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ABSTRACT 

Primary sensory axons fail to regenerate into the spinal cord following dorsal root injury 

leading to permanent sensory deficits. Re-entry is prevented at the dorsal root entry zone 

(DREZ), the CNS-PNS interface. Current approaches for promoting DR regeneration 

across the DREZ have had some success, but sustained, long-distance regeneration, 

particularly of large-diameter myelinated axons, still remains a formidable challenge. Our 

lab has previously shown that induced expression of constitutively active B-RAF 

(kaBRAF) enhanced the regenerative competence of injured DRG neurons in adult mice. 

In this study, I investigated whether robust intraspinal regeneration can be achieved by 

selective expression of kaBRAF alone or in combination with deletion of the myelin-

associated inhibitors or neuron-intrinsic growth suppressors (PTEN or SOCS3). To this 

end, I used LSL-kaBRAF: brn3a-CreERT2 transgenic mice in which kaBRAF can be 

induced selectively in sensory neurons. I have also bred LSL-kaBRAF: brn3a-CreERT2 

mice with triple knock-out mice lacking Nogo, Mag and OMgp or mouse lines carrying 

floxed alleles of PTEN or SOCS3. Single, double, and triple conditional mice were 

subjected to cervical DR crush and AAV2-eGFP vectors were used to selectively label 

regenerating axons of large-diameter neurons. I compared the extent of regeneration at 3 

weeks or 2 months after DR injury using conventional anatomical and behavioral 

analyses. I found that kaBRAF alone promoted axon regeneration across the DREZ but 

did not produce significant functional recovery by two months. Supplementary deletion 

of Nogo, MAG, and OMgp did not improve kaBRAF-induced regeneration. Deletion of 

PTEN or SOCS3 individually or in combination failed to promote axon regeneration 
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across the DREZ. In marked contrast, simultaneous deletion of PTEN, but not SOCS3, 

dramatically enhanced kaBRAF-mediated regeneration enabling many more axons to 

penetrate the DREZ and grow deep into the spinal cord. This study shows that dual 

activation of BRAF-MEK-ERK and PI3K-Akt signaling is an effective strategy to 

stimulate robust intraspinal DR regeneration and may lead to recovery of sensory 

function after DR injury.   
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CHAPTER 1 

LITERATURE REVIEW 

 

Overview of DRG Sensory Neurons, Sensory Afferents, and DREZ 

Dorsal Root Ganglia and Sensory Axons 

The dorsal root ganglion (DRG) is located in the peripheral nervous system (PNS) just 

adjacent to the spinal cord. It contains the cell bodies of a heterogeneous population of 

somatosensory neurons. Each DRG neuron is pseudounipolar – containing a single axon 

which bifurcates into a contiguous central branch and peripheral branch. The central 

branches collectively make up the axons of the dorsal root (DR), which synapse on 

neurons located in the spinal cord (Schoenen and Grant, 2004). The peripheral branches 

extend out towards the periphery (traveling within a peripheral nerve) and innervate 

specialized sensory receptors or terminate as free nerve endings in target tissues.  Sensory 

afferents differ significantly in their response to stimuli, somata size, axonal diameter, 

and degree of myelination. These characteristics help to define distinct populations of 

axons. The largest-diameter, most heavily myelinated sensory axons are the Aα fibers, 

which innervate the musculoskeletal system (Noback et al., 2005). These fibers, also 

known as the proprioceptors, carry information about muscle tension, muscle contraction, 

and joint position (including velocity and direction of limb movement) from 

neuromuscular spindles and golgi tendon organs (Purves et al., 2012; Le Pichon and 

Chesler, 2014). Slightly smaller and less heavily myelinated than the Aα afferents are the 

Aβ fibers which carry tactile information. In the skin, these afferents are often associated 
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with a specialized mechanoreceptor, including the Merkel cells, Meissner corpuscles, 

Pacinian corpuscles, and Ruffini corpuscles – each detecting a different type of 

mechanical stimulus (Noback et al., 2005; Purves et al., 2012). The cell bodies of Aα and 

Aβ axons are the largest, with diameters typically averaging > 50 μm, and can be labeled 

by markers for parvalbumin or neurofilament heavy chain 200 (NF200) (Purves et al., 

2012; Le Pichon and Chesler, 2014). The smallest-diameter sensory afferents are the Aδ 

and C fibers, which have little to no myelination. These axons relay information about 

pain and temperature from free nerve endings in the skin and are correspondingly 

designated the nociceptors. C fibers have small cell bodies (10-30 μm in diameter), while 

Aδ fibers have medium diameter cell bodies (Noback et al., 2005; Purves et al., 2012). C 

fibers can be further subdivided into peptidergic or non-peptidergic depending on 

neuropeptide expression, such as calcitonin gene related-peptide (CGRP), or by binding 

the marker isolectin B4 (IB4), respectively (Le Pichon and Chesler, 2014). Aδ and C 

fibers can be activated following exposure to a variety of noxious stimuli, including 

thermal, chemical, or mechanical. However, Aδ fibers are generally considered to be 

responsible for the sensation of sharp pain, while C fiber activation is perceived as dull, 

longer lasting pain (Noback et al., 2005; Purves et al., 2012).  

Proprioceptive axons from the upper and lower limbs enter the spinal cord 

through the DR; the majority ascend ipsilaterally within the dorsal columns (DC) and 

synapse on neurons in the DC nuclei (DCN) of the medulla (Noback et al., 2005; Purves 

et al., 2012). In the upper limbs, these axons also target the cerebellum. In the lower 

limbs, proprioceptive axons that enter the spinal cord synapse on neurons in Clark’s 
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nucleus located in the medial aspect of the spinal cord gray matter. These second order 

neurons then relay information via the spinocerebellar tract to the cerebellum (Noback et 

al., 2005; Purves et al., 2012). Collateral branches from proprioceptive afferents entering 

at any spinal root level also make synapses within the dorsal and ventral horns of the 

spinal cord, mediating a variety of sensorimotor reflexes (Noback et al., 2005; Purves et 

al., 2012). Like the proprioceptive axons, cutaneous mechanosensory information is 

relayed to the cerebrum by the dorsal columns. Mechanosensory afferents enter the spinal 

cord via the DR and ascend via the dorsal columns in either fasciculus cuneatus (upper 

body) or fasciculus gracile (lower body) tracts to synapses on dorsal column nuclei in the 

medulla (Schoenen and Grant, 2004; Noback et al., 2005; Purves et al., 2012). Minor, 

collateral projections also synapse on interneurons in the dorsal horn of the spinal cord.  

The central axons of the nociceptors enter the spinal cord via the DR and immediately 

branch into ascending and descending collaterals, forming Lissauer’s tract. These 

branches run for one or two DR levels (segments) before penetrating the dorsal horn and 

synapsing on second-order neurons in the dorsal horn (Schoenen and Grant, 2004; 

Noback et al., 2005; Purves et al., 2012). The axons of these second-order neurons will 

then decussate and ascend to the brain as the anterolateral system, also known as the 

spinothalamic tract.  

The spinal cord gray matter can be subdivided in cross section into ten layers, 

termed Rexed’s laminae, based on their cytoarchitectural features identified by the 

Swedish neuroscientist Bror Rexed (Rexed, 1952). Any sensory afferent that synapses 

within the gray matter of the spinal cord, as discussed above, does so on neurons located 
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in distinct laminae. C fibers exclusively terminate on neurons located in laminae I and II. 

Aδ afferents terminate in laminae I and IV, while non-nociceptive Aβ fibers largely 

terminate in deeper laminae III-V. Aα fibers can send collateral branches to terminate on 

interneurons in the deeper laminal layers (V-VII) or directly on motor neurons in the 

ventral horn layers VIII and IX (Schoenen and Faull, 2004; Schoenen and Grant, 2004; 

Purves et al., 2012). Re-establishing these laminar connections is important for functional 

recovery after DR injury.  

 

Dorsal Root Entry Zone (DREZ) 

Afferent fibers from sensory neurons in the DRG enter the spinal cord via the DR. As the 

DR approaches the spinal cord, it splits into subsequently thinner segments called rootlets 

and then minirootlets. Most proximally, the rootlets and minirootlets of the DR 

interdigitate with projections of tissue arising from the spinal cord (Fraher, 1999; 

Carlstedt et al., 2004). This intersection between central nervous system (CNS) and PNS 

tissue elements form a structurally distinct transition region known as the dorsal root 

entry zone (DREZ). Inside the mature DREZ, astrocytes are abundant. They extend 

processes up to 100 μm into the DR to form a border, termed the glial limitans, around 

entering axons – separating individual myelinated axons from bundles of unmyelinated 

axons (Fraher, 1999; Carlstedt et al., 2004). During development, glial fibrillary acid 

protein (GFAP)-positive astrocytes accumulate at the DREZ by postnatal day 4 (P4) and 

by P15 the glial limitans is well-established (Pindzola et al., 1993). In preparation for 

laminal sorting, axons entering the DREZ begin to organize based their size and function. 
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Larger, myelinated axons move towards the middle of the DREZ and smaller, 

unmyelinated axons move to the periphery (Carlstedt et al., 2004). Myelinated axons 

have a transitional node of Ranvier within the DREZ that is formed by a Schwann cell 

paranode peripherally and an oligodendrocyte paranode centrally (Fraher and Kaar, 1984; 

Fraher, 1999). Schwann cells and oligodendrocytes are not permitted to cross the 

astrocytic limitans. Near these nodes, the basal lamina of the transitional Schwann cells is 

continuous with the basal lamina surrounding the adjacent astrocytic processes. The 

direct apposition of Schwann cells and astrocytes around myelinated axons or 

unmyelinated axon bundles is a feature unique to the DREZ (Fraher and Kaar, 1984; 

Golding et al., 1997; Fraher, 1999; Carlstedt et al., 2004). The vasculature is also 

reorganized within the DREZ. To maintain fidelity of the blood-brain barrier, the vessels 

of the PNS do not join those of the CNS. Instead, vessels in the endoneurium loop back 

to join those at the pia mater, while those in the CNS remain within in the spinal cord. 

Consequently, part of the DREZ must rely solely on diffusion for exchange of nutrients 

and metabolic waste products (Fraher, 1999; Carlstedt et al., 2004). The distinct 

architecture and neural organization within the DREZ demonstrates the importance of 

this region as a biological interface. 

 

Neurotrophic Factors and Their Receptors 

During development neurotrophic factors mediate survival, differentiation, axonal growth 

and guidance, and synaptic pruning in a variety of neuronal populations, including 

sensory neurons of the PNS (Lindsay, 1996; Bibel and Barde, 2000; Kaplan and Miller, 
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2000; Markus et al., 2002). In adults, neurotrophic factors regulate synaptic function, 

neurogenesis, survival, and may be neuroprotective after injury (Thoenen and Sendtner, 

2002; Boyd and Gordon, 2003; Bauer et al., 2007; Klimaschewski et al., 2013; Keefe et 

al., 2017). Neurotrophic factors can be broadly categorized as belonging to one of three 

families: neurotrophins, GDNF family of neurotrophic factors, or neuropoietic cytokines 

(Airaksinen and Saarma, 2002; Boyd and Gordon, 2003; Segal, 2003; Bauer et al., 2007). 

 

Neurotrophins 

The neurotrophin family includes nerve growth factor (NGF), brain-derived neurotrophic 

factor (BDNF), neurotrophin-3 (NT-3), and neurotrophin-4/5 (NT-4/5). Neurotrophins 

mediate their effects through binding to the p75 neurotrophin receptor (p75NTR) and to 

members of the tropomyosin receptor kinase (Trk) family of receptor tyrosine kinases 

(RTK) (Bibel and Barde, 2000; Kaplan and Miller, 2000). All neurotrophins can bind to 

p75NTR. Conversely, neurotrophins bind to Trk with selectivity; NGF binds to TrkA, 

BDNF and NT-4/5 to TrkB, and NT-3 to TrkC (Bibel and Barde, 2000; Kaplan and 

Miller, 2000; Purves et al., 2012). Trk receptor subtypes have a specific expression 

pattern on sensory neurons which dictates afferent responsiveness to different 

neurotrophins: TrkA is primarily expressed on small diameter unmyelinated or thinly 

myelinated afferents (C or Aδ fibers), TrkB is expressed on cutaneous tactile afferents 

(Aβ fibers), and TrkC on proprioceptive (Aα) afferents (Boyd and Gordon, 2003; Purves 

et al., 2012). 
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p75NTR activation mediates downstream effects through RhoA kinase activity, 

NF-κB signaling, or the c-Jun N-terminal kinase (JNK) pathway (Kaplan and Miller, 

2000; Richner et al., 2014). Trk receptors signal through three main downstream 

pathways: RAF-MEK-ERK, PI3K-Akt, and PLCγ-PKC (Atwal et al., 2000; Bibel and 

Barde, 2000; Kaplan and Miller, 2000; Boyd and Gordon, 2003).  RAF-MEK-ERK and 

PI3K-Akt will be discussed in further detail in Chapter 2. The third, relatively minor, 

pathway involves Trk receptor recruitment of phospholipase C-gamma (PLC-γ) which 

cleaves phosphatidylinositol 4,5 bisphosphate (PIP2) into diacylglycerol (DAG) and 

inositol 1, 4, 5-triphosphate (IP3). IP3 promotes increased intracellular calcium and DAG 

stimulates protein kinase C (PKC) activation (Boyd and Gordon, 2003).  

 

GDNF Family of Neurotrophic Factors 

The glial cell-lined derived (GDNF) family of neurotrophic factors includes four 

members: GDNF, neurturin (NTN), persephin (PSP), and artemin (ART) (Airaksinen and 

Saarma, 2002; Boyd and Gordon, 2003). The GDNF family members signal through a 

receptor complex consisting of a GDNF family receptor (GFR)-α subunit and the 

common signal transduction subunit Ret, another RTK. GFR-α subunits are 

glycosylphosphatidylinositol (GPI) linked proteins which must associate with the 

transmembrane protein Ret for activation of downstream signaling pathways (Airaksinen 

and Saarma, 2002; Boyd and Gordon, 2003; Airaksinen et al., 2006). Similar to the 

neurotrophins, GDNF members bind with high affinity to specific GDNF-α subtypes: 

GDNF:GFR-α1, NTN:GFR-α2, ART:GFR-α3, and PSP:GFR-α4, with minor overlap 
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(Airaksinen and Saarma, 2002; Boyd and Gordon, 2003). GFR-α and Ret receptors are 

only expressed on certain subsets of DRG sensory neurons. Ret can be detected on the 

majority (~60-70%) of DRG neurons of both large and small diameter (Bennett et al., 

2000; Kelamangalath et al., 2015). GFR-α1 is present on a smaller subset of large and 

small diameter sensory neurons (Bennett et al., 1998; Bennett et al., 2000). GFR-α2 and 

GFR-α3 are primarily restricted to small-diameter neurons (Bennett et al., 2000; Orozco 

et al., 2001; Kelamangalath et al., 2015). However, recent work has detected GFR-α3 

expression at comparable levels on both small, peptidergic and large, myelinated neurons 

(Wong et al., 2015). The expression pattern of GFR-α4 on sensory neurons has not yet 

been elucidated (Bennett et al., 2000). Following dimerization with GFR-α, Ret can 

signal through the RAF-MEK-ERK, PI3K-Akt, and PLCγ-PKC pathways (Airaksinen 

and Saarma, 2002; Boyd and Gordon, 2003). Ret also activates the small GTPase Cdc42 

leading to JNK expression, which regulates cell proliferation and apoptosis (Boyd and 

Gordon, 2003).  

 

Neuropoietic Cytokines 

The last major class of neurotrophic factors is the neuropoietic cytokines of the 

interleukin (IL)-6 family, which include IL-6, IL-11, leukemia inhibitory factor (LIF), 

oncostatin M (OSM), cardiotrophin 1 (CT-1), and ciliary neurotrophic factor (CNTF) 

(Murphy et al., 1997; Bauer et al., 2007; Zigmond, 2012). Neuropoietic cytokines remain 

sequestered in glial cells under physiological conditions but are rapidly upregulated and 

released following neuronal damage. The cytokines can then act via paracrine signaling 
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or retrograde transport mechanisms to induce a cell body response important for survival 

and regenerative growth (Zigmond, 2012). Similar to GDNF family signaling, many of 

the cytokines must first bind to a specific transmembrane or GPI-linked ligand-binding 

subunit which then form complexes with the common signal transducer subunit 

glycoprotein 130 (gp130) (Boyd and Gordon, 2003; Fasnacht and Muller, 2008). IL-6 

binds IL-6 receptor (IL-6R), LIF to the LIF receptor (LIFR), CNTF to the CNTF receptor 

(CNTFR), IL-11 to the IL-11 receptor (IL-11R), and OSM to LIFR or OSM receptor 

(OSMR) (Boyd and Gordon, 2003; Heinrich et al., 2003). The gp130 receptor is 

expressed on nearly all sensory neurons of the DRG, regardless of subtype (Gardiner et 

al., 2002). Less is known about the profile of cytokine-specific receptors; however, they 

too are believed to be present on the majority of sensory neurons in the DRG (Gardiner et 

al., 2002). The major pathway downstream of gp130 receptor is JAK-STAT3, which will 

also be discussed further in Chapter 2.  

 

Dorsal Root Injury and Regeneration Failure at the DREZ 

Dorsal Root Injury 

Sensory axons are critical for transmitting sensory information from the periphery to the 

CNS. Serious problems arise when these sensory pathways are interrupted or damaged 

after a DR injury. DR injuries can occur anywhere along the spinal cord, including the 

brachial plexus (corresponding to cervical C5 to thoracic T1 root levels) (Thomeer, 1991; 

Van Alfen and Malessy, 2013). The majority of brachial plexus injuries (BPIs) occur 

when the head or neck is forcibly separated from the shoulder, such as in cases of 
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extreme abduction or adduction of the arm (Leffert, 1974; Thomeer, 1991; Giuffre et al., 

2010; Foster, 2015). This is often observed after trauma and contact sports. Not 

surprisingly, motor vehicle and motorcycle accidents account for 51% of all causes of 

traumatic BPI (Midha, 1997). Brachial plexus injuries are observed in slightly more than 

1% of adults and 0.1% of children who present to a multi-trauma center, yet they are 

considered to be 10-20 times more common than spinal cord injuries (Midha, 1997; Dorsi 

et al., 2010; Looby, 2017). Because of its association with violent trauma and sports, 

traumatic brachial plexopathies are most prevalent in men, typically those in their teens to 

early 30s (Midha, 1997; Shin et al., 2005). BPIs are also frequently associated with 

obstetrical complications. In the US alone, obstetrical brachial plexus injuries occur in 1-

3 per 1000 live births each year (Piatt, 2004; Chauhan et al., 2014). 

DR injuries can be categorized based on the extent of damage the axon sustains. 

The mildest type of lesion is one in which axons have been stretched or compressed but 

remain intact. A root avulsion is the most severe form of DR injury and occurs when the 

root has been completely or incompletely detached from the spinal cord (Midha, 1997; 

Giuffre et al., 2010; Foster, 2015). Depending on the severity of damage and associated 

co-morbidities, DR injury often results in a complex array of symptoms. Patients with 

less severe injuries may complain of numbness, tingling, or burning in their affected 

extremity(s). The more severe forms of DR injury can result in significant loss of sensory 

function, difficulties performing coordinated motor movements, and chronic, debilitating 

pain (despite deafferentation) (Noback et al., 2005; Giuffre et al., 2010). Surgical 

intervention and pain management through pharmacotherapy or dorsal root entry zone 
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lesioning may manage symptoms (Narakas, 1985; Friedman et al., 1988; Terzis and 

Kostopoulos, 2007). In medically refractory cases, patient outcomes are often poor and 

symptoms may be permanent, especially for those injuries that affect the upper limb 

(Sakellariou et al., 2014). This can lead to serious implications on the quality-of-life for 

patients and substantial financial burden (Shin et al., 2005; Sakellariou et al., 2014).  

 

Dorsal Root Regeneration After Injury 

The peripheral branch axons of DRG neurons have a remarkable ability to regenerate 

following injury, largely due to Schwann cell support, rapid debris clearance by 

macrophages, and cell body activation of regenerative growth programs (Chan et al., 

2014). Injured DR axons, however, can regenerate along the DR but are stalled at the 

DREZ. The devastating consequences of DR injuries are caused by the complete failure 

of DR axons to regenerate into the CNS after injury (Ramer et al., 2001; Di Maio et al., 

2011; Smith et al., 2012). It is believed that both a low intrinsic growth capacity of adult 

sensory neurons and a high extracellular inhibitory environment significantly contribute 

to regeneration failure at the DREZ.  

The DR crush injury model has proven invaluable for investigating the causes of 

regeneration failure across the DREZ and for applying therapeutic strategies to promote 

DR axon growth into the spinal cord (Tessler, 2004; Smith et al., 2012). The DR crush 

model and has several advantages over other CNS injury models. First, this model allows 

us to analyze regeneration in different extracellular conditions. Reactive gliosis of 

astrocytes in the DREZ is a well-known impediment to axon regeneration, while 
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Schwann cells are strongly growth-promoting (Ramer et al., 2001; Tessler, 2004). The 

unique juxtaposition of these two molecular players at the DREZ allows for regeneration 

to be assessed in both a growth permissive and growth suppressive environment within a 

small experimental area and by the same nerve fiber (Fraher, 1999; Carlstedt et al., 2004; 

Smith et al., 2012). Second, DRs and the DRGs are readily accessible for experimental 

intervention due to their peripheral location and their boundaries are well demarcated. In 

other injury models there is great potential for larger than intended damage to the 

surrounding CNS tissues when placing lesions or applying experimental treatments 

(Fraher, 1999). And third, most axonal subtypes need only to regenerate a relatively short 

distance to reach targets in the spinal cord (Fraher, 1999; Schoenen and Faull, 2004). 

