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ABSTRACT OF THE DISSERATION: 

 
The neuron-specific roles of Dual Leucine Zipper Kinase and Leucine Zipper Bearing 

Kinase in corticospinal axon repair following central nervous system injury 

 
 

By 

 

Junmi Mayuree Saikia 

Doctor of Philosophy in Neurosciences 

University of California San Diego, 2021 

Professor Binhai Zheng, Chair 

 

Damage to the adult central nervous system, including both brain and spinal cord, results 

in profound long-term functional impairment. While the mammalian CNS is notorious for its 

inability to repair itself after injury, there are two forms of axonal repair that may contribute to 

some recovery following CNS injury: regeneration of severed axons and compensatory sprouting 

of uninjured axons. Of these two mechanisms of repair, sprouting can occur spontaneously, and 

is believed to contribute at least partially to the clinical manifestations of recovery in individuals 

with milder forms of CNS trauma, although many continue to show profound lifelong deficits in 

function. Alternately, regeneration is rarely spontaneous and requires manipulation of neuron-

intrinsic and extrinsic mechanisms in order to occur in the laboratory setting. Manipulation of 

various intrinsic and extrinsic signaling pathways to enhance the efficacy of sprouting or 
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regenerative repair mechanisms remains an important goal in promoting functional recovery, 

although the molecular understanding of these processes is still incomplete. 

The major goal of this dissertation is to understand the roles of Leucine Zipper-Bearing 

Kinase (LZK) and Dual Leucine Zipper Kinase (DLK), a pair of evolutionarily conserved mitogen-

activated protein kinase kinase kinases (MAP3Ks), in both forms of axonal repair after central 

nervous system CNS injury, or more specifically after spinal cord injury (SCI). The Jin and Bastiani 

labs identified DLK-1 as an injury sensor, and a critical regulator of axon regeneration in C. 

elegans. DLK has been shown to play a role in axon regeneration in the worm motor nerve after 

laser axotomy (Hammarlund et al., 2009; Nakata et al., 2005). In the mouse, these kinases have 

been studied in the optic nerve and the sciatic nerve, but the role of DLK in axonal repair in the 

mammalian spinal cord is not known. Furthermore, nothing is known about neuronal LZK in 

axonal repair in the mammalian CNS. 

My dissertation investigates the roles of these kinases in both sprouting and regeneration 

using two different surgical models of spinal cord injury. In addition to assessing the roles of these 

kinases in an unmanipulated genetic background, I leveraged the well described effect of PTEN 

deletion to enhance basal sprouting and regeneration phenotypes and assessed if further deletion 

of one or both kinases contributes to any change in repair phenotypes. In these investigations, I 

found that while deleting both kinases abolishes the effect PTEN-enhanced repair, deletion of 

LZK alone results in no meaningful changes in either sprouting or regeneration. Furthermore, co-

deletion of DLK and LZK in both induced sprouting and regeneration models does not alter the 

effect of PTEN deletion on AKT/mTOR activity, as evidenced by elevated downstream marker 

pS6, demonstrating for the first time the failure of axon regeneration in the presence of 

upregulated AKT/mTOR activity. This implies that regenerative competence, as reflected by pS6 

levels, is separate or parallel to the pathway mediated by DLK/LZK. Both pathways must be intact 

and active in order for regenerative competence to translate to axonal repair.
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1.1 Overview 

Central nervous system (CNS) damage in the adult mammalian brain and spinal cord 

generally results in profound long-term deficits, contributing to economic and social burden. For 

spinal cord injury patients, clinical therapeutics aimed at enhancing CNS repair are essentially 

limited to spinal cord stimulation, and these methods provide very limited functional recovery in 

patients. The key factor contributing to the failure of meaningful recovery boils down to the inability 

for the central nervous system neurons to exhibit axonal regeneration following injury; as such, 

there has been a strong effort amongst basic science researchers to elucidate novel molecular 

mechanisms involved with growth and repair of axons, in the hopes of finding new pathways to 

target and manipulate. 

Within the mammalian CNS, two mechanisms of axon repair are studied extensively: 

regeneration, or the regrowth of injured/severed axons, or compensatory sprouting from uninjured 

axons into denervated regions (see Fig. 1.2). Of these two repair mechanisms, regeneration is a 

harder hurdle to overcome. Even in the laboratory setting, axon regeneration is difficult to achieve, 

and requires major manipulations in the extremely unfavorable setting in which adult CNS 

neurons exist. In 2008, a breakthrough study on the AKT/mTOR growth and development 

pathway revealed that neuronal deletion of PTEN, an upstream suppressor of the AKT/mTOR 

pathway, can result in robust retinal axon regeneration past a optic nerve crush site (Park et al., 

2008). Subsequent to this finding, many scientists have attempted to combine this intrinsically 

inhibited signaling pathway with other intrinsic and extrinsic manipulations to enhance 

regenerative axonal repair. Research into the mechanisms of axon regeneration in the laboratory 

has yet to meaningfully translate to the clinical setting, but these findings are important for 

developing our general understanding of the molecular systems that play a role in axon repair. 

Compared to outright regeneration of axons, sprouting provides a different form of axonal 

repair that relies more heavily on the plasticity of intact neurons to compensate for the lost function 

of denervated tissue. In many spinal cord injuries, complete deficits in motor function typically 
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occur after only partial or incomplete anatomical injuries within the spinal cord. In these injuries, 

spared descending axonal tracts can undergo post-development plasticity and form new axonal 

sprouts to synapse onto intact downstream targets below the level of the lesion. Sprouting is 

thought to contribute to partial recovery of spinal cord function even in the clinical setting, although 

even this mechanism of repair also leaves much to be desired in the clinical setting. In rodent 

models, compensatory axonal sprouting can be enhanced through various manipulations of CNS 

growth regulators, such as extrinsic depots of growth factors, or genetic deletion of tumor 

suppressor genes like PTEN. These types of manipulations suggest that there may be potential 

alternative approaches to enhance recovery from CNS injury in humans. 

My goal in this dissertation is to explore two specific neuron-intrinsic factors in the form of 

Leucine Zipper bearing Kinase (LZK) and Dual Leucine Zipper Kinase (DLK), members of the 

mixed lineage kinase (MLK) family, that may be involved with injury signaling and axonal repair. 

In my investigations, I seek to probe these kinases in models of both axonal regeneration and 

sprouting. By leveraging the unilateral pyramidotomy surgical method, I will be able to assess 

how uninjured axons cross over the spinal cord midline into denervated tissue in a model of axonal 

sprouting. The second surgical technique I employ, the dorsal hemisection spinal cord injury 

model, damages both descending tracts of the CST, and allows for assessment of axonal 

regeneration across and around a glial scar. 

 

1.2 Anatomy of the mouse corticospinal tract 

The mammalian CST is the key descending motor tract and is the longest axonal pathway 

in the CNS. Of the various motor circuits, the CST is the slowest to develop, and its evolutionary 

development likely was critical for the development of voluntary coordinated motor movements 

(Figure 1.1). Cell bodies within the sensorimotor cortex in the frontal lobe send axon projections 

via the cerebral peduncle, passing through the internal capsule, pons and medulla, before roughly 

the overwhelming majority of these axons cross over to the contralateral side at the level of the 



4 
  

medullary pyramidal decussation, in the caudal most regions of the medullary pons. These axons 

continue down the spinal cord via the dorsal CST, finally synapsing onto the dorsal horn cell 

bodies of interneurons. Axons that do not cross over at the level of the medullary decussation 

make up the ventral corticospinal tract (Welniarz et al., 2015). 

The descending CST axons in rodents arise from Layer V neurons in the cerebral cortex, 

and are called corticospinal motor neurons (CSMNs) or upper motor neurons. In early mouse 

development, the developing brain sends strong bilateral projections to the spinal cord. Through 

use-dependent plasticity in later development, the majority of ipsilaterally projecting axons are 

eliminated, leaving these Layer V CSMNs to have primarily contralaterally projecting axons 

(Joosten et al., 1992; Martin et al., 2004). The remaining ipsilateral tracts are predominantly 

involved with innervating axial musculature, while midline crossing axons are more associated 

with innervation of distal limb muscles (Joosten et al., 1992; Vulliemoz et al., 2005). In this thesis, 

I will use the terms “CST neurons” and “CSMNs” interchangeably. 

 

1.3 Spinal cord injury 

Being a part of the CNS, damage to the spinal cord, like the brain, leads to long term 

functional deficits, ranging from the more obvious motor paralysis to less conspicuous but equally 

important clinical complications such as respiratory and urinary problems. These can further result 

in a spectrum of subsequent problems including ulcer formation, or changes in psychiatric states, 

such as depression (Khazaeipour et al., 2017). The burden of living with spinal cord injury extend 

beyond the individual patient, as caretakers often are critical for long-term support for both the 

physical and mental care of the affected individual. 

With regards to the more cellular and molecular aspects of spinal cord injury, a major 

neuronal class affected is the CSMN or upper motor neuron, with their descending CST axons 

taking the brunt of the damage. Physical deficits seen in patients occur below the level of injury,  
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Figure 1.1 Anatomy of the mouse corticospinal tract. 
Neuronal cell bodies arise in Layer V motor cortex in the frontal lobe. Descending axons tract 
ipsilaterally through the pons and into the medullary pyramids. At the caudal most segment of the 
medullas, the majority of these axons cross past the midline and migrate from the ventral region 
to the dorsal region of the descending spinal cord. These axons continue to descend via the dorsal 
CST, before terminating onto interneurons within the dorsal horn of the spinal cord. Dorsal CST 
axons are primarily involved with innervation of distal limb muscles. Axons that do not cross over 
make up the ventral CST, which is largely involved with innervation of axial musculature (Welniarz 
et al., 2015). 
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meaning that the higher the level of SCI along the cord, the greater the effects are, and the more 

downstream organs and muscles are affected. However, in most cases, the bodies of the neurons 

above the injury do not die; rather they become unable to relay signals to downstream targets. 

Additionally, despite the profound motor and sensory functional deficits seen in SCI patients, the 

majority of injuries sustained in humans are anatomically incomplete (Angeli et al., 2014). In a 

subset of these individuals with incomplete spinal cord lesions, a few recover some motor function 

with intervention, and this is thought to be due to inherent plasticity found within the spared 

descending axons. 

Given the heavy impacts of spinal cord injury on affected individuals and their loved ones, 

there is a strong push within the medical and research communities to understand and identify 

novel molecular mechanisms of repair in the CNS, as well to improve rehabilitative therapies and 

develop targeted pharmaceutical agents to facilitate a patient’s recovery of function. 

 

1.4 CST neuron responses to injury 

In the adult mammalian CNS, the ability to recover from injury is harshly limited. An injured 

neuron can either attempt to regenerate, which is a largely non-spontaneous response to injury, 

or uninjured spared axons can exhibit plasticity, and sprout to form new connections with 

downstream targets below the site of lesion (Meves et al., 2018). In the laboratory setting, we can 

study these two main avenues of axonal repair: axonal sprouting and axonal regeneration (Figure 

1.2). Of these two mechanisms, it is thought that axonal sprouting, which has been demonstrated 

to occur spontaneously, may contribute clinically to functional recovery in patients who have 

incomplete spinal cord lesions (Fouad et al., 2001). In stroke-induced injury, axonal sprouting 

from uninjured neighboring brain tissue may also serve to compensate for denervation 

(Carmichael et al., 2017). In clinical populations of spinal cord injury, very few neurologically 

complete spinal cord lesions result from complete anatomical injury across the spinal cord (Angeli 

et al., 2014), leaving a surviving population of axons that, with therapy, may be able to provide 
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some measure of repair following injury via the plasticity in spared circuits (Ueno et al., 2012; 

Weidner et al., 2001). 

Compared to axonal sprouting, axonal regeneration for the most part does not occur 

spontaneously in the adult mammalian CNS. Finding manipulations to overcome this hurdle has 

for many years been a major topic of interest. Neuron-extrinsic (i.e. environmental) inhibitory 

factors surrounding the damaged tissue serve to grossly prevent axonal regeneration: myelin 

debris, glial scar, and astrocytic secretions of chondroitin sulfate proteoglycans are just a few of 

the many molecular and cellular components of a lesion site that may hinder axonal regeneration 

(Ferguson & Son, 2011). With the advent of more recent genetic tools, research has also begun 

to explore the role of microglia in mediating the immune response and repair pathways involved 

with axon lesion and repair (Y. Li et al., 2020). In addition to these extrinsic factors (see below, 

1.4 Neuron-intrinsic vs. extrinsic regulators of axonal repair), neuron intrinsic molecular signals 

contribute to limitations in axonal regeneration in major ways. Likely, regeneration requires a pro-

growth intrinsic state similar to what is seen in developing neurons (He & Jin, 2016), but this pro-

growth state is not typically active in adult post-migratory and post-mitotic neurons. Following 

maturity to homeostatic adulthood, many of these pro-growth transcription profiles arrest, unless 

perturbed by injury induced disruptions to physical and metabolic function. 

Another key response to injury frequently seen in rodent models of SCI is the retraction of 

CST axons (Kerschensteiner et al., 2005). In regeneration incompetent neurons, the injured 

axonal stumps proximal to the lesion site dieback during the first 7-10 days after injury, forming 

dystrophic end bulbs with disorganized cytoskeletal components, instead of growth cones (He & 

Jin, 2016; Tom et al., 2004). In a typical wildtype mouse, this type of axon retraction and end bulb 

formation is seen as rostral as half a millimeter proximal to the site of injury. The retraction of 

these axons, and their inability to form functional organized growth cones is another crucial hurdle 

limiting the ability for axons to demonstrate functional recovery after injury. This axonal dieback 

is seen even in animals that have undergone deletion of intrinsic inhibitors to axon regeneration  
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Figure 1.2 Regeneration versus compensatory sprouting 
In response to CNS injury (indicated by the red X), neighboring intact axons may be able to grow 
and attempt to make synaptic connections with otherwise denervated downstream targets 
spontaneously. Less common than sprouting in the CNS, regeneration occurs when a transected 
axon regrows following injury. (Meves et al., 2018). 
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such as PTEN. However, PTEN deletion can overcome this initial phase of retraction, allowing for 

regeneration towards the site of lesion. A subset of axons that are able to regenerate after axonal 

dieback are able to continue regenerating past the lesion site into regions caudal to the lesion 

(Geoffroy et al., 2015; He & Jin, 2016; Liu et al., 2010). Additionally, early work in fly and worm 

suggest that DLK may function critically as an injury sensor of axon injury, and might be essential 

for allowing cytoskeletal elements to reorganize to form growth cones (Ghosh-Roy et al., 2012; 

Valakh et al., 2013). 

 

1.5 Neuron intrinsic and extrinsic inhibitors of axon repair 

 In order to enhance axonal repair following injury, there has been increased interest in 

understanding the different neuron intrinsic and extrinsic factors that influence an axon’s ability to 

grow in response to injury. During the early years of studying axon repair, research focused 

heavily on the effect of extrinsic inhibition on neuronal repair. Although many extrinsic factors are 

known to inhibit axonal growth after injury, experimental methods involving the selective ablation 

of these factors have been met with only modest amounts of axonal repair. Indeed, research has 

focused particularly on the role of glial inhibition of axon regeneration. Myelin associated 

inhibitors, such as myelin associated glycoprotein (MAG), Nogo, and oligodendrocyte-myelin 

glycoprotein (OMgp) have been studied extensively especially using in vitro techniques to 

elucidate their roles at suppressing axon growth (GrandPré et al., 2000; Kottis et al., 2002; 

Mukhopadhyay et al., 1994). All three molecules signal via a common receptor the 

glycosylphosphatidylinositol-anchored Nogo-66 receptor (NgR1) expressed on CNS neurons to 

inhibit growth. Another well studied class of extrinsic glia-associated growth inhibitors are 

chondroitin sulfate proteoglycans (CSPG), which are secreted by reactive astrocytes in the vicinity 

of axon injury; enzymatic removal of their inhibitory glycosaminoglycans side chains by 

chondroitinase ABC has been shown to promote regeneration in sciatic nerve and spinal cord 

(Bradbury et al., 2002; Zuo et al., 2002). 
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Figure 1.3 In the adult CNS, both intrinsic and extrinsic factors influence the ability for 
axons to regenerate. 
A simplified schematic depicting a few examples of intrinsic and extrinsic factors that affect axonal 
repair. In an unmanipulated CNS, inhibitory factors, such as intrinsic PTEN suppression of the 
AKT/mTOR pathway, and extrinsic factors, such as myelin associated debris (e.g. Nogo, MAG, 
OMgp) and astrocytic CSPGs counter factors that could potentially induce growth, such as injury 
signaling. Experimental manipulation of both intrinsic and extrinsic factors, for example deletion 
of PTEN, addition of chondroitinase ABC, or delivery of extrinsic growth factors, can alter the 
regenerative profile of CNS neurons (adapted from Tedeschi & Bradke, 2017). 
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One of the key cell types known to express CSPGs in response to injury is the astrocyte. 

