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Abstract 

The retinal ganglion cells (RGCs) of the optic nerve are essential for transmission of 

visual information to the brain. Diverse insults to the optic nerve result in partial to total vision 

loss as the axons of RGCs are destroyed. In glaucoma, axons are injured at the optic nerve head; 

in other optic neuropathies, axons can be damaged along the entire visual pathway. In all cases, 

as mammals cannot regenerate injured central nervous system cells, once the axons are lost, 

vision loss is irreversible. 

However, RGC axons of the African clawed frog Xenopus laevis are capable of 

regeneration and functional reinnervation of central brain targets following injury. In this 

dissertation, I describe a novel tadpole optic nerve crush (ONC) procedure and assessments of 

axon growth and brain innervation based on live imaging of RGC-specific transgenes which can 

be used to assay putative regeneration-associated genes in vivo. Using these assays with a 

CRISPR/Cas9-based F0 knockout screen, I report that the MAPKKK dual leucine zipper kinase 

(dlk) is necessary for regeneration of RGC axons following injury. Loss of Dlk does not affect 

vision as assessed by a behavioral assay but does block functional vision restoration after ONC. 

Dlk absence does not affect axonal outgrowth of RGCs either during development or from RGCs 

generated in the retina after the injury, but only affects the axonal regeneration of those RGCs 

whose axons were injured. While Dlk loss does not alter the acute change in mitochondria 

movement that occurs within RGC axons soon after injury, it does completely block the 

activation of the transcription factor c-Jun within RGCs days after the injury. Taken together, 

these results show that Dlk is essential for the axonal injury signal to reach the nucleus, 

suggesting that the difference between species that can and cannot regenerate their RGC axons 

after injury is likely the transcriptional response downstream of a MAPK cascade.  
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While mechanisms intrinsic to retinal ganglion cells, such as Dlk-dependent signal 

activation, are critical to successful RGC regeneration, RGC interactions with myeloid and glial 

cell populations in the retina and optic nerve are also highly likely to affect RGC survival and 

regeneration. Thus, using the same tadpole optic nerve crush assay, I further report that ablation 

of myeloid cells using a novel cell-type specific inducible transgene also delays optic nerve 

regeneration and reinnervation of the optic tectum following ONC. The absence of myeloid cells 

also results in a significant delay in clearance of cellular debris derived from the injury site. 

Additionally, removal of cellular debris immediately follows myeloid cell influx into both brain 

and optic nerve, indicating that debris removal by myeloid cells may be required for axonal 

regeneration. 

My work elucidates two key aspects of an evolutionarily conserved successful 

regeneration response, one cell intrinsic and one cell extrinsic. Understanding the molecular 

mechanisms utilized by a regeneration-capable species may be essential to the rational design of 

future clinical interventions to regrow the optic nerve. My work also suggests that a combination 

of different molecular and cellular interventions will likely be the only way to achieve axonal 

regeneration sufficient for functional recovery of vision. 
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Chapter 1: The Basic Science of Optic Nerve Regeneration 

 

Neurons and the Nervous System 

The ability to sense the difference between a hot drink and a cold one, form memories, 

play hockey or climb mountains, watch a sunset, and complete a Ph.D are all due to neurons – 

specialized cells which capture, encode and transmit information via electrochemical signaling to  

understand the environment and direct all body functions. Neurons consist of a cell body, 

containing the nucleus, many organelles; dendrites, projecting tendrils which connect with other 

neurons or cells to collect input; and axons, which relay information onward to other neurons. 

Information relay occurs via a process known as synaptic transmission. Synaptic transmission 

begins when the axons of a sending neuron release neurotransmitters, often at a synapse with 

another neuron’s dendrites. Neurotransmitters are small proteins which bind to receptors on the 

receiving axons’ dendrites and create a physiological change which results in an electrical 

impulse being created within the receiving neuron (2). Beginning from the neuronal soma and 

progressing down to the axonal tips, voltage-gated ion channels open to allow an influx of 

charged ions which depolarize the membrane potential of the axon. The insulating myelin sheath, 

layers of cell membranous material produced from a myelinating cell that wraps around the 

length of the axon, is critical for fast signal propagation down the axon (3, 4). Once the 

electrochemical wave has reached the axon terminus, it induces the formation and release of 

vesicles containing neurotransmitters, which are released from the axon tips of one neuron 

(presynaptic terminals) and fuse with the dendritic tips of the next receiving axons (postsynaptic 

terminals) to begin the process anew. Thus, an electrochemical signal can be relayed through a 

network of axons before it terminates at its eventual target, whether that is a signal integration 
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center in the brain responsible for translating those signals or a motor neuron which then 

converts the neuronal signal into a contraction of the actin-myosin muscle tissue.  

The nervous system is divided functionally into two connected but distinct systems, the 

central nervous system and the peripheral nervous system. The central nervous system (CNS) 

includes all regions of the brain and the spinal cord and the retina in the eye (5); the peripheral 

nervous system (PNS) accounts for all other sensory and motor neurons in other regions of the 

body (6). Though signal transmission occurs in the same manner in both systems, subtle 

distinctions in structure in function, which will be discussed later, create significant difference 

between CNS and PNS neurons. For this dissertation and for the entirety of my thesis work, I 

have focused on one major and compelling difference: while damage to PNS neurons is to an 

extent repairable in most vertebrates (7), the CNS in those same species is largely incapable of 

regeneration, meaning that any damage sustained is irreversible.  

 

Introduction to the Retina and Optic Nerve 

The visual system is part of the CNS and is made up of the eye, the optic nerve, and their 

visual targets in the brain. At the back of the eye lies the retina, a multi-layered thin neural tissue 

which collects light information and transmits it to the brain (Figure 1.1). The innermost layer of 

the retina is comprised of photoreceptors, specialized cells which absorb photons of light to 

create vision. Photoreceptors include both rods (responsible for low-light vision) and cones 

(responsible for high-acuity, bright light vision). In mice, rods outnumber cones by almost 20 

times and contain a single light-sensing pigment known as rhodopsin; by contrast, cones contain 

one of several opsins, each specialized for absorption of a specific wavelength of light, thus 

allowing for color vision (8). In most mammals, the centermost region of the retina allows for the 
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highest-acuity vision due to a higher ratio of cones to rods; in primates this centermost region, 

known as the fovea, is completely devoid of rods and has a higher concentration of both cones 

and retinal ganglion cells (and therefore, the lowest ration of cones-per-ganglion cell) than 

anywhere else in the retina (9). Both rods and cones are partially regulated by inhibitory 

feedback from horizontal cells (8). The photoreceptor cells synapse onto bipolar cells in the next 

layer of the retina, which then transmit the visual stimuli largely to amacrine cells, although 

some bipolars connect directly to retinal ganglion cells (RGCS) (10). Amacrine cells are a 

diverse population whose key functions include lateral inhibition of the signals sent by the 

photoreceptor cells and are essential for functions such as the perception of movement (11). 

Retinal ganglion cells occupy the most peripheral layer of the retina and are unique in that 

though their dendrites and soma are located within the retina, their axons extend out of the retina 

through the optic nerve and to the brain, making them the sole projecting cell which connects the 

retina to the brain. In addition to these major cell types, the retina also contains several types of 

glial cells, notably Muller glia, astrocytes and microglia. The major glial cell type in the retina, 

Muller glia, function in neurotransmitter uptake, water and metabolite transport and regulation, 

energy production, and protection against oxidative stress, functions typically carried out 

elsewhere in the CNS by astrocytes (3, 12). Microglia are the major resident immune cells of the 

retina; upon detection of a disease or injury to the retina, they convert from a resting to an 

activated state and proliferate rapidly to respond to the insult (13). 

Aside from the long projecting axons of RGCs, the optic nerve is also comprised of 

several support cell types, including astrocytes, oligodendrocytes, oligodendrocyte precursor 

cells, and their own population of resident microglia. Astrocytes in the optic nerve serve a 

similar function to that of Muller glia in the retina – they are important for water transport, 
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metabolism, ion regulation, signaling, and most recently have been shown to play a role in 

phagocytosis of debris produced from RGCs (3, 14). Oligodendrocytes myelinate RGC axons 

with layers of membranes to enable fast signal propagation, and also produce growth factors to 

assist with signaling (4). Finally, resident microglia in the ON, similar to those in the retina, 

sense damage to axons and activate a phagocytic and proliferative response upon injury or 

neurotoxic stress; they have also been found to cross-activate astrocytes into a similarly reactive 

state (13, 15). Together each of these neuronal cell types contribute to the homeostasis of the 

optic nerve and its ability to successfully transmit the visual signals collected by the retina to the 

brain for processing and analysis. In both retina and optic nerve there also is vasculature, with 

their constituent cell types, endothelial cells and pericytes, but also immune cells that may derive 

from the circulation but migrate into the tissues under conditions of stress or disease (16). 

