lentivirus-mediated trkB expression.  

Immunohistochemical detection of endogenous trkB localization in the somata and apical 

dendrites of CSMNs indicated that spatial exclusion from the axon may be a mechanism 

which prevents inappropriate BDNF-induced axonal sprouting in the adult (Lu, et al., 

2001).  We eliminated trkA as a candidate receptor due to the potential for allodynia and 

hyperalgesia following NGF stimulation (Thompson, et al., 1995; Dyck, et al., 1997; 

Hao, et al., 2000; Ribeiro-da-Silva, et al., 2000; Svensson, et al., 2003).  In addition, we 

eliminated trkC as NT-3 promotes local sprouting of corticospinal axons within spared 

grey matter following dorsal column lesion, but does not promote any discernable 

regeneration into a grafted cellular substrate (Grill, et al., 1997; Blits, et al., 2000; Zhou, 

et al., 2003). 



 122 

For our in vitro studies we utilized adult primary DRG neurons, as adult CSMNs 

have not been successfully cultured to date.  Focusing on a subset of DRG neurons, 

CGRP immunoreactive, NGF-responsive neurons allowed us to assess the effects of trkB 

expression in cells not normally responsive to BDNF stimulation (Bennett, et al., 1996).  

Importantly, all increases in neurite outgrowth and neuritic arbor complexity that 

occurred in lenti-trkB-copGFP transduced, CGRP immunoreactive neurons were 

dependent upon BDNF stimulation.  Inhibitors directed against downstream effectors of 

trkB signaling in these primary neuronal cultures indicated no deviance from the 

canonical cell survival or neurite outgrowth pathways described for immortalized cell 

lines, as only direct inhibition of Erk prevented neurite outgrowth. 

Previous work demonstrating the modulation of a signaling cascade via receptor 

expression in vivo has illustrated the fact that activation of identified signaling pathways 

may be appropriate to induce regeneration of multiple populations of neurons (Wong, et 

al., 2006).  Unlike previous work, however, our data demonstrates that we are able to 

induce regeneration among a population of CNS neurons that, to date, have not exhibited 

an amenability to regeneration despite numerous modifications of the extracellular 

milleu.  In contrast, peripheral processes of the DRG neurons studied by Wong et al. will 

regenerate in the absence of treatment while the central processes are inherently 

responsive to neurotrophin stimulation and cyclic nucleotide elevation, demonstrating an 

intrinsic regenerative capacity in the absence of modulating the cellular response to a 

growth signal (Zhang, et al., 1998; Ramer, et al., 2000; Romero, et al., 2001; Neumann, 

et al., 2002; Qiu, et al., 2002; Taylor, et al., 2006).  The localization of copGFP reporter 

in regenerated axons within BDNF-secreting subcortical grafts revealed that the increased 
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regeneration of neuronal markers in lenti-trkB-copGFP transduced animals was a cell-

autonomous effect. 

In vivo we observed axonal regeneration of multiple cell types following trkB 

over-expression in motor cortex.  While there is no defined set of markers explicitly 

expressed in corticospinal axons, we utilized a pair of markers known to be expressed in 

the axons of type I layer V pyramidal neurons, a subset of which are CSMNs, as well as 

direct labeling of CSMNs via retrograde infection with scAAV6-eGFP to assess 

corticospinal regeneration.  Following our use of EtBr-induced demyelination of the CST 

to enhance retrograde infection with scAAV6, we did not observe any enhancement of 

regeneration.  Similarly, distal demyelination of the rubrospinal tract, in thoracic spinal 

cord, does not increase levels of regeneration-associated genes in the red nucleus 

(Hiebert, et al., 2000). 

Within subcortical BDNF-secreting grafts, numerous processes immunoreactive 

for NF200 and SMI-32, both expressed by type I layer V pyramidal neurons, indicate a 

robust amount of regeneration following lenti-trkB-copGFP motor cortex transduction.  If 

this is considered along with the fact that the proportion of identified corticospinal axon 

profiles within the graft to the number of retrogradely infected CSMNs is approximately 

21%, it appears that there may be significantly higher levels of corticospinal regeneration 

than it is possible to detect with retrograde infection via scAAV6.  A more appealing 

approach for assessing the effects of trkB over-expression on corticospinal axons may be 

to focus on axonal transport of the receptor in transduced neurons and examine 

regeneration in a spinal cord lesion, with functional regeneration following spinal cord 

lesion ultimately being the goal of any study directed at corticospinal regeneration.  With 
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the unequivocal induction of corticospinal axon regeneration, this study provides a basis 

for further development of strategies aimed at spinal cord regeneration.  The histological 

and mechanistic observations made here provide a clear direction forward for future 

