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ABSTRACT OF THE DISSERTATION 

 

SnoN Facilitates Axonal Regeneration Following Spinal Cord Injury 

by 

Jiun Lap Do 

 

Doctor of Philosophy in Neurosciences 

University of California, San Diego, 2011 

 

Professor Mark H. Tuszynski, Chair 

 

 Functional recovery after spinal cord injury requires axons to overcome inhibitory 

factors, grow beyond the lesion site, and synapse on the appropriate target. We 

investigated whether developmental pathways necessary for axon differentiation and 

growth persist in the mature nervous system. We tested the hypothesis that manipulations 

of developmentally important neuronal TGF-β signaling would affect adult axonal 

regeneration following injury. We found that, in contrast to development, TGF-β inhibits 

growth of adult neurons and over-expression of SnoN, a developmentally regulated 

transcription factor that inhibits TGF-β signaling, rescues adult neurons from TGF-β 



 

x 
 

induced inhibition. More importantly, SnoN over-expression in sensory neurons was 

sufficient to enhance axon regeneration into a cell graft placed in the lesion cavity in an 

in vivo model of spinal cord injury.
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CHAPTER 1 

Introduction 

 

Current State of Spinal Cord Injury Cases 

 Worldwide, 2.5 million individuals are estimated to suffer from some form of 

spinal cord injury (SCI) (International Campaign for Cures of Spinal Cord Injury 

Paralysis, www.campaignforcure.org). At the moment, it is an irreversible condition in 

which the numbers continue to increase by 130,000 new cases every year (International 

Campaign for Cures of Spinal Cord Injury Paralysis, www.campaignforcure.org). In the 

United States alone, 265,000 individuals are classified as SCI patients, 80.7% of which 

are male, and the number of new cases are expected in increase by 12,000 (National 

Spinal Cord Injury Statistical Center, www.nscisc.uab.edu). SCI has historically involved 

individuals with an average age of 28.7 years at the time of injury. However, more recent 

statistics report an average age of 40.7 years at the time of injury in the US (National 

Spinal Cord Injury Statistical Center, www.nscisc.uab.edu). Possible reasons for this shift 

may be reporting biases, increased survival rates of older individuals at scene of the 

accident, or the existence of a bimodal age distribution. While the number of SCI cases 

continues to increase, not all injuries present the same problems and deficits are 

contingent on the severity and type of injury. 

 The causes of SCI can be divided into compression, contusion, or penetration type 

injuries. Compression injuries result in the physical narrowing of the vertebral canal 
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resulting from fractures caused by traumatic forces. In spite of the implementation of 

safety protocols, such as seat belts and airbags that have reduced the incidence of spinal 

cord injury, automobile accidents continue to account for 40.4% of all spinal cord injuries 

in the United States (National Spinal Cord Injury Statistical Center, 

www.nscisc.uab.edu). Contusion types injuries, often resulting from falls (27.9%), are the 

second most common cause of SCI. The physical force of the fall is transduced to 

vulnerable neuronal cell bodies within the spinal cord and result in the loss of critical 

circuitry. Penetration type injuries often result from violence (15%%), primarily gunshot 

wounds. The end result of trauma to the spinal cord is determined by the extent and 

location of the primary injury and the physiological reactions that follow referred to as 

secondary damage.  

 

Secondary Damage 

 In the hours following the primary insult, biological processes occur at the lesion 

site that extend the borders of the injury beyond its initial boundaries (Hagg & Oudega, 

2006). These processes result in further loss of tissue, cystic cavitation, and a dying back 

or retraction of axons at the injury site. The mechanisms responsible for inducing 

secondary damage are not completely understood (Fehlings & Baptiste, 2005; Hurlbert, 

2006; Rossignol et al., 2007). Studies suggest immune cells may be partially responsible; 

macrophages and neutrophils infiltrate the normally immune privileged central nervous 

system (CNS) and release a number of molecules (Fitch et al., 1999; Pearse et al., 2003; 

Jones et al., 2005). Free radicals are among these substance and interfere with electron 
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transport and cell metabolism, resulting in cell death (Saito et al., 2005). Additionally, 

damage to neural structures cause excessive neurotransmitter release, leading to 

excitotoxicity and cell death (Park et al., 2004). Furthermore, vascular disruption and 

decreases in respiratory output result in ischemia, hypoxia, and mechanical stresses from 

fluid extravasation that may lead to tissue necrosis (Chan, 2004; Hagg & Oudega, 2006).  

Such factors endanger tissue survival following SCI and exacerbate the functional 

outcome of the individual.  

 

Classification of Injury Severity 

 The scale for assessing the severity of SCI is the American Spinal Injury 

Association (ASIA) Scale and range from grade A to E. ASIA grade A presents with the 

most severe deficits (loss of both sensory and motor function) and includes individuals 

with complete cord injuries. ASIA grades B to D present with less severe loss of function 

due to incomplete cord injuries and functional sparing. ASIA grade B retains a measure 

of sensory function but lacks motor function. ASIA grades C and D also preserves 

sensory function and retain a level of motor function that is either incapable (ASIA C) or 

capable (ASIA D) of movement against gravity. ASIA grade E designates cases in which 

function is indistinguishable from an uninjured individual.  

While the requirements for ASIA classification are clearly defined, assessment of 

injury severity is difficult acutely following trauma due to spinal shock, a complete but 

transient loss of sensory and motor function caudal to lesion that can persist for hours to 
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weeks (Fawcett et al., 2007). It is important to keep this caveat in mind  when 

considering instances of functional improvement and conversion from initial ASIA 

assessments, especially within the first six months when recovery is most dramatic. 

While complete injuries such as ASIA A are less likely to spontaneously convert, 10-15% 

recover limited sensory function (ASIA B) and 3% recover limited motor function (ASIA 

grade D) (Stevens et al., 2003; Fawcett et al., 2007). In contrast, 54% of ASIA B cases 

recover motor capabilities to ASIA C or D and 86% of ASIA C and D patients regain 

limited mobility (Fawcett et al., 2007). The greatest predictor of recovery following SCI 

is whether the injury was complete and the degree of spared functional tissue that 

remains. While the aforementioned rates of recovery do occur spontaneously, recovery is 

limited and inconsistent such that SCI patients frequently develop a number of sequelae 

and improvements in current therapies for SCI are necessary. 

 

Clinical Complication and Treatments of Acute Spinal Cord Injury 

 The complications associated with SCI vary with the location and severity of the 

injury. Approximately half of all injuries involve the cervical spinal cord and can result in 

loss of upper and lower extremity function (National Spinal Cord Injury Statistical 

Center, www.nscisc.uab.edu). The trauma also affects a number of vital biological 

systems that increases the immediate danger an individual encounters. 

During acute stages following SCI, complications with respiratory, 

cardiovascular, and embolic threats demand an emphasis on vital stabilization. 
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Respiratory complications may occur with cervical or thoracic lesions, requiring 

intubation if respiratory muscles are affected (Wuermser et al., 2007). Cardiovascular 

issues resulting in bradycardia and hypotension limit essential perfusion of injured tissue 

(Furlan & Fehlings, 2008). Further, independent of SCI severity, embolic events such as 

deep vein thrombosis are emergent and life threatening (Merli et al., 1993). These 

complications must be addressed prior to any medical or surgical intervention and also 

limit the early window in which therapies may be applied. 

There is currently a lack of consensus on effective medical treatments for SCI, 

and surgical interventions are dependent on individual surgeon experience and expertise 

(Fehlings & Perrin, 2005; Hurlbert, 2006). Though one of the most common 

interventions targets the inflammatory system with the glucocorticoid 

methylprednisolone sodium succinate (MPSS), the scientific evidence surrounding its 

effectiveness is equivocal and difficult to interpret. The rationale fueling the use of MPSS 

was derived from the National Acute Spinal Cord Injury Study (NASCIS) II and III 

which concluded that patients who received treatment within eight hours demonstrated 

modest improvement in motor recovery; however, treatment with MPSS did not influence 

recovery of motor function one year after injury; however, (Bracken et al., 1990; 

Bracken, 1991). This finding within a subgroup of participants propelled MPSS from 

clinical trials to what was once clinical standard and is now a reminder of the degree of 

criticism that must be exercised in pursuit of therapies for SCI.  

A number of studies and observations following the initial finding called the 

effectiveness of MPSS into question. Primarily, MPSS had a narrow effective treatment 
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window within eight hours following injury based on a post hoc analysis of results that 

were overall not significant. Second, control subjects showed worse outcomes than had 

been historically published (less improvement) (Bracken et al., 1992; Hurlbert, 2006). 

Further, unassociated trials did not find a significant MPSS effect and, in some cases, 

observed greater deficits and increased risk of death (Roberts et al., 2004; Hurlbert, 

2006). Additionally, prolonged methylprednisolone treatment increased the incidence of 

adverse effects such as severe sepsis and pneumonia (Bracken et al., 1997). Perhaps the 

most damning evidence against the effectiveness of MPSS is the finding that the 

suggested MPSS doses may cause acute corticosteroid myopathy and reduce initial 

assessments of motor function (Qian et al., 2005). Therefore, the recovery to MPSS 

treatment is in fact recovery from MPSS induced myopathy. 

Surgical interventions for SCI lack the standardizations found for other 

conditions. Surgical options often include closed reductions, spinal stabilization, or 

decompression. There is no standard for surgical treatment and the timing of these 

operations is not well established (Fehlings & Perrin, 2005). Animal studies suggest that 

intervention within eight hours is beneficial (Dimar et al., 1999; Carlson et al., 2003) 

while a meta-analysis concluded that early (within 24 hours) decompression improved 

outcomes (La Rosa et al., 2004). However, early interventions carry risks of surgical 

complications and present practical concerns of accessing properly equipped facilities. In 

contrast, trials that randomly assigned patients to early (within 72 hours) or late (more 

than five days) surgery found no significant improvement from early surgery (Vaccaro et 

al., 1997). While early intervention fell outside the 8-24 hour window in these cases, 72 



7 
 

 

hours represents a more practical period in which vitals can be stabilized and the patient 

transported to the necessary facility. These discrepancies in outcomes and logistical 

difficulties complicate the development of standardized treatment and demand 

consideration when designing novel therapies for acute SCI.  

 

Clinical Complications with Chronic SCI 

Death following admission for acute traumatic SCI ranges from 4 to 20 percent 

(Daverat et al., 1989; Claxton et al., 1998). A relatively low mortality rate means that 

survivors will likely face years with limited functional improvement and additional 

medical complications encompassing a number of biological systems: respiratory, 

cardiovascular, urinary, gastrointestinal, reproductive, and musculoskeletal.  The primary 

cause of death among chronic SCI patients are respiratory illnesses (21.2%), infections 

and parasitic diseases (11.1%), and heart disease (9.5%) (National Spinal Cord Injury 

Statistical Center, www.nscisc.uab.edu).  

The loss of respiratory muscle innervation and need for ventilator assisted 

respiration can be one of the most visible and disabling complications of SCI. However, 

chronic SCI patients are also at greater risk for pneumonia due to impaired cough reflexes 

and clearance of secretions (McKinley et al., 1999). Pneumonia accounts for 69.7% of all 

respiratory related deaths among SCI patients (National Spinal Cord Injury Statistical 

Center, www.nscisc.uab.edu). 
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Cardiovascular complications are also an emergent concerns. Loss of descending 

autonomic inputs can result in autonomic dysreflexia, a biological phenomenon in which 

sympathetic stimulation results in vasoconstriction and hypertension for which 

parasympathetic induced bradycardia is unable compensate (Bycroft et al., 2005). The 

resulting elevated blood pressure can lead to cardiac arrest, seizures, and intracranial 

hemorrhage. Chronic SCI patients are also at higher risk for coronary artery disease. Risk 

factors such as elevated lipids and glucose are more prevalent following SCI and increase 

the prevalence of coronary artery disease by three to 10 fold compared to the general 

population (Myers et al., 2007). 