 

Retinal Ganglion Cells  

Retinal ganglion cells (RGC) are among the first neuronal cell types to be born within the 

retina (17, 18). Soon after the birth and differentiation of RGCs, there is the extension of the 

major axon towards the developing optic nerve head, followed by the growth of branched 

processes that eventually become the dendritic arbor and terminate within the inner plexiform 

layer (IPL). The dendrites of RGCs form synapses with amacrine cells and bipolar cells within 

the IPL, and the axons of RGCs make contacts with various visual processing loci within the 

brain (19). 

RGCs are remarkable in their diversity of both structure and function. Over 40 subtypes 

of RGCs have been identified in the rodent retina, and each subtype shows vast differences in 

their responses to light, their overall morphology and dendritic organization, and their axonal 



5 

 

projections (20, 21). The earliest classification of RGCs was done purely based on 

morphological observation by Ramón y Cajal in the late nineteenth century, and indeed, 

morphology remains an important factor in the identification and classification of RGC subtypes 

(22, 23). Later work discovered that RGCs are highly selective in their stimulus response. RGCs 

which depolarize with increases in light intensity are classified as ON RGCs, while RGCs that 

hyperpolarize in response to light and respond instead when light intensity decreases are called 

OFF RGCs (17, 24). Interestingly, the dendrites of ON RGCs stratify in the outer portion of the 

IPL, while OFF-RGCs stratify in the inner IPL, and On-Off RGCs, which will respond to both 

increases and decreases in light, have arborization in both areas of the IPL; this important early 

finding linked RGC structure to function (25). Further physiological identifiers of RGC subtypes 

also includes the direction-selective RGCs (dsRGCs), which depolarize in response to only a 

particular direction of movement stimulus; ON-OFF dsRGCs respond regardless of whether the 

stimulus is light or dark, and ON ds-RGCs respond only when the stimulus is an increase in light 

intensity and RGCs (24, 26).  Other RGCs can be partially classified by biochemical markers; for 

example, alpha RGCs are more neurofilament-rich than many other RGCs (24). Additionally, 

there are at least 5 subtypes of melanopsin-expressing RGCs (intrinsically photosensitive RGCs 

or ipRGCs), which are themselves capable of absorbing photons of light (27-29). Most recently, 

single-cell sequencing and optogenetic techniques are enabling even more precise and detailed 

descriptions of RGC molecular and physiological signatures, which will likely result in better 

categorization of known subtypes and further subdivision of new RGC types (20, 30). 

In addition to their structural and functional diversity, RGCs project to a wide variety of 

different brain targets. These projections are not entirely subtype specific, but a class of RGCs 

tends to project to only a subset of brain regions, and each brain region typically receives input 
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from only a dozen or less types of RGCs. For example, ipRGCs project to at least 12 brain 

regions, chief among these being the suprachiasmatic nucleus (SCN), where they assist in 

regulating the circadian clock, the hypothalamus and the olivary pretectal nucleus, a region at the 

midbrain which functions in pupillary light reflexes (27, 29, 31). The superior colliculus (SC), a 

brain region which integrates basic ocular stimuli with motor responses and orients the head in 

response to motion, receives input from at least 8 subtypes of RGCs including both alpha and 

ipRGCs (31). Others subtype of RGCs also innervate these same regions, along with many 

others, including to the lateral geniculate nucleus (LGN), the major image-forming center of the 

brain for complex stimuli, the pre-tectal nucleus, and the thalamus (19, 24). Overall, in 

mammals, there are over 24 brain regions which receive input from RGCs and contribute to the 

brain’s processing of visual information collected by the retina (32). 

In general, each RGC cell provides a specific type of information regarding visual 

stimulus to a specific area of the brain, which integrates these signals into a single image 

incorporating the motion, light intensity, color, edge differentiation information, and so on 

transmitted by individual RGCs. Loss of or injury to any single RGC cell type or group of RGCs 

would thus result in an incomplete image and severely impact the ability of the organism to 

respond to visual stimulus. Importantly, the lack of regenerative capacity in the CNS means that 

any injury or disease to the optic nerve, and specifically the axons of RGCs which comprise the 

main cell type of the optic nerve, results in irreparable vision loss. Clinically, a large number of 
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acute or progressive pathologies have been identified which regularly cause such RGC axonal 

damage, and a number of the most prevalent are discussed next. 

 

Common optic neuropathies with injury to retinal ganglion cell axons  

Glaucoma is the most common optic neuropathy resulting from RGC axonal damage and 

the leading cause of irreversible blindness worldwide, projected to affect over 100 million people 

by 2040 (33). Glaucoma is frequently, though not always, associated with elevated intraocular 

 

Figure 1.1: Simple schematics of the retina and human brain emphasizing cells and areas 

relevant to optic nerve regeneration. Various optic neuropathies affect different parts of the optic 

nerve; for example, glaucoma and AION/NAION affect the optic nerve head, while other insults can 

affect the optic nerve, optic tract and optic radiation. Visual information carried by RGC axons is 

processed by multiple regions of the brain, in addition to the lateral geniculate nucleus (LGN) that 

carries most image forming visual information to the visual cortex. Among these other brain nuclei 

are the superchiasmatic nucleus (SCN), pretectal nuclei (PN) and superior colliculi, which mediate 

diverse non-image-forming aspects of vision. In the retina, RGCs receive synapses from amacrines 

and bipolar cells, and are in close contact with glia (Müller cells and astrocytes) as well as microglia. 

(From Fague, Liu and Marsh-Armstrong, 2021). 
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pressure, and the optic nerve head is generally believed to be the site of the axonal injury (Figure 

1.1) (34). In classical glaucomatous neuropathies, elevated intraocular pressure impinging on the 

unmyelinated portions of RGC axons in the optic nerve head (ONH) is believed to cause damage 

to and eventual degradation of these axons (34-36). At the same time, elevated IOP is not a 

universal characteristic of the disease. Studies on different populations find that between 30-38% 

of Caucasian patients, about 57% of patients of African extent, and 52-92% of Asian patients 

have normal IOP levels (37-41). Clearly, glaucoma is not a purely hypertensive disease; many 

unknown factors likely contribute to its development, as is the case with other ON diseases. 

Glaucoma even in its earliest stages has also been found to cause overall damage to the macula, 

the central-most region of a primate eye with the highest density of both photoreceptors and 

RGCs, causing an thinning of the retinal nerve fiber layer and inner plexiform layer, as might be 

expected giving the overall progressive loss of RGCs in this disease (42). Current glaucoma 

treatment mainly focuses on the pressure-associated probable causes of glaucoma by seeking to 

lower intraocular pressure using eye drops or surgical procedures. However, even with such 

treatment in patients with high-IOP associated glaucoma, progression of vision loss still occurs 

in many patients (43).  

Other optic neuropathies can occur at the optic nerve head but have much shorter time-

courses. Ischemic optic neuropathies, either nonarteritic or arteritic, involve sudden visual loss, 

sometimes worsening over days or weeks as the ischemia continues, accompanied by painless 

edema of the optic disc (44). AION is typically caused by giant cell arteritis and results in severe 

visual damage, while NAION may stem from small-vessel disease in the nerve and some visual 

improvement within months is common (44-46).  
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Other insults affect other parts of the visual pathway. Optic neuritis, acute inflammation 

of the ON, is characterized by abrupt central vision loss and pain with eye movement. Most 

commonly associated with multiple sclerosis, patients often recover full vision but can progress 

to irreversible vision loss (44, 46). Interestingly, color vision loss is disproportionately affected 

in optic neuritis compared to ischemic optic neuropathies, suggesting different RGC populations 

may be affected in each (44). Traumatic optic neuropathy, while relatively rare, typically occurs 

following head injuries. It is severe and most often irreversible, similar to the optic nerve crush 

procedure utilized for laboratory studies (47). Besides head trauma, the ON can sustain acute 

physical damage as a result of tumors, compression, and infections (44, 46). Increased 

intracranial pressure can also cause optic neuropathy, for example in pseudotumor cerebri 

syndrome and space-flight associated neuro-ocular syndrome (48, 49). The pathophysiology in 

the traumatic situations, and quite likely all optic atrophies, is likely to be multifactorial, 

involving a primary injury followed by a response to this injury which further damages other 

axons (50, 51). 

Several hereditary disorders also result in ON damage, including the mitochondria related 

Leber’s hereditary optic neuropathy and various genetic dominant optic atrophies (52, 53). In 

addition, other common neurodegenerative diseases such as Alzheimer’s disease, Parkinson’s 

disease, and Huntington’s Disease all appear to affect RGCs, quite possibly through axonal 

damage (54, 55). While treatment of these ideally addresses the underlying etiology, in principle 

they too might benefit from the ability to regrow axons. 