studies on behavioral benefits of corticospinal regeneration. 
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Figure 3.1.  trkB expression promotes in vitro neurite growth of CGRP 
immunoreactive DRG neurons in response to BDNF.  (A-C) DRG neurons plated on 
poly-D-lysine transduced with lentiviral vectors encoding (A,C) trkB and a copGFP 
reporter or (B) copGFP alone; insets in (A) show images of the cell soma for each 
channel separately.  Transduced cells were (A, B) either stimulated with 20ng/mL BDNF 
for 72hrs or (C) unstimulated.  The βIII-tubulin labeled (red) neuritic arbor was analyzed 
in neurons labeled for CGRP (blue) and expressing the reporter copGFP (green).  (D) 
Sholl analysis indicates a significant increase in neurite arbor complexity in trkB-
transduced CGRP+ DRG neurons that were BDNF-stimulated (repeated measures 
ANOVA; P<0.05).  (E) The average length of the longest neurite is significantly 
increased in trkB-transduced CGRP+ neurons in the presence of 20ng/mL BDNF.  (F) 
Inhibition of cell survival pathways (PI-3K, Akt) downstream of trkB activation did not 
affect neurite outgrowth in trkB-transduced, BDNF-stimulated, CGRP+ DRG neurons; 
while inhibition of Erk, in the canonical neurite outgrowth pathway, eliminated all 
process extension.  ANOVA *P<0.05; χ2 **P<0.05.  Scale bars, 100µm; 25µm (insets in 
A). 
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Figure 3.2.  Lentiviral trkB transduced cortical neurons extend axons into a BDNF-
secreting sub-cortical cell graft.  (A) Confocal image stack showing HA 
immunolabeled trkB transgene in cell soma and proximal processes in a lentivirus-
transduced layer V pyramidal cell.  (B) Vector delivery to primary motor cortex results in 
copGFP reporter expression in layer V immediately dorsal to a subcortical aspiration 
lesion grafted with BDNF-secreting fibroblasts.  (C-K) Double-labeling for GAP-43, 
SMI-32 and serotonin (5-HT) with copGFP within BDNF-secreting grafts demonstrate 
that lentivirus-transduced neurons extend axons into subcortical grafts. copGFP was 
detected in axons labeled with (C-E) GAP-43 and (F-H) the non-phosphorylated 
neurofilament marker SMI-32, expressed by type I layer V pyramidal neurons.  (I-K) In 
contrast, serotonergic fibers can be found in BDNF grafts without being transduced with 
trkB lentivirus.  Scale bars, 10µm (A,C-K); 500µm (B). 
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Figure 3.3. trkB over expression increases axonal growth of cortical neurons into 
subcortical BDNF-expressing cell grafts.  (A-C) Heavy-chain neurofilament (NF200) 
labeling and (D-F) non-phosphorylated neurofilament (SMI-32)-labeling, markers of 
layer V pyramidal neurons, indicate an increase in axonal regeneration into BDNF 
expressing grafts following cortical trkB virus injection compared to control virus 
injections. Dashed lines indicate host-graft interface.  (C, F) Quantification of (C) NF-
200 and (F) SMI-32 immunolabeled processes in BDNF-secreting fibroblast grafts in 
every 14th transverse section through the motor cortex demonstrates significant group 
differences.  (G-I) Growth of inhibitory parvalbumin-immunoreactive interneurons into 
BDNF-secreting grafts is also increased following trkB overexpression. (J-L) No 
differences in serotonergic fiber penetration is observed from non-transduced 
serotonergic fibers projecting to the isocortex. χ2 *P<0.002.  Scale bars, 25µm (A-K). 
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Figure 3.4.  Retrograde infection of CSMNs with scAAV6-GFP allows for specific 
assessment of corticospinal axon regeneration.  (A) Injection of scAAV6-eGFP into 
the spinal cord at C3 results in eGFP expression in layer V pyramidal motor neurons, a 
fraction of which are co-infected with lentivirus expressing trkB-HA and the 
immunologically distinct reporter copGFP.  (B-D) Retrogradely scAAV6-infected 
CSMN, identified by eGFP expression, co-express the copGFP reporter in an animal 
injected with lenti-trkB-copGFP. (E-G) Confocal imaging demonstrates eGFP 
immunoreactive corticospinal axons co-labeled for copGFP within BDNF-secreting 
grafts indicating transduction by lenti-trkBHA-copGFP. (H,I) Retrogradely transduced 
GFP-labeled corticospinal neurons extend eGFP immunoreactive corticospinal axons 
(arrows) into a BDNF-secreting subcortical graft; the host-graft interface is indicated by a 
dashed line. (J) Quantification of eGFP immunoreactive axon profiles within BDNF-
secreting subcortical grafts, demonstrates that trkB overexpression in motor cortex 
significantly increases the number corticospinal axons within grafts.  χ2 *P<0.002.  Scale 
bars, 50µm (H); 25µm (B-D,I); 5µm (E-G). 
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Figure 3.5.  Demyelination of the dorsal funiculus prior to retrograde infection 
increases the detection of CSMN processes and regenerating axons.  (A) 
Demyelination of the dorsal funiculus at C3 one week prior to scAAV6-eGFP injection 
significantly increases the number of CSMNs with detectable eGFP expression 
throughout the neuronal arbor.  (B) Quantification of eGFP immunoreactive axon profiles 
within BDNF-secreting subcortical grafts in animals demyelinated with 0.1% ethidium 
bromide (EtBr) one week prior to scAAV6-eGFP injection, demonstrates that 
corticospinal axons in BDNF secreting grafts can only be found in animals that received 
trkB virus injction into motor cortex.  (C) The ratio of regenerated axon profiles to 
retrogradely infected CSMNs with detectable processes does not differ between the 
animals treated with demyelinating EtBr prior to retrograde infection and those that were 
not, indicating that increased numbers of regenerating axons in demyelinated animals is 
due to an increased level of detection. *P<0.01; χ2 *P<0.0002. 
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Figure 3.6.  Enhancement of retrograde CSMN infection by demyelination prior to 
scAAV6-eGFP injection used to visualize corticospinal axon labeling.  (A, C-E) In 
trkB virus-injected animals, retrogradely infected CSMNs extend axons into a BDNF-
secreting fibroblast graft.  (B,F) In control, copGFP injected animals, lesioned axons are 
found in the vicinity of the subcortical grafts (arrowheads), but never extend into BDNF-
expressing grafts.  (G-J) Fibers within subcortical grafts exhibit various morphologies 
including a thin tortuous path and structures resembling growth cones.  Scale bars, 
500µm (A); 100µm (B); 50µm (C,D); 25µm (E-J). 
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Supplementary Figure 3.1.  Immunohistochemical labeling of HA epitope fused to trkB 
C-terminus in the motor cortex.  (A) Lentiviral transduction of motor cortex (layer V 
indicated by dashed outline) leads to trkB-HA distribution into axons within (B, C) the 
corpus callosum Scale bars, 500µm (A); 25µm (B,C). 
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Supplementary Figure 3.2.  Retrogradely infected CSMNs.  (A) Neurolucida tracing of 
retrogradely infected CSMNs expressing eGFP exhibiting axonal regeneration (blue 
tracings) into a BDNF-secreting subcortical graft following lentiviral trkB over-
expression.  (B) Similar numbers of CSMNs were retrogradely infected with scAAV6-
eGFP in control (copGFP) and trkB lentiviral transduced animals.  Scale bar, 100µm. 
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CHAPTER 4 

Efficient Retrograde Neuronal Transduction Utilizing Self-Complementary AAV1 

 

ABSTRACT 

Adeno-associated virus (AAV) is frequently used for gene transfer into the central 

nervous system. Similar to adenovirus and rabies virus, AAV can be taken up by axons 

and retrogradely transported, resulting in neuronal gene expression distant from the 

injection site.  We investigated the retrograde transport properties of self-complementary 

AAV (scAAV) serotypes 1-6 following peripheral injection.  Injection of scAAV into 

either rat extensor carpi muscle or sciatic nerve resulted in detectable retrograde vector 

transport and reporter gene expression in spinal cord motor neurons.  Serotype 1 resulted 

in the highest level of retrograde transport, with 4.1±0.3% of cervical motor neurons 

projecting to the extensor carpi transduced following intramuscular injection, and 

7.5±3.1% of lumbar motor neurons transduced after sciatic nerve injection.  In contrast to 

scAAV1, retrograde transduction with scAAV2 was undetectable following 

intramuscular injection, and was detected in only 0.81±0.15% of motor neurons 

projecting to the sciatic nerve following intra-nerve injection.  Furthermore, sciatic 

injection of single-stranded AAV1 required injection of 10-fold higher numbers of viral 

particles for detectable transgene expression compared to scAAV1, and then only 

0.91±0.24% of lumbar motor neurons were transduced.  Our data provide the basis for 

increased retrograde transduction efficiency using peripheral injections of scAAV1 

vectors for therapeutic gene delivery to the spinal cord. 
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INTRODUCTION 

Adeno-associated virus (AAV) is a single-stranded DNA parvovirus dependent on 

adenoviral co-infection for viral reproduction.  At least 11 naturally occurring AAV 

serotypes have been described (Choi, et al., 2005).  The single-stranded DNA genome 

size of AAV is approximately 4.7kb long (McCarty, et al., 2001).  Host cell-mediated 

synthesis of the second DNA strand constitutes a rate-limiting step in the efficiency and 

onset of transgene expression following administration of single-stranded recombinant 

AAV AAV) vectors. This drawback can be resolved by generating self-complementary 

AAV (scAAV) vectors packaging a double-stranded genome at half the genome size of 

wild-type AAV (McCarty, et al., 2001; Fu, et al., 2003; McCarty, et al., 2003). The 

scAAV vectors described herein were generated by deleting the terminal resolution site 

from one AAV terminal repeat, preventing the initiation of replication at the mutated end. 