This makes it possible to study functional recovery and analyze re-formation of synaptic 

connection with second-order neurons, through both electrophysiology and behavioral 

assessments.  

 

Extrinsic Inhibitors of Dorsal Root Regeneration 

 In seminal experiments by Carlstedt and colleagues, regeneration into the dorsal horn 

(DH) was permitted after lesion of the DR in newborn rats, but not when the animals 

were injured at the end of the first post-natal week (Carlstedt et al., 1987). Furthermore, 

marked reduction in oligodendrocyte and astrocyte populations in the spinal cord 

following x-ray exposure promoted improvement in axon regeneration across the DREZ 

in the adult rat after DR crush (Sims and Gilmore, 1994, 1994).  These experiments gave 

rise to the classical belief that interactions between neurons and their glial counterparts 
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were the determining factor in failure of DR axon regeneration across the DREZ and 

early strategies were focused on reducing the inhibitory environment (Ramer et al., 

2001).  

 

Myelin-Associated Inhibitors (MAI) 

One major class of inhibitory molecules in the CNS is the myelin-associated inhibitors 

(MAI), which include Nogo, myelin associated glycoprotein (MAG), and 

oligodendrocyte myelin glycoprotein (OMgp) (Fitch and Silver, 2008; Huebner and 

Strittmatter, 2009). Following injury, axon degradation results in abundant expression of 

MAIs in the extracellular milieu. One approach to improving CNS regeneration has been 

removal or neutralization of the MAIs. IN-1 is a monoclonal antibody developed by the 

Schwab group which binds Nogo, blocking its inhibitory properties (Brosamle et al., 

2000; Chen et al., 2000). Injection of IN-1 into optic nerve explants and added to culture 

media promoted extensive growth (up to 3 mm) of sensory neurites into the optic nerve 

(Caroni and Schwab, 1988).  However, IN-1 expression in the spinal cord of adult mice 

failed to promote significant intraspinal regeneration of lesioned DC sensory axons from 

the rostral end of a peripheral nerve graft (Oudega et al., 2000). Moreover, IN-1 did not 

enhance growth beyond the graft even in the presence of the neurotrophic factor NGF 

(Oudega et al., 2000).  

All three MAIs are ligands for the Nogo-66 receptor (NgR) expressed on many 

neurons in the CNS (Fournier et al., 2001; Liu et al., 2002; Wang et al., 2002). 

Intraventricular infusion of soluble NgR (sNgR) to block MAI ligand activation of NgR 
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promoted regeneration of CTB-labeled myelinated sensory afferents past the DREZ after 

cervical root injury. There was evidence of robust axon growth into the dorsal horn by 6 

weeks, but the growth appeared disorganized and axons were ectopically located. 

Furthermore, sNgR had no effect on regeneration of unmyelinated CGRP+ axons 

(Harvey et al., 2009; Harvey et al., 2010). Similarly, vector-mediated expression of 

Nogo-soluble receptor by transduction of adult DRGs promoted minor growth of 

myelinated axons along the DR and across the DREZ after lumbar DR crush, but no 

regeneration of CGRP+ unmyelinated axons was observed (Peng et al., 2010).  

 

Chondroitin Sulfate Proteoglycans (CSPG) 

The other major class of extrinsic inhibitors is the extracellular matrix (ECM) inhibitors 

(i.e. chondroitin sulfate proteoglycans [CSPG]). After DR injury in the adult, reactive 

astrocytes (astrogliosis) in the DREZ causes extension of astrocytic processes into the DR 

and a marked increase in chondroitin sulfate proteoglycans within the ECM (Pindzola et 

al., 1993; Grimpe et al., 2005). In vitro, CSPGs have been shown to be strongly growth 

repellant suggesting that these molecules may be important contributors to axon 

regeneration failure in the CNS (McKeon et al., 1991; Bradbury et al., 2002). Enzymatic 

digestion of CSPGs by the bacterial-derived protein chondroitinase ABC (ChABC) 

attenuates CSPG-mediated axon growth inhibition (McKeon et al., 1995). Intrathecal 

infusion of ChABC after cervical DC crush in rats led to extremely limited regeneration 

but remarkable improvement in grid and beam walking (Bradbury et al., 2002). 

Transgenic expression of ChABC under the gfap promoter allows for many SPRR1A-
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positive sensory axons to penetrate the DREZ and grow into the DH after cervical dorsal 

root crush. Both CTB-labeled myelinated axons and CGRP-positive axons appear to 

regenerate after transgenic removal of CSPGs, with restoration of tactile and nociceptive 

responses (Cafferty et al., 2007). Interestingly, injection of ChABC into the spinal cord 

allowed for sprouting of intact sensory afferents into the gray matter of adjacent 

deafferented spinal cord levels. Second-order neurons in the deafferented dorsal horn 

formed synaptic connections with sprouting axons. This prevented significant impairment 

of sensory function after DR lesion (Cafferty et al., 2008). However, these positive 

effects are controversial as other studies have reported ChABC treatment at the time of a 

DR crush injury in rats (Steinmetz et al., 2005) or mice (Zhai et al., manuscript in 

preparation) had no effect on axon regeneration across the DREZ.  

 

Integrins 

Integrins are transmembrane receptors that mediate axonal interaction with ECM 

molecules and are required for axon growth. Injury-induced upregulation of growth-

inhibitory factors like CSPGs or Nogo may act by impairing integrin activation and 

downstream signaling, preventing axon regeneration (Hu and Strittmatter, 2008; Tan et 

al., 2011). Viral transduction of α9β1 integrin in sensory neurons promoted neurite 

outgrowth when DRGs were plated on the inhibitory substrate tenascin-C (TN-C) 

(Andrews et al., 2009). Nevertheless, forced α9β1 integrin expression in adult sensory 

neurons failed to induce growth past the DREZ after a dorsal root crush or into the lesion 

site following a DC injury (Andrews et al., 2009). Kindlin-1 is an intracellular protein 
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that modulates integrin activation by binding its cytoplasmic domain. Despite increased 

axon outgrowth in vitro, kindlin-1 overexpression in adult sensory neurons promotes 

limited regeneration into the CNS after DR crush (Tan et al., 2012). Furthermore, the 

published results are reminiscent of spared axons and degenerating particles rather than 

true regenerating axons. Co-expression of both α9β1 integrin and kindlin-1 appeared to 

predominately promote regeneration into the white matter of the dorsal columns rather 

than into the gray matter (Cheah et al., 2016). Despite some promising outcomes after 

targeting extrinsic inhibitors, there remains insufficient evidence to suggest that this 

strategy alone will promote reproducible and robust axon regeneration.  

 

Targeting Neuron-Intrinsic Factors to Promote Dorsal Root Regeneration 

As previously described, early studies showed that sensory axon regeneration past the 

DREZ is abolished by the end of the first post-natal week – suggesting a developmental 

decline in growth ability within DRG neurons (Carlstedt et al., 1987). Furthermore, in a 

cryoculture model of the mature DREZ, the percentage of neurites crossing the DREZ 

decreased with increasing age of DRG neurons. Adult DRG neurons produced the lowest 

amount of neurite extension across the DREZ regardless the age of the substrate (Golding 

et al., 1996; Golding et al., 1997). Recent work has provided significant evidence that 

enhancing the intrinsic growth potential of adult DRG neurons may be an effective 

strategy to promote sensory axon regeneration past the DREZ.  

 



 

 

17 

 

Conditioning Lesions Paradigms 

Although not clinically viable, the conditioning lesion has been used extensively to 

enhance the intrinsic growth ability of adult neurons and highlights the importance of the 

cell body response in promoting axon regeneration. In the context of sensory axon 

regeneration, a conditioning lesion is an injury to the peripheral branches of sensory 

neurons at the same time or 1 week prior to injury of the central branches (Richardson 

and Verge, 1987). Peripheral branch injury produces an increase in regeneration-

associated transcription factors, including growth-associated protein 43 (GAP-43), c-Jun, 

activating transcription factor (ATF-3), and signal transducers and activators of 

transcription 3 (STAT3) (Chong et al., 1999; Qiu et al., 2005; Hoffman, 2010; Chandran 

et al., 2016). This is believed to prime or “condition” the cell body for subsequent injury 

of the central branches. Overall, conditioning lesions appear to initiate regenerative 

growth earlier, increase sprouting from damaged axons, and accelerate axonal outgrowth 

(Chong et al., 1999; Neumann and Woolf, 1999; Hoffman, 2010). Specifically, a 

conditioning lesion of the peripheral nerve preceding a DC lesion substantially improves 

axon growth across the lesion site and into the rostral spinal cord (Neumann and Woolf, 

1999). Conditioning lesions have also been shown to enhance growth along the dorsal 

root but are ineffective in promoting regeneration across the DREZ or into the DH 

(Richardson and Verge, 1987; Chong et al., 1999; Di Maio et al., 2011). Furthermore, 

conditioning lesions may enhance regeneration of large-diameter neurons but not small-

diameter IB4- or CGRP-positive neurons (Kalous and Keast, 2010). This would suggest 
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that DRG subtypes may each have differential abilities to activate intrinsic growth 

programs, an important consideration for application of regenerative growth strategies.   

 

Overexpression of cAMP and Transcription Factors 

Recapitulation of the enhanced cell body response observed following peripheral nerve 

injury has been another strategy to improve regenerative growth ability of injured sensory 

afferents. Conditioning lesions are known to increase cyclic adenosine monophosphate 

(cAMP) levels by nearly 3-fold within the DRG. These elevated levels of cAMP are 

believed to be important for improvement in axonal regeneration following conditioning 

lesion (Neumann et al., 2002; Qiu et al., 2002). Injection of a cAMP analog directly into 

the DRGs of adult rats resulted in improved growth on inhibitory myelin substrates and 

promoted enhanced growth of DC axons into the lesion site (Cai et al., 1999; Neumann et 

al., 2002; Qiu et al., 2002). These results were found to be comparable to the extent of 

regenerative growth elicited by a conditioning lesion only (Neumann and Woolf, 1999). 

However, in a study by a different group, injections of a cAMP-analog into the DRGs of 

adult rats or systemic administration of mesopram (a phosphodiesterase inhibitor to 

elevate endogenous cAMP) did not improve DC axon regeneration to the same degree as 

a conditioning lesion (Blesch et al., 2012). 

 Peripheral nerve injury also results in robust activation of transcription factors 

that likely coordinate incoming injury-induced signals and regeneration associated gene 

expression. ATF-3, c-Jun, STAT3, and Smad1 are transcription factors that are 

significantly upregulated in DRG neurons after a peripheral nerve lesion but show 
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limited, if any, upregulation after injury to DR axons (Jenkins et al., 1993; Schwaiger et 

al., 2000; Qiu et al., 2005; Seijffers et al., 2006; Parikh et al., 2011; Finelli et al., 2013; 

Saijilafu et al., 2013). Thus, this would make them likely targets to improve intrinsic 

growth capacity following DR injury. However, combinatorial activation of all four 

transcription factors failed to promote significant regeneration across the DREZ by 2 

months after transection injury (Fagoe et al., 2015). Cyclic-AMP response element 

binding protein (CREB) is another widely recognized transcription factor that mediates 

cAMP signaling. Loss of CREB function blocks the growth-promoting actions of BDNF 

and cAMP on cultured DRG neurons over myelin substrates (Gao et al., 2004). Viral 

administration of constitutively active CREB in DRG sensory neurons of adult rats has 

led to enhanced regeneration after DC injury, but axons did not penetrate into the lesion 

site (Gao et al., 2004).  Transduction of DRG neurons with retinoic acid receptor β2 

(RARβ2), a nuclear receptor which functions like a transcription factor, promoted growth 

of only a few regenerating sensory fibers across the DREZ (Wong et al., 2006). Other 

transcription factors are known to have an important function in regulating 

developmental axon growth but have not been studied in the DR injury model. These 

include the Krüppel-like factor (KLF) family members, which can promote neurite 

outgrowth of RGCs and corticospinal neurons (Moore et al., 2009; Blackmore et al., 

2012), Sox11 (Jankowski et al., 2006), nuclear factor of activated T-cells (NFAT), and 

nuclear factor-κB (NF-κB) (Moore and Goldberg, 2011).   
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Neurotrophic Factor Administration 

Another approach to increase intrinsic neuronal growth response is through exogenous 

administration of neurotrophins or neurotrophic factors. After peripheral nerve injury, 

neurotrophic factor production from Schwann cells and other supporting cells contributes 

to vigorous regenerative responses (Widenfalk et al., 2001; Lutz and Barres, 2014; Cattin 

and Lloyd, 2016). There is no analogous trophic production by oligodendrocytes or 

astrocytes after injury in the CNS (Widenfalk et al., 2001; Lutz and Barres, 2014). Thus, 

it has frequently been postulated that a lack of trophic support within the environment of 

the regenerating axon may be a contributing factor in regeneration failure at the DREZ 

(Tessler, 2004). Numerous studies have shown that neurotrophic factor treatment may be 

an effective strategy to promote DR axon regeneration. NGF infusion into the lumbar 

dorsal horn allowed for a few unmyelinated axons to penetrate the DREZ after crush 

(Oudega and Hagg, 1996). Greater regeneration was observed after intrathecal infusion of 

NGF, which also promoted unmyelinated sensory axon regeneration across the DREZ 

and was associated with improvement in tactile and nociceptive responses (Ramer et al., 

2000). Intrathecal administration of NT-3 and GDNF also significantly improves axon 

regeneration across the DREZ. GDNF promoted regeneration of large, myelinated, small, 

peptidergic, and small, non-peptidergic fibers with functional improvement in response to 

mechanical and noxious thermal stimuli (Ramer et al., 2000). BDNF does not promote 

regeneration over that of controls (Ramer et al., 2000). NT-3 administration led to 

anatomical regeneration of large, myelinated fibers deeply into the spinal cord with 

evidence of improved proprioception by 10 days after DR crush injury (Ramer et al., 
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2000; Ramer et al., 2001; Ramer et al., 2002).  However, delaying treatment by 1 week 

significantly lessened the effect of NT-3 on sensory axon regeneration (Ramer et al., 

2001).  

Viral vector-mediated gene expression of neurotrophins circumvents a number of 

disadvantages associated with intrathecal or intracerebroventricular administration, 

including limited intraparenchymal diffusion and scar tissue formation at the site of 

catheter placement (Hendriks et al., 2006). Adenoviral expression of NGF within the 

dorsal horn of deafferented lumbar spinal cord two weeks after a crush injury promoted 

dramatic growth of CGRP-positive axons into the spinal cord with significant 

improvement in nociception (Romero et al., 2001). Similarly, lentiviral-mediated 

expression of NGF induced extensive growth of CGRP-positive fibers into the superficial 

and deeper DH layers, which resulted in near complete restoration of nociceptive 

function (Kelamangalath et al., 2015). Adenoviral expression of NT-3 in glial cells and 

motor neurons of the ventral horn permitted extensive regeneration of cholera toxin B 

(CTB)-labeled large diameter fibers deeply into the spinal cord (Zhang et al., 1998). In 

contrast, NT-3-expressing lentivirus injected rostrocaudally along the DREZ failed to 

promote regeneration of DR afferents into the spinal, even with additional removal of 

Nogo, MAG, and OMgp (Liu et al., 2016). While the responsiveness of various sensory 

subtypes to neurotrophin expression is robust, one issue in most of these studies has been 

specificity of regeneration. Oftentimes, axon growth was aberrant and resulted in ectopic 

targeting of afferents to multiple incorrect spinal cord laminae, however this did not 



 

 

22 

 

immediately appear to affect behavioral outcomes (Zhang et al., 1998; Smith et al., 2012; 

Kelamangalath et al., 2015; Liu et al., 2016). 

Recently, systemic administration of the GDNF family member artemin (ART) 

was shown to produce remarkable regeneration of injured DR axons into the spinal cord. 

Six subcutaneous injections of ART promoted robust growth of both large-diameter and 

small-diameter sensory afferents into the superficial and deeper laminae of the DH by 2 

weeks after injury. This regeneration led to significant restoration of nociception, 

mechanoception, and proprioception at six weeks after a multi-root crush injury, which 

persisted at 6 months after injury (Wang et al., 2008).  By 6 months, ART treatment led 

to long-distance regeneration of sensory axons to the brainstem nuclei. Gradual 

improvement in recorded field potentials in the caudate nucleus indicates that these 

regenerating axons are forming functional synapses with second-order neurons of the 

medulla (Wong et al., 2015). Moreover, ART promotes topographically specific 

regeneration; intraspinal projection patterns of regenerating axons resemble that of 

uninjured controls (Harvey et al., 2010). While these studies suggest that ART may be a 

powerful therapeutic tool to promote regeneration of all sensory axon subtypes, its 

mechanism of action is not well-understood. To induce intracellular signaling, ART must 

bind to GFRα3, a Ret co-receptor. GFRα3 is primarily expressed on small-diameter 

peptidergic axons and thus fails to explain how regeneration of myelinated large-diameter 

axons may be promoted (Wang et al., 2008; Kelamangalath et al., 2015; Wong et al., 

2015). Furthermore, a separate group showed that lentiviral administration of ART within 

the lumbar spinal cord resulted in enhanced growth of CGRP+ unmyelinated axons, but 
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failed to promote growth of CTB-labeled myelinated axons (Kelamangalath et al., 2015).  

Therefore, it remains controversial if ART is indeed capable of promoting long-distance 

and functional regeneration of broad populations of DRG neurons.  

Taken together, the literature indicates that neurotrophic factors have been 

unequivocally the most successful strategy to promote intraspinal regeneration of DR 

axons thus far. However, regeneration is typically limited to the axonal subtype 

expressing the required neurotrophic receptor, which may be attenuated further by axonal 

injury (Widenfalk et al., 2001; Smith et al., 2012; Richner et al., 2014). There is 

insufficient evidence to suggest that any one neurotrophic factor can promote significant 

regeneration of multiple sensory subtypes. Moreover, direct administration or local 

overexpression of neurotrophic factors induces ectopic growth and non-specific laminar 

targeting, which could result in disruption of functional recovery (Romero et al., 2000; 

Thoenen and Sendtner, 2002; Kelamangalath et al., 2015). Thus, an alternative strategy 

would be to directly stimulate downstream signaling pathways shared by broad 

populations of sensory neurons, bypassing upstream growth factor-receptor binding. The 

BRAF-MEK-ERK, PI3K-Akt, and JAK-STAT3 pathways are potential candidates for 

such an approach. 

Two recent studies have applied a similar strategy to the study of spinal cord 

regeneration after DR injury. In one study, lentiviral expression of a constitutively active 

form of Rheb, a positive regulator of mTOR signaling cascades (discussed in detail in 

Chapter 2), in adult DRG neurons doubled neurite outgrowth in vitro (Liu et al., 2016). 

While intraganglionic administration of an adeno-associated viral (AAV) vector 
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expressing constitutively active Rheb (caRheb) failed to promote axon regeneration 

across the DREZ in vivo, caRheb significantly enhanced regeneration into the spinal cord 

in NT-3-treated rats. This led to improvement in foot placement during a horizontal 

ladder test, which assesses proprioceptive behavior, compared to treatment with NT-3 

alone (Liu et al., 2016). In another study by a separate group, intraganglionic 

administration of AAV-caRheb to adult rats also failed to promote axon regeneration 

across the DREZ. However, combined caRheb expression with ChABC treatment 

promoted regeneration across the DREZ (Wu et al., 2016).  

 

Statement of Purpose and Objectives 

Here, I hypothesized that robust, long-range functional regeneration of injured DR axons 

can be achieved by greatly enhancing the growth potential of DRG sensory neurons 

through targeted activation of B-RAF signaling alone or in combination with PTEN 

and/or SOCS3 deletion. The specific objectives of this work were to: (1) assess the role 

of kaBRAF expression in promoting DR axon regeneration across the DREZ at 3 weeks 

after injury; (2) determine whether continued expression of kaBRAF further enhances 

DR axon regeneration leading to recovery of sensory function by 2 months after injury; 

(3) evaluate sensory axon regeneration into the spinal cord after PTEN and/or SOCS3 

deletion in sensory neurons of the DRG; (4) analyze the extent of kaBRAF-induced 

regeneration following additional removal of the extrinsic myelin-associated inhibitors 

Nogo, MAG, OMgp, and (5) identify whether expression of kaBRAF with simultaneous 

PTEN and/or SOCS3 deletion promotes sustained, long-distance regeneration.  
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In the next chapter, I demonstrate that direct activation of individual signaling 

pathways does not promote robust axon regeneration across the DREZ. I show that 

kaBRAF significantly improves regeneration into the spinal cord, but does not lead to 

functional recovery. Additionally, I report that PTEN or SOCS3 deletion fails to promote 

regeneration across the DREZ. In the third chapter, I show that combinatorial activation 

of B-RAF with simultaneous inactivation of PTEN promotes dramatically enhanced 

regeneration deeply into the spinal cord. In contrast, supplemental inactivation of MAIs 

or SOCS3 does not further augment intraspinal regeneration induced by activation of B-

RAF. Thus, my findings indicate that expression of kaBRAF with PTEN deletion is a 

powerful strategy to induce robust intraspinal regeneration of primary sensory axons.  