In summary, RGC damage can result from many diseases, occur at various speeds and 

severities, and may even affect different RGCs subgroups. Unfortunately, once any significant 

damage to RGC axons has occurred, the RGCs will die, and no treatment currently exist to either 
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halt RGC death or initiate axonal regrowth. Importantly, as we describe below, the clinical 

window for neuroprotection and regeneration-based interventions is very limited, as they need to 

act after axonal damage but prior to RGC cell death. 

 

Axonal Response to Injury in the Central Nervous System: A timeline 

Understanding when to implement an axonal regeneration strategy clinically requires 

understanding the progression of degeneration after RGC axon injuries. Here we focus mainly on 

insight gained from the most widely used experimental models, those based on optic nerve crush 

(ONC) in rodents, though some insight derives from other models, including spinal cord injuries 

(noted below). ONC involves controlled crushing of the ON with forceps several millimeters 

behind the globe, where nearly all axons are myelinated, leaving the ON sheath and the 

vasculature supplying the ON intact (56). Though some degeneration mechanisms are context 

and injury dependent, as noted elsewhere (57, 58), most ON injury scenarios likely unfold 

through similar mechanisms to what is outlined here.  

 

Milliseconds to hours after injury 

Immediately following injury in both in-vivo spinal cord and neuronal cell culture 

models, calcium (Ca2+) enters the injury site through voltage-gated calcium channels (59-61). An 

ex-vivo murine spinal cord model also found that Ca2+ is released from the axoplasmic 

reticulum, possibly contributing to a secondary degenerative signal (62). Removal of this 

extracellular Ca2+ by a chelator delays axonal degeneration (60, 61).  Both astrocytes and retinal 

ganglion cells express several types of mechanosensitive TRP channels which mediate Ca2+ 

influx in response to pressure or stretch injuries (63, 64). Ca2+ influx may be dependent on 
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concurrent Na+ entry in some types of injuries, and in a neuroinflammatory model the majority 

of Ca2+ enters instead through nanoruptures in the plasma membrane (59, 61). Importantly, live 

spinal cord imaging found that a “recoverable period” exists for hours after the initial insult; 

either Ca2+  clearance or nanorupture resolution protects axons from later swelling and 

degeneration (65). This increased Ca2+ activates calpains, ubiquitous cysteine proteases, 

mechanistically linking injury-induced calcium signaling to subsequent axonal degeneration by 

cytoskeletal degradation (66). Live-imaging of rat ON shows that within hours of injury, the 

axons swell and fragment on both sides of the injury (67). In murine spinal cord, the same 

fragmentation process can be completely blocked by calpain inhibitors (68).  

 

First days after injury 

At this point the proximal (closest to the eye) and distal axonal segments begin distinct 

degenerative processes. In both CNS and peripheral PNS axons, the distal axon segments 

fragment through a process called Wallerian degeneration (explained further below), in which 

the cytoskeleton is degenerated, the axon first forms swellings and then fragments into self-

enclosed units, and the myelin disintegrates into elliptical structures (69, 70). The proximal 

axonal segment forms a retraction bulb, elliptical in shape and several times the axonal diameter. 

This bulb grows progressively larger over weeks as the axonal cytoskeleton depolymerizes and 

the axon dies back towards the soma (71, 72). The retraction bulb is the antithesis of the well-

organized growth cones typical of developing or regenerating neurons. In a growth cone, actin 

structures (lamellipodia and filopodia) at the growing tip are separated from elongating 

microtubule “beams” by a clearly defined transitional zone (71). In contrast, studies on sciatic 

nerves found that retraction bulbs feature disorganized, mis-oriented microtubules and no clear 



12 

 

separation between microtubule and actin structures (72). Polymerization of both actin and 

microtubules are critical. Pharmacologic stabilization of microtubules promotes regeneration of 

CNS spinal cord neurons (72, 73). Additionally, combined knockdown in RGCs of two non-

muscle myosin II isoforms (motor proteins involved in the movement and restructuring of actin, 

and normally present in the growth cone transitional zone) promoted marked regeneration 

persisting for weeks after injury (74). In murine spinal cord, while some axons attempt 

regeneration by neurite sprouting, these sprouts lack directionality, grow only a small distance 

past the injury site, and ultimately retract (68). Axonal transport of mitochondria also increases 

in the proximal stump of injured murine intercostal neurons, and this increase in mitochondria 

axonal localization may be important, at least it is so in C. elegans motor neuron regeneration 

(75, 76).  

Around the first day after injury the cell’s injury response machinery has already been 

triggered, and studies in sciatic neurons, motor neurons, and RGCs all found that similar 

molecular injury signals travel from the axonal injury site back to the soma (77-80). Infiltrating 

neutrophils arrive on the first day post-ONC and are reported to express at least one pro-

regenerative factor, oncomodulin (81, 82). 

 

The critical first week 

In the first week following ONC the inflammatory response reaches its peak. Infiltrating 

monocyte-derived macrophages arrive at the optic nerve after the first day (83, 84). Of note, 

immunohistochemical classification of microglia vs. macrophages (and thus, their relative 

contributions) remains difficult, as macrophages take on a microglial-like molecular profile upon 

infiltration and activation in the CNS (85, 86); however, new retinal single-cell profiling 
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experiments have made huge strides in determining the full complement of different myeloid 

cells involved in injury responses (16). Astrocytes at the injury site in the ON degenerate by 3 

days and begin to repopulate by day 7 (87). Optic nerve head astrocytes become reactive, losing 

many fine processes and shrinking in total area covered, but thickening both their soma and 

primary processes (88).  Retinal microglia increase in number, presumably through proliferation 

(89). The retinal ganglion cell soma receives the signal that it has been damaged within the first 

week, and many stress responses are subsequently activated (78, 90, 91). Whether the RGC will 

die or regenerate is determined in that first week after injury, and this fate depends on various 

intrinsic and extrinsic factors, described next. 

 

Response of RGCs to Axonal Damage: Intrinsic and Extrinsic Mechanisms 

Upon receiving the axon injury signal, the cell eventually will either complete a self-

destruction program or successfully regenerate its axons.  As discussed below, these are related 

but separable processes. Both intrinsic (internal to the RGC) and extrinsic (mediated by other 

cell types) factors affect these two decisions, and as such, they will be discussed separately. 

 

Intrinsic pathways 

The fact that RGCs exhibit very different regrowth capacities at different developmental 

stages demonstrates the importance of intrinsic factors to RGC regeneration. When embryonic or 

post-natal hamster retinal explants were cultured with either embryonic or post-natal tectal 

explants, the embryonic retinas showed far greater neurite innervation into the tectal tissues, 

regardless of the tectal tissue age (92). Similarly, rat RGCs purified prior to birth show markedly 

greater neurite extension than those harvested after birth. Furthermore, amacrine-conditioned 
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media, but not bipolar conditioned 

media, converted embryonic retinal 

explants into a reduced-growth, 

postnatal-like state, suggesting that 

biochemical signals from amacrines 

may cause a postnatal “switch” in 

RGC regenerative ability (93). A 

molecular understanding of this 

innate programming is therefore 

critical. Interestingly, the innate 

programming of survival and 

regeneration appear to be controlled 

by at least partially distinct pathways, 

as discussed next. 

 

Intrinsic Pathways: Survival 

 

BAX and the intrinsic apoptotic 

pathway 

 

Some of the most powerfully 

neuroprotective measures 

characterized to date involve the 

 

Figure 1.2. RGC cell death pathways. Both pathways internal 

to RGCs and factors released from surrounding cell types 

contribute to the apoptotic cell death of injured RGCs. The 

signaling protein DLK is produced in injured axons and 

transported back to the RGC cell soma. There, it activates the 

intrinsic Jun/JNK signaling pathway, which regulates key genes 

mediating the cellular injury response. Among these, Jun 

activates BH3 proteins, which then interact with the cell-death 

protein BAX, triggering BAX translocation to the 

mitochondrial outer membrane. This results in release of cell-

death promoting molecules including cytochrome C, which 

ultimately activate the caspases. Jun also activates the ER stress 

signaling molecules, ATFs, which contribute to intrinsic 

apoptotic cell-death pathways. Meanwhile, external to the cell, 

high levels of zinc (Zn2+) are released from amacrine cells, 

which synapse onto RGCs, contributing to RGC cell death. 

Additionally, the extrinsic apoptotic pathway is activated by the 

release of TNF-alpha, FADD, and other cell-death promoting 

molecules released from nearby Müller glia and microglia. 

Finally, RGC cellular decay exposes specific membrane 

components to the external environment, and these components 

act as an ‘eat-me’ signal to recruit activated microglia and 

macrophages, which invade and phagocytose dying cell 

membranes and organelles. 