The constructs generate single-stranded, inverted repeat genomes, with a wild type 

terminal repeat at each end, and a mutated terminal repeat in the middle (Fu, et al., 2003; 

McCarty, et al., 2003). After capsid disassembly, the genome folds through 

intramolecular base pairing within the mutant terminal repeat to form a double-stranded 

DNA molecule.  These self-complementary AAV vectors, whose transgene capacity is 

half that of single-stranded AAV , are more efficient than single-stranded AAV in 

transducing various tissues including muscle, liver and brain, and reach peak expression 

levels more rapidly than single-stranded AAV (McCarty, et al., 2001; McCarty, et al., 

2003).   

Recombinant AAV is an effective vector for gene delivery in the CNS: the virus 

can infect post-mitotic neurons, and results in sustained transgene expression with little 
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immunogenicity or toxicity.  The utility of AAV has been demonstrated in numerous pre-

clinical studies, and is currently used in clinical trials in Alzheimer’s disease (AD), 

Parkinson’s disease (PD), Canavan’s disease and Batten’s disease (Mandel and Burger, 

2004; McPhee, et al., 2006; Warrington and Herzog, 2006).  While viral vector delivery 

via direct injection into the CNS is required for therapeutic gene delivery in a number of 

CNS disorders, minimally invasive delivery techniques via muscle and peripheral nerve 

injection could be employed in diseases affecting the spinal cord such as amyotrophic 

lateral sclerosis, spinal cord injury, and spinal muscular atrophy, among others.  Studies 

have demonstrated that, like adenovirus and rabies virus, AAV can infect lower motor 

neurons (MNs) either via uptake at or near the neuromuscular junction (NMJ), or after 

injection into the sciatic nerve, followed by retrograde transport and transgene expression 

(Kaspar, et al., 2003; Pirozzi, et al., 2006).  Intraneural colchicine delivery disrupts 

microtubule polymerization and blocks retrograde infection by adenovirus and AAV 

(Boulis, et al., 2003). 

The various serotypes of AAV capsids differ in structure and bind unique 

membrane-associated receptors, resulting in differences in cell tropism and virus spread 

among the serotypes (Chao, et al., 2000; Zabner, et al., 2000; Halbert, et al., 2001; 

Auricchio, et al., 2002; Hauck and Xiao, 2003; Wang, et al., 2003; Burger, et al., 2004; 

Choi, et al., 2005; Isabel Virella-Lowell, 2005; Ulrich T. Hacker, 2005; Palomeque, et al., 

2007; Taymans, et al., 2007).  Variability among serotypes in viral tropism for myotubes, 

for example, has previously been shown to result in 100 to 1000-fold differences in gene 

expression levels following infection (Chao, et al., 2000; Hauck and Xiao, 2003).  

Previous studies have also demonstrated increases in virus spread and cell-type tropism 
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(neurons vs. glia) with AAV serotypes 1 and 5 when compared to AAV2 (Wang, et al., 

2003; Burger, et al., 2004; Shevtsova, et al., 2005).  However, the retrograde transport 

efficacy of the different serotypes to the CNS following peripheral administration has not 

been quantitatively investigated to date. 

 We hypothesized that the unique tropisms of the various AAV capsids affect the 

efficiency of AAV retrograde infection from peripherally projecting motor neurons.  Here 

we examined the capacity for retrograde infection of scAAV serotypes 1 through 6 both 

at the neuromuscular junction and along the length of the motor axon (Fig. 1).  The tested 

serotypes differed by capsid only, whereas the genomes in all vectors contained terminal 

repeats derived from AAV2. Of the serotypes tested, scAAV serotype 1 (scAAV1) 

resulted in the highest level of retrograde infection of lower motor neurons following 

intramuscular or intra-nerve injection.  Further, comparison of single-stranded AAV1 to 

self-complementary AAV1 demonstrated higher expression levels following retrograde 

transport with the latter. 

 

MATERIALS AND METHODS 

Viral stocks 

All viral serotypes were produced at the Vector Core at the University of North 

Carolina, Chapel Hill.  The viral plasmid utilized for self-complementary AAV (pHpa-

Trs-SK) contains a human CMV promoter, SV40 intron, enhanced GFP transgene, SV40 

polyA signal along with one wild-type and one mutated AAV2 terminal repeat (Fu, et al., 

2003).  The viral plasmid used to generate single-stranded AAV (pTRUFR-eGFP) 

contains a human CMV promoter, SV40 intron, enhanced GFP transgene, SV40 poly A 
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signal and wild-type AAV2 terminal repeats.  pHpa-Trs-SK or pTRUFR-eGFP were 

cotransfected with Ad and AAV helper plasmids into HEK 293 cells via CaCl2 

transfection and cell lysates were purified by CsCl density gradient purification as 

previously described (Li, et al., 1997; Xiao, et al., 1998).  The self-complementary virus 

produced contained a double-stranded DNA genome with one mutated terminal repeat in 

the middle and two wild-type AAV2 terminal repeats at the end of the genome (McCarty, 

et al., 2003).  Single-stranded virus produced contained a single-stranded DNA genome 

flanked by two wild-type AAV2 terminal repeats.  Viral titers were determined by dot 

blot DNA hybridization and virus was diluted in Hank’s Balanced Saline Solution 

(HBSS) to 1.0x1012 or 1.05x1011 viral particles per mL prior to injection. 

 

Forelimb injection of scAAV serotypes 

All animal experiments were conducted in accordance with Society for 

Neuroscience and NIH guidelines.  Adult female Fischer 344 rats (150-165g) were 

anaesthetized with 2mL/kg of anaesthetic mixture: 25mg/mL ketamine, 1.3mg/mL 

xylazine and 0.25mg/mL acepromazine. An incision was made between the elbow and 

wrist of the lower right forelimb to expose the extensor carpi muscle.  1.05x109 viral 

particles (10µL) of self-complementary AAV CMV-eGFP were injected 1mm 

subfascially in 3 sites at the thickest point of the extensor carpi muscle of adult rats.  

Serotypes 1 through 6 were injected unilaterally to three animals each using a 10µL 

Hamilton syringe with a beveled 26ga injection needle (Hamilton Company, Reno, NV).  

Injections were made at a rate of 2uL/min with the needle held in place for an additional 

30 seconds after injection.  The skin was then closed and stapled.  An additional five rats 
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were injected in the same manner with 10µL of a 1% solution of the retrograde tracer 

cholera toxin B subunit (CTB; LIST Biological Laboratories, Campbell, CA).  CTB is a 

robust retrograde tracer that was used to assess the number of lower motor neurons 

innervating the extensor carpi muscle.  This number was used to determine retrograde 

transport efficiency of scAAV serotypes following extensor carpi injection.  At 4 weeks 

post-infection, or 1 week post CTB label, rats were transcardially perfused with 4% 

paraformaldehyde (PFA).  Spinal cords were post-fixed in 4% PFA overnight then 

transferred to a 30% sucrose solution prior to cryostat sectioning of the cervical 

enlargement.  Tissue was embedded in tissue freezing medium (Triangle Biomedical 

Services, Durham, NC) and sectioned horizontally on a Jung Frigocut (Leica, 

Bannockburn, IL) set at 35µm intervals. 