The role of these cells in response to injury is highly debated; subsequent to injury astrocytes 

transform into a reactive and proliferative state characterized by elevated expression of glial 

fibrillary acidic protein (GFAP). This astrocyte gliosis contributes heavily in forming a border 

surrounding a fibrotic lesion core. The formation of this border may serve to limit the size of the 

inflammatory lesion core, thereby protecting the uninjured nearby healthy tissue (Sofroniew, 

2015). A major counterargument to this “protective” role of astrocytes is the astrocytic expression 

of inhibitory factors, such as CSPGs. From this perspective, astrogliosis contributes to the 

development of both a chemical barrier to regeneration, as well as a physical barrier in the form 

of proliferating astrocytes that tangibly make up the scar border (Cregg et al., 2014). 

Aside from the complicated role of astrocytes in axon regeneration, recent work on the 

role of neonatal microglia in mice suggests that in response to crush injury, neonatal and early 

post-natal microglia are able to mount an inflammatory response to injury that is rapidly converted 

back to a homeostatic state. This rapid return to homeostasis allows axons, be they regenerating 

or late-arriving, to continue to grow beyond the site of lesion, which is characterized as having no 

major signs of astrocytic scar formation (Y. Li et al., 2020), emphasizing the fact that the extrinsic 

molecular environment of a post-developmental spinal cord is fundamentally different and largely 

characterized by inhibition to growth. 

In addition to the extrinsically inhibitory environment that interferes with axon regeneration, 

the CNS also contends with intrinsic inhibitors of axonal regeneration. Manipulations of the 

extrinsic environment alone fails to produce robust regeneration, strongly lending credence to the 

role of intrinsic inhibition. The earliest key intrinsic inhibitor to axonal regeneration identified was 

the tumor suppressor gene PTEN (Park et al., 2008). PTEN is a negative suppressor of the 

AKT/mTOR growth pathway, which is critically active during early development. With age, the 

AKT/mTOR pathway becomes selectively downregulated in CNS but not PNS neurons, lending 

the latter with some regenerative competency even in adulthood (Belin et al., 2015). In the PNS,  
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Figure 1.4 Intrinsic factors that influence adult CNS regeneration include injury signaling 
and regenerative competence. 
In order for an axon to regenerate, it must be able to firstly detect a distant injury, and secondly 
have the regenerative competency to repair the membrane and construct a functional growth 
cone that can subsequently regrow to its downstream target. The deletion of PTEN enhances the 
regenerative competency of the neuron, while DLK is among one of the critical injury signals that 
retrogradely informs the soma of disturbance by sensing calcium signaling and cytoskeletal 
disruption (Lu et al., 2014). 
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targeting PTEN enhances DRG regeneration, while inhibiting downstream effector mTOR blocks 

this effect (Christie et al., 2010), suggesting that PNS neurons retain regenerative capacity in 

adulthood via AKT/mTOR activity. Deleting or knocking down PTEN in rodent models prior to 

injury has been shown to enhance both axon regeneration and sprouting, and has even 

contributed to some functional recovery from experimental spinal cord injury (Lewandowski & 

Steward, 2014; Liu et al., 2010; Park et al., 2008; Zukor et al., 2013). Regenerative capacity is 

also influenced by multiple intrinsic cell signaling pathways, including PTEN/AKT/mTOR, 

SOCS3/STAT3, KLFs, and c-Myc among others (Figure 1.3) (Lu et al., 2014). The identification 

of PTEN deletion as a robust trigger for axonal repair has led to the design of several experiments 

aimed at combining the deletion of PTEN with other known inhibitors of axon regeneration to 

further enhance the phenotype seen with PTEN deletion alone. 

In injury, a cell must contend with a damaged membrane, disorganized cytoskeletal 

elements, and calcium influx; and within this flurry of events, in order to regrow, it must also be 

able to seal the membrane, reorganize the cytoskeletal elements and prepare a growth cone. In 

order to trigger the requisite transcriptional events, the soma also must be made aware of a distal 

injury. Injury sensors are another class of intrinsic molecules that are implicated for a role in axon 

repair. This class of molecules are thought to be produced in the vicinity of injury, and through 

retrograde signaling, alert the cell soma and nuclei of distant injuries. Subsequently, the cell can 

mount a response to injury via upregulation of certain transcriptional profiles aimed at repairing 

damage to the cell membrane and restructuring of cytoskeletal components. STAT3, for example, 

is a downstream effector of the Jak/STAT pathway, and is upregulated in response to injury before 

being retrogradely transported (Ben-Yaakov et al., 2012). Inhibiting the upstream Jak2 kinase via 

perineural infusion has been shown to limit dorsal column axonal regeneration (Qiu et al., 2005). 

In addition to the Jak/STAT cascade, new evidence suggests a novel class of injury 

signals: DLK, an evolutionarily conserved upstream driver of the MAP3K cascade involving MAP 

Kinase Kinase 4 (MKK4) and p38, was recently shown to be involved in injury signaling (Figure 
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1.4). The MAP3K cascade is known to be involved in several cellular processes, including growth, 

development, response to injury, and apoptosis (Tedeschi & Bradke, 2013, 2017), and more 

recently, DLK has been studied in neuronal responses to neuronal injury in worm, fly, and mouse 

models (Hammarlund et al., 2009; Miller et al., 2009; Shin et al., 2012; Watkins et al., 2013; 

Welsbie et al., 2019; Yan et al., 2009).  

 

1.6 Identification of worm DLK-1 and mammalian DLK and LZK as injury sensors 

The original discovery of DLK as an upstream regulator of MAP3K signaling dates back 

to the mid-1990s, during a period of extensive kinase discovery (Jin & Zheng, 2019). More 

recently, worm DLK-1 was shown to be critical for motor axon regeneration in C. elegans 

(Hammarlund et al., 2009; Yan et al., 2009). DLK-1 is an evolutionarily conserved upstream 

regulator of the MAP3K pathway of the mixed-lineage kinase (MLK) family. Within mammals, two 

homologs to DLK-1 exist: DLK and LZK (Figure 1.5A). These homologs share >95% sequence 

homology within their kinase domains, although there is significant divergence at the C-termini. 

(Yan & Jin, 2012); particularly, mammalian LZK possesses a calcium-sensitive hexapeptide 

sequence that is identical to the sequence found in worm DLK-1, but this sequence is missing in 

mammalian DLK. 

Of the two mammalian homologs, DLK has been studied extensively both in injury 

signaling, but also in development, during which it plays a critical role in growth cone formation 

and neuronal migration (Hirai et al., 2006). In fact, DLK null mice fail to survive for more than 2-5 

days after birth, with histology revealing disorganized axon growth and cell migration. After this 

early developmental phase, DLK is subsequently regulated negatively and strictly by 

Pam/Highwire/RPM-1 (PHR) E3 ubiquitin ligases (Feoktistov & Herman, 2016). While DLK is 

typically maintained at low levels in the adult CNS, in adult neurons it seems to be strongly 

connected to injury or cell stressor signaling. In worms, DLK protein levels elevate in response 
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Figure 1.5 Worm, fly and mouse DLK signaling. 
Worm DLK-1 is evolutionarily conserved across worm, fly and mouse. In mammals, two homologs 
DLK and LZK share >95% homology in kinase domain, and diverge in C-termini. LZK possesses 
a calcium-sensitive hexapeptide sequence that is shared with worm DLK-1, but this sequence is 
not seen in mammalian DLK. In adult neurons, DLK is maintained at low levels by ubiquitination 
and degradation via PHR ubiquitin ligases (Figures from Jin & Zheng, 2019). 
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cellular stressors that alter cytoskeleton structure or dynamics, such as treatment with colchicine, 

can ramp up DLK expression in neurons (Bounoutas et al., 2009). Additionally, DLK 

phosphorylation by protein kinase A in response to axon injury also robustly elevates DLK activity 

(Hao et al., 2016). The act of DLK phosphorylation appears to stabilize the protein, making it 

resilient to PHR-mediated ubiquitination and degradation. Particularly, c-Jun N-terminal Kinase 

(JNK)-dependent phosphorylation of DLK may act to amplify neuronal stress signals, and at least 

in the model of optic nerve crush, this elevation of phosphorylated DLK begins first in the axon 

and then spreads retrogradely, increasing in the cell bodies, ultimately leading to cell apoptosis 

(Huntwork-Rodriguez et al., 2013). 

With regards to axonal regeneration specifically, DLK has been studied more widely, 

particularly using models of optic nerve crush for the CNS and sciatic nerve crush/ligation models 

for PNS. In the sciatic nerve, DLK has been shown to be necessary for retrograde transportation 

of injury signal phosphorylated STAT3 (pSTAT3) to the cell body. Compared to WT mice, DLK 

KO mice show reduced regeneration in sciatic nerve after crush (Shin et al., 2012). In the optic 

nerve crush – a model for CNS injury – DLK KO results increased survival of RGCs. This effect 

which is enhanced further by double deletion of DLK and LZK in RGCs, although LZK deletion 

alone does not lend a similar effect (see Figure 2.1, Watkins et al., 2013; Welsbie et al., 2013, 

2017). Thus, we see two seemingly opposite results from DLK deletion depending on cell type: 

peripheral neurons’ regeneration is DLK dependent, while RGC survivability is enhanced by DLK 

deletion. An explanation for these seemingly opposite findings may be due to the cell’s intrinsic 

growth capacity as a response to injury and DLK activation: subsequent to optic nerve crush, DLK 

activation drives the initiation of several transcriptional programs, including both regenerative and 

apoptotic processes (Watkins et al., 2013). As RGCs have limited regenerative capacity, 

secondary to their nature as CNS neurons, these cells typically respond to injury with cell death; 

oppositely, injured PNS neurons in the sciatic nerve innately are capable of regenerating in 

response to injury. These findings thus suggest that DLK activation is critical for allowing the cell 
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to respond to an injury, and whether that response pro-apoptotic or pro-regenerative is both cell-

type specific and context dependent (Watkins et al., 2013). The neuronal role of LZK is less well 

understood; studies in vitro have shown that overexpressing LZK in cerebellar granule neuron 

cultures enhances neurite outgrowth, similar to DLK overexpression, but co-overexpression does 

not confer additional benefits to neurite outgrowth (Chen et al., 2016). 

Among these, worm DLK-1 was recently identified as being able to respond to fluctuations 

in calcium and cytoskeletal dynamics and thus can retrogradely signal via the MAP3K cascade to 

induce a “response-to-injury” transcriptional program (Ghosh-Roy et al., 2012; He & Jin, 2016; 

Yan & Jin, 2012). In the sciatic nerve, double ligation studies have revealed the role of DLK in 

triggering retrograde signaling, including retrograde trafficking of pSTAT3 injury signals, to drive 

regeneration in the peripheral nervous system (Shin et al., 2012). In fact, knocking out DLK in 

RGC results in a loss of post injury transcriptional activity driving both pro-growth and pro-

apoptotic profiles (Watkins et al., 2013), suggesting that loss of DLK deprives the soma of being 

able to even recognize the presence of an injury, let alone mount a response. In the optic crush 

model, DLK deletion results in overall increased cell survival, indicating that while DLK may drive 

both cell-growth and apoptosis pathways, in this particular model, cell death prevails as the 

primary response to injury, and that this may be mediated by several MAP3K downstream 

effectors (Welsbie et al., 2017). A recent publication suggests that in a model of stroke, 

knockdown of C-C chemokine receptor 5 (CCR5) enhances motor recovery after traumatic brain 

injury via upregulated DLK signaling that drives increased plasticity in surviving axons (Joy et al., 

2019), although this study does not directly draw a connection between DLK signaling and axonal 

repair. 

The role of LZK in injury signaling is considerably less well understood. In vitro, the 

overexpression of LZK in cerebellar granule neuron cultures enhances neurite outgrowth, similar 

to DLK overexpression, but co-overexpression does not confer additional benefits to neurite 

outgrowth (Chen et al., 2016) In astrocytes, the overexpression of LZK alone was sufficient to 
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trigger widespread reactive astrogliosis in the spinal cord, even in the absence of injury. In the 

presence of spinal cord crush injury, the overexpression of astrocytic LZK resulted in a more 

compacted lesion core, but the effect of this manipulation on axon regeneration is unknown (Chen 

et al., 2018). In studies combining DLK and LZK manipulations, deletion of LZK failed to improve 

RGC survival after optic nerve crush injury, but DLK and LZK double deletion improved RGC cell 

survival greater than DLK deletion alone (Welsbie et al., 2017), suggesting that, in this model, 

DLK and LZK may signal cooperatively in response to injury, but the role of DLK is more critical 

than neuronal LZK. However, in a model of impact acceleration as a model of diffuse traumatic 

brain injury, only double deletion of both LZK and DLK protected RGCs apoptosis, although DLK 

disruption alone was sufficient to suppress JUN phosphorylation (Welsbie et al., 2019). Taken 

together, these findings slowly address the relationship between DLK and LZK in response to 

multiple models of trauma. Likely, these kinases have a redundant role, and the relative 

importance of LZK signaling in permitting a cell to mount a response to injury is dependent both 

on the cell type affected, as well as the type of trauma sustained by the cell.  

 

1.7 Two models of CST injury: the Dorsal Hemisection and Unilateral Pyramidotomy 

Given the wide variability of cellular responses to LZK and DLK manipulation, investigating 

the role of DLK and LZK in responding to CST injury requires the use of multiple models of injury 

to address the various types of cellular responses to injury. As described earlier, an injured neuron 

can attempt to mount a regenerative response, although the ability for a CNS neuron to regrow 

after injury is severely limited, or more commonly it can retract and form a dystrophic end bulb in 

response to injury. Alternately, the study of spontaneous and induced sprouting allows for probing 

on how DLK and LZK may be involved in plasticity in uninjured neurons. In order to distinguish all 

of these different types of cellular responses to injury, multiple models of injury can be leveraged 

to specifically target a particular cellular response. 
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For the study of regeneration both rostral and caudal to the injury, the model of dorsal 

hemisection (DH) spinal cord injury is a well established surgical model to study the injury 

response of CST axons. The DH model involves lesioning the dorsal half of the spinal cord, e.g., 

at the level of thoracic spinal cord vertebral segment 8 (T8), completely severing both descending 

dorsal corticospinal tracts, as well as the descending dorsolateral tract (a minor tract). In this 

model, virtually all traced regenerating axons suffered axonal injury. To confirm complete 

lesioning, traced axons are stained in transverse sections of spinal cord collected from well above 

and below the site of injury. In the caudal sections specifically, a completely lesioned animal 

should have no signal in the main CST bilaterally nor any signal in the minor dorsolateral tracts 

(Figure 1.6A). The complete lesioning of both CST tracts limits the possibility of axonal sprouting 

by spared descending tracts to enable functional recovery. Due to general lack of axonal 

regeneration observed in wildtype mice in the DH model, we can leverage genetic methods of 

PTEN deletion to provide an elevated baseline level of regeneration in neurons in order to assess 

the requirement for DLK/LZK in regeneration. To assess regeneration caudal to the site of injury, 

we can use GFAP to identify the scar border, and assess whether traced CST axons are able to 

grow beyond the site of lesion into the caudal spinal cord. 

These same sections can also be used to study axonal regeneration rostral to the site of 

injury following by measuring the decrease in axon density signal in traced axons starting from 

1.5 mm anterior to the site of injury. In the subacute phase of injury lasting roughly 7-10 days after 

initial injury, the vast majority of CST axons exhibit dieback as far as 500-600 µm rostral to the 

site of injury. Regeneration of these retracted axons can be achieved quite effectively by genetic 

deletion of PTEN in layer V CSMNs (Liu et al., 2010). Thus, we can also investigate whether 

deletion of DLK and/or LZK is involved in this rostral side regeneration. 

To specifically study both spontaneous and induced sprouting, there are several different 

types of surgeries that lead to a partial injury of the CST. Among these methods, unilateral  
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Figure 1.6 Assessing completeness of injury. 
A) In DH, complete transection of both CSTs can be confirmed by observing no traced axons in 
caudal transverse spinal cord sections collected from >2mm away from the lesion site. B) For a 
pyramidotomy, staining for PKCγ is an effective way to visualize denervation, as PKCγ is 
produced in CSMN axons at a high rate of turnover, so loss of neural input into downstream axons 
will quickly deplete the PKCγ signal. 
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pyramidotomy is a particularly clean form of injury that effectively specifically assess CST. In the 

unilateral pyramidotomy injury model, the medullary pyramids are exposed ventrally, and one of 

the two descending tracts is lesioned above the level of the medullary decussation. Thus, a left 

sided lesion leads to denervation of the right-sided spinal dorsal CST. The anatomical markers of 

these two descending tracts is easily distinguished by the midline presence of the basilar artery 

to separate the two tracts (Starkey et al., 2005). Compared to the spinal cord itself, the medullary 

pyramids is a surgically easier target, and cleanly limiting the injury to just one descending path 

is significantly less challenging. 