Gastrointestinal and genitourinary systems are also affected by SCI. A neurogenic 

bladder develops from loss of coordination between descending supraspinal and sacral 

micturition centers. Dysregulation can potentially lead to a bladder that has hyperactivity, 

impaired emptying, elevated pressures, urinary reflux, or urinary retention. Without 

proper management, these complications can triggers for autonomic dysreflexia and 

result in renal function decline (Karlsson, 1999). Urine retention also increases the 

probability of urinary calculi and urinary tract infections, potential antecedents to life-

threatening septicemia (McKinley et al., 1999; Siroky, 2002). Gastrointestinal 

complications commonly require proper evacuation of impacted colons and adversely 

affect quality of life (Stone et al., 1990; Glickman & Kamm, 1996). 

As a consequence of limited mobility, musculoskeletal and dermatological health 

are also affected. In the absence of load bearing and resistance, osteoporosis develops in 

bones below the injury, increasing the risks of fracture (Lazo et al., 2001; Jiang et al., 
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2006). Paradoxically, chronic SCI patients may also develop heterotopic ossification, 

bony deposits in tissue surrounding peripheral joints, that decrease range of motion and 

sources of joint inflammation (van Kuijk et al., 2002; Teasell et al., 2010). Immobility 

and spasticity can lead to muscle contractures, a shortening of muscle fibers relieved only 

by orthopedic intervention (Dalyan et al., 1998; Harvey & Herbert, 2002). Pressure ulcers 

of the skin are also a consequence of immobility that can lead to infection and septicemia 

(Yarkony, 1994; Chen et al., 1999). 

The collection of these complications grossly affects quality of life. With proper 

treatment and vigilance in preventative measures, the risks are reduced but remain 

significantly increased compared to the normal population. These complications take not 

only physical tolls but also psychosocial and economic ones. 

 

Psychosocial and Economic Consequences 

 The new spinal cord injury patient faces a drastically altered life and a number of 

psychological hurdles. Depression is common and symptoms most likely appear within 

the first month after trauma regardless of injury severity. The frequency of depression in 

SCI populations is estimated to be five times that of the general population with a 

prevalence of 20-45% of patients reporting depression following trauma (Kirshblum et 

al., 2007). As a correlate, risks of suicide is also increased by two- to six-fold compared 

to the general population (DeVivo et al., 1991). Suicide is the leading cause of death in 
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SCI populations younger than 55 years and is more likely to occur within the first 5 years 

(Kirshblum et al., 2007). 

 Compounding the psychiatric issues are also economic concerns. The direct cost 

of care for spinal cord injury is estimated to be approximately $1 million dollars for the 

first year of disability and  about $171 thousand dollars for each subsequent year in high 

cervical injuries (National Spinal Cord Injury Statistical Center, www.nscisc.uab.edu). It 

is estimated that the United States alone will spend $7.7 billion dollars on care and social 

welfare (International Campaign for Cures of Spinal Cord Injury Paralysis, 

www.campaignforcure.org). Potentially, the actual cost of SCI is even greater as these 

estimations do not account for indirect costs such as loss of wages, benefits, and 

productivity.  

Furthermore, SCI, like other disorders, affects more than just the individual. It is 

estimated that 40-45%  of individuals with SCI require some type of personal assistance 

(www.spinalcord.uab.edu). It is often the family members and unpaid care givers who 

satisfy this need. The contributions and sacrifices of these individuals should also be 

considered when estimating the cost of SCI and should not be neglected. Therefore,  

when treating disease, one treats the individual and their community. 

 

Neuron-Extrinsic and -Intrinsic Factors Affecting Regeneration 

 Following the 1981 work of David and Aguayo in which it was unequivocally 

demonstrated that CNS axon were capable of regenerating into a peripheral nervous 
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system (PNS) graft, it was common to consider factors limiting regeneration as extrinsic 

or intrinsic. Extrinsic referred to the environment surrounding the neuron while intrinsic 

referenced intraneuronal molecules and processes. This is a classification that is not 

entirely true. Neurons express receptors that transduce extrinsic signals into intracellular 

cascades. Conversely, neurons are capable of producing and secreting molecules and 

compounds that affect extracellular characteristics or  altering receptor expression to 

change responses to extrinsic cues. However, this historical framework continues to be 

relevant as it has been the bases for a number of important studies that constitute the 

foundation for a therapy to SCI which will involve a combination of approaches. 

  

Extrinsic Factors Affecting Regeneration 

 The environment external to the neuron is drastically altered following injury but 

also endogenously expresses factors inhibitory for axonal growth. Numerous studies 

indicate that CNS myelin inhibits axonal growth and is composed of a number of 

inhibitory molecules (Schwab & Bartholdi, 1996; Filbin, 2003). In addition to these 

endogenously expressed molecules, injury to the spinal cord drastically alters the 

environment and induces an influx of inflammatory cells, upregulated inhibitory 

extracellular molecules, activation of glial cells, a loss of cellular substrate for growth, 

and a loss of trophic support (Silver & Miller, 2004; Ramer et al., 2005). A number of 

studies have attempted to address these inhibitory factors through the reductions of 

inflammatory infiltrations, neutralization of inhibitory elements, degradation of the 

extracellular matrix (ECM) , inhibition of the glial scar, reconstitution of lost cellular 
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substrate, and replacement of neurotrophic factors. The contributions of these factors to 

regenerative failure and the successes and concerns of approaches intended to attenuate 

their effects will be addressed in the following sections. 

 

Extrinsic Factors Affecting Regeneration: Inflammation 

 The role of microglia in regeneration is not well established. Microglial cells are 

resident immune cells intrinsic to the central nervous system and readily respond to 

injury. Microglia are capable of releasing of cytokines that recruit leukocytes and 

macrophages to the injury site and have demonstrated limited degrees of phagocytosis 

(Thanos, 1992). Activated microglia release cytokines such as TNF-α and free radicals 

that can be toxic to neurons and further exacerbate cell loss as a primary mediator of 

secondary damage (Banati et al., 1993; Giulian, 1993). Neutralizing cytotoxic 

components significantly reduces the degree of cystic cavitation and secondary damage 

(Fitch et al., 1999). Suppressing microglial activation with minocycline or tetracycline 

has been shown to have a neuroprotective effect on retinal ganglion cells (Baptiste et al., 

2005). However, contrasting studies have demonstrated microglia capable of secreting a 

number of trophic factors and suggest that activated microglia may be beneficial 

following trauma (Rabchevsky & Streit, 1997).  

Macrophages emulate a similar role as microglia in the PNS; similarly, the role of 

macrophages in regeneration is just as convoluted. In some circles, macrophages are 

considered critical for regeneration. The PNS possesses a capacity for growth beyond 
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what is observed in the CNS, a property that may be explained by a greater efficiency in 

clearing myelin debris following injury in the PNS. Macrophages directly contribute to 

this enhanced efficiency (Beuche & Friede, 1984; Perry et al., 1987). Macrophages are 

also capable of secreting trophic substances and antioxidants that may promote neuronal 

survival and regeneration of injured axons (Baichwal et al., 1988; Elkabes et al., 1996). 

Studies utilizing zymosan, a lipopolysaccharide that activates macrophages, generate 

greater traction for the idea that macrophages stimulate growth and regeneration. In 

retinal ganglion cells (RGCs), zymosan injections into the vitreous promoted 

regeneration of injured optic nerves (Leon et al., 2000). Oncomodulin, a calcium binding 

protein, was identified as the macrophage-derived molecule induced by zymosan 

stimulation responsible for promoting RGC regeneration (Yin et al., 2006). The 

combination of oncomodulin and cyclic adenosine monophosphate (cAMP) was found to 

significantly enhance retinal ganglion cell regeneration (Yin et al., 2003; Yin et al., 

2006). Furthermore, the transplantation of macrophages activated by zymosan promoted 

the regeneration of injured somatosensory neurons (Lazarov-Spiegler et al., 1996; 

Steinmetz et al., 2005). 

The body of work suggesting that inflammatory cells are beneficial for 

regeneration is directly contradicted by studies demonstrating a detrimental effect from 

inflammation. Zymosan-induced inflammation in vivo results in progressive cavitation 

and secondary damage (Fitch et al., 1999). Furthermore, macrophages directly interact 

with neurons and inhibit growth. When the axons encounters an inhibitory matrix, the 

growth cone becomes dystrophic and activated macrophages physically interact with 
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dystrophic growth cones and induce retraction (Horn et al., 2008). Additionally, 

macrophages have also been shown to be capable of TNF-α release, a cytokine with 

inhibitory effects on neurite growth and neuronal survival (Selmaj & Raine, 1988; Yune 

et al., 2003).  

  

Extrinsic Factors Affecting Regeneration: Glial Scar 

 Another set of cellular events affecting regeneration involve glial cells and the 

formation of a characteristic glial scar. This primarily involves astrocytes, which are 

resident to the spinal cord and normally serve a supportive role for neurons. Following 

injury, astrocytes become reactive and undergo hypertrophy and proliferation 

characterized by increases in glial fibrillary acid protein (GFAP) immunoreactivity 

(Sofroniew, 2005). GFAP-immunoreactive astrocytes persist at the lesion borders long 

after injury and demarcate lesion boundaries. 

Overall, studies demonstrate an inhibitory role for GFAP-immunoreactive 

astrocytes populating the lesion border. However, the formation of a glial scar preserves 

tissue and prevents secondary damage as selective ablation of astrocytes following injury 

resulted in greater degrees of functional deficit and tissue loss (Faulkner et al., 2004). To 

some extent, certain types of astrocytes are beneficial and may support axon growth 

through the production of laminin (Liesi et al., 1984; Grimpe & Silver, 2002). CNS axons 

do associate with GFAP processes that extend into the lesion site when a cellular 
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substrate and growth factor support is provided (Kawaja & Gage, 1991). However, this 

growth is not extensive and may indicate presence of overriding inhibitory mechanisms. 

The activation of astrocytes coincides with the deposition of a number of ECM 

molecules that create a physical barrier to regeneration (Silver & Miller, 2004). 

Additionally, reactive astrocytes are capable of secreting diffusible factors that inhibit 

growth (Smith-Thomas et al., 1994) and cytotoxic molecules such as nitric oxide and 

proinflammatory molecules (Antony et al., 2004; Ikeda & Murase, 2004). However, 

astrocytic contributions to the ECM are the major contributors to inhibition. Suppressing 

formation of the glial scar and ECM deposition using taxol has been correlated with 

increased axon regeneration and functional improvements (Hellal et al., 2011; 

Sengottuvel et al., 2011). Tenascin is a major molecule produced by astrocytes with 

profound effects on axon growth (McKeon et al., 1991).  