 

Sciatic injection of AAV serotypes 

Adult female Fischer 344 rats (150-165g) were anaesthetized with 2mL/kg of 

anaesthetic mixture.  An incision was made along the hindlimb, immediately caudal and 

parallel to the femur, and the sciatic nerve was exposed.  2.10x108 viral particles (2µL) of 

scAAV CMV-eGFP were injected to the sciatic nerve (1µL per branch) along the length 

of the femur.  scAAV1 (n=5), scAAV2 (n=5), scAAV3 (n=4), scAAV4 (n=3), scAAV5 

(n=5) or scAAV6 (n=3) were injected using a 1µL Hamilton syringe with beveled 22ga 

injection needle (Hamilton Company, Reno, NV).  Injections were made at a rate of 

1uL/min with the needle held in place for an additionally 15 seconds following injection.  

Following injection, the skin was closed and stapled.  Six rats were injected in the sciatic 

nerve with single-stranded recombinant AAV1, three with 2.10x108 (2µL) viral particles 
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and the other three with 2.00x109 (2µL) viral particles.  Three additional rats were 

injected in the same manner with 2µL of a 1% CTB solution to estimate the number of 

lower motor neurons in the lumbar spinal cord with projections to the sciatic nerve.  This 

number was used to calculate the retrograde transport efficiency of scAAV serotypes 1-6.  

Two weeks following virus injection, or 1 week following CTB injection, rats were 

transcardially perfused with 100mL phosphate buffered saline followed by 200mL of 4% 

paraformaldehyde (PFA).  Spinal cords were post-fixed in 4% PFA overnight then 

transferred to a 30% sucrose solution prior to cryostat sectioning of the lumbar 

enlargement.  Horizontal sections were cut 35µm thick.   

 

Immunocytochemistry 

Horizontal spinal cord sections at either the cervical or lumbar level were 

immunolabeled for either GFP or CTB.  Sections blocked in TBS + 0.25% triton X-100 

with 5% donkey serum were incubated either overnight at 4°C with rabbit anti-GFP 

[1:6000] (Millipore, Billerica, MA) or for 3 days at 4°C with goat anti-CTB [1:80,000] 

(LIST Biological Laboratories, Campbell, CA).  3,3’-diaminobenzidine (DAB) 

precipitation following biotinylated secondary antibody incubation was used to visualize 

retrogradely infected lower motor neurons.  CTB labeled sections were thionin 

counterstained.  Two-channel immunoflourescence for GFP and choline acetyltransferase 

(ChAT) was performed by incubating in rabbit anti-GFP [1:1500] (Millipore) and goat 

anti-ChAT [1:100] (Millipore) overnight at 4°C followed by incubation with donkey anti-

rabbit conjugated to Alexa 488 [1:250] (Invitrogen, Carlsbad, CA) and donkey anti-goat 
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conjugated to Alexa 594 [1:250] (Invitrogen) for 2.5hr at RT. 

 

Quantification and analysis 

The total number of neurons in the spinal cord that were labeled for either GFP or 

CTB were quantified in one-of-seven serial sections in animals injected into the extensor 

carpi muscle, and in one-of-six sections in animals injected into the sciatic nerve.  CTB 

labeling was used to delineate the rostro-caudal extent of motor neurons projecting either 

to the extensor carpi muscle or through the sciatic nerve, and stereological counts of 

motor neurons were made using Stereo Investigator software (MicroBrightField, Inc, 

Williston, VT) to estimate the total number of CTB labeled motor neurons.  CTB labeled 

cells and Nissl stained cells in the ventral horn with diameters greater than 20µm were 

counted and Stereo Investigator was used to determine the projected total number of CTB 

and non-CTB labeled large-diameter motor neurons in the spinal cord.  Large-diameter 

motor neuron nucleoli were counted in random fields of view throughout the extent of the 

ventral horn (sampling fraction 50%).  The top and bottom 12.5% of the sections were 

omitted to prevent potential double-counting of neurons in adjacent sections.  The total 

number of GFP immunoreactive cells was measured as a percentage of the total number 

of CTB labeled cells counted per injection paradigm.  Non-parametric statistical 

comparison was made with the Kruskal-Wallis rank sum test. 

 

DNA Isolation and PCR 

For DNA isolation, 16 animals were injected unilaterally with either PBS (n=4), 2.10x108 

viral particles of scAAV1 (n=4), 2.10x108 viral particles of single-stranded AAV1 (n=4) 
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or 2.10x108 viral particles of single-stranded AAV1 (n=4).  Two weeks post injection, the 

ventral grey matter of the lumbar enlargement on the injected side was dissected and 

DNA was isolated using Qiagen’s DNeasy Blood and Tissue DNA isolation kit (Qiagen, 

Valencia, CA).  PCR was performed on 750ng DNA from each sample with Pfx50 

polymerase (Invitrogen): 40 cycles of 15s denaturation at 94°C, 30s annealing at 50°C 

and 30s extension at 68°C with an initial denaturation for 5min at 94°C and a final 

extension for 10min at 68°C.  The primers used were 

TGGAGTACAACTACAACAGCCA and CACCTTGATGCCGTTCTTC (Allele 

Biotechnology, San Diego, CA). 

 

RESULTS 

Serotype scAAV1 exhibits the greatest efficiency of retrograde transport to spinal 

motor neurons following intramuscular injection  

The efficiency of scAAV retrograde transport to lower motor neurons was 

assessed by immunocytochemistry following intramuscular injection to the forelimb 

extensor carpi muscle.  Injections of self-complementary AAV serotype 1 resulted in the 

highest number of GFP immunoreactive motor neurons in the cervical spinal cord among 

all serotypes tested (Fig. 2A,B).  scAAV1 resulted in infection of 4.1±0.3% of cholera 

toxin B (CTB) labeled extensor carpi projecting motor neurons, an amount significantly 

higher than serotypes 2-6 (Fig. 2C, P<0.02).  The transduction efficiency of all other 

serotypes was considerably lower, ranging from below detection (threshold of 0.43%) up 

to 0.87±0.66% (Fig. 2C).  The ratio of GFP expressing cells to CTB labeled cells counted 

in every seventh section was multiplied by the projected total of CTB labeled motor 
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neurons determined by stereological counts, yielding an estimated total of 121±33 

scAAV1-GFP infected neurons per animal projecting to the single, small extensor carpi 

muscle.  All cells expressing GFP in the ventral spinal cord were immunopositive for 

choline acetyltransferase (ChAT), a marker of cholinergic lower motor neurons, 

indicating that vector expression was limited to the targeted neuronal population (Fig. 3).  

Intramuscular injections of scAAV1 resulted in GFP expression with viral titers 10-fold 

lower than those previously demonstrated to be required for retrograde transport with 

AAV2 (Kaspar, et al., 2003). 