With the incidence of traumatic brachial plexus injuries increasing, there remains 

a substantial clinical need for more effective therapeutic strategies to repair DR injuries 

and restore sensory innervation to the spinal cord (Giuffre et al., 2010; Foster, 2015). The 

findings from this study will significantly advance our understanding of the molecular 

mechanisms that we may exploit to develop novel treatment options for those patients 

with DR injuries. Moreover, the experimental strategies used here could be applied to 

promote axon regeneration after spinal cord injury or peripheral nerve injury, expanding 

its potential impact.  
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CHAPTER 2 

INDIVIDUAL ACTIVATION OF BRAF-MEK-ERK, PI3K-AKT, AND JAK-

STAT3 PATHWAYS TO PROMOTE INTRASPINAL REGENERATION OF DR 

AXONS 

 

Introduction 

BRAF-MEK-ERK & PI3K-Akt Signaling Pathways 

Neurotrophic factors signal through three major signaling pathways: RAF-MEK-ERK, 

PI3K-Akt, and JAK-STAT3, as described in Chapter 1. For initiation of RAF-MEK-ERK 

signaling, ligand binding to RTKs (namely the Trk receptors) stimulates intracellular 

small GTPase Ras. Active, GTP-bound Ras associates with the conserved Ras-binding 

domain (RBD) on rapidly accelerated fibrosarcoma (RAF). In vertebrates, A-RAF, B-

RAF, and C-RAF (RAF-1) comprise the RAF family of serine/threonine kinases 

(Roskoski, 2010). B-RAF is known to be the most potent activator of downstream 

mitogen-activated protein kinase/ERK kinase 1/2 (MEK 1/2) cascades and is considered 

to be the major MEK kinase in the CNS (Matallanas et al., 2011). Ras recruitment of B-

RAF displaces the RAF-bound 14-3-3 regulatory protein and leads to phosphorylation of 

amino acid residues within the B-RAF activation segment (Matallanas et al., 2011). 

Activated B-RAF initiates sequential phosphorylation and activation of MEK and 

extracellular regulated kinase 1/2 (ERK) (Figure 2-1) (Wan et al., 2004; Roskoski, 2010). 

Activated ERK targets a wide variety of cytoplasmic, cytoskeletal, membrane-associated, 

and nuclear substrates involved in cellular activities such as cell growth, differentiation, 

and survival (Roberts and Der, 2007; Anjum and Blenis, 2008; Cargnello and Roux, 

2011).  Notable downstream substrates include neurofilament, c-Fos, c-Myc, Elk-1, 
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Figure 2-1. Overview of      

the BRAF-MEK-ERK and 

PI3K-Akt signaling 

pathways 

 

STAT3, tuberous sclerosis complex 2 (TSC 2), p90 ribosomal S6 kinase (RSK), and p70 

S6 kinase (S6K) (Yoon and Seger, 2006; Roberts and Der, 2007; Anjum and Blenis, 

2008; Cargnello and Roux, 2011).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In unstimulated wildtype conditions, the B-RAF catalytic cleft is inaccessible due 

to hydrophobic interactions between the activation segment and another protein region 

called the P-loop (Kornev et al., 2006; Kadoya et al., 2009; Matallanas et al., 2011) 

(Figure 2-2). Ras-mediated phosphorylation of serine/threonine residues in the activation 
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segment destabilizes these hydrophobic bonds, allowing the P-loop to flip open and the 

catalytic cleft to become accessible for substrate phosphorylation (Wan et al., 2004; 

Matallanas et al., 2011). Activating mutations in B-RAF are very frequently associated 

with different types of cancer, including hairy cell leukemia, melanoma, and thyroid 

cancer. The most commonly observed mutation is a valine to glutamic acid substitution at 

position 600 (BRAF
V600E

) (Wan et al., 2004). In the mutated B-RAF protein, a 

hydrophobic valine in the activation segment is replaced with the hydrophilic glutamic 

acid. This negatively charged residue prevents hydrophobic binding between the P-loop 

and the activation segment resulting in constitutive activation of B-RAF, irrespective of 

upstream signaling events (Cantwell-Dorris et al., 2011). This V600E mutation is 

believed to function as a phosphomimetic and increases downstream MEK-ERK 

signaling activation by up to 500-fold (Wan et al., 2004; Cantwell-Dorris et al., 2011).  

Similar to B-RAF signaling, PI3K-Akt signaling is commonly associated with 

neurotrophin-induced activation of Trk receptors (Figure 2-1). Following receptor 

activation, downstream phosphatidylinositol 3-kinase (PI3K)  is subsequently activated 

(1) by binding directly to the intracellular domain of activated RTK receptors, (2) through 

interactions with the adaptor protein growth factor receptor bound protein 2 (GRB2), or 

(3) by Ras GTPase activity (Cully et al., 2006). Activated PI3K then converts the second 

messenger PIP2 into phosphatidylinositol 3,4,5 triphosphate (PIP3) (Vivanco and 

Sawyers, 2002; Cully et al., 2006). PIP3 then recruits and phosphorylates 

phosphatidylinositol-dependent kinase 1 (PDK1), which subsequently phosphorylates and 

activates the serine/threonine kinase Akt (also known as protein kinase B [PKB]) (Cully 
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et al., 2006). One of the most well-recognized downstream effectors of Akt is mammalian 

target of rapamycin (mTOR). Akt activation inhibits TSC 1/2, consequently releasing its 

inhibition on Ras homolog enriched in brain (Rheb). Rheb can then promote activation of 

mTOR signaling cascades. S6K and eukaryotic translation initiation factor 4E binding  

 

 

 

Figure 2-2. Mechanism of constitutive activation in kaBRAF (BRAF
V600E

) mutants 

(A) Wildtype B-RAF in the inactivated state. Hydrophobic bonds (1) between the P-loop 

and activation segment block the catalytic site. (B) Phosphorylation of serine/threonine 

residues (2) destabilizes these hydrophobic bonds. (C) This allows the P-loop to flip open 

(3), ATP and MEK entry to the catalytic site (4), and phosphorylation of MEK (5). (D) 

Valine (V) to glutamic acid (E) amino acid substitution at position 600 prevents 

inactivation of B-RAF by acting as a phosphomimetic. BRAF
V600E

 is always in the “ON” 

conformation and is considered gain-of-function.  
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protein 1 (4E-BP1) are direct downstream targets of mTOR. Phosphorylation of S6K 

leads to activation of eukaryotic elongation factor 2 kinase (eEF2K), ribosomal protein 

S6 (rpS6), and eukaryotic initiation factor 4B (eIF4B). Conversely, mTOR 

phosphorylation of 4E-BP1 removes the inhibition on eukaryotic initiation factor 4E 

(eIF4E). Ultimately, mTOR regulation of its downstream substrates leads to initiation of 

translation and elongation of nascent mRNA (Steelman et al., 2008; Laplante and 

Sabatini, 2012; Beauchamp and Platanias, 2013). Notably, the conditioning lesion effect 

may be partly mediated by mTOR signaling (Chen et al., 2016). Activated Akt also has 

other important downstream functions including inhibition of glycogen synthase kinase 3 

(GSK3β). GSK3β negatively regulates mTOR through activation of TSC 2 and 

modulates activity of certain transcription factors (i.e. c-Jun, CREB, Smad) (Manning 

and Cantley, 2007; Saijilafu et al., 2013). The PI3K-Akt-mTOR signaling pathway is 

negatively regulated by phosphatase and tensin homolog deleted on chromosome 10 

(PTEN). PTEN acts by dephosphorylating PIP3 and subsequently preventing downstream 

Akt activation (Zhou and Snider, 2006; Hopkins et al., 2014) 

Both RAF-MEK-ERK and PI3K-Akt signaling have critical functions in 

developing sensory neurons, including neurotrophin-mediated survival and axon growth 

(Kaplan and Miller, 2000; Liu and Snider, 2001; Markus et al., 2002).  Ras-mediated 

activation of PI3K accounts for the vast majority of cell survival in response to 

neurotrophins, likely through activation of Akt (Atwal et al., 2000; Kaplan and Miller, 

2000; Markus et al., 2002). The role of RAF signaling in promoting survival remains 

controversial. Most studies find that RAF-MEK signaling cascades are sufficient, but not 
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necessary, for neurotrophin-induced survival (Atwal et al., 2000; Kaplan and Miller, 

2000; Zhong et al., 2007). Comparatively, the effects of RAF-MEK and PI3K signaling 

on developmental axon outgrowth are quite well-established. Both pathways are required 

for axon growth in response to neurotrophins (Atwal et al., 2000; Liu and Snider, 2001; 

Markus et al., 2002). Inhibition of RAF-1, PI3K, and Akt abolishes NGF-induced axon 

growth in embryonic DRG neurons (Markus et al., 2002). Inhibition of MEK and PI3K 

also attenuates embryonic axon growth in the presence of BDNF (Atwal et al., 2000). 

Conversely, overexpression of PI3K or Akt promotes increased axon caliber, neuron cell 

body size, and distal axon branching while RAF activation promotes significant axon 

elongation in Bax
-/-

 embryonic sensory neurons (Markus et al., 2002). More specifically, 

in mice lacking both Braf alleles and a single Raf1 allele, normal projections of 

parvalbumin-positive myelinated axons to the ventral motor neuron pool in the spinal 

cord are prevented (Zhong et al., 2007). In addition, constitutively active B-RAF results 

in overgrowth of both nociceptive and proprioceptive axons in the embryonic spinal cord 

(O'Donovan et al., 2014). Given the significant role these two pathways play in 

developmental axon growth, these pathways may be important targets for regenerative 

sensory axon growth in the adult.  

In support of this, recent work has demonstrated that selective expression of 

BRAF
V600E

 in
 
RGCs enhanced axon regeneration along the optic nerve in the adult mouse 

following optic nerve crush (O'Donovan et al., 2014). This same study also showed that 

expression of BRAF
V600E

 promotes increased numbers of DRG neurons bearing neurites 

and increased neurite length compared to wildtype controls, suggesting an important role 
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for B-RAF in elevating growth competence in the mature neuron. Further investigation 

revealed that activation of B-RAF signaling promoted sensory axon regeneration across 

the DREZ and into the superficial laminae of the DH (O'Donovan et al., 2014). However, 

the extent of regeneration and functional recovery upon prolonged BRAF-MEK-ERK 

signaling has not yet been evaluated in the DR crush injury model. 

As previously mentioned, PTEN is a major inhibitor of the growth-associated 

signaling pathway PI3K-Akt-mTOR (Park et al., 2010). Antagonism of PI3K-Akt 

signaling by PTEN may partially explain low intrinsic growth potential of regenerating 

axons following injury which has made it a target of novel strategies to promote axon 

regeneration. Conditional deletion of PTEN has been a very effective strategy to promote 

optic nerve and corticospinal tract regeneration through mTOR-dependent and mTOR-

independent mechanisms (Park et al., 2008; Liu et al., 2010). After a dorsal hemisection 

or complete spinal cord crush injury, PTEN deletion in corticospinal neurons (before or at 

the time of injury) promotes significant regeneration of corticospinal tracts axons after 

injury (Liu et al., 2010; Danilov and Steward, 2015). In follow-up studies, delayed PTEN 

deletion by up to 1 year after spinal cord crush could still induce significant regeneration 

of chronically injured CST axons (Zukor et al., 2013; Du et al., 2015). In the optic nerve 

model of CNS regeneration, PTEN deletion in young adult mice two weeks prior to optic 

nerve crush promoted significant regeneration along the optic nerve (Park et al., 2008; 

Sun et al., 2011). PTEN deletion has also been an effective strategy to promote peripheral 

sensory axon growth. Pharmacological inhibition of PTEN significantly improved neurite 

outgrowth in sham or preconditioned injured cultured adult sensory neurons through 
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PI3K-Akt signaling (Christie et al., 2010). In vivo, PTEN inhibition promoted axonal 

sprouting and regeneration following a peripheral nerve transection (Christie et al., 2010). 

While the PTEN deletion appears to be an effective strategy to promote sensory axon 

regeneration peripherally, it has not yet been investigated in the DR injury model. 

 

JAK-STAT3 Signaling Pathway 

The last major pathway to be discussed is JAK-STAT3. As described in Chapter 1, JAK-

STAT signaling is associated with cytokine-induced activation of gp130. Interestingly, 

gp130 does not have inherent tyrosine kinase activity but must be associated with janus 

kinases (JAK) for downstream signaling to occur (Gardiner et al., 2002; Boyd and 

Gordon, 2003; Heinrich et al., 2003). Activation of receptor-bound JAK in turn 

phosphorylates these same cytokine receptors. This permits STAT recruitment to the 

receptor and subsequent phosphorylation (Figure 2-3) (Alexander, 2002; Heinrich et al., 

2003; Liu et al., 2015). Phosphorylated STATs then homo- or hetero-dimerize with other 

STAT molecules for translocation to the nucleus – where they bind to DNA and regulate 

gene expression (O'Shea et al., 2002; Heinrich et al., 2003; Carow and Rottenberg, 2014). 

The STAT gene family contains seven different proteins: STAT1, STAT2, STAT3, 

STAT4, STAT5a, STAT5b, and STAT6. STAT3 is considered the major effector of JAK 

signaling in the CNS and regulates a wide variety of genes, including GAP-43, ATF-3, c-

Jun, and suppressor of cytokine signaling 3 (SOCS3) (Dauer et al., 2005; Steelman et al., 

2008). JAK-STAT signaling is negatively regulated by the SOCS3 through direct 

inhibition of JAK activity (Imada and Leonard, 2000; Kershaw et al., 2013).  
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Figure 2-3.  Overview 

of   the   JAK-STAT3 

signaling pathway  

 

Cytokine activation of JAK-STAT3 signaling is 

pivotal for neuronal responsiveness to cellular stress or 

trauma, including axonal injury and regeneration (Nicolas et 

al., 2013). More specifically, injury-induced JAK-STAT3 

signaling has been implicated in mediating the conditioning 

lesion effect in sensory neurons of the DRG through 

cytokine activation of gp130. In support of this, genetic 

deletion of IL-6 or LIF significantly attenuates neurite 

outgrowth from pre-conditioned adult DRG sensory 

neurons, while exogenous administration of LIF or IL-6 can 

rescue axon growth in these neurons (Cafferty et al., 2001; 

Cafferty et al., 2004). Moreover, intrathecal delivery of IL-6 

or CNTF can mimic the conditioning lesion effect on DC or 

DR axon regeneration, respectively, following an injury (Cao et al., 2006; Wu et al., 

2007).  The growth-promoting effects of these cytokines are abrogated upon knockout of 

gp130, likely due to attenuation of intracellular phosphorylated STAT3 (pSTAT3) 

upregulation (Quarta et al., 2014). Direct, pharmacological inhibition of JAK also blocks 

axotomy-induced STAT3 phosphorylation and prevents neurite outgrowth from cultured 

DRG neurons following an in vivo conditioning lesion (Liu and Snider, 2001; Qiu et al., 

2005). JAK inhibition also significantly reduces the extent of DC axon regeneration 

following a conditioning lesion of the sciatic nerve (Qiu et al., 2005). Given the 

importance of cytokine-induced activation of JAK-STAT3 for the conditioning lesion 
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response, activation of JAK-STAT3 signaling may promote regeneration of DR axons 

across the DREZ.  

Under physiological conditions, upregulation of nuclear pSTAT3 following injury 

leads to prompt induction of SOCS3, the negative regulator of JAK-STAT3 signaling. 

SOCS3 helps to prevent excessive or prolonged JAK-STAT3 signaling which could be 

damaging to the cell (Starr et al., 1997; Croker et al., 2003; Miao et al., 2006; Croker et 

al., 2008; Smith et al., 2009). However, SOCS3 expression may also act to reduce cell 

body responsiveness to injury-induced signaling, limiting axon regeneration (Park et al., 

2009; Hellstrom et al., 2011). In support of this, SOCS3 deletion in RGCs promotes 

gp130-dependent axon regeneration along the injured optic nerve by 7 days post-crush, 

which is further enhanced by administration of CNTF (Smith et al., 2009; Sun et al., 

2011). In the PNS, SOCS3 overexpression diminishes the extent of neurite outgrowth in 

primary DRG sensory neurons while inhibition of SOCS3 improves neurite growth of 

unconditioned neurons (Miao et al., 2006). The results from these studies suggest that 

enhanced JAK-STAT3 signaling via SOCS3 deletion may be another important 

therapeutic strategy to improve DR axon regeneration. 

Accumulating evidence demonstrates that direct activation of the neuron-intrinsic 

growth pathways PI3K-Akt-mTOR and JAK-STAT3 by deletion of their respective 

inhibitors PTEN and SOCS3 promotes regeneration after peripheral nerve, spinal cord, or 

optic nerve injury (Park et al., 2008; Smith et al., 2009; Christie et al., 2010; Liu et al., 

2010). Application of this strategy to DR injury may promote robust intraspinal axon 

regeneration, but has not yet been tested. In this chapter, I investigated if direct activation 
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of BRAF-MEK-ERK, PI3K-Akt, and JAK-STAT3 signaling pathways individually can 

promote intraspinal axon regeneration after DR injury. To this end, I have used inducible 

transgenic mouse lines to selectively express kaBRAF or delete PTEN or SOCS3 in adult 

sensory neurons of the DRG. I assessed the effect of kaBRAF expression on sensory 

axon regeneration at 3 weeks and 2 months. I also analyzed the extent of regeneration 

elicited by PTEN or SOCS3 deletion. I found that activation of BRAF-MEK-ERK by 

kaBRAF expression promotes regeneration into the spinal cord, but continued expression 

does not significantly improve proprioceptive, mechanoceptive, or nociceptive function. 

Additionally, I show that neither PTEN nor SOCS3 deletion promotes regeneration 

across the DREZ.    

 

Materials and Methods 

Animals 

Male or female mice, aged 10-14 weeks and weighing 20-30 g, were used for all 

experimental procedures. All animal care and procedures were conducted in accordance 

with the National Research Council’s Guide for the Care and Use of Laboratory Animals 

and approved by the Institutional Animal Care and Use Committee at Lewis Katz School 

of Medicine at Temple University, Philadelphia, PA, USA. Mouse transgenic lines were 

bred and maintained from those lines generously donated by Jian Zhong (Weill Cornell 

Medical School at Cornell University, NY), including LSL-kaBRAF:brn3a-CreER
T2 

(kaBRAF iTg), PTEN
f/f

: brn3a-CreER
T2 

(PTEN iKO), and SOCS3
f/f

: brn3a-CreER
T2 

(SOCS3 iKO). The LSL-kaBRAF and brn3a-CreER
T2 

deleter mouse lines have been 
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previously described (Eng et al., 2001; Mercer et al., 2005; O'Donovan et al., 2014). 

Littermates were used as controls wherever possible.  

For these studies, the Brn3a promoter was used to drive Cre expression in the 

transgenic lines. Brn3a is a POU-domain transcription factor expressed around 

embryonic day 10-11 in certain CNS neurons, including the habenula, red nuclei, inferior 

olivary nuclei, and some neurons of the superior colliculus and periaqueductal gray. 

Additionally, Brn3a is also expressed in the sensory ganglia of the PNS (i.e. DRG, 

trigeminal, vestibulocochlear, and superior). Using a construct containing only 11 kb of 

Brn3a 5’-flanking sequence, the native transcriptional start site, and ~300 base pairs 

corresponding to the 5’-untranslated portion of Brn3a mRNA, Cre can be specifically 

expressed in sensory neurons of the DRG and not in other areas of Brn3a expression (Eng 

et al., 2001).  

 

Genotyping 

Tail biopsies were obtained from 2-3 week old mice. Samples were prepared, lysed, and 

DNA was extracted using the REDExtract-N-Amp
TM

 Tissue PCR kit (Sigma, #XNAT). 

DNA was amplified using the following primers for PCR: B-RAF = 5’-GCC CAG GCT 

CTT TAT GAG AA-3’ (common forward), 5’-AGT CAA TCA TCC ACA GAG ACC T-

3’ (reverse, mutant allele), 5’ GCT TGG CTG GAC GTA AAC TC-3’ (reverse, wildtype 

allele), TdTomato = 5’-AAG GGA GCT GCA GTG GAG TA-3’ (forward, wildtype 

allele), 5’-CCG AAA ATC TGT GGG AAG TC-3’ (reverse, wildtype), 5’-GGC ATT 

AAA GCA GCA TAT CC-3’ (reverse, mutant allele), 5’-CTG TTC CTG TAC GGC 
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ATG G-3 (forward, mutant allele), Brn3aCre = 5’-CGC GGA CTT TGC GAG TGT TTT 

GTG GA-3’ (forward), 5’-GTG AAA CAG CAT TGC TGT CAC TT-3’ (reverse), PTEN 

= 5’-CAA GCA CTC TGC GAA CTG AG-3’ (forward), 5’-AAG TTT TTG AAG GCA 

AGA TGC-3’ (reverse), and SOCS3 5’-CGG GCA GGG GAA GAG ACT GT-3’ 

(forward), 5’-GGA GCC AGC GTG GAT CTG C-3’ (reverse). PCR conditions for B-

RAF, TdTomato, Brn3aCre, and PTEN were 95 °C 3 min, 35 cycles at 95 °C for 20 sec, 

54 °C for 45 sec, and 72 °C for 1 min, and 72 °C for 5 min.  PCR conditions for SOCS3 

are 95 °C for 3 min, 10 cycles at 95 °C for 20 sec, 65 °C for 45 sec (-1 °C/cycle), 68 °C 1 

min, 30 cycles at 95 °C for 20 sec, 55°C for 45 sec, 72 °C for 1 min, and 72 °C for 5 min. 