 One of the most well characterized of ECM molecules affecting axon growth are 

those belonging to the family chondroitin sulfate proteoglycans (CSPG). CSPGs consist 

of a protein core linked to glycosaminoglycan (GAG) side chains and include neurocan, 

versican, brevican, phosphocan, and NG2 (Yamaguchi, 2000). Developmentally, CSPGs 

play a role in axon guidance (Bandtlow & Zimmermann, 2000; Bovolenta & Fernaud-

Espinosa, 2000). CSPGs effectively inhibit neurite outgrowth in vitro (Snow et al., 1990; 

McKeon et al., 1991; Snow et al., 1991). Inhibition is derived from the expression of the 

GAG chains and astrocytes known to inhibit growth express CSPGs (McKeon et al., 

1995). Ezymatic removal of the GAG chains from CSPGs is possible using 

chondroitinase ABC. GAG chain degradation is sufficient to reduce its inhibitory effect 
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on neurite outgrowth in vitro (McKeon et al., 1991; McKeon et al., 1995). GAG chain 

removal in vivo is also sufficient to promote growth of lesioned axons into CSPG 

released areas and improve behavioral and electrophysiological outcomes (Moon et al., 

2001; Bradbury et al., 2002; Houle et al., 2006a). Behavioral and anatomical benefits can 

be greatly enhanced with physical therapy or training. However, this therapeutic window 

is limited and the behavioral improvement is at the expense of other unused system 

(Garcia-Alias et al., 2009). 

 

Extrinsic Factors Affecting Regeneration: Loss of Cellular Substrate 

 The loss of a physical substrate on which to grow is another obstacle that must be 

overcome in order to promote regeneration. Initial tissue loss results from the primary 

insult to the CNS. Secondary damage follows as a consequence of ischemia, hypoxia, 

edema, excitotoxicity, inflammation, necrosis, or apoptosis. Cystic cavitation  does not 

always follow SCI but is common in humans, nonhuman primates, and some mammalian 

models of spinal cord injury (Ma et al., 2001; Moon & Bunge, 2005). Investigations have 

attempted to address this loss of tissue with a variety of strategies incorporating tissue 

grafts, cell grafts, and biomaterials. 

 Ramon y Cajal initially described growth of injured CNS axons as abortive and 

impossible (Ramón y Cajal et al., 1991). It was not until the 1980’s when David and 

Aguayo grafted peripheral nerves and observed regeneration of select CNS axons using 

modern tracing techniques that growth of injured CNS  became a possibility (David & 
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Aguayo, 1981). Studies that followed using predegenerated peripheral nerves 

demonstrated that ascending sensory axons, raphespinal, and reticulospinal axons 

regenerate (Oudega et al., 1994; Hiebert et al., 2002). While this approach can yield 

significant results, logistical issues prevent broad spectrum adaptation. Primarily, 

peripheral nerve grafts are acquired from an autologous source, the sural nerve, which 

requires surgical interventions that are not without complications and results in a degree 

of sensory loss in the foot. It can also be difficult to acquire sufficient amounts to treat a 

large injury. Additionally, axon growth is from a limited populations of CNS tracts that 

do not include corticospinal tract (CST) axons and axons that enter this bridge continue to 

encounter an inhibitory CNS environment upon emergence (Levi et al., 2002). 

Furthermore, successful grafting requires resection of the lesion site which may further 

exacerbate the injured condition.  

 Peripheral nerves are primarily composed of Schwann cells, myelinating cells of 

the peripheral nervous system; this characteristic put forth the hypothesis that Schwann 

cells produce a permissive substrate for growth. Schwann cells are, in fact, capable of 

secreting trophic factors and are often found to migrate into a lesion site following injury 

(Bunge, 1994). Schwann cell implantation reduced the size of cavitation and was 

sufficient to promote axonal regeneration (Kromer & Cornbrooks, 1985; Paino & Bunge, 

1991). Furthermore, Schwann cells normally myelinate peripheral axons, improving 

fidelity and speed of signal transduction, and could potentially myelinate demyelinated 

CNS axons. Indeed, transplanted Schwann cells are able to myelinate axons  (Blakemore 

& Franklin, 1991; Bunge, 1993; Tuszynski et al., 1998). However, the effectiveness of 
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Schwann cells as a therapy is complicated by poor cell survival following implantation 

and observations that endogenous Schwann cells migrate in to the lesion site (Barakat et 

al., 2005; Guest et al., 2005; Pearse et al., 2007).  

 The CNS counterpart of Schwann cells are oligodendrocytes. Oligodendrocytes 

fulfill a similar role in myelinating axons, are lost following injuring, and have also been 

shown to secrete neurotrophic factors (Wilkins et al., 2001; Wilkins et al., 2003). These 

neurotrophic factors complicate evaluations of the direct therapeutic benefits of 

oligodendrocyte transplantation as they are also sufficient to promote migration of 

endogenous Schwann cells (Blesch & Tuszynski, 2003; Cornejo et al., 2010). 

Oligodendrocytes can be derived from neural precursor cells or embryonic stem cells 

cultured and differentiated to adopt an oligodendrocyte precursor cell (OPC) phenotype 

(Lu et al., 2010; Sundberg et al., 2010). Implantation of stem cell derived OPCs reported 

beneficial effects on spinal cord survival and behavior (Keirstead et al., 2005; Sharp & 

Keirstead, 2009) but is not without criticism. First, the contusion model as an 

experimental paradigm potentially spares a number of tracts; this may explain the 

accelerated rate of recovery which cannot be attributed to regeneration. Second, control 

subjects received saline implantations which do not address the possibility that functional 

improvements are due to tissue preservation. A variety of cell types reduce lesion size 

and whether stem cell derived OPCs are more advantageous remains questionable. 

Further, logical contradictions question the therapeutic potentials of OPCs. 

Oligodendrocytes produce central myelin and central myelin is believed to be inhibitory 
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for regeneration and growth. Therefore, while oligodendrocyte implantations may 

promote remyelination, potential inhibitory effects on regeneration remain. 

 The pluriopotent nature of embryonic stem (ES) cell therapies have also garnered 

a significant amount of interest. While political and ethical issues continues to present 

barriers to scientific evaluation and advances, a limited number of human ES cells and 

induced pluripotent stem (iPS) cells have opened new avenues in this area of research. 

iPS cells and ES cells have been differentiated into neural restricted fates in vitro (Dimos 

et al., 2008; Tsuji et al., 2010). These neural precursors, in turn, are capable of 

differentiating into neuronal, oligodendritic, or astrocytic lineages. Potentially, neuronal 

differentiation and transplantation of neural precursors may generate relays to convey 

signals from injured axons to downstream targets. Alternatively, the introduction of 

neuronal restricted cells may by itself reconstitute the injured circuitry. However, these 

approaches have not yet produced promising results as survival of neural precursor cells 

is often poor and does not affect lesion cavity size (Vroemen et al., 2003). Furthermore, 

transplanted neural precursors rarely adopt a neuronal fate, instead commonly 

differentiating in to astrocytes (Hofstetter et al., 2005). Stem cell therapies remain a 

promising approach that require further investigation. 

 As a correlate of ES cells and iPS cells, embryonic spinal cord grafts have also 

been used in grafting studies. Embryonic spinal cords are considered immature, capable 

of robust growth, and sources of neurotrophic factors that support neuronal survival and 

growth. Initial experiments with embryonic spinal cords grafted tissue from E14 rats into 

a lesion cavity. Scientist observed axonal growth into and identified 5-HT 
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immunoreactive fibers in these transplants (Reier et al., 1986). While there were claims 

of corticospinal regeneration into these transplants, the degree of growth and extent of 

penetration into the transplant was minimal (Schnell & Schwab, 1993). Greater success in 

promoting corticospinal regeneration has been achieved through the grafting of 

dissociated embryonic spinal cords (Lu unpublished) and presents avenues that require 

more investigation.  

 An additional cell type that garnered much attention in the course of studying 

remyelination and regeneration are olfactory ensheathing cells (OECs). OECs are glial 

cells associated with olfactory receptor neurons. Olfactory neurons have the unique 

characteristic of existing in a state of persistent replication and replacement. It is thought 

that OECs play a critical role in guiding these axons to their targets in the olfactory bulb. 

OECs have been associated with a number of roles including remyelination and 

regeneration. OECs in culture do not show an ability to remyelinate (Plant et al., 2002). 

However, studies using alkaline phosphatase or GFP OECs demonstrate that transplanted 

OECs survive and myelinate axons following spinal cord injury (Franklin et al., 1996; 

Akiyama et al., 2004). OECs are also capable of secreting neurotrophic factors such as 

BDNF and NGF (Sasaki et al., 2006) and may possess a neuroprotective effect. Indeed, 

the implantation of OECs into a CST lesion reduced the extent of neuronal atrophy in the 

M1 region of the cortex (Sasaki et al., 2006). However, there is no apparent effect on 

axonal growth (Lu et al., 2006). 

 Consideration in selecting a cell type for grafting are the availability of the cells, 

biological compatibility, and ease of acquisition.  Utilizing bone marrow stromal cells 
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(BMSCs) or fibroblasts reduces such complexities associated with cell grafts. They are 

readily acquirable cells, can be expanded into large numbers, and are autologous, thereby 

negating the need for immunosuppression.  

BMSCs have been used extensively as a cellular substrate and endogenously 

express trophic factors that reduce the degree of cystic cavitation and are permissive for 

regenerative (Hofstetter et al., 2002; Novikova et al., 2011; Vaquero & Zurita, 2011). In 

addition to innately expressed trophic factors, BMSCs are also amenable to genetic 

manipulation. BMSCs altered to express NT-3 significantly promote the regeneration of 

lesioned somatosensory neurons (Lu et al., 2004). Furthermore, in conjunction with 

establishing a neurotrophin gradient beyond the lesion through viral transductions of 

cells, BMSCs are capable of promoting axonal bridging (Taylor et al., 2006). Transgenic 

BMSCs have also been shown to promote sprouting of corticospinal axons caudal to a 

lesion (Tuszynski et al., 2003). 

 Fibroblasts are another easily accessible source of autologous cells. Fibroblast can 

be isolated from patient skin puncture biopsies and rapidly proliferated. Genetically 

modified forms of fibroblast have an effect on behavioral outcomes (Suh et al., 2011). 

Experiments utilizing fibroblast genetically modified to express NGF, BDNF, NT-3 or 

basic FGF found that sensory axons readily penetrated NGF, NT-3, and bFGF grafts 

while noradrenergic fibers were found only in NGF secreting grafts (Tuszynski et al., 

1994). The ease with which BMSCs and fibroblast may be acquired and robust effects 

they have demonstrated on axonal growth make them a more clinically relevant choice. 
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Extrinsic Factors Affecting Regeneration: Myelin Associated Inhibitors 

 Many axons are myelinated in order to facilitate rates of signal transduction and 

enhance signal fidelity. In the intact CNS, resident oligodendrocytes ensheath axons in 

myelin and are supportive for function. However, in the injured state, this very myelin 

becomes inhibitory to regaining function and is composed of a number of inhibitory 

molecules that prevent regeneration.  

 Nogo is among the most notable of myelin associated inhibitory 

molecules. There are three alternatively spliced forms of Nogo: Nogo-A, -B, and -C. All 

three isoforms share a common carboxy terminal and an inhibitory domain composed of 

66 amino acid residues (Nogo-66) and are expressed on the myelin sheath of 

oligodendrocytes (Filbin, 2003). Nogo-A expresses a unique amino terminal that has 

been shown to have inhibitory properties and is expressed in oligodendrocytes but not by 

Schwann cells (Xie & Zheng, 2008). Interestingly, a means to neutralize Nogo was 

developed before Nogo itself was identified. Fractionation of myelin identified two 

fractions of 35 (NI-35) and 250 (NI-250) kD size that significantly inhibited neurite 

growth in vitro (GrandPre et al., 2002). An antibody raised against these fractions, IN-1, 

showed growth promoting effects (Seijffers et al., 2007). It was only later that that Nogo 

was identified as the primary component of myelin targeted by the IN-1 antibody and 

able to induce growth cone collapse (Chen et al., 2000; GrandPre et al., 2000; Prinjha et 

al., 2000; Jankowski et al., 2006; Chivatakarn et al., 2007). IN-1 was found to 

specifically neutralize Nogo-A (Liebscher et al., 2005). This inhibitory effect is 

accomplished through ligand binding to the Nogo receptor (NgR1) (Josephson et al., 
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2002; Jankowski et al., 2006). NgR1 exists as a membrane associated protein lacking a 

cytoplasmic domain. Consequently, signaling to intrinsic neuronal mechanisms and 

induction of growth cone collapse is dependent on the coreceptors TROY, LINGO, PirB, 

and p75 (Wang et al., 2002a; Mi et al., 2004; Park et al., 2005; Shao et al., 2005). 