 

Serotype scAAV1 exhibits the greatest efficiency of retrograde transport to spinal 

motor neurons after intranerve injection 

Sciatic injection of scAAV serotypes was used to assess retrograde transport of 

lower motor neurons following intra-nerve administration (Fig. 4).  As with 

intramuscular injection, scAAV1 demonstrated the highest efficiency of retrograde 

transport among all the serotypes tested (Fig. 4E, P<0.003).  Of the lower motor neurons 

projecting through the sciatic nerve, 7.5±3.1% were retrogradely infected with scAAV1-

eGFP, when measured as a proportion of CTB-labeled motor neurons.  The transduction 

efficiency of all other serotypes was significantly lower, ranging from 0.32±0.04% up to 

1.07±0.21%. The ratio of GFP expressing cells to CTB labeled cells counted in every 

sixth section was multiplied by the estimated total of CTB-labeled motor neurons 

determined by stereological counts, to yield a total of 397±166 scAAV1-GFP infected 

neurons per animal (Fig. 4F). 
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Self-complementary AAV1 infection results in greater gene expression than single-

stranded AAV1 after intranerve injection 

Having discovered that scAAV1 exhibits the greatest efficiency of retrograde 

transport to motor neurons of the spinal cord among the self complementary serotypes 

tested, we sought to compare the efficiency of expression of scAAV1 compared to single-

stranded AAV1.  Sciatic injection of 2.10x108 viral particles of single-stranded AAV1, 

the titer used to identify retrograde transport of scAAV1, was insufficient for detection of 

GFP expression in the lumbar spinal cord enlargement (Fig. 5A,B).  A higher titer of 

2.00x109 viral particles of single-stranded AAV1 was necessary to detect GFP expression 

in 0.91±0.24% of lower motor neurons, but this titer resulted in infection of a 

significantly lower number of motor neurons than the 7.5±3.1% observed following  

injection of scAAV1 at a titer of 2.10x108 viral particles (Fig. 5A, P<0.012).  The ratio of 

GFP expressing cells to CTB labeled cells counted in every sixth section was multiplied 

by the estimated total of CTB-labeled motor neurons determined by stereological counts, 

to yield a total of 49±13 single-stranded AAV1-GFP infected neurons per animal (Fig. 

5B). 

 

Confirmation of expression by PCR 

PCR amplification of DNA isolated from the ventral grey of lumbar spinal cord 

demonstrated the retrograde transport of the AAV-GFP genome in animals injected in the 

sciatic with 2.00x109 viral particles of single-stranded AAV1-GFP and in animals 

injected with 2.10x108 viral particles of either single-stranded or self-complementary 

AAV1-GFP (Fig. 5C).   
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DISCUSSION  

While peripheral injections of AAV serotype 2 have been shown to infect lower 

motor neurons by retrograde vector transport, this is a low efficiency phenomenon 

(Kaspar, et al., 2003; Pirozzi, et al., 2006).  Here we demonstrate that scAAV serotype 1 

exhibits significantly greater retrograde transduction efficiency than scAAV serotype 2, 

using 10- to 100-fold lower viral titers than those utilized in earlier studies of single-

stranded AAV2 (Kaspar, et al., 2003; Pirozzi, et al., 2006).  GFP expression was 

undetectable in motor neurons of the spinal cord following intramuscular injection of 

1.05x109 viral particles of scAAV2, in agreement with earlier studies utilizing 

immunohistochemistry and PCR to analyze retrograde transport of AAV2 (Kaspar, et al., 

2003).  In contrast, the identical titer of scAAV1 was capable of transducing 4.2 ± 1.1% 

of the motor neurons projecting to the injected extensor carpi muscle, corresponding to 

121 ± 33 motor neurons per animal in the targeted spinal segment.  This increase in 

retrograde transport efficiency with scAAV1 following intramuscular delivery represents 

a significant advance in non-invasive gene delivery to the spinal cord. 

Intra-nerve injection of scAAV1 resulted in infection of 397 ± 166 motor neurons 

per animal, or 7.5 ± 3.1% of all motor neurons in the targeted segment.  Thus, intra-nerve 

vector injection was approximately 3-fold more efficient than intramuscular injection.  

The increased number of GFP expressing cells following intra-nerve injection, compared 

to intramuscular injection, is probably due to the innervation of multiple targets by 

neurons projecting through the sciatic nerve, resulting in exposure of vector particles to 

greater numbers of motor axons.  It is also possible that intra-nerve injection prevents 

vector loss from binding to myotubes. The latter possibility appears less likely to account 
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for the enhanced efficiency of intra-nerve AAV injections, however, because efficiency 

of cholera toxin B transport was also 3-fold greater following intra-nerve injection than 

intramuscular injection, and cholera toxin B is not taken up by muscle. 

In contrast to earlier studies utilizing peripheral injection of single-stranded 

AAV2-GFP, single-stranded AAV1-GFP retrograde infection was detectable by PCR 

following injection of less than 1x109 viral particles (Kaspar, et al., 2003).  Injection of 

2.1x108 viral particles of single-stranded AAV1-GFP into the sciatic nerve resulted in 

PCR detection of retrogradely transported AAV-GFP genome in the lumbar spinal cord, 

however there was no detectable transgene expression in the lower motor neurons.  This 

is in marked contrast to the robust GFP expression level of self-complementary AAV1-

GFP injected at an identical titer.  Following injection of 2.0x109 viral particles of single-

stranded AAV1, GFP expression was detected in an average of 49±13 lower motor 

neurons per animal.  This total number of infected motor neurons is eight-fold fewer than 

the 397±166 GFP-immunoreactive motor neurons that resulted from sciatic injection of 

nearly ten-fold fewer (2.10x108) viral particles of self-complementary AAV1.  The 

difference between single-stranded and self-complementary AAV1-GFP expression is 

likely attributable to the rate-limiting step of second strand synthesis. 

CTB labeling was used to determine the number of motor neurons projecting to 

the targeted injection region; CTB is retrogradely transported with extremely high 

efficiency, labeling 89±3% of large-diameter motor neurons in the lumbar enlargement.  

Thus it could be reliably used to determine the proportion of neurons projecting through 

the nerve or to the muscle that were retrogradely infected with scAAV. 
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In addition to peripheral injection, central injections of AAV2 have been found to 

result in retrogradely infected neurons of the entorhinal cortex and substantia nigra 

following hippocampal and striatal injections, respectively (Kaspar, et al., 2002).  Later 

studies described a qualitative increase in this retrograde transport efficiency with 

recombinant AAV1 and AAV5 following injection to the rat hippocampus, although 

formal quantification was not performed (Burger, et al., 2004).  These earlier studies 

suggested that retrograde transport efficiencies of the various AAV serotypes in the 

nervous system may vary.  

Peripheral administration of scAAV serotype 1 appears to represent a method of 

efficiently delivering therapeutic transgenes to the spinal cord.  Motor neuron specific 

targeting for transgene delivery could potentially be utilized to treat diseases such as 

amyotrophic lateral sclerosis, hereditary spastic paraplegia and spinal muscular atrophy, 

and could also be used to stimulate targeted axonal growth toward motor neurons after 

spinal cord injury.  Intraneural delivery of scAAV1 led to greater infection and spread of 

vector in this study than intramuscular injection, and may therefore be a superior method 