Alternatively, tails may have been genotyped by Mouse Genotype in Escondido, CA, 

USA. 

 

4-Hydroxytamoxifen (4-HT) Preparation 

100% ethanol was added to 4-HT stock (Sigma, H7904) to a stock concentration of 20 

mg/ml. Sunflower seed oil (Sigma, S5007) was added to a 50 μl aliquot of 4-HT. Ethanol 

was evaporated by speed vacuum for 30 minutes. Sample was loaded into a 1 ml insulin 

syringe. 1 mg of 4-HT in sunflower seed oil was administered to the animal via 

intraperitoneal (IP) injection once a day for 5 days. Control animals received sunflower 

seed oil alone but at the same volume. All mice were given 2 days to rest before surgical 

procedures were performed.  
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Surgical Procedures 

One week from the first 4-HT injection, mice underwent dorsal root crush surgery, as 

previously described (Di Maio et al., 2011; O'Donovan et al., 2014). Briefly, mice were 

first anesthetized by intraperitoneal injection of ketamine (8 mg/kg) and xylazine (120 

mg/kg). Small animal hair clippers (Oster Professional Products) were used to remove 

hair overlying the surgical site. A 2-3 cm incision was made in the skin over the cervical 

region. The trapezius and paraspinal muscles, with associated fascia, were bluntly 

dissected and reflected back using retractors to expose the entire dorsolateral aspects of 

the C2-T2 vertebrae. Using the spinous process of the thoracic T1 vertebrae as a 

landmark, 2.5 mm curved rongeurs (Fine Science Tools) were used to make a series of 

right-sided hemilaminectomies and expose the C5-T1 spinal segments. Warmed lactated 

Ringer’s solution was applied frequently to keep the area of exposed tissue moist. A 

subcutaneous needle (26 gauge, BD Biosciences) was used to make a small incision in 

the dura between each dorsal root. Lidocaine (2%) was added dropwise (~2-3 drops) to 

the exposed spinal roots. Cervical roots were then crushed for 10 seconds using a fine 

forceps (Dumont #5) placed about 1-1.5 cm from the root’s insertion point. Muscles were 

sutured with sterile 5-0 sutures (Ethicon). The midline incision was closed with wound 

clips (Fine Science Tools).  

 

Adeno-Associated Viral Vector Injection 

Recombinant adeno-associated virus (AAV) was used to label regenerating axons. At the 

time of dorsal root crush or at least two weeks before sacrifice, the cervical DRGs of C5, 
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C6, and/or C7 were exposed. Animals were placed in a stereotaxic holder with spinal 

cord clamps (STS-A, Narishige Group, Japan) to help better stabilize the cord and DRGs 

for injection. 800-1000 nl of AAV2-eGFP (Vector Biolabs, Cat. #7072, 1x10
13

 GC/ml) 

expressing eGFP under the control of a CAG promotor was injected (~100 nl/min) into 

the cervical DRGs using a glass micropipette and nano-injector (World Precision 

Instruments, Inc., Sarasota, FL.). The glass micropipette was left in place for 3-5 minutes 

after each injection to ensure adequate diffusion of virus into the DRG. After completion 

of the injections, a piece of biosynthetic membrane (Biobrane, UDL Laboratories, Inc., 

Sugarland, TX) was placed over the exposed spinal cord. The musculature was closed 

with 5-0 sterile silk sutures (Ethicon) and the midline skin incision was closed with 

wound clips (Fine Science Tools). The animals were placed on a heating pad during 

recovery from the anesthesia and buprenorphine (0.05 mg/kg) was administered 

intramuscularly for post-operative pain.  

 

Behavioral Analysis 

All behavioral experiments were performed and scored by an observer blinded to the 

experimental groups. Testing was performed prior to 4-HT injection or at least one day 

before DR crush and at 7 day intervals following DR injury for up to two months. All 

tests were performed on the same day. Recovery of three different sensory modalities was 

assessed using a variety of behavioral assays: horizontal ladder test, beam walking, von 

Frey test of mechanical sensitivity, forepaw sticker test, paw-withdrawal latency to 

noxious thermal stimulation, and grip strength for integrated sensorimotor function.  
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Horizontal ladder test The horizontal ladder test was used to assess proprioceptive 

recovery, as previously described (Ma et al., 2001; Metz and Whishaw, 2002). Mice were 

placed on a horizontal ladder with 11 cm wide rungs spaced 2 cm apart. The ladder was 

elevated about 1 meter off the ground and tilted upward slightly to encourage locomotion. 

The side walls of the ladder were 7 cm high. During the test, mice walked from a neutral 

starting box towards a darkened box that contained bedding material taken from their 

respective home cage. The mice were required to walk at least 66 cm along the ladder per 

trial, three trials total. The total number of steps and the total number of foot missteps or 

slips from both the ipsilateral and contralateral paws were counted. All trials were video 

recorded and analyzed at a later time point to ensure accurate counts of steps and slips. 

 

Narrowing beam walking test Mice traversed a 1 m long by 10 cm high wooden beam, 

which progressively narrows from 3 cm (starting point) to 5 mm (ending point) wide. A 

cereal treat or home bedding was placed at the end of the beam to encourage the mice to 

walk the entire length of the beam. Performance was scored for the ipsilateral paw as 

follows: 0 for no attempt at using limb, 1 for no weight bearing but some movement, 2 

for attempted weight bearing with frequent missteps and walking on dorsal surface of 

paw, 3 for weight bearing with less frequents missteps or misplacements, 4 for normal 

weight bearing with very few mistakes, and 5 for normal walking without any deficits. 

This scoring system was adapted from that previously published (Wang et al., 2008). 

Scores were averaged over three trials. The distance to first slip of the right forepaw off 
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the beam was also scored. It is presented as units before first slip where one unit is equal 

to 5 cm.  

 

Von Frey filament test of mechanical sensitivity Mice were placed in an elevated 

transparent plastic box with a mesh metal floor (8 x 12 x 10 cm) and allowed to acclimate 

for at least an hour. Mechanical sensitivity was measured using von Frey filaments with 

bending forces of 0.02 g, 0.04 g, 0.4 g, 1 g, 4 g, and 8 g (Touch Test Sensory Evaluator, 

Stoelting, Wood Dale, IL). The up-and-down method was used to measure the 50% paw 

withdrawal threshold to the filaments (Dixon, 1980; Chaplan et al., 1994). Beginning at 

the 1 g filament in the series, the sequence of responses to the applied monofilaments was 

measured. Filaments were applied perpendicular to the mid-plantar region of the 

ipsilateral or contralateral forepaws in one steady, smooth motion with enough pressure 

for the filament to bend but not lift the paw off the mesh floor. A positive response was 

gauged to be a quick lifting of the forepaw while the filament is in contact (<2 sec) with 

the plantar surface. If no response, the next higher filament was applied. If a positive 

response was observed, the next lower filament was applied.  The next consecutive 

higher or lower stimulus was always presented after 30 seconds to avoid adaptation. Each 

animal was assigned a tabular value (“k”) based on the response/nonresponse pattern 

generated (Chaplan et al., 1994). The 50% response threshold was measured using the 

formula: 50% g threshold = (10[
X

f
+kδ

])/10,000  where Xf is the value of the last von Frey 

hair used for each mouse; k is the tabular value, and δ is the mean difference between 
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stimuli in the series in log units (here, 0.520). The threshold values were computed for 

both the ipsilateral and contralateral paws.  

 

Hot water test Nociceptive recovery was assessed by measuring response latency to 

noxious thermal stimulation – a 50 °C water bath (Mogil et al., 1999). Both the 

contralateral and ipsilateral forepaws were tested. Mice were lightly restrained in a cloth 

harness to allow for isolation of the forelimb but prevent unintentional damage to the 

injured cervical region that would result from scruffing. The protruding forepaw was then 

dipped into the hot water bath up to the lower forelimb area. The latency to response 

(time to remove the forepaw from the water) was measured to the nearest 0.01 seconds. A 

maximum cut-off time of 20 seconds was used to prevent unnecessary damage to the 

forepaw. Three trials were performed per forepaw, separated by >30 seconds, and 

averaged. Careful attention was paid to ensure that the whiskers and tail did not touch the 

hot water during the trials. 

 

Forepaw sticker test This test was used to measure change in response to a low-threshold 

tactile stimulus. A circular sticker of 3/8 inch diameter was applied with equal pressure to 

the surface of the ipsilateral or contralateral dorsal forepaw. The animal was placed into a 

testing cage (28 x 28 x 20.5 cm) to which it had been habituated. The time it takes the 

mouse to respond to the presence of the sticker (“Contact Time”) was defined by the 

mouse either shaking its paw and/or moving its head to the sticker. The time it takes the 

mouse to completely remove the sticker from its forepaw was also measured (“Removal 



 

 

44 

 

Time”) (Ramer et al., 2007; Bouet et al., 2009). The mouse may remove the sticker with 

its mouth or any of its other limbs. A maximum of 180 seconds was allowed for the 

animal to detect and remove the sticker. Three trials were performed on both forepaws 

and the average of those three trials was used for analysis.  

 

Grip strength A grip strength meter (Digital Force Gauge DFE II, Ametek) was used to 

measure the force required to overcome the mouse’s ability to grasp onto a narrow bar. 

The test was repeated 10 times and the maximum grip strength was recorded for each 

trial in grams of force (Brooks and Dunnett, 2009; Kietrys et al., 2011). The average of 

the 10 trials is presented here.  

 

Immunohistochemistry 

Three or ten weeks after injury, mice were anesthetized with a lethal dose of 10% 

Euthasol (Virbac, USA) in 0.9% saline. Mice were transcardially perfused with a 4% 

(vol/vol) solution of paraformaldehyde in 0.01 M PBS, pH 7.4. The cervical spinal cord 

and dorsal root ganglia were dissected out and post-fixed in 4% paraformaldehyde for 2 

hours. The tissue was cryoprotected in 30% sucrose (wt/vol) in 0.01 M PBS at 4 °C for 

24 hours. Tissue was placed in a cryomold filled with tissue embedding matrix (M-1 

Embedding Matrix, Thermo Fisher) and quickly immersed in a beaker of 2-methylbutane 

cooled with liquid nitrogen. The tissue was allowed to freeze completely prior to 

removal. The frozen block was stored at -80 °C until ready for further processing. The 

frozen tissue was sectioned at 20 μm and collected on Superfrost Plus (Fisher) slides. For 
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immunostaining, sections were rehydrated in 0.01 M PBS and incubated in 0.1 M 

glycine/2% bovine serum albumin (BSA)/PBS to quench unreacted aldehydes from 

fixation and prevent increased background fluorescence. Sections were then incubated 

with 0.2% Triton X-100 in 2% BSA/PBS to permeabilize cell membranes and block non-

specific antibody binding. Primary antibodies for immunostaining were used at the 

following dilutions: rabbit anti-NF200 (1:500, Sigma, #N4142), rabbit anti-CGRP 

(1:1000, Peninsula Labs, CA, #T-4032), chicken anti-GFP (1:1000, Avés Labs Inc., 

#1020), rabbit anti-GFAP (1:500, Dako, Z0334), mouse anti-GFAP (1:500, Sigma, 

#G3893), and rabbit anti-PTEN (1:200, Cell Signaling, #9559). Sections were incubated 

in primary antibodies overnight at 4 °C. Sections were washed in 2% BSA/PBS and then 

incubated for 1-2 hours at room temperature in secondary antibody prepared in 2% 

BSA/PBS. Secondary antibodies used were Alexa Fluor 647 goat anti-mouse IgG1 (1:400, 

Molecular Probes, A-21240), Alexa Fluor 568 goat anti-mouse IgG1 (1:400, Molecular 

Probes, A-21124), Alexa Fluor 568 goat anti-rabbit IgG (1:400, Molecular Probes, A-

11011), Alexa Fluor 647 goat anti-rabbit IgG (1:400, Molecular Probes, A-21244), 

Fluorescein- conjugated donkey anti-rabbit IgG (1:400, Jackson ImmunoResearch Labs 

Inc., 711-096-152),  Fluorescein-conjugated goat anti-rabbit IgG (1:400, Chemicon 

International, AP307F), or Alexa Fluor 488 donkey anti-chicken IgG (1:400, Jackson 

ImmunoResearch Labs Inc., 703-545-155). DAPI nucleic acid stain (1:1000, Invitrogen, 

D-1306) for neuronal or non-neuronal cell nuclei or Nissl substance stain (1:200, 

Molecular Probes, N-21479) for neuronal cells were used to counterstain prior to final 
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wash steps in 0.01 M PBS. Stained sections were mounted with media for fluorescence 

(Vectashield, Vector Laboratories Inc., CA) and a glass coverslip.  

Isolectin B4 (IB4) was used as a marker for non-peptidergic C fibers.  For IB4 

immunostaining, sections were first post-fixed in 4% PFA (vol/vol), rehydrated in 0.01 M 

PBS, quenched in 0.1 M glycine/PBS, and permeabilized with 0.2% Triton X-100/PBS 

(PBST). Sections were incubated with an IB4-biotin conjugate (1:200, Sigma, L2140) 

prepared in 5% normal goat serum (NGS)/PBST. Sections were incubated overnight at 

room temperature.  Following primary incubation, sections were blocked with 5% 

NGS/PBS and incubated with rhodamine (TRITC) streptavidin (1:400, Jackson 

ImmunoResearch Labs Inc., 016-020-084) prepared in 0.01 M PBS for one hour. DAPI 

or Nissl stain was used to counterstain prior to final wash steps in 0.01 M PBS. Stained 

sections were mounted as described above.  

 

Western Blot 

Mice were deeply anesthetized as described above and decapitated. The left and right C1-

L5 DRGs and roots were quickly collected and washed with Hank’s buffered salt solution 

(HBSS) or 0.01 M PBS. Excess buffer was removed, the tissue was flash frozen in liquid 

nitrogen, and stored at -80 °C until further processing. Sample was lysed in ice cold 

RIPA buffer (50 mM Tris-HCl pH 8.0, 150 mM sodium chloride, 0.5% Triton X-100, 

0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS)) and mixed with 1 mM 

sodium orthovanadate, 1 mM sodium fluoride, 2 mM sodium pyrophosphate, 5 mM 

EDTA pH 8.0, and 1X commercially made protease inhibitor cocktail. A Bradford 
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concentration assay (BCA) was performed to obtain the protein concentration of tissue 

lysate using a BCA protein assay kit (Thermo Fisher, #23227). Lysate was mixed with 

4X NuPAGE LDS sample buffer and 10X sample reducing agent (Thermo Fisher) to 

obtain a 1X solution with 25-50 μg of protein. Lysates were resolved on 7.5, 8, 10, or 

12% SDS-PAGE gels. Gels were transferred to a nitrocellulose membrane. Membranes 

were blocked in 5% milk/TBST for one hour at room temperature. Blots were incubated 

with primary antibodies in 1% milk/TBST overnight at 4 °C. Antibodies used were 

mouse anti-BRAF V600E (1:1000, Spring Bioscience), rabbit anti-BRAF (1:1000, Cell 

Signaling #9433), rabbit anti-pERK (1:1000, Cell Signaling #4370), rabbit anti-pMEK 

(1:1000, Cell Signaling #9121), rabbit anti-PTEN (1:1000, Cell Signaling, #9559), rabbit 

anti-pS6 (1:1000, Cell Signaling #2215), rabbit anti-pAkt (1:2000, Cell Signaling #4060), 

rabbit anti-SOCS3 (1:500, Abcam, #ab16030), rabbit anti-pSTAT3 (1:2000, Cell 

Signaling, #9145), rabbit anti-survivin (1:1000, CST #2808), and mouse anti-β-actin 

(1:5000, Sigma, A5441). The blots were washed with TBST and then incubated with 

secondary antibodies in 1% milk/TBST for one hour at room temperature. Secondary 

antibodies used were HRP-linked donkey anti-mouse IgG (1:5000, GE Healthcare) and 

HRP-linked donkey anti-rabbit (1:5000, Jackson ImmunoResearch). Blots were 

developed using Amersham ECL Western Blotting Detection Reagents (GE Healthcare) 

or SuperSignal West Femto Maximum Sensitivity Substrate (ThermoScientific). 
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Microscopy and Image Acquisition 

An Olympus BX53 fluorescence microscope with the X-Cite 120Q (Lumen Dynamics) 

wide-field fluorescence microscope light source was used to visualize immunostained 

tissue sections. The microscope is equipped with the ORCA-R2 digital CCD camera 

(Hamamatsu) controlled by MetaMorph Image Analysis Software (Molecular Devices). Z 

stacked images were acquired using the Axio Imager (Zeiss) upright florescence 

microscope and AxioVision (Zeiss) software or a Leica SP8 confocal microscope with a 

20X objective and Leica software. All images were processed using Imaris (Bitplane) and 

Photoshop (Adobe).  

 

Quantification of Labeled Neurons 

C6 or C7 cervical DRGs were labeled in a total of three mice. Transverse cryostat 

sections were processed with the previously described methods. The number of Nissl-

positive neurons and number of Nissl-labeled neurons co-labeled with AAV2-GFP in the 

labeled DRG were counted in 20 non-adjacent sections. I  also counted the number of 

AAV2-GFP labeled sensory neurons positive for NF, IB4, and CGRP in these sections. I 

averaged the number of cells labeled by subtype across all three mice.  

 

Axon Density and Axon Number Index 

Axon regeneration was quantified by measuring both the axon number index and axon 

density within the spinal cord. For axon number index, images from GFP-labeled sections 

were first acquired. Images were converted to 8-bit in ImageJ (NIH) and filtered using 
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the FeatureJ: Hessian plugin (NIH) to obtain the smallest eigenvalue images (Grider et 

al., 2006). Using the astrocyte border (demarcated by GFAP immunostaining) as a 

marker of the relative position of the DREZ, lines were draw on the image at 100 μm 

before the DREZ (in PNS territory), at the DREZ (GFAP outer boundary), and at 100 μm 

intervals into CNS territory. Using the ImageJ line profile tool, the number of axons at 

these distances was counted. If the axons could not be resolved using ImageJ, they were 

manually counted. Initial counts were normalized to the number of labeled fibers in the 

dorsal root and final data is presented here as the ratio of labeled axons at various 

distances past the DREZ to the number of labeled axons in the dorsal root. For axon 

density, acquired images were converted to 8-bit in ImageJ (NIH) and filtered using the 

FeatureJ: Hessian plugin (NIH) to obtain the median eigenvalue images. The optical 

density of GFP-labeled axons within the spinal cord gray matter was measured and 

normalized to the optical density within the DR, using the rectangular selection tool to 

draw a consistently sized box from 100 μm into the DR from the GFAP border. Data is 

presented as the relative pixel intensity. At least 5 sections within the area of injury were 

selected at random from at least 3 animals for both measures of axon regeneration.  

 

Statistical Analysis 

GraphPad Prism software was used for all statistical analyses. Data from AAV2-eGFP 

labeling was analyzed using an unpaired Student’s t-test assuming Gaussian distribution. 

Control and experimental group data from behavioral assessments was compared using 2-

way ANOVA followed by Tukey’s post-hoc test. Data on axon density and axon number 
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index were analyzed by unpaired Student’s t-test, 1-way ANOVA,  or 2-way ANOVA 

with Tukey’s or Sidak’s post-hoc tests. All data are presented as mean ± standard error of 

mean (Geoffroy et al.). Sample sizes are as described in the figure legends. Results were 

considered statistically significant if the p-value is < 0.05.  

 

Results 

AAV2-GFP Selectively Labels Large-Diameter Sensory Neurons 

While widely used, conventional axonal labeling methods using tracers such as 

biotinylated dextran amine (BDA) and cholera toxin B (CTB) have a number of 

disadvantage including: (1) non-specific labeling of non-neuronal cells, (2) high 

variability in uptake and transport along the axons, and (3) poor signal intensity and/or 

rapid quenching of fluorescence, which may require additional time-consuming and 

labor-intensive immunohistochemical staining (Chamberlin et al., 1998; Kobbert et al., 

2000; Lanciego and Wouterlood, 2011; Liu et al., 2014). One of the other major technical 

challenges plaguing the field of neural repair has been misidentification of spared or 

degenerating axons as regenerating axons, leading to inaccurate assessment of axon 

regeneration. Viral tracers can circumvent a number of these problems, leading to more 

efficient and accurate labeling of regenerating axons (Chamberlin et al., 1998; Liu et al., 

2014). Neuronal transduction by recombinant adeno-associated virus (AAV) vectors 

expressing a fluorescent protein is a highly efficient method of axonal tracing with low 

immunogenicity or host cytotoxicity (Xiao et al., 1997; Aschauer et al., 2013). AAV 

serotype 2 was used to selectively label regenerating axons with enhanced green 
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fluorescent protein (eGFP) in my study. To ensure accurate and comprehensive 

assessment of DR axon regeneration, AAV2-eGFP is injected at the time of injury which 

selectively labels axons proximal to the crush site and prevents erroneous labeling of 

degenerating fibers. Moreover, bright fluorescent labeling by eGFP allows for 

confirmation of lesion completeness in wholemount preparations of the spinal cord. 

Animals with spared axons detected in wholemount can then be discarded prior to 

sectioning.   