Assessing the completeness of injury is critical in the unilateral pyramidotomy, as 

incomplete lesions can reduce the observed amount of sprouting due to plasticity in the spared 

axons on the lesioned half of the cord. To confirm complete lesion, cervical spinal cord transverse 

sections are stained for Protein Kinase C gamma (PKCγ), a protein expressed highly in healthy 

living CSMN axons. In a properly lesioned animal, we expect to see PKCγ signal only in one of 

the two CSTs (Figure 1.6B). Sprouting is assessed by quantifying both the number of midline 

crossing axons, as well as the distances past midline that these axons sprout. While sprouting 

does occur at a detectable baseline level in wild type mice, this phenomenon can be further 

induced via genetic deletion of PTEN (Geoffroy et al., 2015). 

 

1.8 Conclusion 

The diversity of cellular responses that result from MAP3K signaling make DLK and LZK 

interesting molecular targets of study in the context of CNS injury and repair. Understanding the 

fundamental mechanisms of repair is a key step in developing new treatment strategies for 

improving outcomes for patients with SCIs. A major hurdle in the field of regenerative medicine is 

understanding the wide array of signaling cascades that play a crucial role in allowing cells to 

sprout or regenerate. 
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The goals of this study are to assess the effects of targeting neuronal deletion of DLK 

and/or LZK in two distinct mechanisms of axonal repair in the spinal cord, sprouting and 

regeneration, and address how these manipulations interact with PTEN deletion, another well-

known signaling pathway that has already been studied extensively in the field of spinal cord injury 

and repair (Figure 1.7). 
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Figure 1.7 Graphical abstract of experiment. 
Fundamentally, this series of experiments seeks to interrogate the effect of deleting LZK and DLK 
in multiple models of CST axonal repair. For regeneration, we will use dorsal hemisection to 
bilaterally lesion the descending CST. The additional manipulation of PTEN deletion will be 
leveraged to increase inherent regenerative capacity of these injured axons. in the sprouting 
model, the unilateral pyramidotomy will target only one of the two descending tracts, and we will 
investigate both spontaneous and induced sprouting in the uninjured descending tract. As with 
regeneration, the deletion of PTEN in uninjured axons induces elevated levels of sprouting 
compared to wildtype, and can help magnify differences in phenotype that may be more difficult 
to ascertain using just baseline levels of sprouting. 
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2.1 Experimental Animals 

 Conditional knockout (cKO) mice were generated in which exon 2 of the LZK or DLK gene 

is flanked by loxP sites. In these mice, exposure to Cre-recombinase would lead to a conditional 

knockout of the targeted gene. A previous graduate student tested the efficiency of gene deletion 

by crossing DLKfl/fl mice with a ubiquitously expressed tamoxifen inducible Cre-recombinase 

mouse line (UbCre) and administering tamoxifen, resulting in near complete suppression of DLK 

protein expression as assayed by Western blot. To test efficiency of LZK deletion in LZKfl/fl mice, 

neuronal cultures of LZKfl/fl mice were incubated either in AAV-Cre or a control virus. A PCR 

targeting the knockout version of the DNA revealed a positive band for cells incubated AAV-Cre, 

but not AAV-GFP (Figure 2.1). After confirming the efficacy of gene knockout with Cre-

recombinase, LZKfl/fl and DLKfl/fl were bred to each other to also generate DLK/LZKfl/fl mice, as 

well as to PTENfl/fl to generate DLK/PTENfl/fl, LZK/PTENfl/fl, and DLK/LZK/PTENfl/fl. 

 In experiments focused on regeneration and induced (e.g. non-spontaneous) sprouting, 

we leveraged the pro-growth affects of PTEN deletion to either permit neuronal regeneration 

(which does not occur in wildtype mice) or enhance baseline sprouting into an induced state. 

DLK/PTENfl/fl, LZK/PTENfl/fl and DLK/LZK/PTENfl/fl mice were injected with AAV2-Cag-Cre (AAV-

Cre) to target neuronal deletion of DLK, LZK and PTEN genes. These mice were compared 

against PTENfl/fl injected with AAV-Cre, and for all genotypes, injection with AAV2-Cag-GFP 

served as a general wildtype control. These control mice will be referred to as GFP controls in 

results and figures. 

 In the series of experiments focusing on spontaneous sprouting, conditional knockout of 

the LZK or DLK genes or both genes simultaneously were compared to littermate controls injected 

with AAV-GFP. Mice used in all studies were injected with AAV-Cre or GFP at 6-8 weeks of age 

to target the effects of gene manipulation in young adult mice, specifically, as the effects of PTEN 

deletion on neuronal regeneration distal to the injury is limited in older animals (Geoffroy et al., 

2016). 
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2.2 Tissue processing 

 Mice were administered a lethal dose of Fatal Plus (pentobarbital sodium) and perfused 

transcardially with ice-cold 4% PFA solution; brain and spinal cord were dissected out and post 

fixed overnight in 4°C PFA solution. Subsequently, tissues were incubated for 72 hours at 4°C in 

30% sucrose solution for cryoprotection before embedding in Tissue-TEK OCT Compound and 

freezing over dry ice. 

For regeneration studies, brain, medulla, and 4 mm thoracic spinal cord (T-spine) 

segments containing DH injury midway, with additional 1 mm rostral/caudal thoracic segments, 

were collected an embedded in OCT compound and frozen on dry ice. Tissues were cut on a 

cryostat to a thickness of 20 µm. For regeneration studies, initially rostral and caudal T-spines 

sections were transversely sliced and stained for Biotinylated Dextran Amine (BDA); in order to 

assess completeness of injury, animals containing dorsolateral collateral tract labeling in caudal 

sections relative to rostral sections were excluded from further processing and analysis. 

Subsequently, medullas were sliced transversely in order to obtain estimates of total number of 

CST axons labeled to control for labeling efficiency (see below). Sagittal sections of the 4mm 

segment of thoracic spinal cord were carefully sliced and stained for both GFAP and BDA. Lastly, 

brains were cut coronally at 20 µm  thickness and stained for pS6, p-c-Jun and p-JNK. 

For sprouting studies, tissues collected consisted of brain, medulla, and cervical spinal 

cord ranging from C5-C7. C-spines were sliced in 20 µm transverse sections and immunostained 

using polyclonal rabbit anti-PKCγ (1:200 dilution, Santa Cruz Biotechnology, in 0.2% NGS and 

0.4% PBS-Tx, see below for full protocols). Animals that showed bilateral PKCγ signal were 

excluded from the study. C-spines were further stained for BDA signal, and analyzed for midline 

crossing axons. As with regeneration studies, medullas were sliced transversely in 20 µm 

sections, and processed for BDA staining. 
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2.3 Immunohistochemistry and BDA staining 

Immunohistochemical staining 

 Cervical spinal cord tissue was stained for PKCγ (1:200 dilution Rabbit anti-PKCγ, Santa 

Cruz Biologicals), while brain tissue from various experiments were stained for pS6 (200 Rabbit 

anti-p-c-Jun (Ser73), Cell Signaling), NeuN (1:1000 Guinea pig anti-Neun, Sigma Aldrich), p-c-

Jun (1:100, Rabbit anti-p-c-Jun, Cell Signaling), and Ctip2 (1:150 Rat anti-Ctip2, Abcam). 

Transverse cervical spinal cord and medullas were generally stained free floating, while coronal 

brains were stained slide mounted. For slide mounted IHC, sections were mounted onto 

Superfrosted slides in PBS, and then baked onto the slides for a minimum of 30 minutes in a 37°C 

oven. Prior to the blocking step, mounted tissue was rinsed in PBS on an orbital shaker for 10 

minutes to rehydrate the tissue.  

 For a typical stain, tissue were blocked in 5% Normal Goat Serum (NGS, Vector Labs) in 

Phosphate Buffered Saline with 0.4% Triton-X (PBS-Tx) for 1-2 hours and incubated overnight at 

4°C in primary antibody solution made with 2% NGS in PBS-Tx, using the antibodies described 

above. The next day, sections were rinsed in PBS-Tx three times and then incubated in a light-

protected box with the appropriate secondary. For free floating stains, secondaries were 

conducted at a 1:500 dilution; for slide-mounted IHC, secondaries were made at a 1:200 dilution. 

After secondary incubation, sections were rinsed and optionally incubated for five minutes in a 

1:2000 dilution of DAPI reagent (Abcam), before drying completely and coverslipping using 

Fluoromount-G. For staining p-c-Jun, an additional antigen retrieval step using 20-minute 

incubation in 90ºC sodium citrate (10mM Sodium Citrate, 0.05% Tween 20, pH 6.0) followed by 

two 10 minute washes in PBS-Tx was conducted prior to the initial blocking step. 

 

Traditional BDA staining 

 For thoracic and lumbar transverse sections in regeneration studies, and for cervical 

transverse sections in sprouting studies, as well as for all medullas, sections were stained free 
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floating for BDA using a standard two-day protocol. On the first day, slices were permeabilized in 

two 30-minute wash steps in Phosphate Buffered Solution with 0.1% Tween-20 (PBS-Tw). These 

slices were then incubated overnight at 4°C in Vectastain ABC Solution made at 1:1000 dilution 

of parts A and B (Vector Laboratories). The next day, the slices were washed in two 1 hour steps 

in 1x PBS, before being mounted onto Superfrost slides (Thermo Fischer). After tissue was 

sufficiently dried onto the slides, hydrophobic borders were drawn on the edges of the slide using 

PAP pen, and the BDA signal was amplified using the TSA Plus Cy3 system  (10 minutes at room 

temperature at a 1:200 dilution in PBS, Akoya Bio, formerly PerkinElmer). Slices were 

subsequently rinsed in PBS, and then allowed to dry before coverslipping using Fluoromount-G. 

 

Combined GFAP and BDA staining 

For regeneration studies, combined GFAP and BDA staining of sagittal T-spines was 

conducted using slight modifications to standard techniques: free-floating sections were initially 

blocked for 2 hours in 5% Normal Goat Serum and PBS-TritonX (Tx) and then transferred to a 

primary antibody solution consisting of 2% NGS with 1:200 dilution of monoclonal rat anti-GFAP 

antibody (Life Sciences) in PBS-Tx for overnight incubation at 4°C. The next day, sections were 

washed in PBS-Tx and incubated in secondary solution consisting 2% NGS and 1:500 dilution of 

Alexa-fluor 647 Goat anti-rat antibody (Life Technologies). These sections then were washed in 

0.1% PBS-Tween solution in two 30-minute washes, followed by an overnight incubation in 

Vectastain ABC solution (Vector Laboratories) at 4°C. The next day, sections were washed in two 

1-hour steps in PBS, and then mounted onto Superfrost slides (Thermo Fischer). BDA was 

detected with TSA Plus Cy3 system (10 minutes at room temperature at a 1:200 dilution in PBS, 

Akoya Bio, formerly PerkinElmer). Sections were rinsed in PBS and incubated with 1:2000 dilution 

of DAPI before coverslipping with Fluoromount-G. 
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2.4 Viruses 

 AAV-Cre and AAV-GFP were acquired from Boston Children’s Hospital Viral Core as 

described previously. Viral titer is confirmed using qPCR to be 0.5x1012
 TU/ml. viruses were 

injected to the motor cortex via modified 10 µL Hamilton syringe with a fine glass capillary needle 

affixed at the tip of the syringe using two-part epoxy (details below). 

 

2.5 Surgical procedures 

AAV Injections 

Injection of AAV2-Cre or AAV2-GFP were performed on 6-week old mice as previously 

described with minor modifications. Surgeons were blinded to genotype of mice during all days of 

surgery. Animals were anesthetized with Ketamine and Xylazine injected intraperitoneally (i.p. 

K/X) dosed at 80-100mg/kg and 10mg/kg, respectively. After anesthesia was sufficiently 

achieved, mice shaved at the site of surgery and head fixed to a stereotax (Kopf Instruments). 

The surgical area was sterilized using 70% alcohol and Provadine Iodine swabs. Skin above the 

skull was cut using a pair scissors or a number 10 surgical scalpel, and the skin was retracted to 

reveal bregma. A surgical window was drilled carefully to include the coordinates for three sites 

of injections.  

A 10 µL Hamilton syringe with a fine glass capillary needle was loaded with 1.5-2 µL of 

either AAV-Cre or AAV-GFP and mounted onto the stereotax. Injection coordinates were adapted 

from previous studies (Geoffroy et al., 2015; Liu et al., 2010). The coordinates relative to bregma 

are as follows: for sprouting studies or unilateral pyramidotomy cohorts, 1.2mm lateral, 0.5mm 

anterior, 1.2mm lateral, 0.5mm posterior, 2.2 mm lateral, 0.0mm anterior; for regeneration or 

dorsal hemisection cohorts, 1.4mm lateral, 0.1mm posterior, 1.4mm lateral, 1.1mm posterior, and 

1.0mm lateral, 0.6mm posterior. For each injection site, the needle was lowered to a depth of 

0.9mm and then raised by 0.2mm for a final depth of 0.7mm, and the brain was allowed to recover 

from needle insertion for 2 minutes. Virus was then delivered at a rate of 0.1 µL/min for four 
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minutes, for a total volume of 0.4 µL per injection site, and then virus was given time to diffuse 

into the tissue with needle in place for another four minutes. 

 After the final injection, incision wounds were sealed using Reflex surgical wound 7mm 

clips. Mice were allowed to recover in their home cages heated over a water bath and were 

postoperatively injected subcutaneously with 0.5ml saline and buprenorphine dosed at 0.05-0.1 

mg/kg for at least 5 days after surgery for pain management. Reflex clips were removed after 7 

days. 

 

Dorsal Hemisection 

Dorsal hemisection (DH) surgeries were conducted as previously described (Geoffroy et 

al., 2015). DH surgeries at the level of T8 thoracic spine were performed by a surgeon blinded to 

both genotype and viral injection condition on mice aged 10 weeks (4 weeks after AAV injection). 

Mice were anesthetized with i.p. K/X. The spinal cord was exposed at the level of T8 by dorsal 

laminectomy, followed by bilateral dorsal column transection of roughly 700 µm using marked 

microfeather scalpel and microdissection scissors. Overlying muscles were sutured together, and 

the wound was stapled shut using Reflex wound closure systems. 

Mice were allowed to recover on heated waterbath and were postoperatively injected 

subcutaneously with saline and buprenorphine for pain management. For at least the next 5 days 

up to the next 8 weeks, pain management was achieved using buprenorphine, and infections 

were treated with Baytril. In mice unable that failed to recover urinary control, manual bladder 

expression was conducted twice daily for as many days as necessary to prevent urinary tract 

infections 

 

Unilateral Pyramidotomy 

Pyramidotomy surgeries were conducted using previously described methods with slight 

modifications (Starkey et al., 2005). Surgeries are conducted two weeks after AAV injections in 
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8-week old mice. For pyramidotomies, mice were anesthetized with i.p. K/X and placed on the 

stage of a dissection microscope ventral side facing up. An incision is made to expose the 

esophagus and neighboring muscles of the neck. Blunt dissection is used to expose the medullary 

pyramids at the base of the skull. Using a pre-marked surgical microfeather scalpel, a 700µm 

deep incision is made transecting only the animal’s left medullary pyramid anterior to the 

decussation site. Wounds are closed using skin glue (Vetbond, 3M), and mice are allowed to 

recover with heat support, and are postoperatively injected with saline for volume loss and 

buprenorphine for pain management. 

 

BDA Tracing 

 BDA injections are conducted 2 weeks after pyramidotomy surgeries in 10-week old mice 

or 6 weeks after DH in 16-week old mice. Stock 10% BDA (10,000 MW, Lifetech) prepared in 

sterile PBS was injected to the same coordinates using the same injection protocols as described 

above for AAV injections. Wounds were closed with Reflex clips, and mice were treated post-

operatively with saline and buprenorphine for pain management. Mice were maintained in their 

home cages for 2 weeks after BDA injection surgery before ultimately undergoing perfusions at 

12 weeks for pyramidotomy cohorts and 18 weeks for DH cohorts. 

 

2.6 Quantification of rostral regeneration analysis 

 Methods to quantify regeneration rostral to the site of injury were adapted from previously 

described methods (Liu et al., 2010). To determine regeneration index, sagittal thoracic spinal 

cord sections containing the labeled descending CST were stained for BDA and GFAP. These 

were imaged on an upright Zeiss Axio Imager M1 microscope using a 10x objective. All images 

were acquired as .zvi files and converted to .czi files on using Zeiss software Zen Blue for easier 

analysis on ImageJ (NIH). For assessment of rostral regeneration, cut site was identified using 

GFAP, and fifteen 100 µm boxes spanning the dorsal-ventral width of each section were drawn 
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rostral to the site of injury, covering a total distance of 1.5 mm. Axon density measures were 

calculated for each box by measuring the average intensity within each box, and subtracting the 

average intensity of background signal as measured in a 100 µm region with no BDA signal caudal 

to the site of injury. This value was then normalized to the axon density measure calculated 1.5 

mm rostral to the injury site. Axon density indices ± standard error of the means (SEM) are plotted 

as a function of distance rostral to the site of injury. 