for achieving broader therapeutic gene delivery into the spinal cord.  
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Figure 4.1.  Schematic representation of two distinct peripheral viral injections.  A, 
Injection of the extensor carpi muscle results in expression of scAAV-derived eGFP in 
motor neurons of the cervical spinal cord.  B, Injection of the sciatic nerve results in 
scAAV-derived eGFP expression in motor neurons of the lumbar spinal cord. 
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Figure 4.2. GFP immunoreactive, retrogradely infected, cervical, lower motor neurons 
following intramuscular injection.  A, B, GFP-immunoreactive lower motor neurons in a 
horizontal cervical spinal cord section following retrograde transport with scAAV1-eGFP 
injection to the right forelimb extensor carpi muscle.  A, Overall view of right cervical 
enlargement (scale bar = 500 µm).  B, Higher magnification of boxed area in A showing 
dendritic arborization of GFP-immunoreactive lower motor neurons (scale bar = 50µm).  
C, The proportion of GFP immunoreactive motor neurons relative to the number of CTB-
labeled motor neurons quantified in every seventh section.  D, The total number of GFP 
immunoreactive motor neurons as estimated by comparison to stereological counts of 
CTB-labeled neurons projecting to extensor carpi muscle.  scAAV1 demonstrates a 
significantly higher efficiency of retrograde infection than other serotypes.  *P<0.02, 
error bars = mean + SEM (n = 3/group) 
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Figure 4.3.  Cholinergic lower motor neurons express GFP when retrogradely infected 
with scAAV1.  Double labeled lumbar spinal cord sections demonstrating GFP 
expression in ChAT immunoreactive MNs (arrows, scale bar = 100µm). 
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Figure 4.4.  Lower motor neurons retrogradely infected with scAAV.  GFP 
immunoreactive lower motor neurons in a horizontal lumbar spinal cord section 
following retrograde infection. Motor neurons of the lumbar enlargement infected with 
either scAAV1-eGFP (A; C, box in A) or scAAV2-eGFP (B; D, box in B) following 
injection to the sciatic nerve.  (scale bar = 100µm)  Injection of scAAV1 clearly results in 
superior retrograde infection of spinal motor neurons.  E, The proportion of GFP 
immunoreactive MNs relative to the number of CTB labeled MNs quantified in every 
sixth section.  F, The total number of GFP immunoreactive MNs as estimated by 
comparison to stereological counts of CTB labeled neurons projecting through the sciatic 
nerve.  scAAV1 demonstrates a significantly higher efficiency of retrograde infection 
than other serotypes.  * P<0.005; error bars = mean + SEM (scAAV1 n=5, scAAV2 n=5, 
scAAV3 n=4, scAAV4 n=3, scAAV5 n=5, scAAV6 n=3) 
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Figure 4.5.  GFP immunoreactive, retrogradely infected lower motor neurons following 
sciatic injection of AAV1-GFP (2.10x108 or 2.00x109 viral particles, VP) or scAAV1-
GFP (2.10x108 VP). A, The proportion of GFP immunoreactive MNs relative to the 
number of CTB labeled MNs quantified in every sixth section.  B, The total number of 
GFP immunoreactive MNs as estimated by comparison to stereological counts of CTB 
labeled neurons projecting through the sciatic nerve.  C, PCR detection of GFP DNA 
isolated from the ventral horn of the lumbar enlargement in animals following sciatic 
injection of single-stranded AAV1-GFP (2.10x108 or 2.00x109 viral particles, VP) or 
scAAV1-GFP (2.10x108 VP).  While AAV1 and scAAV1 are both retrogradely 
transported to the MN somata, scAAV1 demonstrates a significantly higher level of 
expression than AAV1 at identical and nearly 10-fold lower titers.  * P<0.012 
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CHAPTER 5 

General Discussion 

 

Recapitulating the developmental state of the immature central nervous system 

(CNS) is an attractive approach to guiding regeneration following axotomy.  A number of 

studies indicate that maturation of the CNS induces changes in both the intrinsic ability of 

neurons to respond to a growth stimulus as well as the extrinsic ability of the CNS to 

promote and support axon growth.  The work detailed in this dissertation describes 

approaches designed to address developmentally regulated intrinsic and extrinsic 

mechanisms affecting corticospinal axon regeneration in the adult CNS.  It was 

demonstrated that modification of the extracellular environment and presentation of 

trophic factor responsible for the initial corticospinal axon outgrowth was insufficient to 

recapitulate a growth state in axotomized corticospinal motor neurons (CSMNs) in the 

adult.  Alteration of an intrinsic signaling pathway via receptor over-expression, however, 

promoted axonal regeneration of adult CSMNs.  With an eye towards future studies, we 

refined a technique for peripheral delivery of therapeutic transgenes with specific 

expression in the lower motor neurons (MNs) of the spinal cord.  What follows is a 

discussion of the main points of this dissertation, how this research may be integrated 

with the wider body of spinal cord injury (SCI) research and its implications for future 

directions in the field. 
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Delivery of IGF-I, indispensable in CSMN axon outgrowth, is unable to recapitulate 

a growth state in the adult CNS 

As IGF-I exhibits robust effects on axonal outgrowth of FACS-purified CSMNs 

in vitro, we tested the hypothesis that IGF-I would also promote axonal regeneration 

following corticospinal axotomy in the adult (Ozdinler and Macklis, 2006).  We found 

that biologically active rat IGF-I secreted by MSCs transduced ex vivo exhibited 

significant regenerative effects on raphespinal and coerulospinal axons, but not on 

CSMNs following cervical dorsal column lesion.  In accordance with the lack of effect on 

the CST following SCI, we were unable to immunohistologically detect IGF-I receptor 

(IGF-IR) in the dorsal columns of the spinal cord.  Both IGF-IR subunits were detectable 

in the somal compartment of retrogradely-labeled CSMNs.  This pattern of expression in 

the adult is similar to that of the high-affinity BDNF receptor trkB, which mediates cell 

survival following subcortical axotomy of CSMNs (Giehl and Tetzlaff, 1996; Giehl, et 

al., 1998; Hammond, et al., 1999; Giehl, et al., 2001; Lu, et al., 2001).  Simlar to the 

neurotrophic effects of BDNF, we found that IGF-I supports cell survival following 

subcortical axotomy when animals received intraventricular infusion of the IGF binding 

protein inhibitor NBI-31772 (1-(3,4-dihydroxybenzoyl)-3-hydroxycarbonyl-6, 7-

dihydroxyisoquinoline).  This treatmeant does not, however, promote axonal outgrowth 

from CSMNs in response to IGF-I. 

The effect of IGF-I on cell survival is in line with the neurotrophic effects of IGF-

I on other neuronal populations as IGF-I promotes the survival of cortical neurons and 

cerebellar granule neurons in vitro and of lower MNs both in vitro and in vivo (Li, et al., 
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1994; Heck, et al., 1999; Bilak and Kuncl, 2001; Yamada, et al., 2001; Kaspar, et al., 

2003; Vincent, et al., 2004a; Vincent, et al., 2004b; Yoshida, et al., 2004).   

It is clear from this study that despite the requirements for IGF-I signaling in the 

developing CST, other factors are involved in regulating the cellular response to IGF-I in 

the adult.  IGF-I receptor distribution in CSMNs may underlie the lack of regeneration, as 

the receptor was not immunologically detected within the axons of CSMNs.   

Additionally, the lack of neurotropic effects in the adult may result from a shift in 

the role of the IGF-I axis from a developmental axonal outgrowth function to an adult 

somal support function, coinciding with a change in the intracellular 

compartmentalization of the IGF-I receptor.  IGF-I has been shown to act through 

autocrine/paracrine mechanisms in the CNS, including a role as a neuromodulator, 

depressing GABA release in the cerebellar cortex (Castro-Alamancos and Torres-

Aleman, 1993; Jones and Clemmons, 1995).  Additionally, intracerebroventricular (icv) 

administration of IGF-I produces anxiolytic-like and antidepressant-like effects in mice 

(Malberg, et al., 2007). 