I first sought to characterize the transduction efficiency and neuronal tropism of 

the AAV2-eGFP construct to determine its usefulness in assessing axon regeneration 

after a DR crush. To this end, I performed microinjection of AAV2-eGFP into cervical 

dorsal root ganglia of uninjured, wildtype adult mice. I observed GFP expression in most 

cell bodies of the DRG indicating highly efficient transduction of sensory neurons 

(Figure 2-4A). Quantitative analysis shows 83 ± 11% (497/581) of the total population of 

sensory neurons in the DRG was transduced by AAV2-eGFP (Figure 2-4B). There is no 

evidence of transduction in non-neuronal or glial cell populations as all GFP+ cells co-

labeled with Nissl. In immunohistochemical analyses, DRG sensory neurons are 

frequently classified as NF+, IB4+, or CGRP+. These markers define large-diameter, 

small-diameter non-peptidergic, or small-diameter peptidergic, respectively (Purves et al., 

2012; Le Pichon and Chesler, 2014). Next, I investigated whether AAV2-eGFP 

transduced all DRG neurons or only a specific subtype. Immunohistochemical analysis 

shows GFP co-localization with markers for both large and small-diameter neurons 

(Figure 2-4C). Quantification revealed that 74 ± 13% (370/497) of neurons expressing   
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Figure 2-4. AAV2-GFP selectively labels large-diameter sensory neurons of the 

DRG (A) Two weeks after intraganglionic injection of AAV2-eGFP, GFP is visible in 

many sensory neurons of the wildtype adult DRG. Scale bar: 100 μm (B) Quantification 

of transduction efficiency reveals GFP expression is present in the majority of Nissl+ 

sensory neurons. Nissl was used to label total neuron population. (C) Immunostaining 

reveals GFP co-labels with NF+, IB4+, and CGRP+ sensory neurons. Arrows indicate 

cells which co-label. Scale bar: 50 μm (D) Analysis of sensory subtype tropism shows 

GFP+ neurons are predominately NF+. **** P < 0.0001, one-way ANOVA. n=3 mice, 5-

8 sections analyzed per mouse, separated by at least 100 μm. Values represent mean ± 

SEM.  
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GFP co-labeled with the large-diameter marker NF, 6 ± 4% (65/1181) with the small-

diameter, non-peptidergic marker IB4, and 29 ± 12% (328/1181) with the small-diameter, 

peptidergic marker CGRP (Figure 2-4D). However, significantly more GFP+ sensory 

neurons co-labeled with NF than with either IB4 or CGRP (Figure 2-4D). Therefore, 

AAV2-eGFP transduces all subtypes of DRG neurons but displays a predilection for 

large-diameter neurons, which includes the proprioceptors and mechanoceptors.  

 Further analysis reveals abundant GFP expression in the central processes of 

transduced sensory neurons at two weeks after injection (Figure 2-5A). GFP-labeled 

axons can be observed along the length of the DR and within the spinal cord, 

corresponding to known afferent pathway trajectories (Figure 2-5A). I found few, if any, 

GFP-labeled fibers in laminae I and II of the superficial dorsal horn. These are sites of 

termination for nociceptive axons, including CGRP+ fibers (Figure 2-5A’-A”). Taken 

together, this data demonstrates intraganglionic injection of AAV2-eGFP preferentially 

labels large-diameter proprioceptive and mechanoceptive axons. This transduction bias is 

of significant benefit to my studies as I am most interested in assessing regeneration of 

large-diameter neurons. Large-diameter neurons are particularly weak regenerators and 

have been much more resistant to strategies aimed at enhancing axon regeneration across 

the DREZ than other sensory subtypes (Ramer et al., 2001; Ramer et al., 2002; Wang et 

al., 2008; Kelamangalath et al., 2015). Thus, using AAV2-eGFP to trace regenerating 

axons allows me to directly assess large-diameter axon regeneration without the need for 

further immunohistochemical analysis.  AAV2-eGFP in all analyses described below will 

be used to identify the extent of large-caliber DR axon regeneration. 
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Figure 2-5. AAV2-GFP does not label axons projecting to superficial DH laminae 

(A) GFP+ labeled sensory fibers in the DR project to the dorsal and ventral horns in the 

intact animal. GFP+ afferents do not occupy the most superficial laminae of the DH (A’), 

corresponding to areas of CGRP+ small diameter axons (A”). Pink arrows indicate area 

of minimal GFP labeling. Scale bar: A = 200 μm, A’-A” = 50 μm. DR = dorsal root, DH 

=dorsal horn, VH = ventral horn.  
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BRAF-MEK-ERK, PI3K-Akt, and JAK-STAT3 Pathways Are Activated in the Intact and 

Injured Adult DRG  

To confirm that the BRAF-MEK-ERK, PI3K-Akt, and JAK-STAT3 signaling pathways 

are present in the DRG prior to manipulation in the transgenic mouse lines, I qualitatively 

assessed expression levels of key members in these pathways using Western blot 

analysis. To this end, I collected injured cervical DRGs and contralateral, intact DRGs, 

two weeks after a DR crush in a wildtype mouse. I found that both intact and injured 

DRGs express B-RAF and phosphorylated ERK 1/2 (pERK) (Figure 2-6A). I also 

detected PTEN, phosphorylated S6 (pS6), phosphorylated Akt (pAkt) (Figure 2-6B), 

SOCS3 and pSTAT3 (Figure 2-6C) in both the intact and injured DRGs. This experiment 

confirms the expression of the BRAF-MEK-ERK, PI3K-Akt, and JAK-STAT3 pathways 

in wildtype (WT) adult DRGs before and after injury. 

 

 

 

Figure 2-6. Key downstream mediators of kaBRAF expression and PTEN or SOCS3 

deletion are expressed in the adult DRG (A) B-RAF and pERK in BRAF-MEK-ERK 

signaling, (B) PTEN, pS6, and pAkt in PI3K-Akt-mTOR signaling and (C) SOCS3 and 

pSTAT3 in JAK-STAT3 signaling are all expressed before and 2 weeks after injury. n=1 

mouse, C5-T1 DRGs. 
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kaBRAF Enables Penetration of Regenerating Axons Across the DREZ at 3 Weeks After 

DR Injury 

Recently, we have shown that inducible expression of constitutively active B-RAF 

(BRAF
V600E

; kaBRAF) enables many axons to regenerate across the DREZ by two weeks 

after injury in the adult mouse (O'Donovan et al., 2014). Since then, we have discovered 

that intraspinal inflammatory lesions at or near the DREZ may contribute to increased 

regenerative growth into the spinal cord regardless of transgene activation, potentially 

confounding these earlier results (Kim et al., manuscript in preparation). To ensure 

accurate anatomical assessment of kaBRAF-mediated growth, I sought to re-analyze the 

effect of kaBRAF on axon regeneration after DR injury.  

To investigate whether direct elevation of B-RAF signaling promotes sensory 

axon regeneration, a genetically modified mouse line was used that contains a 

heterozygous knock-in mutation of BRAF
V600E 

at the endogenous B-RAF locus. 

BRAF
V600E

 is only expressed following the removal of the Lox-STOP-Lox cassette 

through Cre-mediated recombination (Mercer et al., 2005; O'Donovan et al., 2014). A 

diagram of our experimental design is shown in Figure 2-7A. Briefly, I administrated 

vehicle or 4-HT to animals for 5 days, a multi-root crush was performed on day 8, and 

mice were sacrificed 21 days later. All transgenic lines were crossed with a tdTomato 

reporter line. I observe tdTomato fluorescence in nearly all (> 90%) sensory neurons of 

the DRG following 4-HT administration, indicating effective Cre recombinase activity 

and transgene activation (Figure 2-7B). Western blot analysis confirms kaBRAF 

expression in uninjured DRGs one week after the first injection of 4-HT (Figure 2-7C).  
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Figure 2-7. kaBRAF enables penetration of regenerating axons across the DREZ at 

3 weeks after DR crush (A) A schematic diagram of the experimental procedure for 3 

week analysis of all transgenic lines. Boxed area specifies region of interest in the spinal 

cord. (B) tdTomato expression indicates high transgene activation within sensory neurons 

and afferent projections of the dorsal horn and dorsal columns. Scale bar:  top = 200 μm, 

bottom = 100 μm. (C) Western blot analysis confirms expression of BRAF
V600E 

in 

kaBRAF iTg but not WT DRG lysates. Total B-RAF protein levels remain unchanged. 

Molecular mass is noted in kilodaltons. Cross sections of WT (D-D”) or kaBRAF iTg (E-

E’”) groups at 3 weeks after DR crush injury. (D, D”) WT shows regeneration along the 

DR but no regeneration past the DREZ. (E, E”) kaBRAF expression promotes axon 

regeneration across the DREZ and into the superficial laminae of the spinal cord. (E”’) 

Magnified area from E. Dotted line indicates outer border of the DREZ, as identified by 

GFAP immunostaining of astrocytes (D’, E’). (D”, E”) Merged GFP & GFAP images. 

(F) Quantification of axon growth shows significantly more axons penetrate the DREZ in 

kaBRAF iTg than in WT controls. Scale bar: D-E” = 100 μm, E”’ = 50 μm. n=4-5 mice 

per group, at least 5-6 sections per mouse, **** P < 0.0001, ** P < 0.01, two-way 

ANOVA with Sidak’s multiple comparisons test. Values represent mean ±SEM.   

 

There is no change in total B-RAF protein levels between WT and kaBRAF samples as 

expression of kaBRAF is under control of the endogenous B-RAF promoter (Figure 2-

7C). Expression of kaBRAF induces phosphorylation of MEK 1/2 (pMEK); however, 

there is no detectable difference in pERK between WT and kaBRAF samples (Figure 2-

7C). Low pERK protein levels could be due to negative feedback mechanisms preventing 

significant upregulation or high baseline pERK within sensory neurons or non-neuronal 

cells of the DRG concealing potential differences.  

Next I assessed whether kaBRAF can enable DR axons to grow past the DREZ 

and into the spinal cord. In WT animals, injured DR axons regenerate along the DR but 

fail to cross the GFAP+ astrocyte boundary at the CNS/PNS border (Figure 2-7D-D”). In 

contrast, expression of kaBRAF in sensory neurons of the DRG increased the growth 

competence of sensory neurons allowing a significant number of axons to penetrate the 

DREZ and grow into the superficial laminae of the dorsal horn by 3 weeks after DR 
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injury (Figure 2-7E-E’”). This increase in intraspinal regeneration was consistently 

observed at every injured root I analyzed. Quantitative analysis shows a significance 

difference between WT and kaBRAF groups at 100 μm (p < 0.0001) and 200 μm (p = 

0.0007) central from the GFAP border (Figure 2-7F). Thus, expression of kaBRAF 

significantly improves axon regeneration across the DREZ. 

 

kaBRAF Sustains Axon Growth over Two Months but Fails to Elicit Robust Regeneration 

and Functional Recovery 

To test whether continued kaBRAF expression would sustain regeneration of injured DR 

axons, I next assessed sensory axon regeneration and functional recovery at 2 months 

after a DR injury. A C5-T1 DR crush injury was performed to remove all afferent input 

from the forelimb. AAV2-eGFP was injected into C5-C7 DRGs 2 weeks before sacrifice. 

In control animals, axons stopped at the DREZ (Figure 2-8A-A’). Compared to the 3 

week analysis, I found that 2 month kaBRAF expression enabled similar numbers of 

axons to grow past the GFAP border (Figure 2-8B-B”). However, significantly more of 

these axons penetrated deeper into the DREZ and reached superficial DH layers (Figure 

2-8B). Analysis of axon number index shows a significance difference between kaBRAF- 

3 week and kaBRAF-2 month groups at 200 μm but not 100 μm central from the GFAP 

border (Figure 2-8C). There was no difference in axon density in the spinal cord between 

kaBRAF-3 week and kaBRAF-2 month groups (Figure 2-8D).  

I next determined whether prolonged kaBRAF expression improves 

proprioceptive, tactile, or nociceptive sensation. I assessed behavioral recovery using six  
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Figure 2-8. kaBRAF sustains axon regeneration leading to additional axon growth 

by 2 months after injury Cross section of the spinal cord shows GFP-labeled sensory 

axon regeneration 10 weeks after a DR crush injury in WT or kaBRAF iTg mice. (A-A’) 

Regenerating axons of WT mice remain within the DREZ even at 10 weeks. (B-B’) 

kaBRAF expression continues to promote axon growth into the superficial spinal cord 

than that observed at 3 weeks. A few axons can be observed in deeper laminae (B-B’ = 

arrows). (A’, B’) Merged GFP & GFAP images. (B”) Magnified image from B. Dotted 

line indicates outer border of the DREZ, as identified by GFAP immunostaining of 

astrocytes. (C) Quantification of axon growth reveals a significant difference between 

kaBRAF iTg 2 month and 3 week groups at 200 μm from the GFAP border. Compared to 

WT, kaBRAF iTg 2m also shows significant axon growth at 200 μm (****) and 300 μm 

(**) (D) Analysis of axon density within the spinal cord shows a significant difference 

between WT and kaBRAF iTg groups. n = 3-6 mice per group, at least 5-6 sections per 

mouse, **** P < 0.0001, *** P < 0.001, ** P < 0.01, n.s. = not significant, one-way or 

two-way ANOVA with Tukey’s multiple comparisons test. 3wk = 3 weeks, 2m = 2 

months. Scale bar: 100 μm. 

 

different assays: horizontal ladder walk, beam walk, von Frey filament test, forepaw 

sticker, hot water test, and grip strength. Recovery of proprioception is much more 

difficult to obtain than recovery of other sensory modalities due to the longer distance 

regenerating axons must travel to reach their second order neurons (Noback et al., 2005; 

Purves et al., 2012). The percent efficiency of right forepaw placement across a 

horizontal ladder and ability to traverse an elevated, narrowing beam were used as 

measures of proprioception. For the horizontal ladder test, the number of foot faults and 

the total steps taken by each forepaw was tallied. Prior to injury, both control and 

treatment groups showed 100% efficiency in placement of both the right and left 

forepaws across the ladder (Figure 2-9A).  At 7 days after DR injury, the percent 

efficiency of right forepaw placement on the ladder rung dropped significantly in both the 

WT group (23.5 ± 7.3%) and the kaBRAF iTg group (22.7 ± 12.8%) when compared to 

baseline.  However, there was no significant difference in recovery of accurate forepaw  
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Figure 2-9. kaBRAF does not significantly restore proprioceptive, mechanoceptive, 

or nociceptive function The horizontal ladder (A) and beam walk (B-C) tests were used 

as measures of proprioception. The von Frey filament (D) and forepaw sticker tests (E-F) 

were used to detect mechanosensory recovery. The hot water test (G) assayed response to 

noxious thermal stimuli. Grip strength (H) measured integrated sensorimotor response. 

Two-way ANOVA showed no significant difference between kaBRAF iTg and WT 

groups at any time point tested. Post-hoc analysis revealed a minor, but significant, 

difference between the groups at day 49 in the Von Frey filament test. n = 8 (A-D, G) or 

3-4 (E-F, H) mice per group ** P = 0.002, two-way ANOVA with Sidak’s multiple 

comparisons test. All values represent mean ±SEM.  

 

placement between the WT and kaBRAF iTg groups over time. For the beam walk test, I 

measured both the distance the mice traveled along the narrowing beam before the 

injured paw slipped off (Units w/o Slip; Figure 2-9B) and the foot placement score (Walk 

Score; Figure 2-9C). After injury, the walk score was significantly reduced but never 

dropped below a 2, indicating that motor function was not affected by the DR injury. I 

found no significant difference between WT or kaBRAF iTg groups in the distance the 

mice traveled before a forepaw slip (Figure 2-9B). Nor did I find a significant difference 

in injured forepaw placement score between the two groups (Figure 2-9C). 

Mechanoception is facilitated by medium to large-diameter neurons with 

intraspinal targets in the deeper layers of the dorsal horn and DC nuclei of the medulla 

(Schoenen and Grant, 2004; Purves et al., 2012). Using the up-down method previously 

described (Dixon, 1980; Chaplan et al., 1994), the 50% paw withdrawal threshold to 

presentation of an increasing or decreasing series of von Frey hairs (mechanical stimuli) 

determined. After injury, there is a significant increase in the intensity of stimulus 

required to induce a response, due to removal of DR afferents (Figure 2-9D). While there 

was a significant reduction in threshold over time in both WT and kaBRAF groups, there 
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was no significant difference in paw withdrawal threshold on the injured forepaw 

between groups at any time point, except day 49 (Figure 2-9D). The other test used to 

detect recovery of mechanoception was the forepaw sticker test. Stickers were placed on 

the dorsal surface of the mouse forepaw and the time to detection (Contact Time) and the 

time to removal (Removal Time) were measured. Surprisingly, I found no significant 

difference in contact time before and after injury (Figure 2-9E). This likely indicates that 

the mice used other sensory systems to help detect the stimulus. Conversely, there was a 

significant increase in the time it took each mouse to remove the sticker at Day 7 

compared to baseline (Day -7) (Figure 2-9F). However, there was no significant 

difference between the WT and kaBRAF groups over time. There was no change in either 

measure in the left forepaw between baseline and any time point tested (data not shown). 

Nociception is mediated through CGRP- and IB4-positive neurons whose axonal 

targets lie within the superficial laminae of the dorsal horn (Schoenen and Grant, 2004; 

Noback et al., 2005). Accordingly, these sensory axons must only re-grow a short 

distance to reach their respective intraspinal targets after injury. Thermal nociception was 

tested by measuring ipsilateral and contralateral paw withdrawal latency (PWL) from a 

50 °C hot water bath. Both WT and kaBRAF mice showed loss of nociceptive function in 

the injured right forepaw at 7 days after C5-T1 dorsal root crush injury, as indicated by a 

significant increase in PWL (Figure 2-9G). Nociceptive function in the uninjured forepaw 

remained unchanged throughout the entire testing period (not shown). Neither group of 

mice showed restoration of nociception by 2 months after injury. Analysis showed no 

significant difference in PWL between the two groups at any time point.  
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I also measured grip strength for each animal as a test of integrated sensorimotor 

function. I did not find that the injury significantly impaired grip strength compared to 

baseline (Figure 2-9H). Nor did I find a significant difference between WT and kaBRAF 

iTg groups at any time point. This test measured left and right forepaw grip strength 

simultaneously, so it is likely that the intact left side precluded me from detecting a 

difference in right side function between the two groups. Taken together, this 2 month 

analysis shows kaBRAF expression promotes sustained regeneration across the DREZ, 

but does not lead to significant behavioral recovery.  

 

PTEN Deletion Does Not Promote Regeneration Across the DREZ 

To determine the effect of PTEN deletion on DR axon regeneration, I used a 

brn3aCreER
T2

: tdTOM: PTEN
f/f 

inducible transgenic line to delete PTEN from sensory 

neurons in the adult DRG following 4-HT administration. I performed the same 3 week 

anatomical analysis depicted in Figure 2-7A. As there is minimal data available on PTEN 

expression in adult sensory neurons, I started by qualitatively assessing PTEN expression 

levels in sensory neurons of WT mice. Immunostaining reveals high PTEN expression in 

DRG neurons, consistent with an earlier report (Figure 2-10A, left) (Christie et al., 2010). 

PTEN is also detected in DRG neurons 3 weeks after a DR injury in the WT mouse 

(Figures 2-10A, middle). Moreover, inducible deletion of PTEN selectively in sensory 

neurons shows a decrease in PTEN expression (Figure 2-10A, right). I also found that 

satellite glia express PTEN. Its expression is both retained in these cells after injury and 

evident in the DRGs of PTEN iKO mice (Figure 2-10).   
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Figure 2-10. PTEN deletion does not promote axon regeneration across the DREZ 
(A) Immunostaining of the adult DRG for PTEN shows similar levels in both the intact 

(left) and injured (middle) (3 weeks post-crush) WT mouse. Levels are particularly high 

in small-diameter neurons and satellite cells.  PTEN expression is severely diminished in 

sensory neurons of PTEN iKO following 4-HT administration . (B) Western blot analysis 

of intact WT or PTEN iKO DRG lysates to confirm loss of PTEN and activation of PI3K-

Akt signaling. Molecular mass is noted in kilodaltons. Spinal cord cross section shows 

GFP-labeled regenerating axons in WT (C-C’”) and PTEN iKO (D-D’”) groups. A few 

axons in the PTEN iKO group may penetrate deeper into the DREZ or grow along the 

surface of the pia mater, but they do not grow into the CNS. (C’, D’) Dotted line 

indicates outer border of the DREZ, as identified by GFAP immunostaining of astrocytes. 

(C”, D”) Merged GFP & GFAP images. (D’”) Magnified image from D. (E) Analysis of 

axon growth shows no significant difference between WT and KO groups at any distance 

from the GFAP border. n = 5 mice per group, at least 5-6 sections per mouse, unpaired t 

test. Values represent mean ±SEM.  Scale bar: A, D”’ = 50 μm, C-D” = 100 μm. 

 

Western blot analysis showed only a minor decrease in PTEN levels following 4-HT 

administration (Figure 2-10B). This is likely due to non-neuronal cells in the DRG lysate 

(i.e. satellite cells) expressing PTEN in PTEN iKO mice. I also observed upregulation of 

the downstream signaling effector pS6, which indicates efficient deletion of PTEN in 

PTEN iKO mice (Figure 2-10B).  