Experiments aimed at neutralizing these inhibitory molecules in vivo applied IN-1 

antibodies to injured spinal cords and reported increases in corticospinal regeneration and 

behavioral outcomes (Schnell & Schwab, 1993; Liebscher et al., 2005). A function 

blocking peptide NEP1-40 was also generated to antagonize Nogo-66 inhibition. NEP1-

40 administration demonstrated a significant degree of CST sprouting and rapid recovery 

of behavioral outcomes (GrandPre et al., 2002; Li & Strittmatter, 2003). However, the 

rate of recovery suggests that regeneration does not account for the functional 

improvements and the trend of recovery in all groups suggest differences in lesion 

completeness. Furthermore, the ectopic labeling of axons in the spinal cord is suggestive 

of improper targeting of BDA tracer (Steward et al., 2007). 

To better understand the role of Nogo in axon regeneration, three groups 

independently and simultaneously generated nogo knockout mice. In one study of nogo-A 

deficient mice, CST regeneration into the scar tissue or beyond the lesion was not 

observed and Nogo-B was found to be upregulated through potential compensatory and 

redundant mechanism. A second group generated nogo-A/B and nogo-A/B/C knockout 

mice and observed a lack of regeneration following a CST lesion (Simonen et al., 2003; 

Zheng et al., 2005). The third group reported CST axon regeneratation in nogo-A/B 

deficient mice based on ectopic CST fibers and significant functional improvement (Kim 
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et al., 2003).  However, these results have been questioned as the lesion model in the 

experiments was not sufficient to differentiate between spared and regenerating axons. 

Additionally, the findings were not reproducible by the other labs. Further, the observed 

ectopic axons were in fact the result of mis-targeted tracer injections that penetrated the 

ventricles (Steward et al., 2007). 

  Myelin associated glycoprotein (MAG) is also a myelin associated molecule 

with inhibitory properties. MAG is present in PNS and CNS myelin and has a role in 

maintaining and compacting myelin. Surprisingly, MAG also signals through NgR1 and 

its associated coreceptors (Domeniconi et al., 2002; Liu et al., 2002). In vitro cultures 

with dorsal root ganglion and cerebellar neurons have demonstrated a significant 

inhibitory effect (McKerracher et al., 1994; Mukhopadhyay et al., 1994). Interestingly, 

MAG inhibition is dependent on the developmental state of the neuron. Embryonic 

neuron growth is promoted rather than inhibited by MAG (Turnley & Bartlett, 1998). The 

influence of MAG on inhibiting regeneration is complicated in light of in vivo studies 

using knockout mice. Only limited amounts of regeneration were observed following 

injury in these animals, suggesting that other inhibitory factors are present in the in vivo 

state (Bartsch et al., 1995).  

 A third component of myelin with a history of inhibitory effects is 

oligodendrocyte myelin glycoprotein (Omgp). Like MAG, Omgp is found in both the 

CNS and PNS and is expressed by both oligodendrocytes and neurons. Similarly, Omgp 

was also found to signal through NgR1 (Wang et al., 2002b). Experiments to localize 

Omgp found that it was largely expressed at the Nodes of Ranvier (Huang et al., 2005). 
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Studies have demonstrated that Omgp is also able to promote the collapse of growth 

cones and inhibit growth (Kottis et al., 2002).  

 The promiscuity of the Nogo receptor allows for greater interpretations of the lack 

of regeneration in knockout mice studies and casts doubt on early experiments claiming 

regeneration. Perhaps the reason for the lack of regeneration was due to redundancy in 

ligands for the receptor. Therefore, it possible that elimination of components for this 

common receptor may yield greater results than elimination of a single ligand. The 

generation of a NgR knockout mice would, in theory, prevent inhibition from Nogo, 

MAG, and Omgp. In vitro studies using such mice has demonstrated an expected effect 

on growth cone collapse (Kim et al., 2004; Chivatakarn et al., 2007). However, NgR1 

knockout did not affect growth on a myelin substrate. In vivo studies using these mice 

observed enhancements in regeneration of rubrospinal and raphespinal axons in a full 

transection model (Kim et al., 2004). However, labeled rubrospinal axons were 

ectopically found in specific ventral regions of the spinal cord corresponding to the 

location of often spared ventral CST fibers. Furthermore, animals showed an 

improvement in behavior 2 days following lesion. These observations suggest that the 

transection may have been incomplete and difference in lesion completeness complicate 

the interpretation of the results. A separate study that also genetically deleted NgR 

demonstrated NgR does not inhibit axonal growth or block CST regeneration in vivo. 

Furthermore, it was suggested that homologues of NgR1, such as NgR2 and NgR3, may 

be upregulated following downregulation of NgR1 (Zheng et al., 2005). NgR2 has been 

shown to respond to MAG and promote growth cone collapse (Venkatesh et al., 2005).  
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 An alternative means to block NgR signaling is through the downregulation or 

knockdown of p75. p75 is a low affinity neurotrophin tyrosine receptor kinase that has 

the potential to bind BDNF, NT-3, or NGF. It was also found to coprecipitate with MAG 

(Yamashita et al., 2002). Further investigation revealed that it is one the cytoplasmic 

components that enable signaling through NgR (Wang et al., 2002a; Wong et al., 2002). 

In p75 neutralization experiments, there is in vitro release from myelin induced growth 

cone collapse (Wang et al., 2002a). Unfortunately, in vivo studies demonstrated that 

p75NTR knockouts did not possess greater regenerative potential of CST or ascending 

sensory fibers (Song et al., 2004; Zheng et al., 2005). A potential explanation for the lack 

of regeneration is the existence of additional coreceptors that propagate the NgR signal. 

These coreceptors include the proteins LINGO and TROY. In vivo experiments using 

LINGO-FC as a dominant negative (Ji et al., 2006) suggest it promotes regeneration of 

RST and CST axons but concerns remain regarding the completeness of lesion based on 

sparing of tissue and subjective nonlinear assessments of behavior using the Basso, 

Beattie, and Bresnahan (BBB) scale in a range that is difficult to discern.  

 The lack of regeneration observed in subjects deficient in NgR, p75NTR, or 

LINGO may be explained by the existence of an additional receptor capable of 

transducing the Nogo signal. This rationale may also explain why studies using a triple 

knockout for MAG, Nogo, and Omgp, the known ligands of NgR, failed to elicit 

regeneration (Lee et al., 2010). This receptor was identified through expression cloning 

to be the paired immunoglobulin-like receptor B (PirB) and was also sensitive to Nogo, 

MAG, and Omgp (Atwal et al., 2008). In vitro blocking of PirB partially rescued neurite 
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inhibition; combined PirB blocking and Nogo neutralization resulted in almost complete 

rescue. In vivo studies with PirB knockouts failed to observe regenerative or functional 

improvements (Nakamura et al., 2011). Once again, this may be the result of redundancy 

in receptors for Nogo, MAG, and Omgp. 

 

Extrinsic Factors Affecting Regeneration: Guidance Molecules 

 During development, axonal growth must be guided correctly to their appropriate 

targets. This is achieved by secreted or membrance associated factors that generate 

gradients to which growth cones respond. Following maturation, many of these guidance 

molecules are downregulated. However, some neurons continue to express receptors for 

these guidance molecules long after development, suggesting a possible role for these 

same molecules in the adult nervous system (Giger et al., 2010). Commonly, these axon 

guidance molecules are also associated with myelin. 

 Semaphorins are a class of guidance molecules that play a pivotal role during 

development and also have a role in the mature nervous system (Reza et al., 1999). 

Developmentally, semaphorins function as repulsive cues and exist as eight classes of 

membrane associated or secreted proteins that signal through neuropilin or plexins (Fiore 

& Puschel, 2003). Class 3 semaphorins (Sema3) are expressed following injury and retain 

their repulsive effects on axon growth cones (Reza et al., 1999). The source of secreted 

Sema3 in injury models is believed to be a component of the glial scar (Pasterkamp et al., 

1999; Pasterkamp et al., 2001). Application of Sema3 in an in vivo model demonstrated 
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an inhibitory effect on small diameter DRG sprouting and mechanical allodynia (Tang et 

al., 2004; Hayashi et al., 2011). Interestingly, large-diameter NT-3 sensitive DRGs like 

those of the somatosensory system are not affected by Sema3 in vitro (Pasterkamp et al., 

2001). An inhibitor of Sema3, SMI-216289, was found to block Sema3 induced repulsion 

of DRGs in vitro and accelerate regeneration of axotomized olfactory nerves (Kaneko et 

al., 2006). In these same experiments, inhibition of Sema3A was reported to enhance 

regeneration. However, there is controversy in terms of lesion demarcation and 

behavioral data that shows functional improvement within 3 days, a period too short for 

anatomical change to occur. A number of the other semaphorins have been identified to 

influence growth cone collapse and to be expressed in the in vivo state. Sema4D is 

expressed by oligodendrocytes following spinal cord injury and has inhibitory effects on 

postnatal sensory and cerebellar granule neurons (Moreau-Fauvarque et al., 

2003).Sema5A has been shown to induce growth cone collapse and is also expressed by 

oligodendrocytes in the optic nerve (Goldberg et al., 2004).  

 Netrins are another class of guidance molecules that have been shown to have 

effects on adult neuronal growth. Netrins are secreted proteins that affect growing axons 

by attracting or repelling their direction. Attraction is mediated by the UNC-40/DCC 

receptor while repulsion is mediated by the UNC5 receptor (Moore et al., 2007). Netrin-1 

is expressed in the CNS, especially at the nodes of Ranvier, and corticospinal and 

rubrospinal projection express the repulsive receptor UNC5. Neutralizing netrin-1 

signaling with UNC5 receptor bodies promotes spinal motor neuron growth on myelin in 
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vitro. Implantation of fibroblast grafts expressing netrin-1 inhibits the growth of UNC5 

expressing fibers (Low et al., 2008). 

 Ephrins are also developmental guidance molecules that are persistently 

expressed in the adult nervous system (Liebl et al., 2003). Transduction of of ephrin 

signaling is conveyed through binding to EphA and EphB receptors. Eph receptor 

signaling often has repulsive results in development and is also preserved in the adult 

state. Following spinal cord injury, a number of Eph receptors including EphA3, A4, and 

A7 are transcriptionally upregulated (Willson et al., 2002). Myelinating oligodendrocytes 

express ephrin-B3 in the adult spinal cord and it is an inhibitor of cortical neurite growth. 