As with other studies on SCI regeneration, a multi-faceted approach may be 

required to unleash the IGF-I-mediated growth potential of CSMNs.  Odzinler and 

Macklis found that IGF-I initiated a growth state in cultured CSMNs, but was not a 

directional guidance cue (Ozdinler and Macklis, 2006).  Lentiviral delivery of IGF-I into 

the motor cortex could stimulate a general growth state in CSMNs, in a manner similar to 

BDNF, potentially amplifying the response of lesioned CST fibers to NT-3 (Hiebert, et 

al., 2002).  Alternatively, BDNF stimulation has been implicated in instigating the 

translocation of a growth cone specific IGF-IR β subunit (βgc) to the growth cone, where 
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IGF-I stimulates axonal assembly (Pfenninger, et al., 2003).  It may be worth 

investigating whether a similar mechanism of inducing receptor trafficking exists in the 

adult CNS. 

 

Over-expression of trkB enables CSMN regeneration following subcortical axotomy 

BDNF is able to mediate a neurotropic response following cervical axotomy and a 

neurotrophic response after subcortical axotomy of the CST when presented at the cell 

somata (Lu, et al., 2001; Hiebert, et al., 2002).  However, BDNF presentation at the distal 

axon stump has no effect on axonal plasticity following either lesion (Lu, et al., 2001).  

Additionally, BDNF stimulation of CSMN somata promotes sprouting in spared cervical 

spinal cord tissue similar to NT-3 stimulation at the axon terminal, but no regeneration 

into a grafted, permissible substrate (Grill, et al., 1997; Hiebert, et al., 2002).  The lack of 

effect of BDNF at the lesioned axon terminals is likely due to the restricted expression of 

endogenous trkB in adult CSMNs, where it is limited to the apical dendrite and cell soma 

(Lu, et al., 2001).  With lentiviral delivery of a hemagglutinin (HA)-tagged trkB, receptor 

expression was found throughout the proximal arbor of layer V pyramidal neurons, 

although the transgene was not trafficked to the CST in the spinal cord. 

We found this change in receptor localization and levels to be sufficient to enable 

corticospinal axon regeneration.  Lentivirally-transduced CSMNs expressing trkB were 

able to regenerate into BDNF-secreting subcortical grafts, while control GFP-expressing 

animals exhibited no CSMN regeneration.  In addition, this effect was not restricted to 

CSMNs, or corticofugal neurons even, as a marker of inhibitory, non-projecting cortical 
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interneurons also demonstrated increased affinity for BDNF-secreting grafts following 

trkB viral transduction of motor cortex. 

The regenerating corticospinal axons observed following trkB over-expression in 

a subcortical lesion model meet several of the criteria for determining regenerating versus 

spared axons as outlined by Steward et al. (Steward, et al., 2003).  First and foremost is 

that the regenerated axons grew beyond the CNS environment and into the grafted 

collagen I matrix, and axons could be seen penetrating the graft from the lesioned host 

tissue.  These axons also exhibited thin, tortuous branches with various morphologies, 

uncharacteristic of CST fibers outside of the grafts.   

 These results demonstrate that it is possible to alter the regenerative potential of a 

population of CNS neurons which have demonstrated no more than limited local axonal 

plasticity at best.  Receptor expression has been utilized in vitro and in vivo to stimulate 

neurite outgrowth and regeneration of DRG neurons, however these cells have previously 

demonstrated a regenerative capacity to a number of alternative therapies (Condic, 2001; 

Wong, et al., 2006).  On the other hand, incontrovertible proof of CSMN regeneration 

into a grafted substrate has not previously been demonstrated.  Localized sprouting 

within spared tissue has been shown to be insufficient to result in regeneration into 

grafted peripheral nerve, a growth-permissive substrate (Blits, et al., 2000; Hiebert, et al., 

2002).  

trkB receptor expression is detectable in the developing CST, indicating that over-

expression in the adult could potentially utilize developmentally important signaling 

pathways (Ozdinler and Macklis, 2006).  Similarly, Condic hypothesized that reduced 

expression levels of integrin α subunits underlie the decreased levels of neurite 
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outgrowth of adult DRG neurons from those of neonatal DRG neurons on substrates 

specifically recognized by the integrin α subunits tested (Condic, 2001).  Retinoic acid 

receptor β2 is important in the developing CNS, and expression in the adult DRG 

promotes neurite outgrowth and in vivo regeneration in a cAMP-dependent manner 

(Wong, et al., 2006).  It appears then that alterations in the regulation of receptor 

expression are sufficient to activate the downstream signaling machinery necessary for 

axonal regeneration. 

The lentiviral delivered trkB transgene is immunohistologically undetectable in 

the spinal cord following expression in motor cortex, indicating a lack of receptor 

trafficking.  Chimaeric trkB receptors which are fused with the C-terminal domains of 

axon-associated proteins containing axon localization specific peptide signals have been 

generated.  These axon localization signals include C-terminal domains from the pre-

synaptic mGluR1b and 5HT-1BR and the axonal protein paralemmin (Jolimay, et al., 

2000; El-Husseini, et al., 2001; Francesconi and Duvoisin, 2002).  These chimaeras have 

demonstrated appropriate signaling through Erk1/2 phosphorylation in lentiviral-

transduced 50B11 DRG cell lines.  Current studies are underway to determine the effects 

of the axon localization domains on trafficking of the trkB chimaeras and their signaling 

in vivo.   

trk receptors act to promote cell survival and outgrowth through two main 

signaling pathways.  Cell survival mediated by trk, and other receptors including IGF-IR, 

is mediated by phosphatidylinositol 3’-kinase (PI3K) activation and signaling through the 

serine/threonine protein kinase Akt (Franke, et al., 1997).  Cell differentiation and neurite 

outgrowth are mediated by distinct signaling pathways, although there is crosstalk 
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between the signaling cascades.  Neurite outgrowth is primarily influenced by activity of 

the p42 and p44 mitogen activated protein kinases (MAPKs) Erk1 and Erk2 (Bibel and 

Barde, 2000).  Erk activation is downstream of Shc phosphorylation by trk, and, to a 

lesser extent, by PI3K and phospholipase C γ (PLCγ) activity (Bibel and Barde, 2000).  

Phosphorylated Shc binds the Grb2-SOS complex and activates the Ras/Raf/MEK/Erk 

signaling cascade (Obermeier, et al., 1993; Stephens, et al., 1994; Dikic, et al., 1995; 

Bibel and Barde, 2000).  In a similar signaling process, the membrane-anchored adapter 

protein FRS2 binds the Grb2-SOS complex and signals through the Ras/Raf/MEK/Erk 

cascade (Kouhara, et al., 1997). Expression of a trkA with a deletion of the conserved 

juxtamembrane sequence (KFG) in trkA null PC12nnr5 cells completely abolishes FRS2 

phosphorylation and neurite outgrowth (Peng, et al., 1995).  Deletion of both the Shc and 

PLCγ phosphorylation sites on trkA are required to eliminate neurite outgrowth in 

transfected PC12nnr5 cells (Stephens, et al., 1994).  Our current studies, investigating the 

signaling mechanisms required for trkB-mediated neurite outgrowth in PC12 cells, 

indicate that trkB activation of Shc is necessary for Erk phosphorylation and neurite 

outgrowth, whereas elimination of FRS2 and PLCγ signaling sites reduces but does not 

completely inhibit Erk phosphorylation and neurite outgrowth.  Future studies will 

determine the extent of the requirement for Shc activation in trkB-mediated axonal 

regeneration of CSMNs in vivo. 