I next assessed the effect of PTEN deletion on axon regeneration across the 

DREZ at 3 weeks after DR injury. In WT animals, injured DR axons regenerated along 

the DR but failed to penetrate the DREZ (Figure 2-10C-C”). After PTEN knockout, I 

observed a few GFP-labeled axons which penetrated deeper into the DREZ or grew along 

the pia mater (Figure 2-10D-D”’). However, regenerating axons did not cross the DREZ 

in PTEN iKO mice (Figure 2-10E).  Axon number index showed no significance between 

WT and PTEN iKO groups (Figure 2-10E). These results show that deletion of PTEN 

alone does not promote regeneration of axons across the DREZ.  
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SOCS3 Deletion Does Not Promote Regeneration Across the DREZ 

To determine whether SOCS3 deletion can improve DR axon regeneration across the 

DREZ, I used a brn3aCreER
T2

: tdTOM: SOCS3
f/f 

transgenic line to delete SOCS3 

selectively in sensory neurons of the adult DRG following 4-HT administration. Western 

blotting failed to reveal a knockdown of SOCS3 or pSTAT3 (Figure 2-11A). Thus could 

be due to high expression of SOCS3 in non-neuronal cells or poor antibody specificity. 

However, there is a marked upregulation of surviving in SOCS3 iKO mice. Survivin, a 

member of the inhibitor of apoptosis (IAP) protein family, is a well-validated 

downstream target of pSTAT3 activity (Kanda et al., 2004; Gritsko et al., 2006; Sehara et 

al., 2013). Survivin is strongly expressed during development, but is usually undetectable 

in most differentiated adult tissues (Ambrosini et al., 1997; Adida et al., 1998; Altieri, 

2003). High survivin expression in the adult is typically detected in cells associated with 

high proliferative potential, including colonic epithelial cells and tumor cells (Ambrosini 

et al., 1997; Adida et al., 1998; Altieri, 2003). Thus, increased survivin expression 

indicates JAK-STAT3 signaling activation in the SOCS3 iKO (Figure 2-11A). TdTomato 

expression in SOCS3 iKO also indirectly confirms Cre-recombinase activity and 

transgene activation (data not shown).  

 Three weeks after DR injury, I assessed axon regeneration in both the WT and 

SOCS3 iKO groups. Injured DR axons in the WT group did not regenerate across the 

DREZ. (Figure 2-11B-B’). In the SOCS3 iKO group, I found no axon regeneration past 

the DREZ (Figure 2-11C-C’). Regenerating axons can be observed along the DR, but do 

not cross the GFAP border. Analysis of axon index showed no significant difference  
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Figure 2-11. SOCS3 deletion does not promote axon regeneration across the DREZ 
(A) Western blotting confirms induction of JAK-STAT3 pathway signaling by 

upregulation of survivin.  No regeneration of GFP-labeled sensory axons is observed past 

the DREZ in WT (B-B’) or SOCS3 iKO (C-C’) groups. Dotted line indicates outer 

border of the DREZ, as identified by GFAP immunostaining of astrocytes. (B’, C’) 

Merged GFP & GFAP images. (D) Axon number index shows no significant difference 

between the two groups at any distance. n = 4-5 mice per group, at least 5-6 sections per 

mouse, unpaired t test. Values represent mean ±SEM.  Scale bar: 100 μm. 

 

between WT and SOCS3 iKO groups (Figure 2-11D). Thus, SOCS3 deletion in DRG 

neurons does not enable their axons to penetrate the DREZ.  

 

Discussion 

I have found that direct upregulation of BRAF-MEK-ERK signaling through inducible 

expression of a constitutively active form of B-RAF selectively in sensory neurons of the 

DRG enables some regeneration of axons across the DREZ but does not improve sensory 

recovery by 2 months after injury. Moreover, inducible deletion of the endogenous 

growth inhibitors PTEN and SOCS3 – to elevate intrinsic PI3K-Akt and JAK-STAT3 

signaling, respectively – fails to promote sensory axon regeneration across the DREZ at 3 

weeks after injury. Thus, individually targeting the major growth-associated signaling 

pathways to elevate the growth competence of adult sensory neurons is not an effective 

strategy to promote robust, long-distance axon regeneration across the DREZ and into the 

spinal cord. Earlier work identified expression of kaBRAF as a potential strategy to 

promote DR regeneration. My findings here further explored the efficacy of kaBRAF in 

promoting DR axon regeneration into the adult spinal cord. This study is also the first to 
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investigate the effect of PTEN and SOCS3 deletion on intraspinal sensory axon 

regeneration.  

As previously described, prior work from our lab demonstrated that kaBRAF 

expression led to significant DR axon regeneration into the superficial laminae of the DH. 

However, these results were confounded by the presence of inflammation near the DREZ.  

In the present study, I discovered that kaBRAF expression selectively in sensory neurons 

stimulates some axon growth past the DREZ and into the superficial layers of the DH at 3 

weeks after a DR crush injury. In addition to playing an important role in development, I 

found that activation of B-RAF enhances axon regeneration of adult sensory neurons. 

This effect is likely mediated by activation of MEK 1/2. Consistent with this data, 

kaBRAF expression in RGCs promotes enhanced regeneration of injured axons along the 

optic nerve. This growth was abrogated by knockout of MEK 1/2, indicating the growth-

promoting effects of kaBRAF are due to canonical signaling cascades (O'Donovan et al., 

2014). Encouraged by the extent of regeneration at just 3 weeks, I assessed anatomical 

and behavioral recovery at 2 months. I was surprised to find that continued expression of 

kaBRAF permitted only minimal additional growth into the spinal cord and no significant 

recovery of sensory function. Anatomical analysis revealed a distinct lack of large-

diameter axon growth into deeper spinal cord layers required for processing of 

proprioceptive and mechanoceptive stimuli, consistent with results from the behavioral 

assays. While I did not explicitly look at small-diameter axon regeneration, given that 

kaBRAF expression during development can promote overgrowth of intraspinal CGRP-

positive fibers (Zhong et al., 2007) and this sensory subtype needs to regenerate only a 
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relatively short distance to reach intraspinal targets, I found the lack of nociceptive 

recovery unexpected. Further analysis will be required to elucidate the effect of kaBRAF 

on regeneration of specific sensory subtypes. These studies are the first to assess the role 

of BRAF-MEK-ERK signaling in adult sensory neurons after DR injury and should 

motivate exploration of possible combinatorial applications with other growth-promoting 

strategies to enhance DR axon regeneration into the spinal cord.   

Strategies aimed at deletion or knockdown of the growth-inhibitor PTEN have 

reportedly promoted axon regeneration in other CNS or PNS injury model systems, but 

has not been tested in DR injury (Park et al., 2008; Christie et al., 2010; Zukor et al., 

2013; Danilov and Steward, 2015). I identified PTEN in both intact and injured adult 

DRG neurons, indicating it may be suppressing growth ability of adult DRG neurons. I 

also demonstrated in immunohistochemical and Western blot analyses significant 

knockdown of PTEN in sensory neurons following 4-HT administration, which induced 

pS6 upregulation.  Despite evidence of PI3K-Akt-mTOR pathway activation, the data 

reveals no DR axon regeneration into the CNS after PTEN deletion. Instead, axons 

stopped at the DREZ. Considering that regenerating axons in wildtype conditions 

normally arrive at the DREZ within 7 days after crush, it is unlikely that I would observe 

more growth at later time points (Di Maio et al., 2011). These results are in opposition to 

what has been previously reported in other injury models, which could suggest: (1) PI3K-

Akt signaling is not important for regenerative growth in the adult sensory neuron. 

Consistent with this, pharmacological inhibition of PI3K in vitro does not prevent neurite 

outgrowth of injured sensory neurons (Liu and Snider, 2001). (2) PTEN is not the only 
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major source of inhibition for this pathway in sensory neurons. Protein phosphatase 2A 

(PP2A) and PH domain and leucine rich repeat protein phosphatase 1/2 (PHLPP1/2) are 

other phosphatases known to regulate Akt to reduce downstream signaling activation 

(Mistafa et al., 2010). Moreover, downstream effectors of PI3K-Akt-mTOR signaling 

such as S6K1 can participate in negative feedback mechanisms to limit Akt activation 

(Yang et al., 2014). (3) Deletion of PTEN likely enhances growth cone protrusion and 

microtubule assembly but may not elicit a sufficient cell body response required for 

sustained, robust axon regeneration. PTEN is known to play an important role in 

regulation of growth cone dynamics by inhibition of local PI3K-Akt signaling; however, 

its role in the soma and nucleus is less clear (Chadborn et al., 2006; Kreis et al., 2014; 

Krishnan and Zochodne, 2015). (4) Other mTOR-independent effectors of activated 

PI3K-Akt signaling following PTEN deletion may not be sufficiently induced. Previous 

work suggests the growth-promoting effects of PI3K-Akt signaling may be due mTOR-

independent mechanisms, such as through GSK3β or Smad1 (Abe et al., 2010; Saijilafu 

et al., 2013; Guo et al., 2016). (5) PI3K-Akt signaling may already be highly active after 

DR injury in wildtype conditions, limiting the effect of additional PTEN deletion on axon 

regeneration. (6) PTEN deletion may promote regenerative growth along the DR but is 

not sufficient to overcome extracellular growth-inhibitory cues at the DREZ. Further 

analysis would be required to decipher the mechanisms behind failure of PTEN deletion 

to promote intraspinal DR axons regeneration. 

This work is also the first to investigate a role for SOCS3 deletion in promoting 

sensory axon regeneration into the spinal cord – a strategy used with some success in 
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other injury models (Miao et al., 2006; Smith et al., 2009; Sun et al., 2011). To this end, I 

provided evidence from Western blot analysis showing upregulation of survivin 

following SOCS3 deletion. As survivin is a downstream effector of activated STAT3, 

survivin induction indicates greatly enhanced JAK-STAT3 signaling following SOCS3
f/f

 

transgene activation (Kanda et al., 2004; Gritsko et al., 2006; Sehara et al., 2013). 

Western blot fails to detect a significant difference in SOCS3 or pSTAT3 levels 

following 4-HT administration, which could be due to poor antibody specificity or 

expression of these proteins by non-neuronal cells.  

Despite evidence from the optic nerve model that suggests SOCS3 deletion is an 

important strategy to enhance regeneration, I found that SOCS3 deletion in sensory 

neurons of the adult DRG does not promote growth of DR axons past the DREZ by 3 

weeks after injury (Smith et al., 2009; Sun et al., 2011). There are several hypotheses that 

could explain failure of SOCS3 deletion to promote intraspinal DR axon regeneration: (1) 

Endogenous SOCS3 is not a major inhibitor of axon growth in sensory neurons. 

Consistent with my results, previous in vitro data shows that inhibition of SOCS3 in 

either conditioned or sham injured DRG neurons minimally enhances neurite outgrowth 

of DRG neurons (Miao et al., 2006). (2) Full activation of JAK-STAT3 signaling in 

sensory neurons may require injury-induced activation by a preceding conditioning 

lesion. Considerable evidence has demonstrated JAK-STAT3 signaling via gp130 

receptor activation is critical for mediating the conditioning lesion effect of DRG sensory 

neurons (Cafferty et al., 2001; Cafferty et al., 2004; Qiu et al., 2005; Zhou and Snider, 

2006). Without a conditioning lesion, the effects of SOCS3 deletion may have been 
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limited. In support of this, SOCS3 overexpression has a pronounced effect on neurite 

outgrowth of conditioned, but not sham injured sensory neurons (Miao et al., 2006). (3) 

SOCS3 deletion promotes enhanced axon regeneration along the DR (which was not 

measured by this study) but not across the DREZ. In support of this, elegant in vivo 

imaging work has identified STAT3 activity to be important for initiation of sensory axon 

growth after sciatic nerve or DC injury, but not perpetuation of growth (Bareyre et al., 

2011). It is therefore possible that SOCS3 deletion enhances initial axon outgrowth in the 

DR, but fails to prolong axonal re-growth into the spinal cord. (4) Administration of 

neuropoietic cytokines may be required for full activation of JAK-STAT3 signaling. 

Exogenous administration of CNTF has been shown to greatly increase SOCS3-mediated 

axon regeneration in the optic nerve and is important for promoting pSTAT3 

upregulation following SOCS3 deletion (Miao et al., 2006; Smith et al., 2009; Sun et al., 

2011). I did not administer exogenous cytokines to the injured animals which may have 

limit the extent of regeneration I observe following SOCS3 deletion.  

Taken together, I conclude that direct activation of BRAF-MEK-ERK, PI3K-Akt, 

and JAK-STAT3 signaling individually does not promote robust intraspinal regeneration 

of adult sensory neurons in the DRG. However, I observed modest, but significant, 

regeneration across the DREZ upon constitutive activation of B-RAF. In the next chapter, 

I investigated if combinatorial deletion of myelin-associated inhibitors, PTEN, or SOCS3 

markedly boosts regeneration of kaBRAF-expressing sensory neurons, enabling many 

more axons to penetrate the DREZ and grow deeper into the spinal cord.  
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CHAPTER 3 

CONSTITUTIVE ACTIVATION OF B-RAF IN COMBINATION WITH 

DELETION OF MYELIN-ASSOCIATED INHIBITORS, PTEN, OR SOCS3 TO 

PROMOTE DORSAL ROOT REGENERATION 

 

Introduction 

The ability of sensory afferents to regenerate deeply into the spinal cord is largely limited 

by the poor intrinsic growth response of adult DRG sensory neurons to injury and by 

extrinsic inhibitory molecules (Golding et al., 1997; Ramer et al., 2001; Huebner and 

Strittmatter, 2009). Individually manipulating three major signaling pathways 

downstream of growth factor receptors through targeted expression of kaBRAF or 

deletion of PTEN or SOCS3 fails to promote the robust intraspinal DR axon regeneration 

required for anatomical regeneration and functional recovery. One explanation for this 

limited growth response to injury is that no single pathway is sufficient to drive robust 

and sustained axon regeneration. Indeed, recent reports have readily demonstrated that 

combined application of multiple intrinsic growth strategies is more effective than any 

one treatment alone. For example, lentiviral administration of NT-3 to the spinal cord of 

rats expressing caRheb within sensory neurons of the DRG significantly enhanced 

anatomical and functional regeneration after a DR injury compared to administration of 

NT-3 alone (Liu et al., 2016). Elevation of intrinsic growth potential through 

intraganglionic injections of oncomodulin, a macrophage-secreted protein, and the cAMP 

analog db-cAMP modestly improved sensory axon regeneration across the DREZ 

compared to individual treatments (Harel et al., 2012). Moreover, following a DC lesion, 

NT-3 mediated regeneration of ascending sensory afferents could be enhanced when 
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combined with intraganglionic cAMP (Lu et al., 2004) or a conditioning lesion (Blesch et 

al., 2012). Recent reports from other injury models further highlight the importance of 

combinatorial strategies to improve axon regeneration. Combined expression of kaBRAF 

with PTEN deletion targeted to RGCs also enables significantly more optic nerve 

regeneration than either strategy alone (O'Donovan et al., 2014). Two weeks following 

optic nerve crush, there is a synergistic effect on RGC axon regeneration along the optic 

nerve and RGC survival when both PTEN and SOCS3 are concurrently deleted. These 

effects are even more pronounced at 4 weeks, suggesting a sustained influence on RGCs 

in the absence of PTEN and SOCS3 (Sun et al., 2011).  Similarly, adenoviral expression 

of a constitutively active form of MEK (caMEK) enhanced constitutively active STAT3 

(caSTAT3)-mediated optic nerve axon regeneration (Luo et al., 2016). Additional 

deletion of PTEN in these RGCs significantly boosted axon regeneration leading to long-

distance growth deep within brain tissue (Luo et al., 2016).  

Other combinatorial strategies used to enhance growth include targeting both the 

intrinsic and extrinsic components limiting DR axon regeneration. Inflammation-induced 

preconditioning of adult sensory neurons by zymosan injection to DRGs combined with 

chondroitinase digestion of CSPGs promotes regeneration of sensory afferents across the 

DREZ (Steinmetz et al., 2005).  This effect is not observed with single treatment alone. 

Another study showed that transduction of adult sensory neurons with AAV-caRheb and 

enzymatic removal of CSPGs resulted in functional synaptogenesis of regenerating 

sensory axons. This was evidenced by increased cFos-positive cells (a marker of neural 

activity) following median or ulnar nerve stimulation (Wu et al., 2016).  After DC 
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transection, neutralization of the NG2 proteoglycans combined with a preceding 

conditioning lesion of the peripheral nerve promotes regeneration across the lesion site 

and into the white matter caudal to the lesion (Tan et al., 2006). Moreover, a triple 

combination of intraventricular chondroitinase infusion, intrathecal administration of a 

NgR decoy peptide, and a sciatic nerve conditioning lesion leads to long-distance 

regeneration of injured DC axons (Wang et al., 2012).   

These reports emphasize the effectiveness of combining treatment strategies to 

promote axon regeneration in both CNS and PNS injury models. Thus, I hypothesize that 

adult sensory neurons likely require a more pronounced change in intrinsic growth status 

and/or extrinsic inhibitory environment that cannot be obtained by application of just one 

single treatment strategy. In this chapter, I investigated the potential of simultaneous 

activation of two or more intrinsic signaling pathways to promote robust DR axon 

regeneration. This includes analysis of kaBRAF with SOCS3 deletion, kaBRAF with 

PTEN deletion, PTEN and SOCS3 deletion, or kaBRAF with PTEN and SOCS3 deletion. 

I also investigated the extent of intraspinal sensory axon regeneration after induced 

expression of kaBRAF while inactivating the myelin-associated inhibitors.  

 

Materials and Methods 

Animals 

Male or female mice, aged 10-14 weeks and weighing 20-30 g, were used for all 

experimental procedures. All animal care and procedures were conducted in accordance 

with the National Research Council’s Guide for the Care and Use of Laboratory Animals 
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and approved by the Institutional Animal Care and Use Committee at Lewis Katz School 

of Medicine at Temple University, Philadelphia, PA, USA. Mouse transgenic lines were 

bred and maintained from those lines generously donated by J. Zhong (Weill Cornell 

Medical School at Cornell University, NY), including LSL-kaBRAF: SOCS3
f/f

: brn3a-

CreER
T2 

(kaBRAF/SOCS3 iTg), LSL-kaBRAF: PTEN
f/f

: brn3a-CreER
T2 

(kaBRAF/PTEN 

iTg), PTEN
f/f

: SOCS3
f/f

: brn3a-CreER
T2 

(PTEN/SOCS3 iDKO), and LSL-kaBRAF: 

PTEN
f/f

: SOCS3
f/f

: brn3a-CreER
T2 

(kaBRAF/PTEN/SOCS3 iTg). The LSL-kaBRAF: 

brn3a-CreER
T2

: Nogo
-/- 

: MAG
-/-

: OMgp
-/- 

(kaBRAF/tKO iTg) line was obtained by 

crossing the LSL-kaBRAF: brn3a-CreER
T2 

 line with a Nogo/OMgp/MAG triple 

knockout line generated as described previously (Liu et al., 2016). Littermates or age-

matched mice were used as controls.   

 

Genotyping 

Tail biopsies were obtained from 2-3 week old mice. Samples were prepared, lysed, and 

DNA was extracted using the REDExtract-N-Amp
TM

 Tissue PCR kit (Sigma, #XNAT). 

DNA was amplified using the following primers for PCR: Nogo = 5’-CAG TAG CTG 

CAG CAT CAT CG-3’ (common forward), 5’-CTC TCC AGC ACC TCC AAT TC-3’ 

(reverse, wildtype allele), 5’-AGA GGA ACT GCT TCC TTC AC-3’ (reverse, mutant 

allele), OMgp = 5’-GCA ATC AAC ATA AGA TGA CTT AAC-3’(forward, wildtype 

allele), 5’-CAT TCT ATC ATA TAA AGG CTC CG-3’ (forward, mutant allele), 5’-

ACA CAA CTT CTT CAC TCT CCC C-3’(common reverse), MAG = 5’-CTG CCG 

CTG TTT TGG ATA ATG-3’ (common forward), 5’-CGG AAA TAG TAT TTG CCT 
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CCC-3’ (reverse, wildtype allele), 5’-ATG TGG AAT GTG TGC GAG GC-3’ (reverse, 

mutant allele). PCR conditions for Nogo, OMgp, MAG were 94 °C for 4 min, 35 cycles 

at 94°C for 30 sec, 58°C for 45 sec, 72°C for 1 min, and 72°C 10 min. PCR primers and 

conditions for B-RAF, PTEN, SOCS3, and Cre were as previously described in Chapter 

2. Alternatively, tails may have been genotyped by Mouse Genotype in Escondido, CA. 

 

4-Hydroxytamoxifen (4-HT) Preparation 

4-HT was administered as described previously in Chapter 2. Briefly, control and 

experimental mice were injected with sunflower oil or 4-HT, respectively, once a day for 

5 days. The mice were allowed to rest for 2 days prior to DR crush surgery.   

 

Surgical Procedures/AAV Injections 

For detailed methods, see Chapter 2. Briefly, under anesthesia animals underwent a C5 & 

C7 DR crush surgery and AAV2-eGFP was injected into ipsilateral C5 and C7 DRGs 

immediately after the crush. Mice were killed 3 weeks after the surgery for anatomical 

analysis.  