(From Fague, Liu and Marsh-Armstrong, 2021). 
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intrinsic apoptotic pathway, which triggers programmed cell death in response to injury or stress 

signals (reviewed in Syc-Mazurek 2020 (94), Maes 2017 (95)). The pathway was discovered 

when developmental C. elegans screens found several ced (cell death abnormal) genes. Absence 

of these genes resulted in complete loss of programmed cell death during development (96-98) 

Mammalian homologs to most ced genes have now been found, including Ced-3/caspase-9, ced-

4/Apaf1 and ced-9/Bcl-2 (96, 99). Bcl-2 belongs to a large gene family which includes pro-

apoptotic genes (e.g. Bax), anti-apoptotic genes (Bcl-2, Bcl-XL) and the BH3-only genes (95). 

Following ER stress or extracellular death signals, BH3-only proteins interact with Bax and 

mediate translocation and insertion of Bax into the mitochondrial outer membrane (95, 100, 101) 

(Figure 1.2). Bax-mediated membrane permeabilization triggers the mitochondrion to release 

pro-apoptotic factors including cytochrome c, which interacts with Apaf-1 to activate 

downstream caspases (cysteine protease effectors of cell death) (100, 102). In the retina, the 

balance between Bax and Bcl-2 mediates cell survival after injury. Overexpression of Bcl-2 is 

neuroprotective both during development and after ON injury (103). Conversely, Bax is pro-

apoptotic, so its absence is protective. Nearly 90% of RGC somas survive in the mouse Bax 

knock-out up to 18 months following ONC, although in these mice, RGC-specific gene markers 

are downregulated, the cells atrophy, and the surviving cells no longer function 

electrophysiologically as RGCs (104-106).  However, within 4-8 weeks of ONC, Bax knockout 

mice can still activate an apoptotic response if transfected with Bax, though this ability later 

disappears as the cells become entirely quiescent (106). These results show that RGC death can 

be slowed, thus offering the possibility of prolonging the therapeutic window for intervention. 

 

 



16 

 

DLK/LZK: A critical injury signal 

While several pathways likely alert the soma of cell injury, among the most critical is a 

mitogen-activated protein kinase (MAPK) signaling cascade (107). MAPK cascades are diverse 

pathways that convey information to the cell in response to a wide range of extracellular signals 

(108). One of these cascades, the JNK (c-Jun N-terminal kinases) cascade, is triggered by dual 

leucine zipper kinase/leucine zipper kinase (DLK/LZK) signaling in response to axonal injury in 

both PNS and CNS neurons in mice (77, 78). In both C. elegans sensory neurons and murine 

RGCs, DLK/LZK are retrogradely transported from the axonal site of injury back to the soma, 

and the cascade (DLK > MAP2Ks > JNKs) ultimately phosphorylates the transcription factor 

Jun, which regulates key genes mediating the cellular injury response (78, 109). DLK also 

mediates the retrograde transport of other potential injury-signaling molecules, including Stat3 

(signal transducers and activators of transcription 3)(77). Importantly, compared to WT animals, 

DLK knockout mice show far fewer gene expression changes post-injury, pointing to the 

importance of this signaling factor (78, 110). Along with Jun, profiling studies have placed 

DLK/LZK upstream of many transcription factors key to the fate of RGCs, including Klf6, Atf3, 

and Sox11 (78, 80). Also downstream of DLK and the JNK cascade are the endoplasmic 

reticulum (ER) stress response genes CHOP (official name: DDIT3) and Atf3 (activating 

transcription factor 3), and the intrinsic apoptotic pathway already described (BH3s > Bax > 

caspases) (78, 111-113). Atf3 is associated with stress response in both CNS and PNS tissues, 

and in the PNS, it has been linked to regenerative capacity (113). Atf3 and Atf4 are both 

upregulated following ON injury of various types (114, 115). Functional studies on these genes, 

however, have yielded nuanced results. While a dual JNK2/3 knockout protects from RGC cell 

death in the context of murine ONC, it does not offer similar protection in a mouse glaucoma 
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model (116, 117), though complete loss of all JNKs would likely have more pronounced effects 

(80, 94). There are many reasons why the JNK pathway may be more important in some types of 

injury. One is that there are other cell death pathways differentially activated by different types 

of injury. Autophagy, a program by which cells catabolize themselves, for example, can be 

activated by various insults, and can push towards or away from cell death, depending on the 

context. Autophagy-related genes (including ATGs and Lc3-II) are upregulated after ONC in 

mice (90, 118). Genetic deletion of ATG5 or ATG4 increases RGC death, and enhancement of 

autophagy via rapamycin decreased RGC death in a rat optic nerve transection model (118, 119). 

Importantly, though the DLK-initiated JNK cascade initiates cell death in mammalian RGCs, the 

same pathway also mediates the pro-regenerative response seen in both mammalian PNS and in 

C. elegans (110, 120). In both cases DLK also seems to mediate an increase in axonal transport 

of mitochondria to the injured proximal axonal segment, suggesting that increased metabolic 

capacity might be important for regeneration (75, 76). Thus, since the MAPK pathway is 

involved in both death and regenerative responses, it is believed to convey an injury “alert” to 

the soma, rather than directly determining whether a cell dies or regenerates. 

 

Axonal and somal death mechanisms are separable: WLDs and NMAT 

While both somal and axonal loss occur in the same injured neurons, distinct mechanisms 

control the self-destruction of cell bodies and their still-connected proximal axonal segments 

versus the distal disconnected side of axons. For example, BAX itself, while highly protective to 

the RGC soma, is only slightly neuroprotective of the distal axon segments (94, 121). Much of 

the understanding of the axonal-specific degeneration comes from study of a mouse mutant 

termed Wallerian Degeneration Slow (WLDs), which exhibits a tenfold delay in axon 
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degeneration, accompanied by delayed macrophage recruitment, and delayed clearance of axon 

and myelin debris. However, WLDs mice display no somal protection in acute injury and 

variable protection in glaucoma models (70, 122-124), demonstrating (like the Bax results) that 

somal and axonal self-destruction programs are distinct. WLDs is a fusion of the NMAT1 gene 

with the ubiquitin ligase UBE4B (125, 126). All NMAT isoforms catalyze NAD+ synthesis, and 

overexpression of any NMAT isoform, or other enzymes that make NAD+, delays axonal 

degeneration (70). Typically, both Nmat2 and NAD+ levels are rapidly depleted following an 

injury, but WLDs protects from this NAD+ depletion (127) (128). As such, the current model 

holds that the WLDs fusion protein substitutes for the rapidly-lost Nmat2 to confer axonal 

neuroprotection (reviewed in (70)). The toll-like receptor adaptor protein Sarm1 (sterile alpha 

and TIR motif containing 1) has also been linked to Wallerian degeneration, and it degrades 

NAD+ (129). Activation of Sarm1 promotes axonal degeneration, and deletion protects axons 

(but not somas) from degeneration after murine ONC (130, 131)  Interestingly, inhibiting DLK 

increases axonal Nmat2 and is thus also neuroprotective of axons; in fact, an in-vitro mouse 

sensory neuronal model found that DLK may contribute to degradation of both Nmat2 and Scg10 

(132, 133). Scg10 (superior cervical ganglion 10) is a microtubule-binding protein which loses 

its affinity for tubulin when phosphorylated by JNK. In vitro models have also linked Scg10 

expression to both axonal protection and preservation of mitochondrial transport (134). Taken 

together, these data suggest that the crosstalk between Nmat2, Sarm1 and the MAP3Ks are key 

determinants of whether axons degenerate or not, and are thus highly promising targets for 

neuroprotective strategies, as reviewed in (135) . However, since it is still unclear whether 

WLDs itself affects regeneration (136), it remains to be seen whether any of these genes are 

good targets for neuroregenerative interventions. 
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Intrinsic Mechanisms: Regeneration 

While the axonal injury signal – 

namely the MAPK (JNK) cascade initiated 

by DLK and culminating on the 

phosphorylation of Jun – initiates the 

decision between cell death or regeneration, 

distinct molecular pathways control those 

processes. Several of the most prominent 

known regenerative mechanisms are 

discussed below. 