 

2.7 Quantification of caudal regeneration index 

 Section images acquired for rostral regeneration analysis were used also for quantifying 

regenerating axons. Using an automated macro wherein a blind quantifier identifies the injury site 

via GFAP staining, 43 boxes each measuring 50 µm x 2000 µm were aligned to the injury site. 

The number of axons crossing at each 50 µm increment was counted manually in as many 

sections containing CST labeling (~5-7 sections per animal). Counts at each distance were 

averaged for each animal and normalized against total axon count measured in the medulla to 

obtain a regeneration index, which was plotted as a function of distance caudal from the injury 

site. 

 

2.8 Quantification of sprouting index 

To determine sprouting index, transverse cervical spinal cord sections were sliced and 

stained for BDA, and normalized to total axon counts measured in medullas. Images were 

analyzed using FIJI/ImageJ software. A custom FIJI/ImageJ macro was developed to 

automatically align boxes measuring 50 or 100 µm to a user-indicated midline. The first box 

measures 50µm in width, and remaining boxes measure 100µm extending up until 1100 µm away 

from the indicated midline. Axon cross-over events at each of these distances are manually 

quantified by a blinded individual. For each animal, five sections are quantified, and counts at 



38 
 

every indicated distance are averaged, and then normalized against the medulla total axon count. 

Axon sprouting index ± SEM is plotted as a function of distance away from the midline. 

 

2.9 Measuring total axon counts in medulla 

For total axon counts that are used to normalize regeneration and sprouting indices, 2 

medulla sections were analyzed on ImageJ using the “Find Maxima” plugin, which calculates a 

number . To set a threshold, several thresholds were tested on one section from 5 animals’ and 

were double checked using prior manual counting methods (Lee et al., 2010) to set the threshold 

for the remaining animals in the cohort. Separate thresholds were used for each separately 

stained batch of medulla tissue. Axon counts quantified in the medulla were used to normalize 

sprouting in the unilateral pyramidotomy model and regeneration in the dorsal hemisection model. 

 

2.10 Quantification of pS6 staining in brain tissue 

 Coronal sections of brains collected from mice that underwent dorsal hemisection and 

stained for Ctip2 and pS6. For each genotype studied, 3 animals were analyzed, and 3-4 sections 

were collected from each animal throughout in the region of the injected areas for analysis. 

Quantifications were conducted in ImageJ by a blinded researcher. To quantify pS6 staining in 

the injected versus uninjected side, a composite score for intensity signal at the level of Layer 5 

neurons was calculated for each hemisphere. To do this, Ctip2 staining was used to identify layer 

5 neurons. The injected hemisphere was identified either via GFP signal in the control mice, or 

gross changes in tissue structure secondary to injection (e.g. altered tissue morphology, reduced 

DAPI signaling, needle tracks, etc.) in Cre-injected mice. 300x300 µm boxes were drawn over the 

layer 5 neurons in the Ctip2 channel on both hemispheres equidistant from the central fissure. 

Within these boxes, in the pS6 channel, background subtraction was used to enhance signal to 

noise. 
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Using the “Analyze Particles” plugin on ImageJ, a user-set threshold was established to 

remove non-real signal from the image. The resultant images were segmented into particles, and 

these particles’ size and average intensity were calculated for both hemispheres. In order to 

calculate a ratio of pS6 signaling in the injected versus uninjected hemispheres, the total area 

within each box above threshold was multiplied to the average intensity of the signal to provide a 

composite measure of pS6 signal for each hemisphere that reflected the average signal intensity 

throughout a given image. The final calculated Intensity Index is a ratio of the composite score of 

the injected hemisphere’s signal divided by the uninjected hemisphere’s signal. 

 

2.11 Quantification of p-c-Jun staining in brain tissue 

Coronal sections of brains collected from mice that underwent dorsal hemisection and 

stained for NeuN and pJNK or p-c-Jun. For each genotype studied, 2-3 animals were analyzed, 

and images taken at 20x for each of the 2-3 slices stained per animal were collected from each 

animal throughout in the region of the injected areas for analysis, as well as the equivalent area 

on the uninjected hemisphere. Total numbers of dense nuclear staining p-c-Jun were manually 

counted for each image measuring 447 µm by 335 µm. For each genotype, an average number 

of cells was calculated in both the injured and uninjured hemisphere. Data are presented as a 

means ± SEM. 

 

2.12 Experimental design and statistical analysis 

 Axon density, sprouting and regeneration index data were analyzed using 2-Way 

Repeated Measures ANOVA with Bonferroni post-test corrections. Intensity analysis pS6 and p-

c-Jun were analyzed with 1-way ANOVAs, as were total axon counts. For all statistical analyses, 

GraphPad Prism 6 was used with a p < 0.05 set as the threshold for statistical significance. These 

are denoted in graphs with asterisks, unless noted otherwise. All data are displayed as means 
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with error bars denoting ±SEM. Specific n values for each study are noted in figures. A mix of 

male and female mice were used in approximately a 1:1 ratio for all experiments. 
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Chapter 3: 

Role of mammalian LZK and DLK in CST axon regeneration 
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3.1 Significance Statement 

In both clinical and mammalian animal models, the ability for severed axons to regrow 

after trauma is largely non-existent in the adult central nervous system (CNS). Extensive studies 

have shown that both inhibitory extrinsic environment and limited intrinsic growth capacity 

contribute to this phenomenon (Ferguson & Son, 2011; Tedeschi & Bradke, 2017). This reduced 

capacity for CNS axons to undergo regenerative repair may result in long-term or permanent 

functional impairment following injury, such as what is seen in spinal cord injury patients. Genetic 

deletion of tumor suppressor gene PTEN has been shown to create a growth-permissive 

environment that may allow injured axons to regrow via activation of the AKT/mTOR pathway (Liu 

et al., 2010; Park et al., 2008). Recently, DLK-1, a Mitogen-Activated Protein Kinase Kinase 

Kinase (MAP3K) was identified in C. elegans to be critical for axon regeneration following laser 

axotomy (Hammarlund et al., 2009; Yan et al., 2009). In mammals, the role of DLK-1 homologs 

Dual Leucine Zipper Kinase (DLK) and Leucine Zipper Kinase (LZK) in axon regeneration is 

poorly understood within the CNS. With regards to DLK, there have been several studies focused 

on these kinases in context of retinal ganglion cell (RGC) survival and regeneration following optic 

nerve crush (Watkins et al., 2013; Welsbie et al., 2017), as well as in axon regeneration in the 

peripheral sciatic nerve (Shin et al., 2012). LZK is even less well understood; studies in primary 

cerebellar granule cell cultures suggests that LZK overexpression enhance neurite outgrowth, but 

whether this will translate to in vivo models is unknown (Chen et al., 2016). Although there 

appears to be some cooperativity between DLK and LZK in triggering the cell death pathway in 

various models of RGC injury (Welsbie et al., 2019), these models fundamentally do not address 

CNS regeneration, and thus the role of these kinases in regeneration in a motor CNS tract such 

as the CST is unknown. 

In this series of experiments, I investigated the roles of DLK and LZK in axon regeneration 

rostral and caudal to the injury using the dorsal hemisection surgical model of spinal cord injury 

to lesion both descending dorsal CST and dorsolateral CST, bilaterally. To further enhance 
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baseline regenerative capacity of these CST axons to undergo regeneration, I leveraged PTEN 

deletion in combination of either single or double kinase knockout (Geoffroy et al., 2015; He & 

Jin, 2016). 

To our surprise, tracing of regenerating axons caudal to the injury site revealed that while 

deleting both LZK and DLK in a PTEN deleted background blocks regeneration completely, 

deletion of just LZK in a PTEN deleted background does not block the effect of PTEN deletion on 

axon regeneration. Rostral to the lesion, all genotypes exhibited strong BDA labeling 1.5mm 

anterior to the lesion, but this labeling began to taper off at around 500 µm anterior to the lesion 

site in both wildtype and DLK/LZK/PTENcKO mice, with very few axons reaching the GFAP+ scar 

border. Contrastingly, LZK/PTENcKO and PTENcKO mice, while indeed showing a decreased axon 

density proximal to the scar border, still had a substantial number of axons penetrating into the 

fibrotic core of the lesion. Another key finding in understanding where DLK and LZK play their role 

relative to PTEN signaling is that double deletion of these kinases do not prevent the PTEN-

deleted neurons from upregulating the expression of pS6, a downstream marker of AKT/mTOR 

activity, and a crucial player in axon regeneration (Liu et al., 2010; Park et al., 2008). In the present 

study, it remains unclear whether DLK deletion in isolation is sufficient to block the regenerative 

effect of PTEN deletion, but as of present findings, it appears as though neuronal LZK is not 

required for PTEN-deletion driven axon regeneration either rostral or caudal to the injury, 

suggesting that DLK may play a more critical role of the two kinases, which allows PTEN-deletion 

to permit axonal regeneration. 

 

3.2 Experimental outline 

For a more detailed explanation of methods and materials, please refer to Chapter 2. In 

summary, the animals studied in this series of experiments compared LZK/PTENcKO (n = 9) and 

DLK/LZK/PTENcKO (n = 17) mice against PTENcKO (n = 10). For each genetic condition, some  
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Figure 3.1 Regeneration of CST axons after dorsal hemisection. 
Schematic of surgical timeline. Injections of AAV were conducted in 6 week old mice, and injuries 
were conducted in mice 10 weeks of age. Regenerating axons were traced at 16 weeks, and mice 
were sacrificed at 18 weeks of age. For full methods and procedures, refer to Chapter 2 (adapted 
from Geoffroy et al., 2015). 
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mouse littermates were used as controls, receiving AAV2-GFP in place of AAV2-Cre, and are 

referred to as wildtype (n = 12) mice. Mice injected with AAV2-Cre will be henceforth distinguished 

from controls by the notation “cKO.” 6-week old floxed mice of the specific genetic conditions were 

either injected with AAV-Cre or control AAV-GFP in the layer V region of the right-sided motor 

cortex targeting hindlimb regions. These axons innervate the left-sided dCST in the spinal cord. 

Four weeks after injections, the mice underwent the DH spinal cord surgery, which results in a 

bilateral transection of both descending dorsal main CST and the dorsolateral minor CST. After 6 

weeks, regenerating axons were traced by injecting anterograde BDA tracer in the right side motor 

cortex. The mice were sacrificed two weeks later for processing and analysis (Figure 3.1). 

 Sagittal thoracic spinal cord tissue was collected and stained for BDA and GFAP for 

quantifying regeneration both rostral and caudal to the lesion. To quantify rostral regeneration, 

axon density indices were generated by measuring the average dorsal-ventral intensity in 100 µm 

intervals anterior to the lesion site, and normalized to average intensity measured in a 100 µm 

box 1.5mm anterior to the injury site. The rostral regeneration measured is reported as an Axon 

Density Index at each distance rostral to injury. For caudal regeneration, the number of 

regenerating axons caudal to injury were counted manually in 50 µm intervals. These were then 

normalized to total number of axons traced in the medulla (for full methods see Chapter 2). The 

caudal regeneration measured is reported as a Regeneration Index at each distance caudal to 

injury. 

Brain tissue was stained for pS6 and p-c-Jun for assessment of AKT/mTOR and MAP3K 

pathway activity, respectively. To quantify relative changes in pS6 signaling in the AAV-injected 

hemisphere, a composite score for intensity signal in Layer V neurons for both hemispheres was 

calculated by measuring the average intensity of pS6 signal measured over threshold multiplied 

by the total area in which signal was measured as being greater than threshold. The relative 

change in signal was calculated by dividing the composite index in the injected hemisphere by 
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the composite index for the uninjected hemisphere. The resulting measurement is reported as an 

Intensity Index. 

 

3.3 Results 

3.3.1 LZK is dispensable for axonal regeneration rostral to injury in PTEN-deleted mice. 

 In the early response to axonal injury, CST axons undergo axonal dieback, characterized 

by the formation of dystrophic endbulbs. This process occurs within the first seven to ten days 

after injury. Both wild type and PTEN mice are known to have similar levels of axonal dieback, 

but only PTEN-deleted axons rostral to the lesion are able to overcome this initial period of 

dieback and instead regenerate towards the lesion (Liu et al., 2010, see Fig. 3.2). To test whether 

LZK or DLK is critical for regeneration of axons rostral to injury in PTEN-deleted mice, I compared 

axonal density rostral to a dorsal hemisection lesion in LZK/PTENcKO and DLK/LZK/PTENcKO 

mice, and compared these mice to PTENcKO and GFP-injected wildtype mice.  

As previously described in the literature, the majority of GFP-injected wildtype animals 

exhibited the dense BDA labeling in the main CST tract roughly 1 millimeter anterior to the lesion. 

Beginning around 500 µm anterior to the lesion, this dense BDA labeling tapered off drastically, 

and a few individual axons were visualized to be terminating in retraction bulbs several hundred 

micrometers anterior to the proximal edge of the GFAP+ scar border. In PTENcKO animals, the 

main CST was also densely labeled with BDA, with a far slighter drop in axon density starting 

around 500 µm rostral to injury. The majority of labeled axons appeared to reach the proximal 

edge of the GFAP+ scar border favoring the dorsal side of the spinal cord, penetrating into the 

lesion core. A few individual axons did appear to trace towards the ventral edge of the lesion. 

DLK/LZK/PTENcKO showed axon densities that were comparable to wildtype GFP-injected mice, 

while LZK/PTENcKO-mice appeared phenotypically similar to PTENcKOmice (See Figure 3.2 A,B). 

To quantify rostral regeneration, 2-way Repeated Measures ANOVA revealed an interaction  
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Figure 3.2 Rostral versus caudal regeneration. 
In the initial 7-10 days after axonal injury, in both wildtype and PTEN-deleted animals, CST 
neurons exhibit axonal dieback or retraction away from the lesion site. In PTEN-deleted mice, 
however, it was shown that axons can overcome this initial period of dieback and regenerate 
towards the lesion site, and beyond into the caudal tissue (Liu et al., 2010). 
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between genetic condition and distance caudal to the injury (p < 0.0001, F(42, 616) = 5.16). 

Multiple comparisons with Bonferroni’s correction revealed that PTENcKO and LZK/PTENcKO mice 

showed significant differences in axon density indices compared to GFP injected controls at 

distances500-100 µm rostral to the site of injury (at 500 µm, PTENcKO p  = 0.0014, LZK/PTENcKO 

p = 0.0153; at 400 µm, PTENcKO p = 0.0005, LZK/PTENcKO p = 0.0019; at 300-200 µm, PTENcKO 

and LZK/PTENcKO p < 0.0001; at 100 µm, PTENcKO p = 0.0003, LZK/PTENcKO p = 0.0007). 

 

3.3.2 LZK is dispensable for axon regeneration caudal to injury in PTEN-deleted mice. 

 The mice described above to study rostral regeneration were also used to investigate 

caudal regeneration. BDA positive axons were counted at 50 µm intervals caudal to the GFAP+ 

border of the scar. As previously shown, none of the GFP-injected mice exhibited regeneration. 

DLK/LZK/PTENcKO mice similarly exhibited a near complete loss of axon regeneration, producing 

an immunohistological phenotype similar to GFP-injected control mice; in fact, only one mouse 

from this genotype had BDA labeling below the site of injury, with a single axon extending barely 

past 100µm caudal to the lesion. However, the LZK/PTENcKO mice demonstrated robust 

regenerating axons, and were phenotypically indistinguishable from PTENcKO mice. In both 

genotypes, the majority of traced axons appeared to regenerate across the dorsal aspect of the 

lesion. A small fraction of more ventrally-traced axons appear to exhibit regenerative sprouting, 

around the ventral aspect of the lesion into the caudal spinal cord. While the bulk of labeled axons 

seem to measure around 400-600 µm, a small fraction of axons continued to show BDA labeling 

well past a millimeter caudal to the injury. 

A 2-way repeated measures ANOVA with Bonferroni post-test confirmed the visual 

assessment that LZK/PTENcKO and PTENcKO had significantly more regeneration than either 

DLK/LZK/PTENcKO or GFP Control mice, as well as the observation regeneration in LZK/ PTENcKO 

and PTENcKO are not significantly different from one another. A multiple comparisons assessment 

demonstrated that both LZK/PTENcKO and PTENcKO continues to have significantly more 
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regeneration than controls for up to 450 µm away from the site of injury (see Figure 3.2 A, C; from 

50-350 µm, PTENcKO and LZK/PTENcKO p < 0.0001; at 400 µm, PTENcKO p < 0.0001 and 

LZK/PTENcKO p = 0.0004; at 450 µm, PTENcKO p = 0.0006, LZK/PTENcKO p = 0.0044). There was 

no statistical difference between GFP-injected mice and DLK/LZK/PTENcKO mice. 