trkB and the BDNF signaling axis were manipulated in these studies for a few 

reasons.  CSMNs have already demonstrated signaling of BDNF through one of the two 

main pathways, indicating that some components of the downstream signaling pathways 

are present in the adult (Lu, et al., 2001).  While lesioned CST fibers exhibit local 



 167 

sprouting and plasticity following NT-3 stimulation, the lack of regeneration indicates 

that perhaps trkC signaling in adult CSMNs is insufficient to mediate retrograde signaling 

of a growth signal (Grill, et al., 1997).  Endogenous, low level NT-3 exposure following a 

subcortical lesion actually exacerbates cell loss through p75NTR signaling (Giehl, et al., 

2001).  Additionally, NGF promotes sprouting of small-diameter nociceptive sensory 

fibers leading to allodynia and hyperalgesia, making the trkA receptor less attractive than 

trkB for these studies (Tuszynski, et al., 1994; Thompson, et al., 1995; Dyck, et al., 1997; 

Hao, et al., 2000; Ribeiro-da-Silva, et al., 2000; Svensson, et al., 2003).   

The potentially adverse effects of NT-3 and NGF signaling illustrate an important 

consideration when investigating potential growth factor mediated SCI therapies: the 

growth promoting effects on one system may have unintended consequences on other 

systems due to the complex nature of neurotrophin signaling.  In one model of SCI, 

grafting of fetal CNS tissue from appropriate targets prevents the death of ascending 

spinocerebellar neurons in Clarke’s nucleus (Himes, et al., 1994).  A significant number 

of neurons in Clarke’s nucleus are also spared with NT-3 treatment alone (Shibayama, et 

al., 1998).  This partial rescue, however, is antagonized with BDNF stimulation 

(Novikova, et al., 2000). 

An alternative activation of neurotrophin signaling pathways may be a means of 

eliminating undesirable effects of growth factor activity.  A pharmacologically activated, 

trkA chimaeric receptor is capable of inducing neurite outgrowth in lentivirally 

transduced DRG neurons in vitro (Alfa, et al., 2006).  This receptor is activated by a 

small molecule, based on the FK506 binding protein (FKBP) ligands, which binds to the 
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specific recognition sequence with high affinity, inducing homodimerization of the 

chimaeric receptor without activation of endogenous trks (Alfa, et al., 2006). 

 

Retrograde infection following peripheral delivery of scAAV1 is an efficient method 

for transgene delivery to the spinal cord 

Adeno-associated virus (AAV) is capable of retrograde infection of numerous cell 

types throughout the CNS (Kaspar, et al., 2002; Kaspar, et al., 2003).  This is a very 

inefficient process and a few studies have described variability between different 

serotypes of AAV (Burger, et al., 2004; Pirozzi, et al., 2006).  We utilized self-

complementary AAV (scAAV) for our studies on retrograde infection as it is faster to 

express and exhibits higher transduction levels than single-stranded recombinant AAV 

(rAAV) (McCarty, et al., 2001; McCarty, et al., 2003). 

Of scAAV serotypes 1 through 6, scAAV1 demonstrated the highest levels of 

retrograde infection of lower MNs following injection at either the neuromuscular 

junction (NMJ) or into peripheral nerve.  In chapter 4, we utilized the reporter gene GFP 

in order to quantify the various levels of retrograde infection.  Additionally, isolation of 

the lumbar enlargement following unilateral retrograde infection with scAAV1-BDNF or 

scAAV1-NT-3 resulted in 1.6-fold and 1.4-fold increases, respectively, in detectable 

expression levels of the neurotrophins by ELISA.  The ability to deliver therapeutic 

transgenes to specific target neurons in the CNS in a minimally invasive manner is useful 

in treating a number of CNS maladies, including SCI, amyotrophic lateral sclerosis, 

hereditary spastic paraplegia and spinal muscular atrophy (Kaspar, et al., 2003; Zhou, et 

al., 2003; Zhou and Shine, 2003; Pirozzi, et al., 2006).  The increased efficiency 
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demonstrated with scAAV1 over single-stranded rAAV2 should lead to more robust 

therapeutic effects than previously demonstrated. 

Retrograde infection of lower MNs is a particularly attractive technique for 

treating SCI without further compromising the integrity of the CNS with direct injections.  

Viral transgene delivery of neurotrophins can be used to guide regenerating or sprouting 

axons towards de-efferented infected MNs as neurotrophin expression can act as a 

chemotropic guidance cue (Taylor, et al., 2006).  These neurons can act as “beacons” and 

potentially result in the reconstruction of functional motor circuits by attracting the 

appropriate descending axons.   

Chondroitinase ABC digestion of chondroitin sulfate proteoglycans (CSPGs) has 

demonstrated an ability to promote axonal plasticity following SCI (Moon, et al., 2001; 

Bradbury, et al., 2002; Steinmetz, et al., 2005; Houle, et al., 2006; Massey, et al., 2008).  

Following SCI, the combinatorial treatment of retrograde infection of MNs coupled with 

a digestion of the inhibitory CSPG matrix may be sufficient to induce formation of 

functional motor circuits through sprouting of spared or contralateral intact fibers or 

regeneration of lesioned axons around a lesion site or through a neurotrophic graft.  

Additionally, elevation of growth responsive programs in CSMNs or red nucleus MNs 

can be achieved with neurotrophin stimulation at the cell somata (Kobayashi, et al., 1997; 

Hiebert, et al., 2002; Kwon, et al., 2007).  This increase in growth potential could be used 

to increase responsiveness of descending motor systems to a trophic stimulus, though this 

would add another layer of complexity in a multifactorial approach. 
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Conclusions 

Interpretation of the results from studies on CST regeneration can be confounded 

by a number of variables.  Claims of functional regeneration when carefully scrutinized 

appear to lack compelling evidence to support such assertions.  The most robust, 

reproducible effects on corticospinal axon plasticity are from NT-3 stimulation at the 

lesion site, although this plasticity is insufficient to induce regenerative growth beyond 

the host-graft lesion interface (Grill, et al., 1997; Blits, et al., 2000). 

Developmentally immature corticospinal axons have an increased capacity for 

axonal plasticity and regeneration over adult CSMNs.  The work described within this 

dissertation demonstrates some of the possibilities and limitations of attempting to 

activate developmentally important growth programs in the lesioned adult CST.  

Recapitulation of a developmental state is not as simple as presenting the lesioned CST 

with a trophic source necessary for axon outgrowth in the neonate. 

Manipulation of both the extrinsic environment surrounding the lesioned CST and 

the intrinsic cellular response of CSMNs is necessary for promoting indisputable 

regenerative growth into a grafted substrate.  The re-activation of the neurotropic 

signaling cascade leading to regenerative growth is possible via receptor over-expression.  

This demonstration of inducible axonal plasticity is of paramount importance as 

numerous other treatments have failed in eliciting CST regeneration beyond the host-

graft interface. 

Decreased levels of neurotrophin expression in the adult CNS may prevent axonal 

plasticity following axotomy.  The selective expression of neurotrophins within target 

neurons of descending tracts is a strategy that will be useful in studies on axonal 
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plasticity.  Chemoattraction by lower MNs expressing tropic signals can be utilized in 

attempts to generate new or previously intact functional motor circuits following SCI. 
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