 

Jak/Stat pathway 

The Janus kinase/signal transducers 

of transcription (Jak/Stat) pathway is 

activated by the binding of extracellular 

ligands (growth factors, cytokines, and 

others) and culminates in various Stats 

binding to specific DNA sequences to alter 

gene expression (137). Of the four Jak and 

seven Stat genes found in mammals, Stat3 

seems to be particularly critical for regulation 

of regeneration. AAV-mediated expression 

of Stat3 in RGCs promotes axonal 

 
Figure 1.3. RGC regeneration pathways. Successful axonal 

regeneration involves both RGC-intrinsic pathways and factors 

derived from surrounding cell types. Within RGCs, activation 

of the mTOR and STAT3 pathways both stimulate axonal 

regrowth. The mTOR pathway is inhibited by AKT, TSC1, and 

PTEN, and removal of any of those three genes stimulates 

pathway activation and regeneration. The STAT3 signaling 

pathway is partly activated by external factors, including the 

neurotrophins CNTF, LIF, and IGF-1, all secreted from cells 

near the RGCs (Müller glia, microglia, and monocyte-derived 

macrophages). Either application of these neurotrophins, 

removal of SOCS3 (a Stat3 inhibitor), or other methods of 

activating the Stat3 signaling pathway induces regeneration. 

Activated Stat3 localizes to both nucleus and mitochondria and 

is known to stimulate downstream gene expression changes in 

the nucleus. Also intrinsic to RGCs, a de-differentiation event 

occurs involving downregulation of differentiating genes 

(DGs) and upregulation of regeneration-associated genes 

(RAGs), involving diverse transcription factors which 

reprogram RGCs to a growth-capable state. 

 

(From Fague, Liu and Marsh-Armstrong, 2021). 
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regeneration (138). The growth factor CNTF, among the most potent pro-regenerative stimuli, 

works in part by activation of Jak/Stat3. CNTF upregulation coincides with Stat3 upregulation, 

and direct CNTF application to RGCS in vitro activates the Stat3 pathway (Figure 1.3) (139, 

140). A long-established observation that inflammatory stimulation, such as that induced by lens 

injury, is pro-regenerative (141), was eventually connected to IL-6 family cytokines CNTF and 

LIF, both of which signal through Stat3 (142). Conditional deletion of Socs3, a Jak/Stat negative 

inhibitor, results in an increase in ON regeneration (143). The Kruppel-like signaling factors 

(Klfs), transcription factors that regulate the regenerative response, also affect Jak/Stat signaling 

(144, 145). However, how activation of Jak/Stat3 affects regeneration is not fully understood, but 

it probably regulates multiple processes. In addition to its own direct modulation of gene 

expression, Stat3 interacts with c-Jun (downstream of the MAPK (JNK) cascade initiated by 

DLK) and potentially other transcription factors as well (146, 147). However, there are also 

some non-nuclear mechanisms through which Stat3 might also affect regeneration.  For example, 

cytoplasmic Stat3 inhibits autophagy in-vitro, (148) and in both cortical neurons and RGCs, it 

localizes to mitochondria in addition to nuclei, though the significance of this mitochondrial 

localization is not yet well understood (149). The robustness of the RGC response to CNTF has 

led to several clinical trials involving CNTF-secreting implants in various retinal diseases. The 

most promising has been trials involving macular telangiectasia, which have advanced into a 

current Phase 3 trial; studies of the same implant in glaucoma patients are also ongoing 

(NCT04577300, NCT02862938). 

 

PI3K/AKT/mTOR 
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The other pathway known to be critical for the regulation of regeneration is the 

mammalian target of rapamycin (mTOR) pathway, a node regulating key cellular processes such 

as translation and metabolism (150). Upregulation of the mTOR pathway has been found to 

stimulate regeneration in RGCs, though the results are complex. Activation of PI3K by 

CNTF/LIF may stimulate the pathway in inflammatory retinal injuries, signaling downstream 

through AKT onto mTOR (140). IGF-1, another growth factor which signals through 

P13K/AKT, is downregulated after ONC in rat, and IGF-1 application to the rat retina increases 

neurite outgrowth (151). Deletion of a negative inhibitor of the mTOR pathway, PTEN 

(phosphatase and tensin homolog), stimulates one of the most significant RGC regenerative 

responses seen to date, and deletion of a second negative inhibitor, TSC1 (tuberous sclerosis 1), 

is almost as effective (152, 153). Similarly, pharmacological inhibition of mTOR by rapamycin 

inhibits inflammation-induced long-distance RGC axonal regeneration in vivo (154). 

Interestingly, downregulation of mTOR has also been linked to dendrite degeneration and 

retraction, another physiological effect of RGC injury, and insulin application activates the 

mTOR pathway to promotes robust dendritic regrowth (155). Several clinical studies have 

targeted the mTOR pathway by various means. Despite one study which was able to increase 

plasma IGF-l levels in patients, a second study did not find any benefit to IGF-1 injection in ALS 

patients (NCT00871455, NCT00035815). Another currently active study is testing oral 

administration of the mTOR inhibitor rapamycin, also in ALS patients (NCT03359538). 

 

Reprogramming factors 

A long-standing question regarding regeneration is whether reversion of cells to a fully or 

partially de-differentiated state is a necessary precursor to regrowth. Two potent transcription 
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factors, c-MYC and its target P53, are upregulated in successful PNS regeneration, and promote 

axonal regeneration when overexpressed in CNS neurons, including RGCs (156, 157). As 

previously mentioned, certain members of the KLF transcription factors are pro-regenerative, 

while others, including KLF4, seem to act as transcriptional repressors of RGC axon growth 

(144). Notably, both c-MYC and KLF4 are among the original Yamanaka factors discovered to 

induce pluripotency by de-differentiating mouse adult fibroblasts (158). Recently, viral-based 

induction of OCT4, SOX2, and KLF4 (three of the four Yamanaka factors) has been shown to 

stimulate axonal regrowth and to promote a “youthful” mRNA profile in the treated eyes (159). 

Another gene that can broadly induce cellular reprogramming, Lin28, an RNA-binding protein 

that regulates microRNA processing, is typically expressed in undifferentiated cells and thus 

seems to be a marker of “stem-ness” (160, 161). Lin28 too is upregulated in regenerating PNS 

neurons after injury, and overexpression of Lin28 in the murine retina enhances regeneration (74, 

162), perhaps in an amacrine-dependent manner which enhances RGC responsiveness to IGF 

(163). The potency of these reprogramming factors in inducing regeneration, coupled to RGC 

down-regulation of many genes and functions associated with a fully differentiated state, suggest 

that RGC regeneration may require partial de-differentiation into a more stem-like state. One 

possibility is that the injury signal conveyed from the axon, mediated by the MAPK (JNK) 

cascade initiated by DLK, provides such a signal to de-differentiate.  Whether that 

reprogramming leads to death or regeneration, then, might be mediated by the right balance of 

mTOR and Jak/Stat pathways together with the inhibition of the cell-death pathways.  

 

Combinatorial approaches: successes and challenges 
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Unless there is a major conceptual breakthrough, combinatorial approaches will almost 

certainly be necessary for clinically meaningful regeneration.  Indeed, such combination 

treatments often result in improved regrowth in the mouse ONC model. Some examples include: 

1) Conditional deletion of both SOCS3 and PTEN enhances regrowth above single deletion of 

either gene (152); 2) Intraocular application of CNTF yields only limited regeneration, but 

SOCS3 deletion plus CNTF application strongly increases regrowth (143). 3) Expression of c-

MYC, viral-mediated CNTF expression, and dual PTEN/SOCS3 conditional deletion promotes 

the most extensive axonal growth seen to date even past the optic chiasm for some axons (164, 

165) although still a small percentage of all RGCs. 4) Combined lens injury and PTEN deletion 

allowed for limited brain re-innervation and even reported partial recovery of visually guided 

behaviors (165, 166). However, sometimes factors improve either survival or regeneration, but 

inhibit the other – creating a push-pull effect in combinatorial interventions. Some examples of 

this are as follows. 1) In a conditional PTEN/DLK dual knockdown model, RGC survival was 

increased but regrowth was decreased compared to a PTEN knockout alone (78).  2) Lens injury 

combined with BDNF administration enhanced survival but decreased regeneration compared to 

a lens-injury paradigm alone (167). Such situations illustrate the need to understand not only the 

role of individual pathways, but the crosstalk between them as well. 

 

RGC heterogeneity and regeneration 

As mentioned earlier, RGCs exhibit significant heterogeneity, with over 40 subtypes currently 

recognized in mice. Different RGCs display different sizes, respond to either increases or 

decreases in light or motion, receive their innervation at different sub-lamina of the inner 

plexiform layer, and innervate many different regions of the brain (25, 168). Thus, any 
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translational strategy should take into consideration the heterogeneity of RGCs and their effects 

on vision.  Translational strategies should also take into consideration that the targets of RGC 

axons also likely atrophy and re-wire after the degeneration of RGCs (169). Importantly, the vast 

majority of mouse RGC subtypes have not yet been identified in human or nonhuman primate 

retinas, though there are a few exceptions (170, 171).  