Given these results, LZK is dispensable for PTEN-deletion driven axonal regeneration 

both rostrally and caudally to the site of injury. Interestingly, the double deletion of LZK and DLK 

suppresses this same form of axon regeneration, suggesting that DLK may be a more critical 

injury signal that triggers the cell to respond by initiating and injury response, however this has 

yet to be confirmed. The alternative explanation is that LZK and DLK are redundant, and that 

knockout of one kinase results in compensatory signaling by the remaining kinase. A follow-up 

study in DLK/PTENcKO mice would help elucidate this mystery. 

 

3.3.3 Deletion of DLK and LZK does not affect pS6 signaling in PTEN-deleted mice 

 In the adult CNS, the AKT/mTOR pathway, a critical signaling cascade for development 

and growth, is usually inhibited by PTEN. However, in mice that have undergone neuron-specific 

PTEN deletion, pS6 immunostaining increases as a result of the reduced inhibition on the 

AKT/mTOR pathway. Given that DLK and LZK double deletion prevents axons from regenerating 

even in a PTEN-deleted background, we wondered whether deletion of these MAP3Ks 

significantly altered downstream AKT/mTOR activity. More specifically, we wondered whether 

deletion of DLK and LZK prevented the activation of the AKT/mTOR pathway in spite of PTEN 

deletion, or if regeneration in these animals failed despite increased AKT/mTOR activity. The prior 

hypothesis would suggest that perhaps DLK/LZK signaling exhibits some upstream regulation on 

the AKT/mTOR pathway, while the latter would instead imply that these are two parallel pathways 

that must both be functional and activated in order to trigger regeneration. The literature has 

suggested that DLK and LZK act as injury sensors within the axon, and are critical for retrograde  
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Figure 3.3: Rostral and caudal regeneration of CST axons after DH. 
6wk old mice were injected with either AAV-Cre or AAV-GFP 4 weeks prior to DH. 6 weeks after 
DH, regenerating axons were traced using BDA. A: Representative images of GFAP staining 
(green) and BDA tracing (white) in GFP controls (n=12), PTENcKO (n=10), LZK/PTENcKO  (n=9), 
and DLK/LZK/PTENcKO (n=17) mice. B: Quantification of rostral regeneration. Axon density index 
indicates average intensity of region minus background intensity, normalized to axon density at 
1.5 mm rostral to injury (mean±SEM). 2-way RM Anova, main effect of genetic condition at each 
distance, p < 0.05, multiple comparisons with Bonferroni corrections showed significant 
differences compared to GFP mice from 500-100 µm: *p < 0.05, **p < 0.005, ***p < 0.001, ****p < 
0.0001 C: Quantification of regeneration. Regeneration index indicates the ratio of the average 
number of axons counted at each distance caudal to injury site normalized to total axon counts 
labeled in medulla (mean±SEM). 2-way RM Anova, main effect of genetic condition at each 
distance, **p < 0.005, ***p < 0.001, ****p < 0.0001. D: Total axon counts from medullas; 1-way 
ANOVA, n.s. 
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Figure 3.4: DLK and LZK double deletion does not alter pS6 signaling downstream of 
PTEN deletion 
A: Coronal sections of GFP injected, PTENcKO, LZK/PTENcKO, DLK/LZK/PTENcKO  mice stained 
for pS6 scale bar 300µm. B: 20x images of pS6 staining in layers 5-6 neurons, scale bar 100µm. 
C: Quantification of pS6 signal. Results displayed as a ratio of composite pS6 signal in injected 
hemisphere divided by uninjected hemisphere. 1-way ANOVA revealed main effect of genetic 
condition on pS6 staining, *p < 0.05. 

 

 

  

 



54 
 

  



55 
 

signaling in order for the nucleus to turn on response-to-injury transcriptional profiles 

(Welsbie et al., 2017). We therefore considered that perhaps, co-deletion of DLK and LZK 

leads to reduced AKT/mTOR signaling and thus reduced pS6 signaling. To answer this 

question, we looked at immunostaining of pS6 in brain tissue in DLK/LZK/PTENcKO, 

LZK/PTENcKO, PTENcKO, and GFP control mice. 

 To assess whether deletion of DLK and LZK alters the downstream effects of PTEN 

signaling in injured cells, brain cortices containing the injection sites were sliced and stained for 

pS6, a downstream marker of AKT/mTOR activity. We compared pS6 signal in the AAV-injected 

hemisphere relative to the uninjected hemisphere using an Intensity Index, which is described in 

more detail in Chapter 2. Briefly, coronal brain sections were stained for Ctip2 and pS6. Ctip2 

staining was used to identify layer 5 neurons. The injected hemisphere was identified using gross 

changes in tissue morphology (e.g. enlarged nuclei, needle track, etc). After setting a threshold, 

we used the “Analyze Particles” plugin on ImageJ, to segment above-threshold signal into 

particles. The total area within each box above threshold was multiplied to the average intensity 

of the measured signal to provide a composite score of pS6 intensity. Lastly, the signal measured 

in the injected hemisphere was divided by that of the uninjected hemisphere to calculate the fold 

change in pS6 in the genetically manipulated hemisphere. 

As expected, in GFP control mice there was no significant elevation of pS6 signal in the 

injected hemisphere compared to the uninjected hemisphere, while in PTENcKO mice elevated 

pS6 signal was easily ascertained (Figure 3.3A); to our surprise, though, both LZK/PTENcKO and 

DLK/LZK/PTENcKO mice exhibited pS6 elevation in the injected region in a pattern that was 

indistinguishable from PTENcKO-mice (1 way ANOVA F (3, 8) = 7.834, p = 0.0091, see Figure 3.3 

A, B). Visually speaking, there was no obvious differences between the PTEN, LZK/PTEN or 

DLK/LZK/PTEN deleted mice, all of which demonstrated obvious increases in pS6 in the injected 

hemisphere, unlike GFP controls which had no such change in pS6 signal. 
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 Given these results, it is evident that deletion of DLK and LZK do not alter the signaling 

cascade triggered by PTEN deletion. Thus, we conclude that kinases do not regulate AKT/mTOR 

upstream of PTEN, but rather that these pathways are parallel to one another. The present data 

do not confirm whether or not PTEN deletion affects DLK/LZK signaling, but from the present 

dataset, we believe that these pathways are separate, and both are required for axonal 

regeneration to occur. 

 

3.4 Discussion 

While DLK and to a lesser extent LZK have been studied in various model of neuronal 

injury in both optic and sciatic nerves, the series of experiments conducted in the present study 

are the first look at how DLK and LZK deletion affects axon regeneration in CST neurons after 

axotomy. As axon regeneration is already an uncommon and very limited cellular response in 

CNS neurons, we leveraged the effects of PTEN-deletion to induce a pro-growth state in our 

genetic models. In the present studies, we have shown that while deletion LZK alone does not 

block the pro-regenerative effects of PTEN deletion, doubly deleting both DLK and LZK in a 

PTEN-deleted background blocks the effects of PTEN deletion on regeneration both rostral and 

caudal to the lesion. Furthermore, co-deletion of LZK and DLK do not seem to significantly change 

the effect of PTEN deletion on AKT/mTOR signaling, as seen via the elevation in pS6 signal in 

both DLK/LZK/PTENcKO and LZK/PTENcKO mice. Thus, while it appears that pS6 elevation 

subsequent to PTEN deletion is independent of DLK and LZK signaling, the pro-growth capacity 

this deletion supposed to confer is substantially blocked by the combined deletion of DLK and 

LZK. This effect of DLK and LZK double deletion in a PTEN-deleted background on both 

regeneration and dieback is not seen in LZK/PTENcKO mice, suggesting that LZK on its own is 

dispensable for both of these cellular responses to injury. 

As of these present findings, it is unclear whether DLK deletion in a PTEN deleted 

background would result in negligible, partial, or complete loss of regeneration compared to PTEN 
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deletion alone. Without the DLK results, it is difficult to draw any clear conclusions. However, we 

might be able to draw some comparison to studies leveraging the optic nerve crush model. In the 

optic nerve crush, deletion of LZK alone does not confer any improvement in cell survival, while 

DLK deletion enhanced cell survival after crush. However, double deletion of LZK and DLK results 

in cell survival greater than just DLK deletion alone (Welsbie et al., 2017), suggesting that LZK 

may cooperates with DLK to activate downstream injury signaling cascades. 

 In our studies, we show definitively that deletion of both MAP3Ks completely abolishes the 

regenerative phenotype of PTEN-deletion, despite the intact upregulation of the AKT/mTOR 

pathway secondary to PTEN-deletion. Previous literature has posited that DLK and LZK may 

function as injury sensors that allow the cell body to recognize a distal injury. These kinases are 

critical to alert the cell body via retrograde transportation of relevant injury signals such as STAT3 

to the cell body from the site of distal injury, thereby initiating the post-injury transcriptional profile 

(Shin et al., 2019; Watkins et al., 2013; Xiong et al., 2010). In a WT mouse, these CNS neurons 

generally lack regenerative competence (Bradke et al., 2012), so perhaps in a cell that did have 

enhanced growth capacity, DLK and LZK signaling may be critical for triggering a pro-growth 

response leading to regeneration. In leveraging PTEN-deletion, regenerative competence is 

enhanced to increase basal regeneration. Our current data reaffirms previous studies that have 

shown that PTEN deletion alone is sufficient to induce a regenerative phenotype, but in the 

absence of both DLK and LZK, this elevated growth capacity fails to translate to meaningful 

regenerative responses, although co-deletion of LZK and PTEN  appears phenotypically 

indistinguishable from PTEN deleted mice. 

This finding initially led us to wonder: if DLK and LZK are injury sensors, then are cells 

lacking DLK and LZK unable to recognize distal injury and thus fail to exhibit strong pro-growth 

transcriptional activity even in a PTEN deleted background? By exploring the activity of 

AKT/mTOR by proxy of pS6 staining, we concluded that even in cells lacking DLK and LZK, the 

deletion of PTEN is sufficient to trigger AKT/mTOR signaling, suggesting that the loss of DLK and 
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LZK do not affect the upregulation of this pathway after PTEN deletion. Yet, these injured neurons 

that have enhanced growth capacity and are actively producing proteins strongly affiliated with 

repair and growth still fail to regenerate in DLK/LZK/PTENcKO mice. The mechanism by which DLK 

and LZK co-deletion blocks the effects of PTEN-deletion on regeneration is currently unknown, 

and remains an open question moving forward. 

There is a large body of literature documenting the critical role DLK plays during CNS 

development. We know that across multiple species DLK is involved with growth cone formation 

in growing axons and migratory cells, and that as development terminates, the activity of DLK is 

drastically downregulated by PHR E3 ubiquitin ligase activity (Borgen et al., 2017; Feoktistov & 

Herman, 2016; Nakata et al., 2005). Particularly in developing mammalian neurons, DLK proteins 

are expressed more in the axons and growth cones compared to soma and dendrites (Hirai et al., 

2005; Lewcock et al., 2007). Even in postmitotic neurons, DLK continues to be elevated in 

migratory neurons, and subsequently downregulated postnatally (Suenaga et al., 2006) This 

critical role of DLK in development is further implied by perinatal lethality in germline DLK 

knockouts, exhibiting defective axon growth and neuronal migration (Hirai et al., 2006). 

Additionally, downstream targets of DLK such as JNK have been studied in growth cone dynamics 

in zebrafish: deletion of PHR resulted in elevated JNK phosphorylation in mutant growth cones 

exhibiting growth cone pausing in development (Hendricks & Jesuthasan, 2009) . Taken together, 

these results suggest that DLK and its downstream targets are involved with cytoskeletal 

organization during development and may reprise this role in organizing the cytoskeleton during 

regeneration as well. 

 We know that during development, the DLK-JNK relationship is critical for axon growth 

and neuronal migration. On the other hand, in the adult nervous system, DLK and LZK’s role in 

neurodegeneration is understood to rely on downstream signaling via JNK and p38 MAPK 

pathways (Tedeschi & Bradke, 2013). Given the broad role of DLK and LZK signaling and its 

interconnectedness with other MAPK pathways, it would not be surprising for DLK/LZK to be 
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critically involved with organizing cell-type specific responses to injury then acts as a trigger to 

launch a wide class of responses that are unique to both injury context and cell type. In the sciatic 

nerve, we see regeneration as cells in the PNS inherently possess elevated regenerative capacity 

(Shin et al., 2012), while in optic nerve, we see cell apoptosis, as these cells are relatively non-

regenerative by default (Welsbie et al., 2017), and subsequently allows adult injured axons to 

build growth cones that are necessary for regeneration. In the CST, which consists of cells that 

largely lack regenerative competence, DLK/LZK signaling may generally be involved in cell 

responses that do not promote regrowth, but in the background of PTEN deletion, the presence 

of DLK at least one of the two kinases seems necessary for the regenerative phenotype to exist. 

The global picture we see regarding DLK’s role in axon regeneration may require both the act of 

triggering a cell response to injury and also mediating the mechanical changes in the cytoskeleton 

that are necessary for carrying out that response. 

 

3.5 Future Directions 

 This study represents the first demonstration of the role of DLK and LZK signaling in 

axonal regeneration in the CST and spinal cord in general. However, the results gathered from 

these experiments open the door to many new questions, the foremost of which is how essential 

is DLK for PTEN-deletion mediated axonal regeneration? We see, definitively, that knocking out 

both DLK and LZK abolishes the regenerative phenotype usually seen in PTEN deletion, but 

seemingly deletion of LZK and PTEN appears no different from PTEN deletion alone. 

Interestingly, deletion of either LZK or both of the MAP3Ks does not seem to affect changes in 

pS6 subsequent to PTEN deletion, suggesting that the activity of AKT/mTOR is independent of 

DLK/LZK signaling. However, the failure of DLK/LZK/PTENcKO mice to promote regeneration 

implies two possibilities: either DLK is critical for PTEN-deletion to induce regeneration, or these 

kinases share redundant function, and compensation by either kinase allows for the effects of 

PTEN deletion to occur. If this latter hypothesis turns out to be correct, it will further lead to the 
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question of how much functional redundancy is shared between these two kinases. To address 

all possibilities, the natural follow-up experiment would be to conduct dorsal hemisection surgeries 

in DLK/PTENcKO mice. 

 A second question worthy of note is to ask how loss of DLK/LZK signaling blocks the pro-

growth effects of PTEN deletion. To the best of my knowledge, the present study is a first display 

of neurons that exhibit elevated pS6 failing to demonstrate pro-regenerative phenotypes, 

suggesting that DLK/LZK signaling may function independently of PTEN to deletion to trigger a 

cellular response to injury (such as those found in non-PTEN deleted background). Even with 

elevated pro-growth signaling as evidenced by elevated pS6, we see a failure to sustain 

regeneration in DLK/LZK/PTENcKO mice. The key takeaway here that we can conclude is that the 

AKT/mTOR pathway and DLK/LZK signaling pathway are parallel pathways; while DLK/LZK may 

not affect pS6 expression after PTEN deletion, this unfettered activity of this pathway is necessary 

for PTEN deletion to result in axonal regeneration. 

 In general, it would be interesting to see if DLK and LZK are critical in reorganizing the 

cytoskeleton in preparation for axon regrowth, similar to what is seen in axon growth and neuronal 

migration during development. Additionally, it would be interesting to see if deletion of DLK and 

LZK in a PTEN-deleted background result in strikingly different JNK/p38 signaling, as DLK and 

LZK are critical upstream regulators of this pathway, which are fundamentally involved in several 

cell processes, including growth, development, degeneration, and apoptosis. 
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Roles of DLK and LZK signaling in spontaneous compensatory sprouting 
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4.1 Significance Statement 

Where axon regeneration is the study of the regeneration of injured axons, compensatory 

sprouting is a second mechanism of CNS repair, by which spared uninjured axons exhibit 

plasticity to and sprout into denervated regions to compensate for the lost function of injured 

axons. While both of these two repair mechanisms are of academic interest for their potential 

translation to a clinical population, sprouting can occur spontaneously, and may contribute to 

some physical recovery of function seen in clinical populations. As such, like with regeneration, 

there is strong interest in understanding the molecular mechanisms underlying spontaneous 

compensatory sprouting. So far, all key regulators of axon regeneration have also been shown to 

play a role in axon sprouting, so there may be some role for DLK and LZK signaling in 

compensatory sprouting as well. 