 

Immunohistochemistry 

Immunohistochemical procedures were performed as described in Chapter 2. Primary 

antibodies used for immunostaining in this set of experiments: chicken anti-GFP (1:1000, 

Avés Labs Inc., #1020) and rabbit anti-GFAP (1:500, Dako, Z0334). Secondary 

antibodies used were Alexa Fluor 647 goat anti-rabbit IgG (1:400, Molecular Probes, A-
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21244) and Alexa Fluor 488 donkey anti-chicken IgG (1:400, Jackson ImmunoResearch 

Labs Inc., 703-545-155). DAPI nucleic acid stain (1:1000, Invitrogen, D-1306) for 

neuronal or non-neuronal cell nuclei was used to counterstain. Stained sections were 

mounted with media for fluorescence (Vectashield, Vector Laboratories Inc., CA) and a 

glass coverslip.  

 

Microscopy and Image Acquisition 

Images were obtained using the Axio Imager (Zeiss) upright florescence microscope and 

AxioVision (Zeiss) software or a Leica SP8 confocal microscope with a 20X objective 

and Leica software (details in Chapter 2). All images were processed using Imaris 

(Bitplane) and Photoshop (Adobe).  

 

Axon Density and Axon Number Index 

Axon regeneration was quantified by measuring both the axon number index and axon 

density with the spinal cord, as previously described in Chapter 2. Briefly, axon numbers 

were normalized to the section with the highest number of labeled fibers in the dorsal 

root 100 μm before the GFAP border. The final data is presented here as the ratio of 

labeled axons at various distances past the DREZ to the number of labeled axons in the 

dorsal root of each section. For axon density, the optical density of GFP-labeled axons 

within the spinal cord gray matter was measured and normalized to the optical density 

within the DR. Data is presented as the relative pixel intensity. At least 5 sections from 
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the level of root injury were selected at random from at least 3 animals for both measures 

of axon regeneration.  

 

Statistical Analysis 

GraphPad Prism software was used for all statistical analyses. Data on axon density and 

axon number index were analyzed by unpaired Student’s t-test and 1-way or 2-way 

ANOVA followed by Tukey’s or Sidak’s post-hoc test as described in the figure legends. 

All data is presented as mean ± SEM. Sample sizes are also described in the figure 

legends. Results were considered statistically significant if the p-value is < 0.05.  

 

Results 

Additional Deletion of Myelin-Associated Inhibitors Does Not Enhance kaBRAF-

Mediated Axon Regeneration 

A major barrier to axon regeneration in the CNS is believed to be the presence of 

inhibitory factors within the extracellular milieu, including those associated with the 

myelin (Lee et al., 2010). I first tested whether I could enhance kaBRAF-mediated 

regeneration at 3 weeks after DR injury through additional deletion of Nogo, MAG, and 

OMgp, three major myelin-associated inhibitors (Fitch and Silver, 2008; Huebner and 

Strittmatter, 2009). To this end, I crossed the previously described LSL-kaBRAF: 

tdTomato: brn3aCreER
T2  

 inducible transgenic line with a Nogo
-/-

: MAG
-/-

: OMgp
-/- 

triple 

knockout line to obtain quadruple mutants (Lee et al., 2010). Anatomical analysis was 

performed at 3 weeks after C5 & C7 DR injury, as depicted in Figure 2-7A. Anatomical 
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assessment of Nogo/MAG/OMgp tKO shows GFP-labeled regenerating sensory axons 

along the DR, but most axons stop at the GFAP border (Figure 3-1A-A’). In the 

kaBRAF/tKO iTg group, regenerating axons penetrated the DREZ and grew into the 

CNS, as evidenced by GFP-labeled axons in the superficial laminae of the DH (Figure 3-

1B-B’). However, this growth appears comparable to that observed with expression of 

kaBRAF alone (Figure 2-7).  

Quantitative analysis of axon number index does not show a significant difference 

in axon growth between kaBRAF and kaBRAF/tKO iTg groups at any distance into the 

CNS (≥ 200 μm from the GFAP border) (Figure 3-1C). Moreover, analysis of axon 

density shows no statistical difference between these two groups (Figure 3-1D). 

Therefore, qualitative and quantitative data both indicate kaBRAF and kaBRAF/tKO iTg 

groups are similar with respect to the overall amount of regeneration in the spinal cord 

and the distance regenerating axons grow past the DREZ. There is no significant 

difference detected in either axon number index or axon density between the WT and 

tKO groups, suggesting that removal of MAIs do not enable axon regeneration across the 

DREZ. Taken together, deletion of the extrinsic myelin-associated inhibitors Nogo, 

MAG, and OMgp does not enhance kaBRAF-mediated axon regeneration across the 

DREZ.  
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Figure 3-1. Additional deletion of the myelin-associated inhibitors does not improve 

kaBRAF-mediated axon regeneration at 3 weeks after DR injury Cross section of the 

spinal cord containing GFP-labeled regenerating sensory axons in tKO (A-A’) and 

kaBRAF/tKO iTg (B-B’) mice 3 weeks after DR crush injury. Dotted line indicates outer 

border of the DREZ, as identified by GFAP immunostaining of astrocytes. (A’, B’) 

Merged GFP & GFAP images. (C) Quantification of axon growth shows significantly 

improved axon regeneration in the kaBRAF/tKO group over the kaBRAF group at 100 

μm from the GFAP border. kaBRAF/tKO group also shows significant growth compared 

to tKO at 100 μm (****) and 200 μm (***). There was no significant difference between 

tKO and WT group. (D) Axon density shows no significant difference between kaBRAF 

and kaBRAF/tKO groups. There is a significant difference between kaBRAF or 

kaBRAF/tKO groups and tKO or WT. n = 3-5 mice per group, at least 5-6 sections per 

mouse, **** P < 0.0001, *** P < 0.001, n.s. = not significant, one-way or two-way 

ANOVA with Tukey’s multiple comparisons test. Values represent mean ±SEM.  Scale 

bar: 50 μm. 

 

PTEN and SOCS3 Deletion Do Not Act Synergistically to Promote Intraspinal Axon 

Regeneration 

In the optic nerve model, concomitant deletion of PTEN and SOCS3 in RGCs results in 

dramatically long-distance regeneration of optic nerve axons; a finding that may be 

explained by the relative independence of PI3K-Akt and JAK-STAT3 signaling pathways 

(Sun et al., 2011; Jin et al., 2015). In Chapter 2, I showed that PTEN or SOCS3 deletion 

fails to promote intraspinal DR axon regeneration of injured sensory axons, however it is 

possible that simultaneous deletion of these two inhibitors may promote regeneration 

across the DREZ. To test this hypothesis, I used a brn3aCreER
T2

: tdTOM: PTEN
f/f

: 

SOCS3
f/f

 transgenic mouse line and analyzed regeneration at 3 weeks after DR injury. In 

WT mice, axon regeneration stops at the DREZ (Figure 3-2A-A’).  Similarly, combined 

PTEN and SOCS3 deletion in sensory neurons of the adult DRG failed to promote 

intraspinal DR axon regeneration. GFP-labeled regenerating axons are observed along the 

DR but they do not grow past the GFAP border (Figure 3-2B-B’).  
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Figure 3-2. PTEN and SOCS3 co-deletion does not enhance intraspinal DR axon 

regeneration Axon regeneration is observed along the DR in both the WT (A-A’) and 

PTEN/SOCS3 iDKO (B-B’) groups. GFP-labeled axons are not found in the spinal cord 

in either group. Dotted line indicates outer border of the DREZ, as identified by GFAP 

immunostaining of astrocytes. (A’, B’) Merged GFP & GFAP images. (C) Comparison 

of axon number index between PTEN/SOCS3 iDKO and SOCS3 iKO, PTEN iKO, and 

WT shows no significant difference at any distance. n = 4-5 mice per group, at least 5-6 

sections per mouse, unpaired t test. Values represent mean ±SEM. Scale bar: 100 μm. 

C 
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Quantitative analysis shows no significant difference in axon growth at any distance 

measured between the PTEN/SOCS3 iDKO group and PTEN iKO, SOCS3 iKO, or WT 

groups (Figure 3-2C). These results show that co-deletion of PTEN and SOCS3 does not 

promote growth of injured DR axons across the DREZ.  

 

Robust Regeneration of Injured DR Axons Is Induced by Constitutive Activation of B-

RAF with Simultaneous PTEN Deletion 

To investigate whether additional deletion of PTEN could enhance kaBRAF-mediated 

DR axon regeneration into the spinal cord at 3 weeks after a DR injury, I used a 

brn3aCreER
T2

: tdTOM: BRAF
V600E

: PTEN3
f/f

 transgenic mouse line. Representative 

images of sensory axon regeneration following PTEN deletion (PTEN iKO) (Figure 3-

3A-A’, a) or kaBRAF expression (kaBRAF iTg) (Figure 3-3B-B’, b) in sensory neurons 

of the DRG are shown again for comparison. Regeneration in these groups has previously 

been described in detail (Figures 2-7 & 2-10). Briefly, PTEN deletion fails to promote 

regeneration across the DREZ while kaBRAF promotes limited intraspinal regeneration 

and only to the superficial DH at 3 weeks after DR injury. Remarkably, induced 

expression of kaBRAF with concomitant PTEN deletion resulted in robust regeneration 

of injured DR fibers past the DREZ and deeply into the spinal cord (Figure 3-3C-C’, c). 

At 3 weeks after injury, GFP-labeled regenerating axons have grown along the DR, 

across the DREZ, and throughout the superficial layers of the DH (Figure 3-3C-C’, 3-

4A). Many axons have even reached the deeper layers of the spinal cord, with fibers 

present in the intermediate DH and nearing the ventral motor neuron pools (Figure 3-3c).  
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Figure 3-3. Robust regeneration of injured DR axons across the DREZ is induced by 

constitutive activation of B-RAF in combination with PTEN deletion Cross section of 

spinal cord shows GFP-labeled regenerating axons at 3 weeks after DR injury in PTEN 

iKO (A-A’, a), kaBRAF iTg (B-B’, b), and kaBRAF/PTEN iTg (C-C’, c) groups. 

Magnified areas from A, B, or C are noted by a, b, or c, respectively. There is dramatic 

axon regeneration into the spinal cord gray matter after simultaneous kaBRAF expression 

and PTEN deletion (C). Growth extends deeply into the ventral horn (c). Dotted line 

indicates outer border of the DREZ, as identified by GFAP immunostaining of astrocytes. 

(A’, B’, C’) Merged GFP & GFAP images. Scale bars: 100 μm. 
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Figure 3-4. kaBRAF expression 

with simultaneous PTEN 

deletion may promote 

functional recovery (A) Cross 

section of kaBRAF/PTEN iTg 

spinal cord. Section is taken 

caudal to that in Figure 3-3C. 

(A’) GFP-labeled axons show 

synaptic-like structures along 

intraspinal axons (white arrows). 

(A”) GFP-labeled axons are also 

found in the ipsilateral DC 

(white arrows). Scale bars: 100 

μm.  

 

Axonal swellings, resembling synaptic 

varicosities (Alvarez et al., 2011; Tong et al., 

2013; Yungher et al., 2015), are frequently 

observed on these axons, implying regenerating 

fibers might have formed synaptic connections 

with second-order neurons (Figure 3-4A’). I also 

observed GFP-labeled axons within the ipsilateral 

dorsal columns (Figure 3-4A”) 

Interestingly, anatomical analysis of 

another kaBRAF/PTEN iTg mouse revealed a 

different axonal growth pattern at 3 weeks after 

injury (Figure 3-5A-A’, a). GFP-labeled 

regenerating axons densely populated the 

superficial DH, while few axons grew into deeper 

layers (Figure 3-5a). The superficial laminae are 

normally innervated by nociceptive axons 

(Schoenen and Grant, 2004; Noback et al., 2005; 

Purves et al., 2012). As most of GFP-labeled axons 

are primarily proprioceptive or mechanoreceptive 

axons, this observation suggests that axons which 

penetrate the DREZ in this animal are not directed 

toward appropriate target neurons. 
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Figure 3-5. kaBRAF with PTEN deletion induces different axonal growth patterns 

(A) Cross section of spinal cord shows GFP-labeled regenerating axons at 3 weeks after 

DR injury in one kaBRAF/PTEN iTg mouse. In this animal, there is high density of 

regeneration into the superficial layers of the dorsal horn, but regenerating axons do not 

extend into the deeper laminal layers. (a) Magnified image from A. DAPI used to 

counterstain cells in the CNS. Dotted line indicates the relative area of the DREZ. (A’) 

Merged GFP & DAPI images. Scale bars: 100 μm. 

 

Statistical analysis of axon growth by the axon number index shows consistently 

significant differences at 100, 200, 300, 400, and 500 μm from the GFAP border between 

the kaBRAF/PTEN iTg group and WT, PTEN iKO, or kaBRAF iTg groups (Figure 3-

6A). It appears that nearly all regenerating DR axons penetrated the DREZ. Of particular 

note, the axon number index in the kaBRAF/PTEN iTg group at 100, 200, and 300 μm 

was greater than 1 (Figure 3-6A). Given that axon measurements are normalized to the 

number of axons present just before the DREZ, an axon number index greater than 1 

implies that there are more axons present in the spinal cord than the DR. While 

speculative, one explanation for this could be that regenerating axons are branching 

within the spinal cord. Quantitative assessment of axon density in the spinal cord also 

reveals a significant difference between kaBRAF/PTEN and WT, PTEN iKO, or 

kaBRAF iTg groups (Figure 3-6B). Taken together, these results show kaBRAF 

expression with simultaneous PTEN deletion induces dramatically robust intraspinal 

growth of DR axons.  
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Figure 3-6. Combined kaBRAF expression and PTEN deletion dramatically 

improves axon growth as assessed quantitatively (A) Quantification of axon growth 

reveals significantly more regeneration in the kaBRAF/PTEN iTg group compared to 

kaBRAF iTg, PTEN iKO, or WT groups at 100, 200, 300, 400, and 500 μm from the 

GFAP border.  Axon number index > 1 could indicate intraspinal branching. (B) 

Measurement of axon density shows significantly higher growth in the spinal cord of 

kaBRAF/PTEN iTg compared to kaBRAF iTg. n = 2-5 mice per group, at least 5-6 

sections per mouse, **** P < 0.0001, * P < 0.05, n.s. = not significant, one-way or two-

way ANOVA with Tukey’s multiple comparisons test. 

 

Additional Deletion of SOCS3 Does Not Enhance Growth Elicited by kaBRAF Activation 

with or without PTEN Deletion 

A recent study has found that direct activation of JAK-STAT3 and RAF-MEK-ERK 

signaling cascades through RGC-expression of caSTAT3 and caMEK significantly 

increases the extent of optic nerve axon regeneration over either treatment alone (Luo et 

al., 2016). As previously detailed, JAK- STAT3 is an important injury-induced signaling 

pathway which functions to improve the cell-body response through downstream 

transcription of regeneration-associated genes partly through retrograde transport of 

STAT3 (Schwaiger et al., 2000; Ben-Yaakov et al., 2012; Luo et al., 2016). Additionally, 

retrograde transport of pERK from the distal site of injury mediates nuclear signaling 
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important for production of materials required for axonal outgrowth (Perlson et al., 

2005).  I therefore reasoned that co-activation of JAK-STAT3 signaling may complement 

the effects of kaBRAF expression and support further regenerative growth. 

To test this hypothesis, I investigated the extent of kaBRAF-mediated sensory 

axon regeneration in combination with SOCS3 deletion or SOCS3 and PTEN co-deletion.  

To this end, I first used a brn3aCreER
T2

: tdTOM: BRAF
V600E

: SOCS3
f/f

 transgenic to 

induce kaBRAF expression and SOCS3 deletion in sensory neurons following 4-HT 

administration. At 3 weeks after injury, GFP-labeled regenerating axons in the 

kaBRAF/SOCS3 iTg group grow along the DR (Figure 3-7A-A’). At the DREZ, a few 

axons are able to cross into the CNS and grow into the uppermost DH layers (Figure 3-

7a). However, statistical analysis shows no significant difference in axon number index 

between kaBRAF/SOCS3 iTg and kaBRAF iTg groups (Figure 3-7B). Thus, SOCS3 

deletion does not potentiate growth of kaBRAF-expressing adult sensory neurons.  

Next, I investigated the effect on DR axon regeneration by targeting all three 

growth-associated signaling pathways (BRAF-MEK-ERK, PI3K-Akt, and JAK-STAT3). 

I used a brn3aCreER
T2

: tdTOM: BRAF
V600E

: PTEN
f/f

: SOCS3
f/f

 transgenic line to induce 

simultaneous activation of kaBRAF with combined PTEN and SOCS3 deletion and 

assessed anatomical regeneration at 3 weeks after a DR injury. In the 

kaBRAF/PTEN/SOCS3 iTg group, regenerating axons are found along the DR and 

within multiple spinal cord laminae (Figure 3-8A-B). GFP-labeled axons densely 

populate the superficial layers (Figure 3-8a) and grow deeply into more ventral spinal 

cord layers (Figure 3-8b). This growth pattern is similar to that elicited by kaBRAF 
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Figure 3-7. SOCS3 deletion does not enhance kaBRAF-induced axon regeneration 

across the DREZ (A) Cross-section of kaBRAF/SOCS3 iTg spinal cord showing GFP-

labeled axons in the DR and superficial DH of the spinal cord. (a) Magnified image from 

A. Dotted line indicates outer border of the DREZ, as identified by GFAP 

immunostaining of astrocytes. (A’) Merged GFP & GFAP images. (B) Axon number 

index shows no significant difference in axon growth between kaBRAF and 

kaBRAF/SOCS3 groups. n = 3-5 mice per group, at least 5-6 sections per mouse, two-

way ANOVA with Tukey’s multiple comparisons test. Values represent mean ±SEM.  

Scale bars: 100 μm. 

 

expression with PTEN deletion (Figures 3-3, 3-4) Moreover, quantitative analysis of 

axon number index shows no  significant difference in axon growth past the DREZ 

between kaBRAF/PTEN/SOCS3 and kaBRAF/PTEN iTg groups (Figure 3-8C). Analysis 

of axon density in the CNS shows a slight increase in intraspinal growth in 

kaBRAF/PTEN/SOCS3 compared to kaBRAF/PTEN iTg mice (Figure 3-8D). Overall, it 

appears that kaBRAF/PTEN and kaBRAF/PTEN/SOCS3 iTg groups are quite similar in 

axon growth pattern and quantitative measures of axon regeneration. Therefore, SOCS3  
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Figure 3-8. Additional deletion of SOCS3 does not significantly enhance 

kaBRAF/PTEN-mediated axon regeneration Two examples of regeneration in the 

kaBRAF/PTEN/SOCS3 iTg group are shown, three weeks after DR injury. (A, B) Axons 

can penetrate the DREZ, populate the superficial DH (a), and grow deeply into the spinal 

cord (b). Dotted line indicates outer border of the DREZ, as identified by GFAP 

immunostaining of astrocytes. Merged GFP & GFAP (A’) or DAPI (B’) images. (C) 

Axon number index reveals a significant difference in axon growth between 

kaBRAF/PTEN/SOCS3 iTg and kaBRAF/PTEN iTg at 100 μm and 600 μm. (D) 

Analysis of axon density in the spinal cord shows a slight, but significant, difference 

between kaBRAF/PTEN/SOCS3 iTg and kaBRAF/PTEN iTg. n = 2-5 mice per group, at 

least 5-6 sections per mouse, **** P < 0.0001, *** P < 0.001, ** P < 0.01, * P < 0.05, 

n.s. = not significant, one-way or two-way ANOVA with Tukey’s multiple comparisons 

test. Scale bars: 100 μm. 
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does not substantially enhance intraspinal regeneration induced by expression of kaBRAF 

with concurrent PTEN deletion. 

 

Discussion 

Earlier works have demonstrated the efficacy of combinatorial strategies to potentiate 

axon regeneration following injury. Here, I found that constitutively active B-RAF with 

simultaneous PTEN deletion – but not SOCS3 or MAI deletion – enables extensive DR 

axon regeneration deeply into the spinal cord. My findings suggest dramatic synergistic 

activity of concomitant activation of B-RAF and inactivation of PTEN on enhancing the 

intrinsic growth capacity of adult sensory neurons of the DRG. The results described here 

are the first to show that simultaneously targeting B-RAF and PTEN may be a promising 

strategy to promote sustained, long-distance regeneration of injured DR axons. It will be 

interesting to explore whether combined kaBRAF with PTEN deletion in sensory neurons 

leads to functional and behavioral recovery. Moreover, elucidation of the mechanisms 

behind the observed synergism could reveal additional, novel targets for development of 

strategies to promote CNS regeneration after injury.  

I first tested the hypothesis that additional deletion of the extrinsic inhibitors 

Nogo, MAG, and OMgp would enhance kaBRAF-mediated DR regeneration. I found that 

removal of the myelin-associated inhibitors does not enhance sensory axon growth across 

the DREZ in neurons expressing kaBRAF. These results are consistent with earlier 

reports that demonstrate targeting extrinsic myelin-associated inhibitory factors does not 

enhance central axon regeneration after spinal cord injury (Lee et al., 2009; Lee et al., 
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2010). Yet, it would be interesting to investigate whether removal of other inhibitory 

extra-neuronal molecules (i.e. CSPGs) or inhibition of downstream inhibitory signaling 

(Fujita and Yamashita, 2014; Liu et al., 2015) might improve DR sensory axon 

regeneration in combination with kaBRAF expression.  