Recent work has made it clear that RGC subtypes respond differently to both injury and 

regenerative therapies. Two weeks following ONC, some subtypes survive nearly completely, 

while others are decimated (172). Regarding regeneration, the mouse alpha-RGCs regenerate 

more successfully in response to PTEN deletion than other subtypes, in large part because of 

their responsiveness to osteopontin and IGF (173), but those same cells are preferentially killed 

by Sox11 overexpression, which promotes regeneration of a different RGC subtype (174). 

Unfortunately, no individual molecular characteristic seems to confer regenerative capacity, and 

genes which promote survival in one subtype do not reliably translate to other subtypes (172). 

Interestingly, different RGC subtypes also respond differently to the effect of visual stimulation 

on regeneration. Subjecting ONC-lesioned mice daily to a high-contrast visual stimulus for 

several weeks post-injury increases regeneration of alpha-RGCs. Visual stimulus appears to 

enhance the effect of mTOR pathway elevation, and strikingly, also results in limited target-

specific reinnervation of visual targets in the brain and return of simple visual responses, though 

not the image-forming functions we typically refer to as “vision” (175). 

This differential response of RGCs can be viewed either as a positive or a negative.  

Understanding the differential regenerative response of different mouse RGCs may lead to new 

genes and pathways to affect regeneration.  However, it is difficult to understand how to translate 

mouse studies to humans, since mice do not appear the have clear midget and parasol RGCs, 
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corresponding to the parvo- and magno-cellular visual streams, which constitute the grand 

majority of RGCs of primates, including humans (24, 176, 177).  Differential responses of RGCs 

also make it likely that any simple intervention will have an effect only on some types of RGCs, 

and may even be deleterious to others.  This is yet another reason why we need to understand 

how is it that some species regenerate all their RGCs (discussed below). 

 

Extrinsic Factors  

The intrinsic ability of RGCs to survive insult and regenerate (or not) represents just one 

piece of the puzzle. Neighboring cells, including astrocytes, Müller glia, microglia, and 

infiltrating myeloid cells, also play crucial roles. Often, these cells affect both survival and 

regeneration, and here are discussed separately based on their location, whether those cells affect 

RGC somas and proximal parts of axons in the retina or their axons in the optic nerve. 

 

Extrinsic Factors: Retina Neurons and Glia 

RGCs receive chemical and electrical synaptic inputs from both amacrine and bipolar 

cells, and recent work suggests that these interactions play a role in the decision as to die or 

regenerate. For one, amacrine and bipolar input are prime candidates to mediate the light-driven 

promotion of RGC regeneration (175), though, in principle this effect could be mediated by 

light-sensing molecules within RGCs (for example, melanopsin or chryptochromes). Another 

study, however, found that synapses onto RGCs are deleterious. Levels of Zn2+ increase in the 

inner plexiform layer (where amacrines synapse onto RGCs) within 1 day after injury, and is 

transferred to RGCs by 2-3 days, and this Zn2+ elevation negatively affects RGC survival (178).  

It also remains possible that glutamate excitotoxity contributes to RGC death, though this is no 
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longer considered the central mechanism of cell death as it once was (179).  That the one major 

RGC neuroprotective clinical trial to take place, which did not reach its end-points 

(NCT00168350), was based on what is now considered a flawed premise (glutamate excitotoxity 

as the key driver of RGC death), highlights how much our understanding of RGC’s response to 

injury has evolved in recent years. 

In addition to these neuronal connections synapsing with RGCs, two major glial 

populations, Müller glia and astrocytes, enwrap RGCs and their axons and are a critical source of 

extrinsic signaling regulating both survival and regeneration. Like the intrinsic pathway 

previously discussed, the extrinsic apoptotic pathway ultimately converges on caspases which 

dismantle the cell, but is instead activated by extracellular ligands, including the Fas-associated 

death domain protein (FADD) and tumor necrosis factor alpha (TNFα) (Figure 1.2) (102, 180). 

Application of TNFα results in both oligodendrocyte degeneration and RGC death (181). 

Interestingly, TNFα is upregulated in human glaucoma patients, and in a rat glaucoma model, 

and Müller glia and microglia/macrophages secrete TNFα upon ocular hypertensive stress (182). 

Inhibition of either TNFα directly or the calcium-permeable AMPAR receptors, which TNFα 

typically traffics to the membrane, resulted in substantially improved RGC survival (183). 

RGCs also express receptors for many neurotrophins, small trophic factors involved in 

synapse formation, growth, differentiation, and proliferation within the CNS (184). Of these, 

BDNF is an astrocyte-secreted factor which is neuroprotective of both RGC axons and soma but 

does not affect axonal regeneration (167) (185). Transfection of Müller cells with a BDNF 

encoding construct induced them to secrete BDNF and protected RGCs (186). Interestingly, 

transport of BDNF to the soma is impaired in several glaucoma mouse models (187) (188). 

Additionally, the IL-6 family cytokines CNTF and LIF are produced as part of the inflammatory 
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response to injury by retinal astrocytes, activated microglia, and Müller glia cells in various 

retinal/axonal injury models. Notably, of all the trophic factors, CNTF/LIF, are the only ones that 

confer both neuroprotection and axonal pro-regeneration effects on RGCs (139, 140, 189).  

 

Extrinsic factors: Optic Nerve Glia  

Unlike CNS neurons, PNS nerves regrow and form functional synapses after injury; and 

Schwann cells, the myelinating cells of the PNS, are critical to this regeneration (7). Upon injury, 

Schwann cells de-differentiate into a progenitor-like state with repair-promoting characteristics 

including neurotrophic factor secretion, proliferation, and debris clearance (190). One of the 

earliest, and to date most effective, ON regeneration experiments was insertion of a peripheral 

nerve graft into the region of an ON transection, first done by Ramón y Cajal (191). This crude 

surgery allows RGCs not only to successfully regrow through the graft, but also to re-innervate 

central brain targets and even lead to partial restoration of visual function (192-194). While this 

may somewhat be due to pro-regenerative trophic factors within the graft, it is widely accepted 

that the CNS environment also actively inhibits regeneration.  

In the CNS, it is oligodendrocytes that myelinate axons, and oligodendrocyte-derived 

myelin blocks regeneration (195). This inhibition is mediated by multiple myelin proteins, 

including membrane-associated glycoprotein (MAG), Nogo, and oligodendrocyte-myelin 

glycoprotein (OMgp) – all of which signal through the RGC-expressed NogoR receptor (196-

201). While NogoR modulation increases optic nerve regeneration in various paradigms, the 

results are complex. By itself, viral-mediated NogoR knockdown in the ON is minimally 

effective; combined with lens injury, it evokes markedly stronger regeneration, and when all 3 

isoforms of NogoR are genetically eliminated, moderate regeneration occurs after ONC even 
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without other interventions (202, 203). Recently, however, a clinical trial testing a NogoR 

antibody in spinal cord injury (SCI) found good tolerability but no functional recovery in para- 

or tetraplegic patients (204). Despite this, trials on this particular drug are continuing 

(NCT0393532). Another trial in SCI patients testing a soluble protein “decoy” or “trap”’ which 

sequesters MAG, Nogo, and OMgp is also underway (NCT03989440).  

In addition to CNS myelin inhibition, the ON environment itself becomes regeneration-

prohibitive following injury through formation of a glial scar. Astrocytes within the ON lose 

their ramified morphology, become proliferative and phagocytic, and secrete many extracellular 

matrix proteins that form a unique and disorganized matrix (205). Together with infiltrating non-

resident macrophages (discussed next), a buildup of tissue forms which replaces the dying RGC 

axons within the ON. This glial scar produces various proteins which inhibit RGC regrowth, 

including ephrins and chondroitin-sulfate proteoglycans (CSPGs) (206, 207). Degrading these 

CSPG glycosaminoglycan chains enhances axonal regrowth, at least in a spinal cord injury 

model (208). However, other data suggests the glial scar may not inhibit CNS regeneration at all. 

In fact, inhibiting the formation of the glial scar was detrimental to spontaneous regrowth in a 

mouse SCI model (209). 

Both glial-scar signaling and myelin/NogoR-associated inhibition ultimately converge on 

RhoA (ras-homolog gene A), which binds to its receptor ROCK (Rho-associated protein kinase) 

and mediates actin cytoskeleton decay and growth cone collapse (210, 211). Since many 

extrinsic inhibitory factors converge on RhoA/ROCK, several studies, including some clinical 

trials on a range of neurodegenerative diseases or injuries, have targeted them directly. The 

results have been mixed. RhoA inhibition resulted in modest axon outgrowth post-injury both in 

vitro and in vivo; the effect was greatly increased when combined with lens injury (212) (213). 
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An active study is investigating the potential of the ROCK inhibitor fasudil to improve outcomes 

in ALS patients (NCT03792490). On the other hand, in late 2018 a clinical trial testing a third 

Rho inhibitor in spinal cord injury patients was halted due to futility (NCT02669849). Overall, 

blocking extrinsic inhibitory effects will likely need to be combined with the promotion of 

intrinsic pro-regenerative states in order to achieve clinically relevant results. 