Of course, where DLK and LZK fit into the sprouting side of CNS repair is particularly 

unclear. Unlike with regeneration, sprouting adds a level of complexity in that uninjured axons are 

exhibiting plasticity, and so it is unclear how or even if DLK and LZK are involved in injury signaling 

in this mechanism. There is reason, however, to be interested in how intrinsic signaling 

mechanisms may play a role in sprouting; deletion of PTEN, an inhibitor of the AKT/mTOR 

pathway, enhances the growth of uninjured axons into denervated regions, suggesting that while 

uninjured axons may not be directly responding to the molecular cascades resulting from injury 

(e.g. calcium influx), they may use similar injury response mechanisms to initiate a pro-growth 

transcriptional profile (Liu et al., 2010). However, DLK and LZK are likely not completely 

unimportant for CNS sprouting. A recent study showed that knockdown of C-C chemokine 

receptor type 5, a molecule canonically studied for its role in HIV infection, enhanced sprouting 

from contralateral motor cortex after a model of stroke. In neurons that had CCR5 knockdown, 

DLK was found to be upregulated (Joy et al., 2019). While this finding does not directly tie DLK 

function to sprouting, it is the first study demonstrating a connection between increased DLK 

signaling after injury and sprouting in the mammalian motor system. Additionally, we know that 
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DLK activity can increase in a cell in response to non-injury cell stressors, such as modulation in 

microtubule activity after colcichine treatment (Bounoutas et al., 2009). These studies imply that 

DLK signaling can be activated in CNS neurons even in absence of a direct axonal lesion. 

However, the exact roles of DLK and LZK in sprouting within the spinal cord is essentially 

unchartered territory. In this series of experiments, I explore the role of DLK and LZK in 

spontaneous sprouting using the unilateral pyramidotomy injury model, in which only one of the 

descending motor CST tracts is severed. The benefit of leveraging the unilateral pyramidotomy 

over other forms of partial lesions is due to the anatomical location of the medullary pyramids. 

Located anterior to the decussation of these fibers, the medullary pyramids contain all descending 

CST axons. At this level, each hemisphere’s descending CST is distinctly bounded by the basilar 

artery, allowing for easy identification and isolated injury of the targeted tract (Starkey et al., 2005). 

Initial findings suggest that while DLK and LZK deletion in isolation does not alter sprouting 

significantly as compared with GFP-injected wildtype control mice; however, co-deletion of both 

kinases suppresses sprouting to below wild type measures, suggesting that perhaps these 

kinases together are involved in initiating a sprouting response to injury. 

 

4.2 Experimental outline 

For a more detailed explanation of methods and materials, please refer to Chapter 2. In 

summary, the animals studied in this series of experiments compared DLKcKO (n = 11), LZKcKO (n 

= 8), and DLK/LZKcKO mice (n = 6) against GFP-injected littermate controls (n = 12). At 6 weeks 

of age, mice floxxed for the specified genes were injected with AAV-Cre or AAV-GFP in the layer 

V region of the right-sided motor cortex targeting the forelimb region. These axons innervate the 

left-sided dCST in the spinal cord. After two weeks, they underwent the pyramidotomy surgery, 

which denervates the left cerebral cortex’s descending motor tract in the right half of the spinal 

cord. After another two weeks, sprouting axons were traced by injecting anterograde BDA tracer   



67 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1 Overview of the pyramidotomy method. 
Experimental timeline for unilateral pyramidotomy studies. 6wk old mice were injected with either 
AAV-Cre or AAV-GFP two weeks prior to pyramidotomy (PYR). Two weeks after PYR, 
regenerating axons were traced using BDA (Meves et al., 2018). 
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in the right side motor cortex. The mice were sacrificed two weeks later for processing and 

analysis (Figure 4.1). 

 Completeness of injury was assessed using immunohistochemistry for PKCγ, which is 

expressed highly in the axonal tracts of dCST neurons. Upon pyramidotomy, expression of this 

protein drops in the injured descending tract, allowing for assessment of injury. Transverse 

sections of cervical spinal cord sections were stained for tracer BDA, and midline crossing axons 

within the grey matter of the cord were identified as sprouting axons. These midline crossing 

axons were counted manually at pre-determined distances away from midline and then 

normalized to total axon counts measured in the medulla (for full methods, refer to Chapter 2). 

Quantification of axonal sprouting is presented as Axon Sprouting Indices measured at each 

reported distance away from midline. 

 

4.3 Results 

4.3.1 Neither LZK nor DLK deletion alters sprouting of CST axons after pyramidotomy. 

 We investigated whether deletion of DLK or LZK in uninjured neurons altered spontaneous 

sprouting in response to unilateral pyramidotomy in contralateral CST. To assess the roles of DLK 

and LZK in compensatory sprouting of CST axons, LZKfl/fl  and DLKfl/fl mice were injected with 

AAV2-Cre in the right hemisphere to generate conditional knockout LZKcKO and DLKcKO mice. 

These were compared to GFP injected littermate controls. Two weeks after AAV injection, mice 

underwent unilateral pyramidotomies. Two weeks subsequent to injury, BDA anterograde tracer 

was injected to the same gene-deleted cortical coordinates used for viral injections in the right 

hemisphere. this model allowed for tracing of uninjured right CST motor neurons’ sprouting 

phenotype into the left hemisphere’s descending CST. 

In transverse sections of cervical spinal cord, we manually quantified the number of 

midline crossing axons at specified distances. Wildtype mice are naturally able to exhibit low 

levels of sprouting axons. On the traced half of the cerival section, we see strong labeling in dCST,    
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Figure 4.2 Deletion of DLK and LZK in isolation does not impact spontaneous 
compensatory sprouting. 
A: Representative images of BDA tracing at the level of cervical spinal cord in GFP injected 
controls (top left), DLKcKO (top right), LZKcKO (bottom left) and DLK/LZKcKO (bottom right). B: 
quantification of sprouting across all four genotypes, scale bar is 300 µm; 2-way RM ANOVA for 
DLK: F(1,23) = 0.2702, p = 0.6038; LZK: F(1,20) = 0.05835, p = 0.8116; DLK/LZKcKO: F(1,18) = 
3.968, p = 0.0618. Bonferroni test for multiple comparisons revealed DLK/LZKcKO mice have 
significantly fewer axons at 50, 200, and 300 µm p = 0.0284, 0.0277 and 0.0283, respectively. 
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in either DLK or LZK knockout condition we did not observe significant change in sprouting 

compared to control mice (See Figures 4.2 A & B, 2-way RM ANOVA for DLK: F(1,23) = 0.2702, 

p = 0.6038; LZK: F(1,20) = 0.05835, p = 0.8116). An unexpected complication in this study was 

that, for the DLKcKO study in particular, GFP control mice appeared to have fewer axons labeled 

relative to DLKcKO and DLK/LZKcKO (Figure 4.2C, p < 0.05 by 1-way ANOVA); as such, variability 

in sprouting exhibited in GFP control mice may be influenced somewhat by the lower labeling 

efficiency of the CST axons. Nevertheless, despite having fewer axons labeled, it appears as 

though following normalization, GFP control mice had sprouting similar to DLKcKO mice. Indeed, 

excluding “highly labeled” mice from the study (e.g. mice who had total axon counts above 2 

standard deviations above the mean) did not alter the overall result that deleting DLK from 

uninjured axons in this model does not enhance or hamper sprouting relative to wildtype GFP-

control mice (data not shown). 

 

4.3.3 Double deletion of DLK and LZK appears to suppress spontaneous sprouting. 

In addition to studying DLK and LZK deletion in compensatory sprouting, we also 

investigated how double deletion of DLK and LZK could alter sprouting in otherwise wildtype mice. 

Literature in the field strongly implies that LZK and DLK signal cooperatively in response to injury. 

For example, in a model of optic nerve crush injury, DLKcKO mice had fewer retinal ganglion cell 

(RGC) deaths than wildtype mice, and this effect was enhanced in DLK/LZKcKO mice, although 

LZK deletion alone had no major effect (Welsbie et al., 2017). Additionally, in a model of impact 

acceleration to induce diffuse traumatic brain injury, DLK deletion alone suppressed JUN 

phosphorylation in the MAP3K cascade, but only double deletion of DLK and LZK was sufficient 

to actually prevent RGC death (Welsbie et al., 2019). Between these two studies conducted by 

the same research group, the redundancy or cooperativity between these two kinases in response 

to injury appears to be largely dependent on the model of injury. Although both the optic nerve 

crush and the impact acceleration models are used to induce RGC death, we see from these 
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studies that the protection against cell death via DLK deletion is context dependent, and that LZK 

deletion may either enhance survival (in the crush model) or may be required for survival (impact 

acceleration model). 

In comparing DLK and LZK in terms of their structure and sequence, this is not surprising. 

DLK and LZK have over 95% sequence identity in their kinase domain, suggesting there may be 

redundancy in these MAP3Ks kinase activity. However, other structures such as the C-termini 

diverge significantly: LZK, but not DLK, contains a calcium-sensitive hexapeptide sequence in its 

C-terminus, identical to the hexapeptide sequence found in worm DLK-1 (Yan & Jin, 2012). 

Thus, we sought to ask if DLK and LZK co-deletion may reveal changes in sprouting 

phenotype that isolated DLK and LZK deletion may not highlight. By qualitative visualization, 

DLK/LZK double knockouts appeared to have in general fewer midline crossing axons at 50 µm, 

and generally appeared to have fewer sprouts throughout the grey matter, in spite of strong 

labeling of the traced dCST. Statistically, while isolated deletion of DLK and LZK did not appear 

to affect compensatory sprouting, co-deletion of DLK and LZK exhibited a trend towards sprouting 

to below wildtype levels, but did not reach statistical significance (see Fig. 4.2, 2-way RM ANOVA 

for DLK/LZKcKO: F(1,18) = 3.968, p = 0.0618). Bonferroni’s test for multiple comparisons revealed 

significantly fewer sprouting axons at 50, 200 and 300 µm away from the midline (p = 0.0284, 

0.0277 and 0.0283, respectively) with trending suppression at 100 µm (p = 0.1396). 

As with the DLKcKO cohort, BDA axon tracing in DLK/LZKcKO mice appeared to be 

significantly higher than GFP-injected controls (1-way ANOVA, p <0.05). Nevertheless, despite 

improved labeling in DLK/LZKcKO mice, very few axons were found to cross midline, suggesting 

that there may be a stronger effect of suppression on sprouting than the data here show. 

Taken together, these findings suggest that DLK and LZK have redundant roles in 

mediating sprouting as a response to CNS injury, such that double deletion of these kinases 

results in a more pronounced suppression of sprouting, in contrast to just DLK or LZK deletion 

alone which has no impact on sprouting. 
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4.4 Discussion 

In the present study, we show that deletion of DLK and LZK in isolation seems to have no 

significant impact on spontaneous sprouting in mice that have undergone unilateral 

pyramidotomy. However, co-deletion of the two kinases appears to cause some level of 

suppression in sprouting. One possible explanation for these results is that, at least for sprouting, 

DLK and LZK have redundancy and are able to compensate for each other when only one kinase 

is deleted, although this explanation requires further validation of gene knockout to confirm this 

conclusion. 

The study of DLK and LZK signaling in compensatory sprouting, as compared to 

regeneration, is a little less straightforward, in that DLK and LZK are canonically described as 

injury sensors after their initial role in development and neuronal migration. As sprouting 

leverages plasticity in uninjured neurons to respond and compensate for injured axons, it was 

unclear whether or not DLK and LZK would even be relevant in this response-to-injury response. 

Indeed, the initial findings that implied that neither DLK nor LZK deletion altered sprouting strongly 

seemed to imply that these kinases serve no purpose in axonal sprouting. However, in the double 

knockout mice, we see trend towards suppression of sprouting below wildtype mice, although this 

phenotype is not statistically significant overall in our present study. This instead reveals that for 

compensatory spontaneous sprouting, DLK and LZK may have partially redundant function, and 

the presence of one kinase is enough to maintain wildtype levels of sprouting. 

Compared to the effects of DLK and LZK deletion in axonal regeneration, these effects 

seem less striking, although the comparison is somewhat clouded by the effects of PTEN inducing 

a pro-growth state in the regeneration model. Ultimately, it is hard to draw a direct comparison 

between these two sets of studies due both the surgical model and the genetic manipulation both 

being different. Given what we know about DLK activation in adult neurons, it is likely that spared 

axons, although uninjured, may experience cellular stressors due to the extrinsic environmental 

changes induced by the lesion in neighboring axons, and the subsequent cellular response relies 
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on DLK/LZK signaling to properly trigger a sprouting response. In particular, it is known that DLK 

is very sensitive to changes in cytoskeletal dynamics. In worms, for example, treatment with 

colchicine can lead to loss of mechanosensation, a feature that can be blocked by DLK inhibition 

(Bounoutas et al., 2009). This suggests that DLK activity in response to the colchicine treatment 

contributed to impaired neuronal function, even in the absence of a direct neuronal lesion. Thus, 

DLK may be able to respond generally to cell stressors that result from CNS injury as a form of 

indirect injury signaling. In the injured CNS, inflammatory cross-talk between the injured neurons 

and non-neuronal cells would not be limited to only the region of injury. These signals are likely 

able to communicate with neighboring healthy neurons. Perhaps, DLK and LZK then can be 

activated in response to this inflammatory CNS environment, then acting as a signal for the spared 

axons to exhibit the requisite plasticity necessary for compensatory axonal sprouting. 

 

4.5 Future Directions 

The present study explored whether or not DLK and LZK are involved in compensatory 

sprouting in uninjured axons following unilateral pyramidotomy. A key hope in exploring the 

potential roles of these kinases in intact spared neurons is to understand the molecular 

mechanisms involved with post-injury plasticity, and developing strategies aimed at enhancing 

plasticity in uninjured axons. 

The key finding from this study was that while single deletion of either MLK failed to alter 

sprouting significantly, the co-deletion of both kinases leads to a trend towards suppression of 

sprouting in uninjured axons, implying that these two kinases may have some functional 

redundancy in promoting the plasticity required of these cells to induce the sprouting phenotype. 

To confirm functional redundancy between these two kinases, a follow-up of these studies 

focusing on gene expression or transcriptional assays would further clarify the effect of single 

gene deletion versus double knockout and establish a more concrete interpretation of the results 

presented here. Additionally, looking at distinct downstream markers of DLK/LZK signaling 
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cascade, such as p-c-Jun or p-JNK, in both injured and uninjured cells may be helpful in 

understanding key differences in how DLK or LZK single mutants compare to DLK/LZK double 

deleted mice. 

Sprouting, as an assay, interrogates the inherent plasticity in uninjured axons and their 

ability to respond to neighboring sites of injury. So, another angle to consider exploring is how 

DLK and LZK, rather than acting as injury signals, promote plasticity subsequent to injury. A recent 

finding suggested that CCR5, a receptor heavily involved in HIV infection, is a strong suppressor 

of plasticity in the hippocampus. Decreasing CCR5 expression in hippocampal in turn elevates 

CREB/MAPK signaling, long term potentiation and hippocampus-dependent memory function in 

mice (Zhou et al., 2016). This surprising finding led to the subsequent discovery that CCR5 

knockdown improved motor recovery following stroke, and that this recovery was mediated 

specifically through DLK signaling. In CCR5 knockdown mice, DLK expression increased after 

stroke and mice showed enhanced motor recovery. Furthermore, if both CCR5 and DLK are 

knocked down following stroke, animals showed reduced motor recovery (Joy et al., 2019). These 

findings together portray a potential role for DLK activity as a requirement for plasticity to occur 

following injury. Given these findings and the inherent relationship between sprouting and 

plasticity, it would be interesting to further investigate whether DLK/LZK signaling is a requirement 

for plasticity to occur in our model of CST sprouting.  

Another point to consider is the role of DLK in organizing cytoskeletal elements. In the 

present study, our genetic models do not investigate cellular mechanisms directly. Yet, there is a 

large body of literature in the field of axon guidance and nervous system development that show 

that DLK is strongly involved with directly organizing cytoskeletal elements in the growth cone 

(Borgen et al., 2017; Valakh et al., 2013). Currently, much of literature studying the role of DLK in 

axonal repair focuses heavily on axonal regeneration, specifically, and these findings do not 

distinguish differences between axonal elongation and growth cone development, which is a 

critical step that is required for axon elongation to even occur (Bradke et al., 2012). 
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Particularly in sprouting, the mechanism by which uninjured and otherwise quiescent 

axons suddenly undergo branching to form sprouting collaterals is unknown. The kinds of signals 

that are in the external environment, and how these healthy uninjured cells are able to recognize 

nearby injury to trigger a sprouting phenotype is a largely unanswered question. DLK and LZK 

are uniquely situated; as injury signals, they may be critical for uninjured cells to recognize nearby 

injury, triggering axonal repair in the form of sprouting in these uninjured neurons. The findings in 

this present study may give reason to consider such an expanded view for the role of injury 

signaling molecules as being global markers for nerve injury, in addition to their role of injury 

signaling within the lesioned cell, itself. 
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Chapter 5: 

Roles of DLK and LZK signaling in PTEN-induced CST axon sprouting 
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5.1 Significance Statement 

While sprouting is a spontaneous cellular response to injury in the CNS, there are well-

known genetic tools that can be leveraged to enhance CST plasticity in spared descending 

pathways. Deletion of intrinsic tumor suppressor gene PTEN triggers robust increases in axonal 

sprouting (Geoffroy et al., 2015; Liu et al., 2010). The combinatorial manipulation of multiple 

signaling pathways has been leveraged experimentally as a potential avenue to identify 

synergistic combinations that significantly bolster the sprouting phenotype. Presently, the MAP3K 

pathway is known to be involved with several cellular processes including cell development, 

mitosis, apoptosis, as well as response to injury. In the previous aim, we found that co-deletion of 

DLK and LZK can suppress sprouting to below baseline wildtype levels, revealing that this MAP3K 

pathway contributes to plasticity seen in spontaneous sprouting.  