This effect is dependent on EphA4 (Benson et al., 2005). EphA4 concentrates in the 

distal process of lesioned corticospinal axons and ephrin-B2, another ligand for EphA4, is 

upregulated in astrocytes (Fabes et al., 2006). The same group blocked EphA4 signaling 

with a peptide and found that the peptide enhanced CST sprouting but was insufficient to 

promote regeneration across the lesion site (Fabes et al., 2007). Correspondingly, 

reducing EphA4 expression with antisense oligonucleotides did not result in significant 

improvements in CST fiber regeneration or physiological responses by transcranial 

magnetic motor evoked potentials (Cruz-Orengo et al., 2007). In contrast, EphB3 and 

ephrinB3 were found to be attractive promoters of axon growth. In retinal ganglion cells 

following injury, RGCs expressed ephrinB3 and macrophages expressed EphB3. In vitro, 

EphB3 supported adult RGC outgrowth while in vivo, loss of EphB3 reduced axonal 

plasticity (Liu et al., 2006).  
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Extrinsic Factors Affecting Regeneration: Loss of Neurotrophic Support 

 Neurotrophins are classically secreted molecules that influence neuronal 

development and axon growth. The classical neurotrophic factors are nerve growth factor 

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

neurotrophin-4/5 (NT-4/5). Neurotrophins are translated as proneurotrophins which lack 

the efficacy of the mature form. Neurotrophin maturation occurs through proteolytic 

cleavage and homodimerization to produce 13 kD proteins with potent cellular effects 

(Lee et al., 2001). Neurotrophin effects are transduced via binding to tropomysoin-

receptor kinases (trk) and the dimerization of trk receptors. The neurotrophin receptors 

exhibit specific ligand affinities: trkA binds NGF, trkB binds BDNF and NT-4/5, and 

trkC binds NT-3(Bibel & Barde, 2000). Additionally, there exists a non-selective receptor 

with the potential to bind all four neurotrophins with lower affinity, the p75 receptor. 

Expression of p75 with another trk modulates trk signaling activity and generates a high-

affinity receptor state in neurons that express both p75 and trk. In the condition of 

isolated p75 expression, neurotrophin signaling produces cell death via apoptosis (Huang 

& Reichardt, 2001). 

 The source of neurotrophin production is the target with which it creates a 

synaptic connection. When axons are lesioned, the loss of this postsynaptic source of 

neurotrophic factors results in axon retraction and cell death (Tobias et al., 2003). Further 

evidence for importance of neurotrophins can be found in the PNS which is able to 

successfully regenerate. Following injury to a peripheral nerve, Schwann cells distal to a 

lesion express a variety of neurotrophic factors that are able to sustain neuronal survival 
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and axonal growth (Meyer et al., 1992; Funakoshi et al., 1993). In the CNS, an 

upregulation of neurotrophic factors expression is not observed following injury (Plunet 

et al., 2002). These findings suggested that application of neurotrophic factors to a CNS 

lesion may similarly promote cell survival and axon growth. 

 Early studies demonstrated a requirement for neurotrophin for proper neuronal 

development and survival (Ernfors et al., 1994a; Ernfors et al., 1994b). In 

compartmentalized culture studies, the removal of neurotrophins from the axonal 

compartment resulted in axon retraction and degeneration (Campenot, 1977). Following 

maturation, target acquisition, and synapse formation, neurons downregulate trk receptor 

expression and, thereby, have reduced responses to neurotrophin (Molliver et al., 1997). 

However, neurotrophins are still influential in the adult state. In an adult model in which 

the cholinergic neurons of the basal forebrain were lesioned, the application of NGF was 

able to prevent cell death (Kromer, 1987). Furthermore, the application of BDNF is 

sufficient to prevent apoptosis of lesioned corticospinal motor neurons in a subcortical 

lesion model that usually results in at least 50% cell loss (Giehl & Tetzlaff, 1996) and in 

a spinal cord injury model (Brock et al., 2010). The rubrospinal tract (RST) similarly 

responsd to BDNF and RST neuron survival following a lesion can be augmented with 

BDNF application (Kobayashi et al., 1997).  

 In addition to effects on survival, neurotrophins have also demonstrated the ability 

to affect axonal growth. Following lesion of spinal cord, NGF is able to promote the 

growth of a number of neuronal populations including local cholinergic motor neurons, 

ascending sensory neurons, and tyrosine-hydroxylase (TH) positive coerulospinal 
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neurons (Tuszynski et al., 1996). Grafting of BDNF secreting cells is sufficient to 

promote growth of serotonergic, coerulospinal, and large-diameter ascending sensory 

neurons (Lu et al., 2005). Furthermore, overexpression of trkB and grafting of BDNF 

secreting cells in a subcortical lesion model promotes the regeneration of lesioned CST 

neurons (Hollis et al., 2009). NT-3 expression promotes ascending sensory axons 

regeneration and sprouting of spared CST into gray matter (Grill et al., 1997; Taylor et 

al., 2006). The extent with which neurotrophic factor promote axon growth emphasizes 

the importance of neurotrophins for achieving spinal cord regeneration. While the 

application of a single factor alone is not sufficient to produce robust regeneration, 

perhaps a combinatorial approach that includes neurotrophic factors will result in 

consistent and robust functional regeneration. 

  

Intrinsic Factors Affecting Regeneration   

 Exhaustive studies of extrinsic factors have provided valuable information 

regarding the potential of extrinsic manipulations to elicit regeneration. While 

modulation of extrinsic factors have met with some success, it is clear that environmental 

manipulations alone will be insufficient to promote the extensive degrees of regeneration 

required for significant functional improvement. Intrinsic factors may provide what is 

needed to achieve this regeneration. Once again, though there are interactions between 

intrinsic and extrinsic factors, this historical division has guided a number of studies to 

identify important components of axon growth. The bases for these studies have involved 

observations of a biological response known as the peripheral conditioning lesion and the 
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capacity of immature neurons for growth. The rationale and current status of these 

approaches will be discussed in the following sections. 

  

Intrinsic Factors Affecting Regeneration: Expression of Regeneration Associated 

Genes 

 The peripheral conditioning effect allows for impressive degrees of regeneration 

and is observed only in dorsal root ganglion (DRG) neurons, a neuron that exists in a 

unique environment between the CNS and PNS and is responsible for conveying sensory 

information from targeted organs to the CNS. The DRG soma is located within the PNS 

and extends a process peripherally and another branch centrally. Following lesion of the 

peripheral branch, there is significant regeneration and reinnervation of lost peripheral 

targets. Following lesion of the central branch, similar levels of regenerationare not 

observed. However, if the peripheral branch is lesioned prior to a central lesion, the 

neuron becomes “conditioned” and subsequent injury to the central process will be met 

with enhanced degrees of regeneration (Richardson & Issa, 1984; Neumann & Woolf, 

1999). Furthermore, conditioned neurons are no longer inhibited by myelin. Because the 

peripheral lesion does not affect the state of environment within the CNS, it is believed 

that the neuron undergoes intrinsic changes and these specific changes are of particular 

interest to the regeneration field. 

 The early changes that occur following conditioning are dependent on 

transcription. Inhibition of transcription abolishes improvements in growth observed with 
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a conditioning (Smith & Skene, 1997; Qiu et al., 2002). Studies to identify the specific 

genetic changes found that expression levels change in hundreds of genes (Costigan et 

al., 2002). Some of these changes are related to general neuronal injury signals or to 

processes associated with growth but by themselves are not sufficient to promote growth. 

Growth associated protein-43 (GAP-43) is highly upregulated in peripherally conditioned 

neurons but not in centrally injured neurons (Schreyer & Skene, 1993). However, 

overexpression of GAP-43 is insufficient to promote growth on a myelin substrate. 

However, studies have identified key components of the conditioning lesion that are 

necessary for successful regeneration. Levels of cyclic adenosine monophosphates 

(cAMP) increase within 24 hours following a peripheral conditioning lesion (Qiu et al., 

2002). Furthermore, there is increased activity by protein kinase A (PKA), a cAMP-

dependent protein kinase, following peripheral injury. The effects observed by the 

peripheral conditioning are dependent on this initial upregulation of PKA. Elevating 

cAMP levels with a nonhydrolizable form, dibutyryl-cAMP (db-cAMP), enhances 

regeneration but is not as robust as the conditioning effect (Neumann et al., 2002). 

Additionally, similar to conditioned neurons, db-cAMP treated neurons are released from 

myelin inhibition (Neumann et al., 2002; Qiu et al., 2002). 

 The genetic changes resulting from the conditioning effect are slowly being 

identified. cAMP elevation is capable of driving expression of a number of genes. One 

such factor is the enzyme arginase-1 which is required in the production of spermidine 

(Cai et al., 2002). Like treatment with cAMP, elevation of spermidine levels were 

sufficient to promote growth and overcome myelin inhibition (Deng et al., 2009). 
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SMAD1 is necessary for the conditioning effect and that activation of SMAD1 via BMP2 

and BMP4 treatment can recapitulate the conditioning effect (Zou et al., 2009). 

Transgenic mice that constitutively expressed activating transcription factor 3 (ATF3) 

increased DRG neurite elongation on permissive substrates but did not overcome myelin 

inhibition or promote in vivo regeneration (Seijffers et al., 2007). Sox11 is a transcription 

factor expressed by developing and injured DRGs and is required for cell survival and 

neurite growth (Jankowski et al., 2006). 

 While specific components that contribute to the conditioning effect have been 

identified, additional work is needed to isolate the key regulators. 

 

Intrinsic Factors Affecting Regeneration: Developmental Mechanisms 

 Embryonic neural tissue possesses an innate ability for growth that is not seen in 

adult neural tissue. Studies demonstrate that embryonic neural tissue transplanted into the 

adult cortex survives and integrates with cortical circuitry (Gonzalez et al., 1988; 

Sorensen et al., 1996). In these early experiment, host-graft connectivity was 

demonstrated by tracer injections; however, tracer are not specific for differentiating 

grafted cells from host fibers (Gonzalez et al., 1988; Sorensen et al., 1996). Taking 

advantage of GFP transgenic mice, replication of these experiments suggest that grafts of 

embryonic cortex into the adult CNS integrate with the host CNS and project axons 

considerable distance down the spinal cord (Gaillard et al., 2007).  However, 

interpretations of these results are complicated by potential cell fusion that may impart 
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fluorescence to host corticospinal fibers, giving the false impression of integration and 

growth from transgenic grafts. While the authors attempted to address cell fusion, the 

methods used may lack sensitivity in detecting such an event (Tuszynski, 2007).  

Complementing embryonic cortical grafts, embryonic spinal cord grafts have also 

been attempted. In these studies, host fibers were observed penetrating embryonic tissue 

grafts; however, this penetration was limited (Jakeman & Reier, 1991; Diener & 

Bregman, 1998). Studies using GFP transgenic animals have replicated these early 

grafting experiments to better visualize host and graft cells. In this case, transplanted 

embryonic cells exhibited extensive growth into host tissue. Furthermore, corticospinal 

fibers were observed penetrating the embryonic graft (Lu unpublished).  

 Growth of embryonic grafts in the inhibitory adult environment suggests that the 

genetic state of these neurons differ from their adult counterparts and studies of these 

developmentally regulated growth associated genes have identified promising candidates. 

One candidate under intense study is phosphatase and tensin homolog (PTEN). PTEN is a 

negative regulator of the mammalian target of rapamycin (mTOR) pathway, a pathway 

that controls cell growth and size through modulation of protein translation (Liu et al., 

2010b). Following maturation, mTOR is downregulated by expression of PTEN. In 

conditional knockouts of PTEN in retinal ganglion cells, robust regeneration was 

observed following optic nerve injury (Park et al., 2008). In models of severe peripheral 

nerve transection, pharmacological inhibition and siRNA induced knockdown of PTEN 

accelerates axon growth (Christie et al., 2010). However, PTEN knockdown is most 

notable for effects on CST growth. In these studies, investigators conditionally deleted 
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PTEN and lesioned the CST with either a pyramidotomy, dorsal hemisection, or complete 

crush injury. They found that PTEN deletion enhanced sprouting from spared CST axons 

and promoted regeneration of lesioned CST fibers beyond the lesion in both hemisection 

and complete crush injuries (Liu et al., 2010a).  