 

Extrinsic Factors: Inflammatory cells 

The same C. elegans developmental screens which discovered the intrinsic apoptotic ced 

pathway genes also discovered several extrinsic ced genes which mediate engulfment of 

apoptotic cells (97, 214). Though C. elegans lacks professional (macrophage-like) phagocytes, 

many extrinsic ced genes expressed by engulfing cells in C. elegans have orthologs in 

mammalian phagocytes (215). Two of these are ced-7/ABCA1 and ced-1/Megf10.  Ced-7 is a 

cholesterol transporter expressed in both dying and engulfing cells, and loss of ced-7 in either 

cell type completely blocks engulfment (214). ced-1/Megf10 is a receptor expressed by the 

infiltrating macrophages that arrive to phagocytose cellular debris (216) (217). Exposed 

phosphatidylserine molecules, and other cellular components found on the inside of healthy cells, 

become externalized onto the surface of apoptotic cells, and act as a phagocytic “eat-me” signals 

which can then be bound by a variety of proteins including ced-1/Megf10, annexin-5, and Mfge8 

(215, 217, 218). Indeed, there are trials ongoing to use labeled annexin-5 to visualize dying 

RGCs, though the broad utility of this method is yet to be determined (219, 220). 

Microglia, the myeloid cells that reside within CNS tissues including retina and optic 

nerve, proliferate following injury (87). Microglia are capable of rapid activation in response to 

many extracellular changes (13). During development and injury microglia selectively prune 
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synaptic connections, and after injury, activated microglia become phagocytic and clear RGC 

debris (221, 222). There is currently lack of consensus as to whether microglia are more 

beneficial versus harmful after injury, and the answer is likely to be context dependent. In one 

study, microglia were neuroprotective during a prolonged lesion, but microglial presence 

following the injury hindered recovery (223). Suppression of microglial activation using 

minocycline treatment increased RGC survival in both optic nerve transection and glaucoma 

murine models (224, 225). However, another study suggested that microglia are not critical for 

ON degeneration or regeneration (226). The difference may lie in a very specific balance of 

cytokines and chemokines secreted by activated microglia under different stimuli, but much 

more work is needed to determine whether these cells are good targets for pro-regenerative 

interventions (84). In fact, different states and stages of activation, varied molecular mediators, 

and extensive crosstalk between cell types are characteristic of all inflammatory cells; for a 

comprehensive review of the inflammatory response to injury in the ON, the reader is referred to 

Andries et. al. 2020 (84). 

 

Learning from the Peripheral Nervous System: Regeneration is Possible 

For reasons that are not fully understood, the peripheral nervous system (PNS) retains 

some ability to regenerate and heal injuries throughout the animal’s lifetime. One possibility, as 

mentioned earlier, is due to the different cell populations which myelinate CNS and PNS 

neurons. Though both the central and peripheral nervous system neurons are encased in a myelin 

sheath, the cells responsible for this myelination are different. Oligodendrocytes, which derive 

from the ventral neuroepithelium of the neural tube, myelinate the neurons of the central nervous 

system, while Schwann cells derived from the neural crest myelinate peripheral nervous system 
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axons (4, 227). Schwann cells, in addition to forming the membranous wraps which become the 

myelin segments along the nerve analogous to the process followed by oligodendrocytes, also 

create a basal lamina which separates the intraneural space from the myelination layer. Whether 

because of this lineage difference or some as-yet unknown factor, the Schwann cells react very 

differently than do oligodendrocytes in response to axonal injury. However, the difference in the 

injury response of the myelinating cells is not the only distinction between CNS and PNS 

neurons. Here we will give a brief overview of the events following PNS nerve injury to 

highlight these differences. 

Following axonal injury to a peripheral nerve, the axon undergoes Wallerian 

degeneration at the injury site, breaking up into small fragments within 1 day of injury just as 

CNS neurons do. In the week following injury, the myelin sheath surrounding the nerve has also 

disintegrated into regular ovoid-shaped accumulations and can continue to be cleared chemically 

from the nerve proper for 1-2 weeks longer (228). Similarly to what occurs in the CNS, by 2 to 3 

days post-injury macrophages arrive and proliferate within the nerve to phagocytose the large 

amount of axoplasmic and myelin debris generated by the degenerating nerve. Unlike in the 

CNS, the myelinating Schwann cells are also phagocytic and contribute to this rapid clearance of 

debris (7, 229).  At the same time these Schwann cells, which normally also maintain a basal 

lamina between the myelination and the axons of the nerve, form a tube which creates a barrier 

between the disintegrating myelin and the intraneural space (4, 7, 229). Neurite sprouting begins 

at the proximal stump of the injured nerve as early as day 3, and begin to regrow through this 

space, eventually reconnecting with their targets and reforming connections. Though the 

mechanism is not fully understood, it has therefore often been suggested that these multiple 
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functions of the Schwann cells may be critical for peripheral nervous system regeneration and 

represent a major difference between CNS mechanisms of regeneration (7, 228, 230). 

Beyond the difference in response of the myelinating cells, the ability of the PNS to 

regenerate seems also at least partially dependent upon the activation of intrinsic regeneration-

associated factors within RGCs. Sequencing studies have found that lesioned PNS neurons 

upregulate several genes associated with regenerative capacity, including cJun, ATF3 and Sox11 

(230). Intracellular levels of cyclic adenosine monophosphate (cAMP) also increase following 

peripheral nerve lesion, and injection of cAMP into peripheral nerves has been shown to 

stimulate nerve growth (7). In addition to signaling molecules such as these, the induction of 

enzymes and pathways which promote the production of growth-associated proteins, cytoskeletal 

components, lipids, energy molecules, and axonal transport molecules begins soon after injury to 

initiate and support the regrowing axon (231). Cell-adhesion molecules and proteins which 

mediate interaction of the regenerating axon with the surrounding cytoskeletal components have 

also been found to be upregulated following injury in regenerating peripheral neurons, 

suggesting that extracellular mechanisms may be important for axonal regrowth in these contexts 

(231). However, some of these same signaling molecules and proteins are also upregulated in 

CNS neurons following injury; why this then leads to axonal death in the CNS and axonal 

regeneration in the PNS is not fully understood (232). Further work will be needed to understand 

how all of these factors contribute to peripheral nerve regeneration, and how these lessons might 

be applied to the CNS. 

 

Learning from Regenerative Species 
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Unlike mammals, other vertebrates possess extraordinary natural regenerative abilities. 

Two of the more common models used in biomedical research, Danio rerio (zebrafish) and 

Xenopus laevis (African clawed frogs), display both compelling similarities and notable 

differences in their response to axon injury relative to mammals. Given the conservation of retina 

structure, including all the major cell types in retina and optic nerve, and the high genomic 

conservation between humans and these species (84% and 79% of known human disease-

associated genes have a zebrafish and Xenopus homologues, respectively), attaining clinically-

relevant regeneration in human RGCs may depend on our first understanding the successful 

regenerative programs of these other species (233, 234). These species’ ability to achieve 

regeneration is likely a combination of multiple pathways in multiple cells all deployed at the 

right time, as would be expected for processes maintained through selective pressure.   

 

Time to regrow 

Functional studies assessing regeneration in teleosts and amphibians date back to the 

mid-twentieth century (235-237). Some dismiss studies of regeneration in these species because 

their retinas include a ciliary marginal zone of cells which continue to divide and differentiate 

throughout the animal’s lifetime, enabling the eye to grow with age (238, 239), and because 

these species can regenerate all retina cell types after severe injuries from either Muller cells in 

zebrafish or retinal pigment epithelial cells in Xenopus (240-244), features not present in 

mammals. These retina regeneration mechanisms notwithstanding, however, most axonal 

regeneration after ON injury in both species comes from regeneration of existing RGCs, not by 

the generation of new cells (245). In fact, in fish and frog 20-25% of RGCs do die after axon 

injury, like their mammalian counterparts; but the remainder survive and regrow their axons 
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(246) (245). Regrowth begins anywhere from days to weeks post-injury and re-innervation of 

brain targets occurs within weeks to months, depending on the size of the animals (247-251). 

While there are likely to be differences not translatable to humans, including some genes carried 

by these species which are absent in humans, exploring these naturally regenerative RGCs could 

yield enormous insight.  

 

Morphological/anatomical comparison of post-injury response in mammals versus fish and frogs 

The initial progression of axonal injury occurs in X. laevis as it does in mammals: the 

distal axonal segment undergoes Wallerian degeneration, the proximal segment forms a 

retraction bulb which progressively degenerates towards the soma, and full brain denervation 

occurs (250, 252). Two weeks following injury, the proximal stump shows near-complete 

demyelination, advanced degeneration of remaining axons, and major changes to the glial and 

astrocytic architecture. However, distinct growth cones have re-formed within the demyelinated 

fibers within weeks following injury, and fully regrown axons are largely re-myelinated and have 

successfully re-innervated their brain targets within months (252).  