While we did not see any significant differences in sprouting between DLK or LZK 

knockouts and wildtype mice, is possible that the effects of DLK and LZK deletion on sprouting in 

wild type mice was difficult to pinpoint due to the naturally low amount of sprouting seen in wildtype 

mice. PTEN deletion is known to elevate sprouting to above baseline levels through activation of 

the AKT/mTOR pathway. Leveraging this genetic tool to induce sprouting allows us to assess the 

effects of DLK and LZK deletion in a setting where CST sprouting is enhanced. The key difference 

between induced sprouting and compensatory sprouting is the enhanced growth capacity of 

neurons seen in the induced scenario. As previously demonstrated, we showed that mice that 

underwent PTEN deletion had considerably more sprouting than wildtype mice. By comparison, 

we found that triple deletion DLK/LZK/PTENcKO results in wildtype levels of sprouting, but double 

deletion of LZK/PTEN results in sprouting similar to PTEN deletion. Similar to what was seen in 

the regeneration studies, we found that DLK/LZK/PTENcKO and LZK/PTENcKO mice exhibited 

elevations of pS6 in the injected hemisphere comparable to what is seen in PTENcKO mice. 

Additionally, we found that across all genetic conditions, the pyramidotomy model led to an 

increase in p-c-Jun expression in the nuclei of Layer V CSMNs ipsilateral to the side of injury, 
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confirming that these injury models do result in expression of downstream markers of the 

DLK/LZK signaling cascade. 

 

5.2 Experimental outline 

 DLK and LZK floxxed lines were bred to a PTEN floxxed mouse line to generate 

LZK/PTENfl/fl, and DLK/LZK/PTENfl/fl mouse lines. In the presence of AAV-Cre, recombinase 

activity leads to the conditional knockout of targeted genes. LZK/PTENcKO and DLK/LZK/PTENcKO 

were compared to PTENcKO and GFP-injected littermate control mice. Right-sided cortical AAV 

injections described previously in chapter 2, were conducted in 6-week old mice. These mice 

were then subjected to unilateral pyramidotomy surgeries targeting the left medullary pyramid at 

8 weeks. Then at 10 weeks of age, the right side forelimb motor cortex was injected with 

anterograde tracer BDA to trace midline-crossing axons at the level of the cervical spinal cord. 

 Mice were sacrificed at 12 weeks, and transverse sections of cervical spinal cord tissue 

was processed for PKCγ immunohistochemistry to assess completeness of injury. In animals 

were the lesion was complete, BDA amplification was used to identify midline crossing axonal 

sprouts. Midline crossing axons were manually quantified at the level of the C5-C7 spinal cord at 

specified distances away from the midline. These measurements were normalized to total axon 

counts in acquired from sections collected within the rostral medulla, and presented here as 

Sprouting Indices as a function of distance away from the midline. 

 Brain tissue was stained using slide-mounted IHC for p-c-Jun, pS6, NeuN and Ctip2. pS6 

signal was measured by calculating a composite Intensity Index for each hemisphere, in which 

average signal intensity above threshold was multiplied by the percent of area above threshold 

for a given region of analyzed. This index was calculated for both hemispheres, and a ratio was 

calculated by dividing the intensity index of the AAV-injected hemisphere by the uninjected 

hemisphere. For full methods, see chapter 2. For these studies, p-c-Jun was qualitatively 

assessed in injured versus uninjured CST tracts. 
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5.3 Results 

5.3.1 Double deletion of DLK and LZK in a PTEN-deleted background blocks the effect of 
PTEN-deletion on axonal sprouting 

In the previous chapter, I investigated whether DLK and LZK deletion altered sprouting 

phenotypes in otherwise wildtype mice. The findings from that series of experiments suggested 

that DLK and LZK have redundant functions in axonal sprouting, and that double deletion of both 

kinases trends towards reduced sprouting to below wildtype measures. In asking what happens 

to sprouting in DLK/LZK deleted mice when PTEN is also deleted, we are addressing two main 

ideas: 1) co-deletion of DLK/LZK suppresses spontaneous sprouting, but are these kinases 

required for induced sprouting? And 2) If the effect of deletion of either DLK or LZK is to reduce 

sprouting, this effect may be easier to discern under conditions of elevated basal sprouting, such 

as in PTEN-deletion. 

As expected, deletion of PTEN enhanced sprouting relative to wildtype mice. Midline 

crossing axons fanned out across the grey matter butterfly of the transversely sectioned c-spine, 

reaching to both the dorsal and ventral horns. The majority of these sprouting axons reached 

roughly 300-400 µm away from the midline, but a handful of sprouting axons did extend as far as 

700-800 µm away from midline. In both DLK/LZK/PTENcKO and wildtype mice, fewer far-reaching 

midline crossing axons were visualized in the vast majority of sections analyzed, although some 

sections appeared to exhibit sprouting levels comparable to PTEN-deleted mice, making it difficult 

to identify genotype by looking at individual sections. 

Quantification of sprouting in this study revealed that the deletion of DLK and LZK blocked 

the increased sprouting phenotype commonly seen with PTEN deletion. Although sprouting was 

not below baseline as was seen in DLK/LZKcKO mice, sprouting in DLK/LZK/PTENcKO mice was 

indistinguishable from wildtype mice. PTENcKO mice, as expected, showed significantly elevated 

sprouting at 50-500 µm away from midline (Fig. 5.1 A,B: 2-way RM ANOVA F (2, 33) = 5.422, 

p=0.0092, Bonferroni test for multiple comparisons: p = 0.0014 at 50 µm, p = 0.0160 at 100 µm,   
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Figure 5.1 Sprouting of CST axons in DLK/LZK/PTENcKO after unilateral pyramidotomy. 
A: Representative images of BDA labeling staining (white) in GFP controls, PTEN

cKO
, and 

DLK/LZK/PTEN
cKO 

mice. B: Quantification of sprouting. Sprouting index indicates the ratio of the 
average number of axons counted at each distance past midline relative to the number of fibers 
labeled in the medulla (mean±SEM). 2-way RM ANOVA with Bonferroni post-test corrections, 
F(2, 33) = 5.422, p = 0.0092 main effect of genetic condition, *p < 0.05, **p < 0.01. C: 
Quantification of total axon counts in medullas; 1-way ANOVA, n.s. 
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p = 0.062 at 200 µm, p = 0.0292 at 300 µm, p = 0.0130 at 400 µm, p = 0.0369 at 500 µm). Analysis 

of total axons traced at the level of the medulla revealed no significant differences in labeling (Fig. 

5.1C). 

 

5.3.2  LZK is dispensable for PTEN-deletion induced sprouting 

To further probe the specific roles of DLK and LZK in induced sprouting, we compared 

sprouting in LZK/PTENcKO mice relative to PTENcKO mice. Per Chapter 3, deletion of LZK and 

PTEN permitted robust axon regeneration past the lesion site, which was not seen in the 

DLK/LKZ/PTENcKO mice. This finding led to the hypothesis that DLK, and not LZK, plays a more 

critical role in axonal regeneration, although this claim must be further confirmed in DLK/PTENcKO 

mice. 

Qualitatively, LZK/PTENcKO mice almost appeared to have more sprouting than even 

PTENcKO mice at distances farther away from the midline. Visually, it appeared as though while 

fewer midline crossing axons were identifiable within the first 50-100 µm, the axons that did cross 

over seemed to branch widely to deeply penetrate into the grey matter of the denervated region. 

Quantitatively, we see here in the present study that LZK/PTENcKO mice show elevated levels of 

sprouting over GFP controls, comparable to PTENcKO mice (Fig. 5.2 A,B). A 2-way RM ANOVA 

revealed a significant main effect of genetic condition (F(2, 29) = 10.46, p = 0.0004), and 

Bonferroni’s correction for multiple corrections revealed significantly elevated sprouting in both 

PTENcKO and LZK/PTENcKO mice at distances 50-500 µm away from the midline (at 50 µm, 

PTENcKO p = 0.0001, LZK/PTENcKO p = 0.0040; at 100 µm, PTENcKO p = 0.0003, LZK/PTENcKO p 

< 0.0001; at 200 µm, PTENcKO and LZK/PTENcKO p < 0.0001; at 300 µm, PTENcKO p = 0.0029, 

LZK/PTENcKO p < 0.0001; at 400 µm, PTENcKO and LZK/PTENcKO p < 0.0001; at 500 µm, PTENcKO 

p = 0.0021, LZK/PTENcKO p < 0.0063). 1 way ANOVA of total axons traced at the level of medullas 

revealed no significant differences in labeling (Fig. 5.2 C). 
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Figure 5.2 Sprouting of CST axons in LZK/PTENcKO after unilateral pyramidotomy. 
A: Representative images of BDA labeling staining (white) in GFP controls, PTEN

cKO
, and 

LZK/PTEN
cKO 

mice. B: Quantification of sprouting. Sprouting index indicates the ratio of the 
average number of axons counted at each distance past midline relative to the number of fibers 
labeled in the medulla (mean±SEM). 2-way RM ANOVA with Bonferroni post-test corrections, 
F(2, 28) = 9.729, p = 0.0006 main effect of genetic condition, *p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001. C: Quantification of total axon counts in medullas; 1-way ANOVA, n.s. 
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5.3.3 Deletion of DLK and LZK does not block the elevation of pS6 in response to PTEN-
deletion 

Deletion of PTEN is known elevate pS6 via disinhibition of the AKT/mTOR pathway. 

Presence of pS6 elevation implies a state of enhanced growth. In Chapter 3, we showed that 

injured neurons that have undergone PTEN deletion show elevation in pS6 signaling regardless 

of DLK/LZK knockout. In the present study, we were curious if this phenotype is consistent in 

uninjured neurons, as the injected hemisphere in this study that undergo genetic manipulation are 

uninjured sprouting neurons. The pattern of pS6 staining in the present sprouting cohort was 

comparable to what was seen in the regeneration studies. PTENcKO mice demonstrated a 

characteristic elevation of pS6 signal broadly throughout the injected regions, stretching from 

Layers 2/3 to Layer 6 neurons, which has been previously reported (Geoffroy et al., 2015). 

LZK/PTENcKO and DLK/LZK/PTENcKO mice were indistinguishable from PTENcKO mice, as well. 

We further saw similar elevations of pS6 signal in DLK/LZK/PTENcKO mice, implying that deletion 

of these upstream MAP3K molecules has no impact on AKT/mTOR signaling subsequent to 

PTEN deletion (see Fig. 5.3). 1-way ANOVA revealed main effect of genetic condition (F(3, 15) = 

4.275, p = 0.0228). Taken together, these findings mirror the findings from the regeneration 

cohort: deletion of DLK and LZK do not alter the effect of PTEN-deletion on AKT/mTOR signaling 

in uninjured neurons, as measured by proxy of elevated pS6 staining. 

 

5.3.4 Unilateral pyramidotomy injury induces p-c-Jun expression in the CSMNs in injured tract 

It is known that, in response to injury, DLK/LZK signaling activates a series of MAPKs, 

which can eventually lead to upregulation of downstream phosphorylated c-Jun (p-c-Jun) (Jin & 

Zheng, 2019; Yuan et al., 2010, 2014). We were curious whether the pyramidotomized mice 

would exhibit such elevations in p-c-Jun in either the injured or uninjured tracts across all three 

genotypes, as this would lend credence to the possibility that non-injured cells are able leverage   
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Figure 5.3 PTEN-deletion induces elevated pS6 in DLK/LZK knockout. 
A: Representative images of pS6 stained in cortex in GFP controls, PTEN

cKO
 and 

DLK/LZK/PTEN
cKO 

mice, scale bar 300 µm. B: Representative images taken at 20x magnification 
of pS6 signal within white-boxed regions in A, scale bar 100 µm. C: Quantification of pS6 signal 
for GFP controls, PTENcKO, DLK/LZK/PTENcKO and LZK/PTENcKO.  
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the same signaling pathway as injured neurons to elicit a cellular response to injury, and if so, 

whether genetic manipulations can alter this p-c-Jun readout. p-c-Jun is elevated maximally 

shortly after injury in neurons, with the signal disappearing over time (Repici et al., 2007; Yuan et 

al., 2010). Given the relatively long (four-week) time frame between injury and tissue histology, it 

was not entirely clear a priori if we would even be able to visualize changes in p-c-Jun in response 

to the pyramidotomy lesion in the injured CST. By co-staining for NeuN and p-c-Jun, we were 

able to assess neuronal expression of p-c-Jun specifically. It should be noted that in this analysis, 

the uninjured side of the CST had underwent genetic manipulation via AAV injection, while the 

injured side did not. 

Across all three genotypes, we visualized dense, nuclear staining of p-c-Jun in the injured 

but genetically unmanipulated hemisphere that co-labeled with NeuN among Layer V neurons in 

sections where cell bodies would have axons projecting to the forelimb. Interestingly, in some 

wildtype mice, we also were able to visualize the same pattern of staining in the GFP-injected 

uninjured hemisphere, although the total number of p-c-Jun labeled cells were lower than the 

injured hemisphere (see Fig. 5.4 & 5.5, white arrowhead indicates p-c-Jun positive nuclei). In 

PTENcKO and DLK/LZK/PTENcKO mice, the presence of these dense staining nuclei was rarer 

although not nonexistent, and in their place emerged a more dim, diffuse staining pattern (Fig. 

5.5). Quantification of neurons with high signal intensity for p-c-Jun revealed that 

DLK/LZK/PTENcKO had significantly fewer high p-c-Jun expressors in the uninjured tract 

compared to wildtype, which was expected given the deletion of upstream kinases. To our 

surprise, PTENcKO mice appeared more similar to DLK/LZK/PTENcKO mice than wildtype mice. 

While further investigation of this effect is required, if this phenotype holds, it would imply that 

PTEN-deletion may impact the expression of p-c-Jun. As of now, we cannot exclude the possibility 

that this pattern of staining is reflective of the PTEN deletion present in both genotypes. Across 

multiple models and using various Cre-promoters, PTEN deletion is known to result in increased  
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Figure 5.4 Unilateral pyramidotomy induces p-c-Jun expression in injured CSMNs. 
Across GFP-injected controls, PTENcKO and DLK/LZK/PTENcKO mice, we are able to visualize 
clear expression of p-c-Jun in the injured hemisphere (left, scale bar 300 µm), but expression of 
p-c-Jun is not as consistent in the AAV-injected hemisphere. This implies demonstrates that injury 
at the level of the medulla is able to trigger a MAP3K signaling cascade in the CSMNs that is 
restricted to the injured hemisphere. White boxes on indicate zoomed in regions, depicted on the 
right (scale bar 50 µm). Arrowheads indicate dense nuclear-localized p-c-Jun+ cells, while 
triangles indicate more diffuse-staining p-c-Jun.  
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Figure 5.5 Dense nuclear p-c-Jun staining in wild type, PTENcKO and DLK/LZK/PTENcKO 

mice 
 
A: Images taken at 20x of both injured and uninjured CSMNs in layer 5. Across GFP-injected 
controls, PTENcKO and DLK/LZK/PTENcKO mice, we are able to visualize clear expression of p-c-
Jun in the axotomized hemisphere (left), but expression of p-c-Jun is not as consistent in the AAV-
injected hemisphere. In general, wildtype GFP-injected uninjured neurons expressed brighter, 
denser p-c-Jun signal compared what is observed in PTENcKO and DLK/LZK/PTENcKO. However, 
PTENcKO and DLK/LZK/PTENcKO uninjured CSMNs appeared to have elevated levels of weakly 
positive CSMNs. B: Quantification of number of brightly labeled nuclear p-c-Jun signal in either 
injured (left) or uninjured (right) hemisphere. 1-way ANOVA revealed significant differences 
between groups (p val = 0.0038); Dunn’s test for multiple comparisons revealed significant 
differences between PTENcKO and wildtype (p-val = 0.0172) as well as between 
DLK/LZK/PTENcKO and wildtype (p-val = 0.0188). 
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cell size (L. Li et al., 2003). The lack of stereotypically dense p-c-Jun staining may be an effect of 

signal dilution resulting from enlarged cells following PTEN deletion; accordingly, p-c-Jun may be 

more diffusely expressed, leading to an overall lower signal. However, from this preliminary 

assessment of p-c-Jun signaling, it is clear that the pyramidotomized CST neurons particularly 

are able to strongly express p-c-Jun four weeks after injury, leaving this surgical model as a 

potential tool by which changes in downstream mediators of DLK and LZK signaling can be more 

rigorously tested, e.g without the complication resulting from PTEN deletion. Due to the rather 

ambiguous p-c-Jun signal in the injected hemispheres of PTENcKO and DLK/LZK/PTENcKO 

mice, it is hard to draw any clear conclusion about changes in p-c-Jun signal as a consequence 

of these genetic manipulations. 