My study, most importantly, has revealed a promising strategy for achieving 

robust regeneration of injured DR axons into the spinal cord: concurrent activation of 

BRAF-MEK-ERK and PI3K-Akt signaling through inducible expression of kaBRAF and 

deletion of PTEN, respectively. This strategy yielded dramatic regeneration of sensory 

afferents across the DREZ and promoted extensive regeneration into deeper layers of the 

gray matter. Notably, as AAV2-GFP predominately labels NF+ sensory axons, the 

growth I observe is likely to be from large-diameter proprioceptive and mechanoceptive 

axon regeneration. Furthermore, there were GFP-labeled axons in the dorsal columns 

tracts, suggesting improved rostrocaudal growth. I also observed frequent swellings along 

some axons, indicative of synaptic connections. However, it is unclear from this study 

whether regenerating axons have become stabilized or would have continued to grow into 

the deeper layers. Aberrant, unrestrained growth is an important consideration when 

assessing combinatorial strategies. Despite the increased growth capacity, intraspinal 

regeneration appeared to be restricted to the within the limits of the gray matter in both 

animals of the kaBRAF/PTEN iTg group I assessed.  

Large-diameter axon growth has been a significant challenge in the field. Prior to 

this study, the only strategies associated with significant regeneration of proprioceptive or 

myelinated axons have been intrathecal NT-3 (Ramer et al., 2000; Ramer et al., 2001) 



 

 

97 

 

and systemic artemin administration (Wang et al., 2008). However, other groups have not 

been able to completely reproduce these findings in two recent studies. Lentiviral 

expression of ART within the spinal cord promoted regeneration of small-diameter but 

not large-diameter sensory axons across the DREZ (Kelamangalath et al., 2015), while 

NT-3 treatment had a positive but weak effect on large-diameter axon regeneration across 

the DREZ (Liu et al., 2016). Thus, direct activation of the intrinsic signaling pathways 

BRAF-MEK-ERK and PI3K-Akt represents a novel strategy to promote robust large-

diameter regeneration into the spinal cord after DR injury.  

I also tested the combinatorial effect of PTEN/SOCS3, kaBRAF/SOCS3, and 

kaBRAF/PTEN/SOCS3 on axon regeneration across the DREZ. Combined deletion of 

the endogenous growth inhibitors PTEN and SOCS3 did not promote regeneration across 

the DREZ. Additional deletion of SOCS3 also failed to enhance kaBRAF- or 

kaBRAF/PTEN-mediated regeneration. This is consistent with my findings from Chapter 

2: SOCS3 deletion alone fails to promote regeneration across the DREZ. Collectively, 

these results suggest activation of JAK-STAT3 signaling through SOCS3 deletion is not a 

potent strategy to promote intraspinal regeneration of DR axons. Further studies are 

needed to elucidate the mechanisms behind the differential ability of SOCS3 deletion in 

different CNS and PNS neuron populations to elicit regeneration. One potential 

explanation could be that combined signaling activation actually minimizes any growth-

promoting effects of SOCS3 deletion on regeneration in our system. Correspondingly, 

activating mutations of B-RAF or elevated PI3K signaling (by PTEN deficiency) has 

been shown to suppress JAK-STAT3 signaling through impaired tyrosine 
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phosphorylation or elevated serine phosphorylation of STAT, respectively, in tumor cells 

(Chung et al., 1997; Krasilnikov et al., 2003). I do not discount that other methods (see 

Discussion in Chapter 2) to elevate JAK-STAT3 signaling may facilitate DR axon 

regeneration across the DREZ. 

 Interestingly, I noted significant weight loss in animals from the kaBRAF/SOCS3 

iTg group following 4-HT induction of the transgenes. At 3 weeks after DR injury, the 

kaBRAF/SOCS3 iTg group weighed on average 5.665 g less than their weight at baseline 

(prior to administration of 4-HT). Moreover, this was significantly different than the 

average weight change for kaBRAF iTg (-1.44 g), SOCS3 iTg (+1.052 g), or WT (+2.573 

g) over the same time period. Tumors harboring BRAF
V600E

 mutations have been shown 

to rapidly (< 4 weeks) induce weight loss, piloerection, and severe cachexia (muscle 

wasting and fat atrophy despite adequate nutrition) (Nehs et al., 2012). STAT3 activation 

has also been linked to development of cachexia, specifically in the context of cancer or 

other systemic inflammatory states (i.e. HIV, burn trauma) (Silva et al., 2015; Zimmers et 

al., 2016). It would appear from my data that combined kaBRAF expression and SOCS3 

deletion has a stronger impact on weight loss than when B-RAF or SOCS3 is targeted 

individually. While it is unclear how upregulation of B-RAF and STAT3 signaling solely 

in sensory neurons could induce such a systemic response, the presence of cachexia could 

negatively impact DR regeneration as it places the mice in a catabolic, rather than 

anabolic, growth state (Saini et al., 2006). This could also potentially limit the extent of 

intraspinal DR axon regeneration I observe in kaBRAF/SOCS3 and 
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kaBRAF/PTEN/SOCS3 iTg groups. Further analysis would be required to appropriately 

address this concern.  

Notably, the extent of regeneration elicited by kaBRAF plus PTEN deletion 

appears synergistic, rather than additive, when compared to DR axon regeneration 

measured after kaBRAF expression or PTEN deletion alone. While I did not directly 

examine mechanisms of synergy in this study, these results could be explained by (1) 

coordinated, complementary roles of BRAF-MEK-ERK and PI3K-Akt signaling on 

transcription of regeneration-associated genes. Dual targeting of B-RAF and PTEN may 

promote a broader transcriptional profile of regeneration-associated genes, induce 

positive feedback mechanisms or prevent negative feedback inhibition, and/or more 

strongly stimulate transcription leading to much higher expression levels of regeneration-

associated genes. In support of this notion, PTEN has been shown to inhibit B-RAF 

signaling resulting in downregulation of ERK activity (Gu et al., 1998; Ginty and Segal, 

2002; Roberts and Der, 2007; Steelman et al., 2008). Both deletion of PTEN and 

expression of kaBRAF may therefore contribute to sustained activation of ERK, resulting 

in maximal phosphorylation of downstream transcription factor substrates such as c-Fos 

and c-Myc (Traverse et al., 1992; Murphy et al., 2004; Andreadi et al., 2012). Moreover, 

Akt activation can positively regulate transcriptional activity through direct 

phosphorylation of CREB or indirectly through inhibition of GSK-3β, a negative 

regulator of CREB, NFAT, and c-Jun (Beals et al., 1997; Grimes and Jope, 2001; Zhou et 

al., 2004; Steelman et al., 2008). (2) Concurrent activation of BRAF-MEK-ERK and 

PI3K-Akt-mTOR signaling may substantially elevate new protein synthesis. While Akt is 



 

 

100 

 

the major regulator of mTOR-mediated mRNA translation, activated ERK can also 

promote mTOR-dependent protein synthesis. Both ERK and its downstream target RSK 

can directly inhibit the mTOR-repressor TSC 1/2 leading to enhanced mTOR activity. 

ERK activation can also inhibit GSK-3β or directly activate S6K, which could also 

elevate mTOR activation (Steelman et al., 2008). (3) Boosting gene transcription and 

protein synthesis simultaneously could lead to production of novel stimulators of axon 

growth. Or (4) augmenting local PI3K-Akt and ERK signaling through both kaBRAF 

expression and PTEN deletion may facilitate dynamic remodeling of the growth cone 

cytoskeleton required for axon growth and guidance. Local PI3K-Akt activation by 

PTEN deletion can promote inactivation of GSK3β leading to growth cone protrusion 

and microtubule reorganization (Zhou et al., 2004), increase Rac/Cdc42-mediated 

filopodia or lamellipodia formation (Dent et al., 2011), increase growth cone sensitivity 

to chemoattractive guidance cues (Henle et al., 2013), and improve injury-induced 

retrograde signaling by ERK – leading to activation of transcriptional programs at the 

nucleus (Gu et al., 1998; Atwal et al., 2003; Perlson et al., 2005; Zhou and Snider, 2006). 

Locally, ERK is also required for growth cone formation and cytoskeletal function. 

Inhibition of ERK is sufficient to induce growth cone collapse (Atwal et al., 2003; 

Chierzi et al., 2005; Klimaschewski et al., 2013). These convergence points of BRAF-

MEK-ERK and PI3K-Akt signaling are depicted in Figure 3-9. Taken together, combined 

kaBRAF expression and PTEN deletion may act on many distinct aspects of sensory 

axon growth to promote robust regeneration in the CNS.  
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Figure 3-9. Signaling crosstalk between BRAF-MEK-ERK and PI3K-Akt pathways. 

Combined expression of kaBRAF and PTEN deletion may act cooperatively to enhance 

transcription, translation, and growth cone dynamics.  
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CHAPTER 4 

CONCLUSION AND FUTURE DIRECTIONS 

 

Previous studies in the field of neuroregeneration and repair have provided significant 

evidence that enhancing the intrinsic growth potential of adult DRG neurons may be an 

effective strategy to promote sensory axon regeneration past the DREZ. However, past 

approaches have largely yielded only partial, inconclusive, or conflicting effects on 

anatomical and functional regeneration of injured DR axons. I believe that no strategy 

thus far has produced truly robust and reproducible regeneration of multiple sensory axon 

subtypes. The work presented here sought to apply a novel strategy to the study of DR 

regeneration following injury. The major aim of my thesis was two-fold: (1) to assess the 

efficacy of directly activating the intrinsic growth-associated pathways BRAF-MEK-

ERK, PI3K-Akt, and JAK-STAT3 on intraspinal DR axon regeneration, and (2) to 

determine which pathway or combination of pathways most potently promotes DR axon 

regeneration. I have successfully addressed these aims by providing strong evidence that 

activation of BRAF-MEK-ERK signaling in combination with PI3K-Akt signaling, 

through expression of a constitutively active form of B-RAF and deletion of the 

endogenous growth-inhibitor PTEN, respectively, promotes a dramatic increase in DR 

axon regeneration across the DREZ and robust intraspinal regeneration. Taken together, 

my thesis work provides new insights into the intracellular targets we can exploit to 

promote unprecedentedly robust regeneration of damaged primary sensory axons. In the 

future, my findings may contribute to the development of novel treatment strategies for 
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those patient paralyzed by traumatic or obstetrical brachial plexopathy or other forms of 

spinal cord injury.  

Prior to this work, strategies used to elevate the intrinsic growth potential of 

injured DR sensory axons largely relied on conditioning lesions, recapitulation of the 

transcriptional response induced by peripheral sensory axon injury, and direct 

administration or viral expression of neurotrophic factors. This work is the first to 

comprehensively assess the potential contributions of directly targeting intrinsic signaling 

pathways in vivo on enhancing the regenerative growth state of DR axons in the adult 

nervous system. I found that axon regeneration across the DREZ could be achieved 

through inducible kaBRAF expression in sensory neurons. These promising results 

prompted me to explore the effect of longer-term kaBRAF expression on intraspinal axon 

regeneration. I discovered that continued kaBRAF expression sustained axon growth at 2 

months and promoted axon extension deeper into the CNS. However, the regeneration I 

observed from kaBRAF expression alone was relatively modest compared to regeneration 

elicited by kaBRAF with PTEN deletion. Moreover, there was no evidence of significant 

behavioral recovery of any sensory modality when compared to the control group. I also 

found that deletion of PTEN or SOCS3, thus removing the inhibitory actions of these 

molecules on PI3K-Akt and JAK-STAT3 signaling, failed to promote any regeneration 

across the DREZ. Nonetheless, I do not exclude the possibility that removal of either 

inhibitor may have promoted regeneration along the root itself, which I did not assess in 

this study. Collectively, these data suggest activation of individual pathways alone is 

unlikely to promote robust regeneration of DR axons into the spinal cord.  
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Next, I investigated the efficacy of employing combinatorial strategies to promote 

robust intraspinal DR axon regeneration. First, I discovered that additional removal of the 

myelin-associated inhibitors Nogo, MAG, and OMgp did not improve kaBRAF-mediated 

regeneration. These findings demonstrate that the intrinsic growth capacity is likely the 

main driver of sensory axon regeneration across the DREZ; however, this should not 

preclude further investigation into removal of other extrinsic inhibitory factors in 

combination with elevating growth-promoting signaling pathways. Second, I found that 

co-deletion of PTEN and SOCS3 does not enhance regenerative growth across the 

DREZ. This was not surprising as I found that PTEN or SOCS3 deletion individually 

does not promote regeneration across the DREZ. Considering evidence from the optic 

nerve that shows combined PTEN and SOCS3 deletion has a synergistic effect on RGC 

axon regeneration (Sun et al., 2011), my results suggest that the effectiveness of 

strategies used to promote regeneration in the CNS is variable among injury models. This 

could be due to intrinsic variation between different neuronal populations or related to the 

extracellular environment surrounding the regenerating axons. To this latter point, the 

DREZ is a structurally distinct transition region which may in fact be a more challenging 

barrier to axon regeneration than other areas of the CNS or PNS. Third, I found that 

elevating BRAF-MEK-ERK signaling in combination with PI3K-Akt signaling – through 

kaBRAF expression and PTEN deletion in sensory neurons – led to dramatically 

improved regeneration across the DREZ and deeply into the spinal cord at just 3 weeks 

after injury. This regeneration was substantially enhanced over the regeneration induced 

by kaBRAF expression or PTEN deletion alone, suggesting a synergistic effect of dual 



 

 

105 

 

pathway activation. While I did not directly assess the downstream molecular targets, the 

synergism I observe is likely due to complementary actions of elevated B-RAF signaling 

and PTEN deletion on local growth cone motility and injury-induced cell body responses, 

including both transcriptional and translational regulation. Lastly, I found that SOCS3 

deletion does not enhance kaBRAF- or kaBRAF/PTEN-mediated regeneration across the 

DREZ or in the spinal cord. This was not surprising given that SOCS3 deletion alone 

does not enable axons to penetrate the DREZ. Other strategies to directly elevate JAK-

STAT3 signaling may be more effective than SOCS3 deletion to improve regeneration 

across the DREZ and should be investigated.  

Taken together, I conclude that combinatorial strategies to enhance DR axon 

regeneration across the DREZ are more effective than targeting individual pathways 

alone. Specifically, simultaneous activation of BRAF-MEK-ERK and PI3K-Akt 

signaling, normally associated with developmental axon growth, is a novel and potent 

combination to induce robust sensory axon regeneration into the spinal cord.  

 

Future Directions 

Having demonstrated that targeting B-RAF in combination with simultaneous PTEN 

deletion generates the most extensive intraspinal growth of any single or combinatorial 

strategy I tested, I propose additional experiments to further evaluate the translational 

applicability of this strategy. In the short term, anatomical and functional regeneration 

should be assessed at 2 months after injury. This would include: (1) anatomical analysis 

of small-diameter regeneration. One limitation to the current study is that I did not 
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directly assess regeneration of CGRP- or IB4-positive sensory axons. I could analyze 

regeneration of other sensory subtypes through additional immunostaining (although this 

could lead to non-specific labeling and misidentification of regenerating fibers) or 

intraganglionic microinjection of AAV-6, a viral vector which predominately labels 

nociceptors in the DRG (Towne et al., 2009; Yu et al., 2013). (2) Determine if 

regenerating large-diameter axons reach the brainstem, specifically the dorsal column 

nuclei (DCN). Given that GFP-labeled axons could be found at cervical level C3 by 3 

weeks after injury (not shown), it is possible that axons could reach the DCN by 8 weeks. 

(3) Evaluate the recovery of synaptic function by electrophysiology. Field potentials in 

the DH or DCN could be measured by peripheral stimulation of the median or ulnar 

nerve to determine if synaptic connections are made with neurons in the spinal cord or 

brainstem (Bonner et al., 2011; Wong et al., 2015). It is certainly possible that the robust 

increase in intrinsic growth competence can elicit overgrowth that negatively regulates 

axonal guidance and synapse formation, thus it will be of considerable interest to assess 

whether regenerating adult sensory axons can re-establish synapses on topographically 

appropriate targets within the spinal cord and DCN. Alternatively, analysis of intraspinal 

c-Fos (a well-characterized transsynaptic marker of neuronal activity) reactivity to 

peripheral stimuli could also be used to detect synapse re-formation (Bullitt, 1990; Wang 

et al., 2008). (4) Improved anatomical and functional regeneration does not necessarily 

equate to restoration of behavior. Thus, it will also be important to assess proprioceptive, 

mechanoceptive, and nociceptive behavioral recovery. In addition to the behavioral tests 

described in this work (horizontal ladder, beam walk, von Frey, forepaw sticker, hot 
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water, and grip strength), other additional tests could be performed. These may include 

measuring licking responses following cutaneous capsaicin application or formalin 

injection (Wilson and Yeomans, 2002; Wang et al., 2008; Ono et al., 2015) or paw 

withdrawal latency to noxious cold stimuli such as a cold water bath (< 0 °C) or a probe 

cooled on dry ice (Wang et al., 2008; Wang et al., 2013).   

 As mentioned in Chapter 3, B-RAF activation with PTEN deletion executes a 

synergistic growth program on regenerating sensory axons. Although I have proposed 

potential downstream points of convergence that may explain this synergism, it would be 

beneficial for future work to examine the exact molecular mechanisms of 

kaBRAF/PTEN-induced regeneration. To this end, I propose both qualitative and 

quantitative analysis of major downstream signaling pathway effectors (i.e. ERK, pS6, 

STAT3, GSK3β) in WT, kaBRAF iTg, PTEN iKO, and kaBRAF/PTEN iTg groups. This 

could include transcriptomic or proteomic profiling to identify global changes in gene or 

protein expression specific to the kaBRAF/PTEN iTg group. These studies will provide a 

substantially more detailed explanation of kaBRAF/PTEN synergy and could potentially 

uncover novel targets for the development of new strategies to promote robust 

regeneration.  

Based on my review of current literature, I postulate that RSK may be responsible 

in part for the remarkable synergistic effects of kaBRAF expression with PTEN deletion. 

The RSK family of serine/threonine kinases plays an important role in cell survival, 

growth, and proliferation, which is mediated largely through activation by ERK and 

PDK1 (Anjum and Blenis, 2008; Romeo et al., 2012). Notably, RSK has numerous 
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downstream functions which overlap with that of activated PI3K-Akt signaling, including 

inhibition of GSK3β and TSC 1/2 and activation of Raptor (mTORC1), rpS6, and eIF4B 

(Anjum and Blenis, 2008; Carriere et al., 2008; Romeo et al., 2012). RSK also regulates 

transcription through induction of numerous transcription factors (namely, CREB, c-Fos, 

NFAT, and NF-κB) and regulates diverse cytoskeletal proteins involved in cell motility 

(Anjum and Blenis, 2008; Romeo et al., 2012). RSK has also been shown to play a role in 

NGF-induced neurite outgrowth of PC12 pheochromocytoma cells by phosphorylating 

the cell adhesion molecule L1 (Wong et al., 1996; Anjum and Blenis, 2008; Romeo et al., 

2012). In melanoma cells harboring BRAF
V600E 

mutations, increased pS6 and S6K1 

activity is due to ERK-mediated upregulation of RSK. Conversely, inhibition of RSK in 

these V600E-positive cells more strongly prevents mTORC1 activity and global protein 

translation than rapamycin (Romeo et al., 2013). RSK is highly expressed in DRG 

neurons (Romeo et al., 2012), but, as of yet, no study has examined the role of RSK in 

sensory axon regeneration. 

 Other interesting areas of future exploration would be assessing regeneration 

following kaBRAF activation with PTEN deletion in combination with (1) deletion of 

extrinsic inhibitory factors (i.e. MAIs and/or CSPGs), (2) secondary methods to elevate 

STAT3 signaling (i.e. AAV-caSTAT3, cytokine administration), (3) direct elevation of 

other pathways downstream of neurotrophic receptors (i.e. PLCγ-PKC signaling) or (4) 

elevation of retrograde signaling, such as modulating the DLK/JNK pathway (Shin et al., 

2012; Holland et al., 2016). Activation of dual leucine zipper kinase (DLK) is known to 

promote retrograde transport of injury-induced signals, such as STAT3, required for pro-
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regenerative responses at the DRG cell body and control certain aspects of growth cone 

dynamics critical for initiation of regenerative growth  (Itoh et al., 2009; Shin et al., 2012; 

Tedeschi and Bradke, 2013).  

Another limitation of my work is that transgene activation occurs prior to the 

onset of injury, which does not accurately reflect a clinical situation. Therefore, it will be 

important to evaluate the effects of combined kaBRAF expression and PTEN deletion on 

intraspinal sensory axon regeneration upon administration of 4-HT at the same time as 

injury or delayed until after injury. It may also be worthwhile to assess the extent of 

regeneration elicited following induction of kaBRAF expression and PTEN deletion in 

chronically deafferentated mice. To further improve the translational or clinical appeal of 

this work, it may be necessary to address how efficacious a non-transgenic approach to 

elevating B-RAF and PI3K-Akt signaling would be. For example, GW5074 is a blood-

brain barrier permeable drug known to elevate B-RAF signaling through paradoxical C-

RAF inhibition (Chen et al., 2008) and subcutaneous injections of antagonist peptides 

could be used to effectively prevent PTEN activity (Ohtake et al., 2014). While still in its 

relative infancy, CRISPR/Cas9 gene editing tools could also be used to modulate B-RAF 

activity and/or PTEN deletion in sensory neurons.   

 In conclusion, I have discovered that activation of B-RAF with simultaneous 

inactivation of PTEN induces unprecedentedly robust regeneration of injured sensory 

axons. My work provides new insight on how to promote sensory axon regeneration and 

may aid in the development of innovative treatments for patients with spinal root or 

spinal cord injury. 
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