Though these results are promising, they must be met with critical optimism. 

First, many of the regenerated axons were associated with GFAP immunoreactive tissue 

bridges. While it is completely possible that PTEN deletion promotes CST regeneration, 

the possibility that enhanced sprouting from spared axons within GFAP bridges cannot be 

discounted. Second, PTEN was deleted in mice at 4 weeks of age. While this is 

considerably different from embryonic and early postnatal animals, animals this age have 

not reached adulthood and CST axons have the potential to undergo considerable plastic 

changes. Therefore, PTEN deletion in this state may simply enhance an already elevated 

intrinsic state of growth. Third, quantification of CST axons depends on the actively 

transported tracer BDA. If PTEN deletion enhances active transport mechanisms, a 

greater abundance of BDA within axons would increase sensitivity in detecting fine 

caliber fibers that are normally missed in control animals and may potentially account for 

the increased numbers of fibers observed. Should these results be replicated in older 

animals using a complete lesion model and an axonal tracer that is not dependent on 

active transport mechanisms, PTEN deletion would be a very promising candidate to 

promote CST regeneration following spinal cord injury. 

 

Combinatorial Approaches 



38 
 

 

 The exhausitive exploration of extrinsic factors and studies of intrinsic factors for 

promoting growth have revealed the complexity involved in inducing axon regeneration. 

While single factor manipulations are informative with regards to providing information 

on sufficiency and a basic understanding of mechanism, the behavioral effects of single 

factor manipulations are limited. As such, it is understood that in order to achieve 

significant regeneration, combinatorial approaches to neutralize inhibitory factors and 

upregulate growth associated mechanisms are necessary. To an extent, single 

manipulations may influence a number of factors that influence regeneration. Grafting of 

cells replaces lost cellular substrate but may also provide trophic support in the form of 

secreted molecules. However, a true combinatorial approach should attempt to address as 

many of the aforementioned factors as possible to achieve significant functional 

improvement following SCI. 

There are examples of such approaches demonstrating that combinatorial 

treatments are more effective than individual manipulations. While cAMP elevation 

mimics properties of the conditioning lesion, a greater degree of ascending sensory 

neuron regeneration and bridging is achievable when cAMP elevation is combined with 

MSC grafts to provide a physical bridge across a lesion cavity and neurotrophic support 

rostral to the lesion (Lu et al., 2004). Combinations of peripheral nerve grafts providing a 

cellular bridge and neurotrophic support and digestion of inhibitory CSPGs at the caudal 

end of integration increases the number of supraspinal fibers that reenter the CNS and 

enhances behavioral outcome when compared to peripheral nerve grafts alone (Houle et 

al., 2006b).  
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The results observed with these combinatorial treatments exceed what is observed 

with isolated treatments and speaks to the effectiveness of combinatorial approaches. 

However, the outcomes are still far from what is desired. Hence, further studies to 

identify extrinsic and intrinsic factors are necessary in order to provide the foundation 

and tools from which to achieve effective combinatorial therapies for spinal cord 

regeneration. 

 

Rationale and hypotheses 

 As neurons mature, their genetic expressions pattern change and these changes 

correlate with a reduction in capacity for growth. This is in contrast to developing 

neurons which express a unique genetic profile that enables enhanced axonal growth and 

growth in inhibitory environments. The focus of this work is to identify developmentally 

regulated mechanisms that promote axon growth and assess their potential to promote 

growth in adult neurons and as therapeutic interventions in an in vivo model of spinal 

cord injury. 

Studies of axon development suggest that TGF-β is necessary for axon 

differentiation. Genetic mouse models eliminating the type II TGF-β receptor 

demonstrate that developing cortical neurons lacking TGF-β signaling fail to migrate 

properly to the cortical plate and, in spite of a dynamic leading-edge, fail to exhibit 

axonal growth at the trailing-edge. The same group also demonstrated that TGF-β 

receptors are polarized to the axon during development and that TGF-β signaling is 
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sufficient to specify axon differentiation (Yi et al., 2010).  The developmentally regulated 

transcriptional regulator ski-like novel protein (SnoN) is a component of the TGF-β 

signaling pathway and promotes elongation specifically in the axon of postnatal 

cerebellar granule neurons (Stegmuller et al., 2006). The aim of this work is determine 

whether developmentally important TGF-β signaling pathways are conserved in adult 

neurons and whether modulation of this signaling cascade by SnoN over-expression is 

sufficient to promote regeneration following spinal cord injury. 

 

Chapter 2 investigates the hypothesis that modulation of TGF-β signaling, a pathway 

critical for axonal differentiation during development, will enhance regeneration of adult 

neurons following spinal cord injury. 
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 CHAPTER 2  

SnoN Facilitates Axonal Regeneration After Spinal Cord Injury 

Abstract 

CNS neurons in the vicinity of an injury encounter an environment dramatically 

altered by the release of factors induced by trauma, including TGF-β1, a member of the 

TGF-β superfamily. We now show that upregulation of TGF-β1 directly inhibits neuronal 

process outgrowth and leads to intraneuronal degradation of the developmental axon-

specific growth-associated molecule SnoN. Overexpression of SnoN in vitro promotes 

axonal growth and overcomes TGF-β1 induced inhibition. Furthermore, in vivo 

overexpression of SnoN enhances central sensory axonal regeneration following spinal 

cord injury. Thus, neuronal TGF-β signaling is a novel negative modulator of axonal 

growth after injury; targeting this pathway through overexpression of the specific axonal 

growth-enhancing molecule SnoN promotes growth of injured adult axons. 
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Introduction 

Several mechanisms contribute to the failure of axonal regeneration in the adult 

central nervous system, including factors both intrinsic and extrinsic to the neuron. The 

importance of neuron-intrinsic mechanisms in regeneration failure are illustrated by the 

effects of a “conditioning” lesion, wherein injury to the peripheral process of a dorsal 

root ganglion neuron substantially enhances regeneration of the central process of the 

same neuron after spinal cord injury (Neumann & Woolf, 1999; Alto et al., 2009), 

mediated in part by upregulation of regeneration-associated genes in the conditioned 

neuron (Cai et al., 2002; Gao et al., 2004; Zou et al., 2009). However, the full set of 

intrinsic neuronal mechanisms that underlie central axonal regeneration failure remain 

poorly understood, 

 

Studies of neural development may provide insight into intrinsic neuronal 

mechanisms influencing axonal growth, since developing axons exhibit an extensive 

growth capacity. Recent studies have revealed a previously unrecognized role for 

members of the transforming growth factor-beta (TGF-β) superfamily in 

developmentally-regulated axon growth. Historically, bone morphogenetic proteins 

(BMPs) have been the most prominent member of the TGF-β superfamily associated with 

axon growth and guidance (Lee et al., 1998; Charron & Tessier-Lavigne, 2007; Zou et 

al., 2009). However, recent findings suggest potential dual roles of TGF-ß signaling in 

developmental regulation of axon growth: while TGF-ß is necessary for specification of 

the developing axon (Asher et al., 2000; Lagord et al., 2002; Yi et al., 2010), it also 
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activates signaling that degrades neuronal mechanisms that support axonal growth.  That 

is, TGF-β ligands convey their effects through ligand-induced clustering of TGF-βRI and 

TGF-βRII serine/threonine kinase receptors and concomitant phosphorylation of 

SMAD2/3 (Massague, 2000). Phosphorylated SMAD2/3 alters transcription, thereby 

facilitating the degradation of an integral molecular signal in the process of axonal 

growth, the transcriptional regulator SnoN (Stegmuller et al., 2008). Indeed, over-

expression of a mutant form of SnoN that is resistant to ubiquitin-mediated degradation 

promotes axonal growth in developing neurons (Stegmuller et al., 2006). Thus, given its 

important role in axonal specification and growth during neural development, TGFß is a 

compelling novel candidate mechanism for examining the intrinsic growth state of the 

injured adult axon. However, this molecule could act as either a positive or negative 

effector of the neuronal growth state. Moreover, SnoN represents an intriguing target for 

potentially modifying the intrinsic growth state of the injured central axon in a positive 

manner. 

 

Hence, we examined the role of TGFβ signaling and SnoN over-expression in 

axonal outgrowth in vitro, and in vivo after adult spinal cord injury. We find that TGF-ß 

signaling is upregulated after spinal cord injury, and this activation is associated with 

axonal growth inhibition in vitro. Consistent with the role of SnoN in axonal growth 

during development, over-expression of SnoN in vitro and in vivo is sufficient to 

overcome TGF-β mediated inhibition and to promote significant central axonal 

regeneration after spinal cord injury. 
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Results 

 

TGF-β Inhibits Outgrowth of Adult DRG Neurons 

To determine whether neurite outgrowth from adult DRG neurons in vitro is 

sensitive to TGF-β signaling, we isolated adult DRG neurons from F344 rats and treated 

the cultures with TGF-β1, 2, or 3 (Fig 1). TGF-β1 significantly inhibited adult DRG 

neurite outgrowth (Fig 1), reducing the length of the longest neurite at concentrations of 

10, 50, and 100 ng/mL (P<0.05) and inhibiting total neurite outgrowth at concentrations 

of 50 and 100 ng/mL (P<0.05). TGF-β1 did not significantly affect the number of 

processes emerging from the neuron, indicating TGF-ß does not influence neurite 

emergence or branching from the soma (Fig. 1). TGF-β3 also increased longest neurite 

length and total neurite outgrowth but did not affect the number of neuritic processes 

compared to untreated controls (Suppl Fig. 1). In contrast, TGF-β2 had no effect on 

longest neurite length, total neurite outgrowth, or number of processes (Suppl Fig 1). 

These findings indicate that TGF-β signaling inhibits neurite outgrowth from adult 

neurons but does not reduce neurite initiation (because the number of neuritic processes 

emerging from the neuron is stable).  

 

We next determined whether neurons are differentially responsive to TGF-β 

signaling based on their intrinsic growth state, using conditioning lesions of the sciatic 

nerve (Alto et al., 2009). We isolated and cultured adult neurons from L4 and L5 DRGs 
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peripherally preconditioned by sciatic nerve crush 7 days earlier. Cultures were treated 

with TGF-β isoforms as above and neurite outgrowth was quantified. Conditioned DRG 

neurons demonstrated significantly reduced sensitivity to TGF-β1 after conditioning: 

doses of 10 and 50ng/ml of TGF-ß1 no longer inhibited neurite outgrowth on measures of 

longest neurite and total neuritic length (Fig. 2). Similar effects were seen with TGF-ß3 

(Suppl Fig 2). Thus, modulation of the neuron-intrinsic growth state has the capacity to 

overcome inhibitory effects of inhibitory TGF-β1 signaling. 

 

TGF-β1 Inhibition of Outgrowth is Associated with SnoN Degradation 

We next determined whether activation of TGF-β signaling proceeded along the 

same canonical pathways of SMAD2 phosphroylation and SnoN ubiquination in adult 

neurons that are observed in developing systems (Bonni et al., 2001; Stroschein et al., 

2001; Wan et al., 2001). Adult DRG neurons were electroporated with GFP, wild-type 

SnoN, or a variant of SnoN with a mutated destruction box motif (SnoN-D-box mutation) 

rendering the molecule resistant to degradation (Stroschein et al., 2001).  Adult neurons 

were again cultured in the presence or absence of TGF-β1, cell lysates were collected and 

western blots were performed to assess levels of SnoN protein and SMAD2 

phosphorylation. Upon stimulation with TGF-β1, levels of SMAD2 phosphorylation in 

adult DRG neurons significantly increased compared to non-stimulated controls (P<0.05; 

Fig 3). TGF-β1 treatment significantly reduced SnoN levels compared to non-stimulated 

controls (P<0.05; Fig. 3). In contrast, neurons expressing the SnoN D-box mutation did 

not exhibit reductions in SnoN levels after TGF-ß1 stimulation (Fig 3). These findings 
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indicate that adult neurons respond to TGF-β1 utilizing known developmental canonical 

signaling mechanisms, including SMAD2 phosphorylation and SnoN degradation. 