 

5.4 Discussion and future directions 

The study of DLK and LZK signaling in sprouting, as compared to regeneration, is a little 

less straightforward, in that DLK and LZK are canonically described as injury sensors after their 

initial role in development and neuronal migration. As sprouting leverages plasticity in uninjured 

neurons to respond and compensate for injured neurons, it was unclear whether or not DLK and 

LZK would even be relevant in this response-to-injury response. From the DLK/LZK co-deletion 

study described in the previous chapter, it seems that DLK and LZK are possibly fully redundant 

in their roles for compensatory sprouting. 

In the present study, we show that double deletion of DLK and LZK in a PTEN-deleted 

background blocks the enhanced sprouting effects usually seen with PTEN deletion, despite 

elevated pS6 signal levels in the brain. This result strongly suggests that while PTEN deletion is 

able to enhance sprouting, this induction of sprouting relies on the activity of DLK/LZK signaling. 

As with the regeneration, it appears as though the PTEN and DLK/LZK pathways function in 

parallel, but both are required for induced sprouting. Given that double deletion of LZK and PTEN 

resulted in sprouting that is comparable to PTEN deletion alone, LZK is dispensable for induced 
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sprouting. However, further study using DLK/PTEN knockout mice will be necessary to ascertain 

whether DLK is the more critical of the two kinases for the induced sprouting, or DLK/LZK as a 

whole is required but either kinase can be compensated by the other and thus is dispensable. 

Given the results from co-deletion of the two kinases in compensatory sprouting (Chapter 4), 

which resulted in sprouting that trended lower than wildtype mice, we hypothesize that, at least 

for sprouting, DLK and LZK have redundancy and are able to compensate for each other when 

only one kinase is deleted. Our present results comparing DLK/LZK/PTENcKO and LZK/PTENcKO 

to PTENcKO further support this hypothesis, since the triply deleted mice showed wildtype levels 

of sprouting while the LZK/PTEN knockouts were indistinguishable from PTEN single knockouts. 

Of course, as with the regeneration studies, the relative importance of DLK versus LZK in induced 

sprouting can only be further ascertained by a study conducted in DLK/PTEN mice. 

The major takeaway from these series of experiments is that DLK and LZK are active in 

uninjured axons for both compensatory and induced models of sprouting. The relationship 

between these kinases and the PTEN pathway appears to be parallel, although it is presently 

unclear whether there may be cross-talk between signaling molecules in these two pathways. 

From the pS6 data, it is evident that deletion of DLK and LZK do not significantly interfere with 

the expected pS6 elevation subsequent to PTEN deletion via disinhibition of the AKT/mTOR 

pathway. But the reverse scenario regarding the effect of PTEN deletion on MAP3K signaling 

cannot be fully assessed from the present experiment, due to the caveats of staining for p-c-Jun 

in PTEN-deleted cells. 

A clearer phenotype regarding changes in DLK and LZK signaling in uninjured sprouting 

axons may be more prominent in mice that do not also have a PTEN-deletion (e.g. DLK/LZKcKO 

mice), so as to limit the observed biological effect on p-c-Jun expression that may be a result of 

the underlying PTEN-deletion. Additionally, analyzing p-c-Jun in DLK/LZK double knockouts can 

also serve to provide some baseline when comparing the expression between PTENcKO and 

DLK/LZK/PTENcKO. To further investigate the relationship between PTEN and MAP3K signaling, 
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it would be interesting to see how PTEN deletion affects p-c-Jun expression in DLK/LZK deleted 

injured neurons, given p-c-Jun’s inherent relationship to injury signaling. As p-c-Jun is maximally 

elevated within a very short time frame after injury, it would be helpful to also choose an injury 

timeline that captures greater p-c-Jun expression (Repici et al., 2007; Yuan et al., 2010). 

Given the literature that had shown that DLK is critical for initiating both pro-apoptotic and 

pro-regeneration transcriptional programs (Watkins et al., 2013), we had initially hypothesized 

that DLK and LZK would be critical for AKT/mTOR and downstream pS6 elevation. However, 

PTEN deletion in the presence of DLK/LZK co-deletion still resulted in the pS6 elevation that has 

been associated with a high level of regenerative competence (Lu et al., 2014). The findings from 

the present study demonstrate that DLK/LZK signaling as a whole is essential for the robust CST 

axon sprouting induced by PTEN deletion. While the current results indicate that LZK can be 

spared it remains to be seen if DLK can be spared as well, thus illuminating the functional 

redundancy between the two kinases. A key goal for the future would be to delineate the 

mechanism by which DLK and LZK signaling are involved in axonal repair in both sprouting and 

regeneration models. 
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The goal of identifying different molecular pathways and mechanisms involved with axonal 

repair is inherently tied with the clinical need for improving and broadening therapeutic options for 

individuals burdened with axonal CNS injury. While we in our lab focus heavily on the spinal cord 

as our model system, understanding different forms of axonal repair, and the signals that 

contribute to repair informs the regeneration field more broadly. The work presented in this 

dissertation is an extension of research conducted in worms (Hammarlund et al., 2009; Yan et 

al., 2009), as well as different models of nerve injury models in rodents, in order to identify how 

key genes are involved with CNS injury and repair. The identification of DLK-1 as being crucial 

for axon repair in worms has lent itself to the study of mammalian DLK in peripheral nerve injury 

in the rodent sciatic crush model, as well in CNS injury using the optic nerve crush model (Shin 

et al., 2012; Watkins et al., 2013; Welsbie et al., 2017). 

The goal of this thesis, then, was to explore the effects of DLK and LZK conditional 

knockout on multiple models of axonal repair in the corticospinal tract. By leveraging two different 

surgical models of injury, we were able to investigate the effect of deleting these kinases in both 

injured and uninjured axons. The key takeaways from this series of experiments is firstly that co-

deletion of DLK and LZK limited the effects of PTEN deletion on both regeneration and induced 

sprouting, and secondly, the effect of DLK/LZK co-deletion had no impact on the elevation of pS6 

in response to PTEN deletion. Taken together, these findings demonstrate that both the 

disinhibition of AKT/mTOR pathway via PTEN deletion and functional activity of DLK/LZK 

signaling are required for CST axonal repair. To date, our study in regeneration is the first 

demonstration of failed axon regeneration in mice that exhibit elevated levels of pS6 in response 

to PTEN deletion, a finding which is in alignment with a previous study in the optic nerve that 

showed that deletion of PTEN did not enhance regeneration in DLK deleted mice (Watkins et al., 

2013). This finding shows that pS6 elevation alone is not sufficient to drive regeneration in the 

CST.  
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Interestingly, LZK/PTEN co-deletion led to a phenotype that was identical to PTEN 

deletion alone for both PTEN-deletion induced regeneration and sprouting, implying that LZK is 

dispensable for these processes. It remains to be seen if DLK is also dispensable, in which case, 

DLK and LZK would be functionally redundant in supporting the regeneration seen in PTEN 

deleted mice; conversely, if DLK alone is required for PTEN deletion-induced CST axon 

regeneration, we would expect to see little to no regeneration in DLK/PTEN double mutants. It is 

also possible that co-deletion of DLK and PTEN will produce an intermediate phenotype, 

suggesting that LZK can partially compensate for DLK deletion.  

The relative effect of individual kinase deletion is still an incomplete story, but the present 

data indicate that LZK in particular is dispensable for these findings. However, a follow-up study 

in DLK/PTEN co-deleted mice is necessary to determine whether DLK is fully redundant with LZK. 

While DLK and LZK single mutants do not significantly alter compensatory spontaneous 

sprouting, co-deletion of both kinases shows a trend for a decrease in sprouting to below baseline 

levels, indicating that these kinases may share some redundancy in this mechanism of repair. 

Further exploration of gene expression in single versus double knockouts are necessary to truly 

confirm the redundancy of these two kinases. 

 

PTEN deletion is not sufficient for regeneration 

 The major finding of Chapter 3 is that deletion of DLK, LZK and PTEN results in WT levels 

of regeneration, i.e. no detectable regeneration. Historically, PTEN deletion was identified to 

cause robust regeneration in CST axons, as well as in many other cell types. The effect of PTEN 

deletion on enhancing regenerative competence has been established as a gold-standard for 

axon regeneration studies, with many experiments investigating whether other genetic 

manipulations in addition to PTEN deletion enhances regeneration (Lu et al., 2014). We were 

surprised to see such a clear-cut loss of regenerative phenotype in these triply deleted mice. 
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Thus, we wondered whether the effect of DLK and LZK co-deletion attenuated the effects of PTEN 

deletion on AKT/mTOR signaling. 

Previous literature has strongly suggested that mammalian DLK is crucial for retrograde 

injury signaling from the axon to the cell soma. This retrograde signal, in turn, would initiate 

response-to-injury programs that are cell type and injury type specific. For example, in the sciatic 

nerve, where regeneration is a naturally occurring phenomenon, injury induces a DLK-dependent 

transcriptome, which largely includes genes involved with axon regeneration (Shin et al., 2019). 

In the optic nerve, deletion of DLK prior to crush injury stunts both pro-apoptotic and pro-

regenerative gene expression changes (Watkins et al., 2013). Given this framework, we had 

hypothesized that the deletion of DLK and LZK might interfere with the effect of PTEN deletion on 

AKT/mTOR activation, which is one of the key signaling mechanisms involved with axon 

regeneration (Liu et al., 2010; Park et al., 2008). To answer this question, we investigated pS6 

expression in DLK/LZK/PTENcKO and PTENcKO mice compared to wildtype, using pS6 as a proxy 

for AKT/mTOR activation. To our surprise, all knockout genotypes had an average of 4-5x 

increase in pS6 measured in the PTEN-deleted hemisphere, regardless of whether DLK or LZK 

was also co-deleted. To our knowledge, this is the first demonstration of pS6 elevation not 

resulting in CST regeneration. This led us to revise our hypothesis: DLK/LZK signaling is not 

upstream but in a parallel pathway to AKT/mTOR, and in order for CST axonal repair to occur, 

both pathways must be activated and functional. Activating mTOR alone is insufficient for axon 

regeneration. 

 

Effects DLK and LZK deletion on compensatory and induced sprouting 

 The fourth and fifth chapters of this dissertation, while presented separately, are closely 

related in terms of the question they seek to answer: do DLK and LZK have a role in mediating 

axonal repair in uninjured axons? Initially, the main rationale to investigate this arose from the 

general concept that molecular factors involved in regeneration are also involved in sprouting. 
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However, DLK in particular is known to become activated in response to injury, and our model for 

sprouting investigates the cellular response of uninjured neurons. 

 Fundamentally, both compensatory and induced sprouting investigates the response of 

spared neurons in CNS repair. Conceptually, the key difference between spontaneous 

compensatory sprouting and induced sprouting is the relative regenerative competence of the 

spared neurons. While sprouting can occur under wildtype conditions, the baseline level of 

sprouting is low due to the inherently low regenerative competence of adult CNS neurons. By 

comparison, using a mechanism of induction, such as the genetic deletion of PTEN, can robustly 

enhance sprouting of spared uninjured neurons in response to injury. With induced sprouting, it 

is possible to clarify otherwise subtle effects that can be missed by looking at just spontaneous 

sprouting. Given that the roles of DLK and LZK in sprouting of uninjured neurons is fairly 

unexplored territory, with the bulk of literature focusing exclusively on axon regeneration or cell 

death in response to direct cellular injury, we decided to explore deletion of these kinases both in 

a wildtype and PTEN-deleted background.  

 By interpreting the results from both compensatory and induced sprouting together, we 

can appreciate a fuller picture of the roles of these kinases in uninjured neurons: in the wildtype 

background, we observed no change in sprouting phenotype when deleting either one of the two 

kinases, but co-deletion produced a statistically trending effect of lowered sprouting compared to 

wildtype mice. With the PTEN deletion, we observed that triply deleted mice showed wildtype 

levels of sprouting, significantly lower than what was observed in PTEN deleted mice. Meanwhile, 

co-deletion of LZK/PTEN resulted in sprouting that was largely comparable to PTEN deletion 

alone. While we still need to explore the DLK/PTEN knockout, but the evidence so far supports 

that DLK and LZK are involved in the sprouting phenotype observed in uninjured neurons. Though 

LZK is dispensable for induced sprouting, the planned follow-up experiments in DLK/PTEN 

knockouts can clearly answer whether DLK is the more critical kinase, or if the two kinases can 

be compensated by one another, requiring both to be deleted to interfere with sprouting. 
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Again, these findings largely parallel the regeneration results, wherein LZK/PTEN co-

deletion regenerated in a manner comparable to PTEN deletion, but triply deleted mice failed to 

regenerate entirely, both rostrally and caudally to the site of injury. Taken together, the DLK/LZK 

signaling pathway is critical for neuronal response to injury in both injured and uninjured neurons. 

 

Do PTEN and DLK/LZK pathways interact with each other? 

 Across multiple chapters of the dissertation, we attempted to understand the relationship 

(if there is one) between DLK/LZK signaling and the PTEN pathway. We attempted to investigate 

this by looking at downstream markers of the MAP3K and AKT/mTOR pathways, respectively. In 

analyzing downstream markers, we sought to investigate whether deletion of DLK/LZK impacted 

the PTEN pathway and vice versa. In both the regeneration and induced sprouting model, we 

assayed the expression of pS6 to interrogate the effect of DLK/LZK deletion on AKT/mTOR 

activity following PTEN-deletion. As described earlier, we were surprised to see consistently 

profound elevations in pS6 expression within the AAV-Cre injected hemispheres across PTEN, 

DLK/LZK/PTEN and LZK/PTEN deleted mice for both regeneration and induced sprouting 

studies. This finding shows that the deletion of DLK/LZK does not obstruct AKT/mTOR signaling. 

 Understanding the reverse situation has proven to be a considerably harder task. Unlike 

pS6, which is elevated upon PTEN deletion, no molecule downstream of the MAP3K cascade 

shows an inverse relationship with DLK and LZK expression, due to the fact that these upstream 

regulators of the MAP3K cascade are not inhibitory. Nevertheless, we attempted to explore this 

question by using p-c-Jun expression as a proxy for MAP3K activity. p-c-Jun is known to elevate 

in response to cellular injury, reaching maximal expression shortly after cellular injury (Repici et 

al., 2007; Yuan et al., 2010). While its expression can last for a period of time after injury, it 

generally decreases over time. We decided to probe the brains of mice that underwent 

pyramidotomy to investigate the relationship between PTEN deletion and p-c-Jun. 
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Though we were unsure if even this time frame of four weeks would be sufficiently quick 

to capture differences in p-c-Jun signal, especially since the neurons of interest in these studies 

were uninjured, we were surprised to see not only clear p-c-Jun signal in the axotomized 

hemisphere, but also in the uninjured but genetically manipulated contralateral hemisphere, albeit 

at considerably lower levels. Particularly in our GFP-injected controls, we saw strong dense 

nuclear p-c-Jun staining in both the injured and uninjured tracts, although the total number of cells 

in the uninjured hemisphere was lower than that of the injured tract. An interesting and unexpected 

observation from this preliminary analysis was that PTENcKO and DLK/LZK/PTENcKO mice 

appeared quite similar. Both exhibited far fewer cells with dense nuclear p-c-Jun signals in the 

AAV-injected hemisphere compared to what was observed in the GFP-injected hemispheres of 

wildtype controls. Instead, we observed a more dim, diffuse staining pattern in neurons throughout 

the uninjured but genetically altered hemisphere. This low-expressor pattern of staining was 

restricted to only the genetically manipulated hemisphere, with dense nuclear p-c-Jun signal 

observed in the injured tract. At present, we cannot rule out that this pattern may be the effect of 

PTEN deletion present in both genotypes. If this phenotype holds, it may suggest that PTEN does 

have some influence on p-c-Jun expression in uninjured neurons. To date, literature spanning the 

realms of both axon regeneration and cancer signaling pathways have discussed PTEN and 

MAP3K as two distinct pathways. It would be extremely surprising if there is a relationship 

between the two, but this initial foray implies that there might be an effect of PTEN deletion on p-

c-Jun expression. 

 Overall, through the various questions investigated in this thesis, we have begun to open 

the door on demystifying the role of DLK and LZK in axonal repair in spinal cord injury. These 

findings are merely a first step into understanding the relationship between DLK/LZK signaling 

and axonal repair. There is much left to be understood; for example, how does co-deletion of DLK 

and LZK prevent PTEN deletion from inducing regeneration and sprouting? Why and how do 

uninjured axons upregulate p-c-Jun in response to a nearby CNS injury? Is there a way we can 
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leverage the DLK/LZK pathway to synergize with PTEN deletion to further enhance axonal repair? 

Filling the holes in this story will undoubtedly lead to even more questions, but the hope remains 

that with these findings, we will be able to translate our knowledge of molecular pathways involved 

in repair to a clinical setting, and provide patients with CNS injury some relief from their otherwise 

long-term impairments. 
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