 

Having established that TGF-β1 signaling in adult neurons proceeds through 

canonical pathways and that one of the consequences of SMAD2 activation appears to be 

degradation of SnoN, we determined whether the overexpression of SnoN or the SnoN-

D-box mutation is sufficient to overcome TGF-β1 inhibition in vitro. Adult DRGs 

neurons were electroporated with GFP, SnoN, or the SnoN D-box mutation and treated 

with TGF-β1 (50 ng/ml). Overexpression of SnoN in control DRG neurons (without 

exposure to TGF-ß1) significantly increased growth (Fig 3, P<0.05), while 

overexpression of SnoN-D-box mutation further increased neurite growth (P<0.05). 

Further, overexpression of SnoN and SnoN-D-box mutation overcame TGF-ß1-induced 

inhibition of neurite outgrowth (Fig 3), These findings indicate both that SnoN 

expression alone is sufficient to enhance neurite growth in vitro, and that SnoN 

overcomes TGF-ß1- inhibition. 

  

Injury Activates Neuronal TGF-β1 Signaling In Vivo 

To examine the potential relevance of SnoN-based interventions for the treatment 

of spinal cord injury, TGF-β1 must be released at sites of injury and activate canonical 

neuronal TGF-β1 signaling. Thus, we performed C3 dorsal column spinal cord lesions in 

adult F344 rats and examined release of TGF-β1 ligand at the injury site 1 hour, 1 day, or 
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7 days following injury. TGF-β1 immunoreactivity increased by 1 hour post-injury in the 

peri-lesioned tissue and remained persistently elevated for at least 7 days (Fig. 4). 

Regions of increased expression included the dorsal funiculus, which contains transected 

somatosensory axons arising from neuronal somata in the DRG. Dissection of DRG 

neurons at the same post-injury time points revealed increases in phosphorylated SMAD2 

beginning 1 hour and persisting through 7 days post-lesion, by Western blot (Fig. 4). 

Thus, TGF-ß1 is expressed at in vivo sites of SCI and activates canonical signaling in the 

neuronal somata of injured neurons. 

 

SnoN Promotes Axonal Regeneration After Spinal Cord Injury  

We next examined the clinical relevance of SnoN-based therapies for spinal cord 

injury.  These in vivo injury studies used the SnoN-D-box mutation, given its more potent 

effects on neurite outgrowth in vitro (Fig 4). Adeno-associated virus – serotype 6 

(AAV6) expressing the SnoN-D-box mutation was injected into L4 and L5 DRG neurons 

in 12 adult Fischer 344 rats, and axonal regeneration was assessed 4 weeks after 

placement of a C3 dorsal column spinal cord lesion (Alto et al., 2009; Kadoya et al., 

2009).  Comparison was made to 11 C3-lesioned controls that received L4 and L5 

intraganglionic injections of AAV6-GFP, and to 4 animals that received C3 lesions only.  

Axons require a cell matrix in the lesion site to support axonal regeneration, since axons 

cannot regenerate into a cystic lesion site. Accordingly, all groups received implants of 

syngenic bone marrow stromal cells, which ordinarily support minimal amounts of 
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axonal growth (Alto et al., 2009; Kadoya et al., 2009). One month after spinal cord 

injury, animals treated with the SnoN-D-box mutation showed a significant, 2-fold 

enhancement of axonal regeneration into the lesion site (P<0.05; Fig 5). A relatively 

small percentage of CTB labeled neurons expresesd GFP (25.4±2.7%) or the SnoN-D-

box mutation (7.9±1.2%), suggesting a potential underestimate of the capacity for SnoN 

overexpression to facilitate axon regeneration (Fig. 5). Assessment of in vivo axonal 

regeneration must ensure that regenerating axons are not mistaken for spared axons; 

accordingly, examination of the spinal cord rostral to the lesion site showed an absence of 

CTB-labeled axons, indicating lesion completeness in all subjects. Further, spared axons 

would not be located in the ectopic environment of the cell graft in the lesion site (Fig. 5), 

indicating that axons truly regenerated. Thus, axonal regeneration after spinal cord injury 

can be promoted by overexpression of SnoN. 

 

Discussion 

Findings of this study reveal for the first time a direct neuronal effect of TGF-β 

signaling on axonal growth and regeneration in the adult nervous system. Specifically, we 

find that TGF-ß is expressed at sites of spinal cord injury and activates canonical 

neuronal signaling resulting in phosphorylation of SMAD2 and degradation of SnoN, a 

transcription factor that specifically regulates axon growth.  Intraneuronal overexpression 

of SnoN is sufficient to overcome TGF-ß-mediated inhibition in vitro and enhances 

axonal regeneration after spinal cord injury. Thus, we identify a novel target mechanism 

for enhancing central axonal regeneration.  
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Few studies have investigated axon-specific intrinsic mechanisms to promote 

regeneration following injury. Pursuing this level of specificity is logical, as nonspecific 

stimulation of growth from both the axonal and dendritic compartments might increase 

the potential to form aberrant connections and result in dysfunctional outcomes. SnoN is 

such a developmentally-regulated molecule, a transcription factor that exhibits a specific 

effect on axonal outgrowth in postnatal neurons (Konishi et al., 2004; Stegmuller et al., 

2006). We now find that this axonal-specific regulator of axonal outgrowth during 

development also enhances neurite outgrowth in adult DRG neurons, and enhances 

central axonal regeneration in the injured spinal cord. In vivo, SnoN overexpression 

significantly enhances axonal regeneration into a spinal cord lesion site. 

 

Results of this study also reveal for the first time a direct neuronal influence of 

TGF-ß signaling on axonal response to injury. Prior studies described effects of TGF-β 

following CNS injury on glial scar formation, angiogenesis, and immune cell recruitment 

(Moon & Fawcett, 2001; Schachtrup et al., 2010), but did not describe a direct effect on 

neuronal signaling and growth. Our studies reveal expression of TGF-ß in sites of spinal 

cord injury; TGF-ß directly activates SMAD2 in adult DRG neurons and is associated 

with SnoN degradation, revealing a direct neuronal role for this pathway in inhibiting the 

growth of injured adult neurons. By targeting the neuron-intrinsic aspects of TGF-β 

signaling, it may be possible to overcome neuron-intrinsic inhibitory effects on axonal 

growth while retaining potentially beneficial effects of TGF-ß in reducing secondary 

damage around sites of SCI.   
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Experimental Procedures 

DRG Culture and Quantification 

DRGs were dissected from adult female Fisher 344 rats weighing 150-165 g, 

digested in 0.25% collagenase type XI and 5ug/mL dispase, and triturated. For 

transfections, 1 million cells and 10 ug of DNA were used according to Nucleofactor 

(Lonza) protocols. Plasmids consisted of a dual promoter system which expressed either 

GFP, GFP-SnoN, or GFP-SnoN-D-box mutation driven by a hybrid chick beta actin – 

minimal CMV promoter and the reporter gene copGFP driven by an EF1-α promoter. 

Cells were plated on cell culture plates coated with poly-L-lysine (20ug/mL) and laminin 

(0.5ug/mL) and cultured in media supplemented with TGF-β1, 2, or 3 partially changed 

every other day. Cells were fixed with 4% PFA after four days in vitro and stained with 

βIII-tubulin (Promega), NF200 (abcam), and copGFP (Evrogen). Images were acquired 

using an ImageXpress Micro (Molecular Devices) and analyzed using the neurite 

outgrowth module of the MetaXpress software package. For quantification of transfected 

neurons, only neurons expressing the copGFP reporter were analyzed. All experiments 

were run in at least triplicate. 

 

Protein Isolation and Western Blot Analysis 

Protein was extracted from DRG cultures or from adult L4 and L5 DRGs using 

RIPA buffer. Protein concentration was determined using Bio-Rad Protein Assay and 20 

µg was resolved on a 4-12% SDS-PAGE gel (Invitrogen). The gel was transferred to 0.45 
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µm PVDF membranes (Millipore), blocked with 5% nonfat milk, washed with 0.05% 

Tween-20 in PBS, and incubated with anti-pSMAD2 (Cell Signaling), anti-SMAD2 (Cell 

Signaling), or anti-SnoN (Cell Signaling). Blots were washed and incubated with 

horseradish peroxidase conjugated secondaries and visualized and analyzed using 

chemiluminescence on a Bio-Rad GelDoc. Blots were then stripped and reblotted with 

anti-β-actin (Cell Signaling). 

 

Surgeries and Tissue Processing 

Adult female Fisher rats weighing 150-165 g were deeply anesthetized with 

xylazine, ketamine, and acepromazine for surgeries. Peripheral conditioning lesions were 

made using jeweler’s forceps to compress the exposed sciatic nerve at midthigh for 15 s. 

For intraganglionic injections, the vertebrate overlaying the L4 and L5 DRGs were 

removed and 1 µL per DRG of AAV6 (~1x1012 infectious units/mL) was injected into the 

L4 and L5 DRGs bilaterally using a pulled glass micropipette and picospritzer. Great care 

was taken to avoid damage to the injected DRG as this might “condition” the neurons. C3 

dorsal column lesions were performed using a tungsten wire knife. MSCs were isolated 

as described previously (Hofstetter et al., 2002) and grafted into acute spinal cord dorsal 

column lesions using fine glass micropipettes and a picospritzer at low pressue. Dorsal 

column sensory axons were traced by CTB injections (2 µL, 1% solution) into the sciatic 

nerve 3 days before perfusion. Animals were perfused with 4% PFA. 30 µm thick spinal 

cord sections were immunohistochemically labeled for CTB and GFAP. 10 µm thick 
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sections of L4 and L5 DRGs were immunohistochemically labeled for GFP, CTB, and 

βIII-tubulin. 

 

Axonal Quantification 

Axon numbers were quantified using 1-in-6 sections from sagitally sectioned 

spinal cords within the lesion site. CTB labeled axons were visualized by light level 

immunohistochemistry using diaminobenzidine (0.05%) and nickel chloride (0.04%) as 

chromagens. The same sections were then processed for GFAP using fluorescence. 

Lesion borders were determined using GFAP immunoreactivity. An Olympus BX60 

microscope equipped with an a motorized stage and stage controller (MAC2002-XYZ, 

Ludl Electronic Products, Hawthorne, NY) and StereoInvestigator software 

(MicroBrightField, Colchester, VT) were used to draw the lesion boundaries and a 

vertical bisecting the cell graft under low magnification (4× objective). Axons were 

visualized under high magnification (60× objective) and only axons intersecting the 

vertical line were scored. Total axon numbers were estimated by multiplying the count by 

number of sections.   
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Figure 2.3: TGF-β and SnoN 
 
(A) Western blot from adult DRG neurons expressing SnoN, SnoN-D-box mutation, or 
GFP after addition of 50 ng/mL TGF-β1 for 45 min. TGFß-1 addition leads to 
phosphorylation of SMAD2 (lane 2). Overexpression of SnoN or SnoN-D-box mutation 
leads to elevated levels of SnoN in DRG neurons (lanes 3 and 5), even following addition 
of TGFß-1 (lanes 4 and 6). SnoN-D-box mutation-expressing neurons are more resistant 
to reductions in SnoN levels following addition of TGFß-1 (lane 6) than neurons 
overexpression wild-type SnoN (lane 4). (B) Quantitation of blots in panel A shows 
SMAD2 phosphorylation after TGFß-1 addition, and (C) elevation of SnoN levels 
following neuronal transduction with SnoN or SnoN-D-box mutation. (ANOVA p<0.05; 
*, post hoc Fisher’s p<0.05). (D) Neurite outgrowth from adult DRG neurons in vitro is 
(E) reduced following addition of TGFß-1. (F) Overexpression of SnoN increases neurite 
length, and (G) counters inhibitory effects of TGFß-1. (H) Overexpression of SnoN-D-
box mutation further amplifies neurite growth, and (I) more extensively counters 
inhibitory effects of TGF-ß1. (J) Quantification confirms effects of SnoN on neurite 
growth and overcoming of TGFß-1-mediation inhibition. (ANOVA p<0.001; post hoc 
Fisher’s *p<0.05, **p<0.01, ***p<0.005).  
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Supplementary Figures 

Supplemental Figure 2.1: Select Alternative TGF-β Isoforms also Inhibit Outgrowth 
of Adult DRG Neurons 
 
Adult DRG neurons isolated and cultured from female Fisher 344 rats plated on poly-L-
lysine and laminin. (A-B) Treatment of adult DRGs with TGF-β3 (B) significantly 
decreased the length of the longest neurite at high concentrations (ANOVA p<0.01; *, 
post hoc Fisher’s p<0.05). TGF-β2 (A) did not significantly affect longest neurite length. 
TGF-β3 (D) also decreased measurements of total outgrowth from adult DRG neurons 
(ANOVA p<0.01; *, post hoc Fisher’s p<0.05) while TGF-β2 (C) did not significantly 
affect total outgrowth. Measurements of the number of processes were not significantly 
affected by TGF-β2 (E) or TGF-β3 (F). 
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This chapter, in its entirety, is currently being prepared for submission for 

publication of the material. Do JL, Bonni A, Tuszynski MH. The dissertation author was 

the primary investigator and first author of this paper.
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CHAPTER 3 

General Discussion 

 Recapitulating the developmental state when growth capacity is robust in injured 

adult neurons is a logical approach in order to promote regeneration of developed 

neurons following axotomy. Studies indicate that the bases for this developmental shift 

arises from changes in neuron-intrinsic mechanisms that alter cellular responses to 

stimuli and intracellular drivers of growth, neuron-extrinsic factors that promote or 

inhibit growth, and the convergence of intrinsic and extrinsic pathways through ligand-

receptor mediated interactions (Maisonpierre et al., 1990; Fitzgerald et al., 1991). The 

studies described in this dissertation aim to address developmentally regulated pathways 

involving the convergence of intrinsic and extrinsic mechanisms that affect regeneration 

of lesioned central axons. This work demonstrated that while signaling pathways are 

necessary for axonal differentiation early in development, these same factors are sources 

of inhibition for regeneration in the mature nervous system and modulation of an intrinsic 

aspect of this pathway promotes adult regeneration. The following will discuss the major 

findings of this thesis work, potential implications for research in spinal cord injury, and 

future directions to pursue with respect to scientific inquiry and translational approaches 

to potential human therapies. 

 

Modulation of Neuronal TGF-β Signaling Promotes Sensory Axon Regeneration 

Following Spinal Cord Injury 
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 The TGF-β/activin subfamily of the TGF-β superfamily of morphogens is 

attributed with influencing a number of cellular processes. With regards to spinal cord 

injury, TGF-β is primarily associated with promoting scar formation and immune cell 

recruitment (Moon & Fawcett, 2001; Lagord et al., 2002; Schachtrup et al., 2010). 

However, TGF-β is also critical for axonal differentiation in early development (Yi et al., 

2010). Neuronal stimulation of this pathway is sufficient to induce development of 

multiple axons and promote axonal growth in developing neurons. However, in postnatal 

neurons, overexpression of SnoN, a canonical inhibitor of this signaling pathway and 

developmentally down-regulated transcription factor, promotes axon specific growth and 

is sufficient to overcome myelin induced growth inhibition (Stegmuller et al., 2006; 

Stegmuller et al., 2008). Though TGF-β demonstrates an essential role in neuronal 

growth early in development, a direct effect of TGF-β on adult neuronal growth has not 

been established and the potential role this essential pathway has on adult regeneration 

remains unexplored. 

 We found that adult neurons retain sensitivity to TGF-β ligands and express the 

canonical components of TGF-β signaling. Cultured sensory neurons respond to TGF-β 

stimulation by upregulating the phosphorylation of SMAD2. In the physiological state, 

sensory neurons injured by a spinal cord lesion at the distal processes in the central 

nervous system upregulate activation of TGF-β signaling related molecules within the 

cell soma. Furthermore, the activation of SMAD2 has the potential to promote the 

degradation of SnoN, a known promoter of axonal elongation. These findings indicate 
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that adult neurons do in fact have the capacity to directly respond to extracellular TGF-β 

ligand and that injury induces activation of this conserved pathway. 

 The observation that neurons directly respond to TGF-β logically led to the 

inquiry of whether TGF-β signaling retains influence on axonal growth as during 

development. We found that adult neuron growth was inhibited by TGF-β in a dose 

dependent manner. As a corollary, overexpression of SnoN, a canonical inhibitor of TGF-

β signaling, increased adult neuron growth and, interestingly, overcame TGF-β induced 

inhibition. 

 These findings are in contrast to studies that have observed enhanced growth with 

TGF-β stimulation (Abe et al., 1996; Yi et al., 2010). However, in these instances, the 

effect was observed on embryonic or developing neurons as opposed to adult neurons. 

Mature neurons are genetically distinct from their embryonic counterparts, express a 

varied array of receptors and intracellular factors, and have well differentiated processes . 

Such differences may explain the observed reversal in TGF-β effects and follows a theme 

resonated in other signaling pathways and axon guidance models.  MAG inhibits growth 

of adult neurons but stimulates growth of embryonic neurons (Turnley & Bartlett, 1998). 

Netrin-1 initially attracts growth cones in developing spinal cords through interaction 

with the DCC receptor but later becomes repulsive when those same growth cones 

express the UNC-5 receptor (Moore et al., 2007).  

  While the direct neuronal inhibitory effect of TGF-β is novel, a more impressive 

finding was that the neuron-intrinsic manipulation of overexpressing SnoN promotes 
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growth in an in vivo spinal cord injury model. With SnoN overexpression, an increased 

number of fibers were found at the midpoint of the cell graft transplanted into the spinal 

cord lesion. These fibers represent truly regenerated fibers as they were clearly located 

within a cellular matrix devoid of host tissue, demonstrated nonlinear, branching 

morphologies, and could be seen penetrating the host-graft interface. Additionally, a lack 

of fibers rostral to the lesion indicates a complete lesion of the dorsal funiculus and 

reduces the probability that fibers observed within the cell graft were spared rather than 

regenerated. 

 As a proof of principle, this work successfully enhanced regeneration in the 

sensory system. This system is critical for conveying information regarding 

proprioception and fine touch but is not essential for motor function. As such, it would be 

informative to assess the effect of SnoN overexpression in other spinal circuits. While the 

raphespinal and rubrospinal systems do not considerably contribute to motor function in 

humans and non-human primates, these supraspinal circuits do contribute to motor 

function in rat and mouse models (Kennedy, 1990; Whishaw et al., 1990; Liu et al., 

1999; Schucht et al., 2002) and regeneration of these circuits may contribute a degree of 

functional recovery that is otherwise masked by the predominance of the corticospinal 

tract. Propriospinal circuits have also been found to contribute to spontaneous recovery 

following injury (Courtine et al., 2008) and represent a potentially untapped substrate to 

improve behavioral outcomes. 

 These results indicate that modulation of TGF-β signaling is a viable approach to 

enhancing regeneration. To achieve functional regeneration, it is likely that a 
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combination of therapies will be necessary to achieve the anatomical changes such as 

increased axon growth, bridging of the lesion site, synapse onto the appropriate target, 

and myelination to bring about functional recovery. Combinatorial approaches have been 

shown to elicit a greater degree of regeneration than a single manipulation (Lu et al., 

2004; Houle et al., 2006). By addressing multiple aspects that affect axonal growth that 

include extracellular inhibitory factors (McKeon et al., 1991; McKerracher et al., 1994; 

McKeon et al., 1995; Wang et al., 2002), loss of trophic support (Grill et al., 1997; 

Tuszynski et al., 2003; Brock et al., 2010), and intracellular mechanisms (Gao et al., 

2004; Park et al., 2008; Zou et al., 2009; Liu et al., 2010), the goal to achieve consistent 

functional regeneration may finally be realized.  

 Combinatorial approaches, even single factor approaches, however, are not 

without inherent risks. A number of potential candidates that promote regeneration, 

including SnoN, are not only related to development, but have also demonstrated a 

propensity to act as tumor suppressors and are critical for regulating cell cycle (Lamouille 

& Derynck, 2009; Lee & Muller, 2010; Pot et al., 2010; Carracedo et al., 2011). Thus, 

interventions that aim to manipulate multiple factors carry the potential to induce normal 

cells into a cancerous state. Thus, the development of strategies to enable tight regulation 

of these genetic therapies is essential to prevent exacerbation of an already precarious 

state. Fortunately, a number of strategies in development have the potential to control 

transgene expression and limit expression when it is no longer required (Gossen & 

Bujard, 1992; Gossen et al., 1995; Alfa et al., 2009). 
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 Transgenic therapies represent novel advancements in scientific research and is a 

testament to the ingenuity of the scientist developing these tools; however, their 

application carries with it benefits, risks, and practical issues.  While genes delivery with 

viral vectors allows for controlled, site-specific transgene expression, this benefit must 

but tempered with the reality that this application requires surgical intervention that may 

potentially cause greater damage to functionally beneficial spared tissue and introduces a 

substance recognized by the body as foreign. Further, such intervention presents a 

practical concern in that facilities would require specialization to deliver these agents 

safely and reliably.  

 To circumvent such risks and modulate TGF-β signaling in a more practical 

manner, a pharmacological approach could be developed. The significance of TGF-β in 

cancer biology has resulted in the synthesis of a number of compounds with the potential 

to inhibit TGF-β signaling (Waghabi et al., 2007; Ichida et al., 2009; Mohammad et al., 

2011). To rapidly screen such compounds for effects in neuronal populations, we propose 

developing an immortalizated neuronal cell line that responds to TGF-β regulation with 

changes in an easily detectable reporter. Viral introduction of a GFP or luciferase 

regulated by TGF-β responsive elements (Riccio et al., 1992; Massague, 1998) into an 

already existing neuronal cell lines (Wood et al., 1990; Chen et al., 2007) could be a 

means to accomplish this goal. This approach would yield information regarding 

compound efficiency in regulating neuronal TGF-β signaling and guide further studies to 

examine effects on axon growth and translational applicability. 
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Conclusion 

 Functional recovery following SCI necessitates axon growth beyond the capacity 

observed in the endogenous state. The present work demonstrates that modulation of the 

previously unappreciated, direct neuronal effects of TGF-β signaling enhances axon 

regeneration and may contribute to a comprehensive strategy to promote axon 

regeneration. Neuronal SnoN over-expression enhances the ability of axons to penetrate a 

cellular graft, thereby increasing the number of axons available to respond to treatments 

beyond the lesion and ultimately promote axon bridging and synapse formation.  Thus, 

SnoN over-expression in conjunction with combinatorial approaches may be an important 

component of future SCI therapies. 
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