Interestingly, in both fish and frog, regenerating RGC axons make many pathfinding 

mistakes (253) and when the regenerating fibers initially reach their general target locations in 

the brain they do not exhibit precise connection patterns (254, 255). The initial retinotopic “map” 

then undergoes an activity-dependent refinement process which recalls the developmental 

process of synaptic refinement (256, 257). Also importantly, both mammalian and fish neurons 

can regrow in vitro alongside either fish oligodendrocytes or fish-conditioned media, indicative 

of a growth-permissive ON environment in these species and underscoring the importance of 

tracing the contributions of individual cell types within the optic nerve (258).  
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Perhaps most telling are the classic eye rotation experiments by Roger Sperry that formed 

the basis of the chemo-affinity hypothesis for neuronal connectivity. When the optic nerve of a 

newt was transected and the eye rotated 180 degrees, full reinnervation and return of visual 

function was still achieved, but visual field perception was also exactly rotated (253). This 

demonstrated that individual RGCs are imprinted developmentally to recognize their specific 

brain target – and that even when disconnected, they “recall” that location and can return to it. 

Since similar spatial identity exists in mammals, it renders the quest for regenerative axonal 

therapies even more urgent, as stem-cell derived RGC transplants may not have the innate 

‘foreknowledge’ of their desired innervation target, posing yet another barrier to clinical 

deployment. 

 

Molecular comparison of post-injury response in mammals versus fish and frogs 

Molecular profiling studies have found regulated pathways after ONC to be largely 

similar between mammals and pro-regenerative species, but there are also some striking 

differences. In the ER stress response pathway, Atf3 is strongly upregulated in fish, frogs, and 

mice, and ddit3/CHOP, Atf4, and a putative downstream gene Chac1 are upregulated in frogs 

and mice (114, 250, 259). Additionally, c-Jun, upstream of several apoptotic pathways, is highly 

upregulated in both frogs and mice. However, most other canonical apoptotic players showed no 

change in frog profiling data (250). Another study revealed that inactivation of CDC42, Rac1, 

and RhoA by a Wnt-signaling mechanism functions early on in zebrafish optic nerve 

regeneration, suggesting that de-inhibitory signaling may be as critical as activation of growth 

machinery (260). Many transcription factor families also show major changes after injury. As 

aforementioned, Sox11a/b (related to the reprogramming transcription factor Sox2) has been 
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studied as a pro-regenerative factor in mice, and is markedly increased after injury in both frogs 

and zebrafish (250, 259). Klf6 and Klf7 are upregulated in RGC-specific profiling studies in 

zebrafish and X. laevis (250, 259) and in mammalian (mouse/rat) retinal profiling studies (114, 

115). However, in zebrafish, Sox11a/b knockdown had no effect, and only combined knockdown 

of Klf6a and Klf7a decreased neurite outgrowth in retinal explants (259). Clearly, functional 

studies will be required to validate the role of any gene discovered via profiling methods. Work 

in Xenopus found a specific RNA-binding protein was required for optic nerve regeneration, 

suggesting that post-transcriptional regulation of specific programs may also be critical (246). 

More recently, several interesting connections between transcription factor binding sites and 

chromatin accessibility have been discovered in zebrafish; the question of epigenetic 

mechanisms of regenerative control certainly deserve further exploration (261). 

One interesting example of species differences is SOCS3, a negative Jak/Stat inhibitor 

which enhances regrowth when inhibited in mammalian systems. However, in Xenopus and 

zebrafish, SOCS3 levels increase after injury (250). Additionally, in zebrafish retinal explants 

knockdown of SOCS3 did not affect neurite outgrowth (259). One study investigated this finding 

further and found that though SOCS3 mRNA levels were increased in RGCs post-injury, protein 

levels were increased in axons only. However, both mRNA and protein levels of SOCS2, which 

degrades SOCS3, were increased in the soma but not in axons – all of which suggests that spatial 

regulation of various signaling factors (in this case, restriction of SOCS3 by SOCS2 to axons-

only post-injury) may be as important for regeneration as the presence or absence of the factors 

themselves (262).  

 

Future directions 
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In his book The Abolition of Man, C.S. Lewis proposed a new Natural Philosophy – one 

which, “when it explained, it would not explain away. When it spoke of the parts, it would 

remember the whole” (263). Such has been the intent of this review. The problem of ON 

regeneration is multifaceted and complex. Regeneration at its core is a race to regrow axons prior 

to soma death; and both regrowth and survival involve many cell types exerting multiple effects 

on the overall outcome. Though every contributing element will need to be understood 

separately, chances are that multiple of them will need to be addressed together for any 

intervention to be successful clinically.  

Clinically, the narrow window between nerve damage and soma death means that acute 

and traumatic ON injury such as TBI would require immediate treatment initiation. Prolonged, 

asynchronized neurodegenerative processes such as glaucoma present a longer clinical window, 

potentially optimal for chronic pro-regenerative therapies. However, the still-unclear 

pathophysiology of glaucoma, slow progression and sub-optimal means of tracking disease 

progression, make it a sub-optimal candidate for RGC regeneration clinical trials, which are 

better conducted in acute scenarios. In addition, different types of diseases may end up requiring 

different types of therapies. Those which strike at the ONH, such as ischemic optic neuropathies 

and glaucoma, may need additional strategies to deal with a restructured optic nerve head and 

lamina cribosa or constricted vasculature; and congenital disorders which affect mitochondria 

may never be successful unless the underlying mitochondrial dysfunction is addressed 

concurrent to administration of axonal regrowth therapies. 

Regenerative experiments habitually report success by distances or numbers of 

regenerating axons. However, the only clinically meaningful measure is restoration of visual 

function. By any metric, no experimental treatment in mammals to date has achieved much 
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success. A truly successful intervention will likely require understanding what evolution has 

deemed necessary for the process, information that can only be gained from studying species 

with intrinsic regenerative capacity. Such understanding could hold the key to finally creating 

functionally significant regeneration in mammals. Using these insights to achieve success in 

optic axonal regeneration will not only enable life-altering improvements for millions of vision-

impaired patients, but would also likely lead to treatments for a wide range of other diseases and 

injuries to the CNS.  
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Chapter II: Novel Live Imaging-Based Assay in Xenopus laevis Tadpoles Shows that Dual 

Leucine Zipper Kinase is Necessary for Retinal Ganglion Cell Axonal Regeneration 

 

Introduction 

In mammalian species, the central nervous system (CNS) is incapable of axonal 

regeneration, and injury to axons typically results in not only the rapid degeneration of the 

injured axons but also subsequent cell death. As the visual system comprises part of the CNS, 

optic neuropathies which affect the axons of retinal ganglion cells (RGCs), the sole projecting 

neurons of the eye, eventually result in partial or complete irreversible vision loss. In acute 

situations of traumatic brain injury (TBI) or ischemic optic neuropathies (e.g. NAION or AION), 

this vision loss can occur very quickly, over days or weeks (47, 264, 265). In more chronic optic 

neuropathies such as glaucoma, which remains the leading cause of irreversible blindness 

worldwide, insult to RGC axons is more focal and asynchronous, resulting in vision loss which is 

asymmetric and progressive, unfolding over many years (33, 34). In both the acute and chronic 

blinding diseases, once the RGC axonal injury has occurred, no neuroprotective therapy yet 

exists to preserve or regenerate the RGCs and their axons. 

By contrast, many non-amniotic species possess the ability to regenerate injured RGC 

axons, successfully reinnervate appropriate brain targets, and regain functional vision. Roger 

Sperry’s classic eye rotation experiments in newts (266) and forced nerve uncrossing 

experiments in anuran amphibian species (267) long ago showed that fully disconnected RGC 

cell axons are able to reconnect and drive visually driven behaviors. Given that the genome of 

Xenopus laevis bears significant sequence identity to that of humans (79% of disease-causing 

genes in humans have clear homologues in Xenopus (233, 268)), it is likely that the molecular 
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pathways responsible for the RGC axonal regeneration of anurans remains extant in the human 

genome. As such, understanding the key genetic pathways essential for this successful RGC 

axonal regeneration in X. laevis may lead the way to attaining RGC axonal regeneration in 

clinical settings, which could have immense impact on patients suffering from glaucoma and 

other diseases or injuries that affect RGCs.  

Here, we have developed an optic nerve crush (ONC) model in young X. laevis tadpoles 

that is suitable to perform a moderate-throughput CRISPR-based knockout (KO) screen of genes 

involved in RGC axonal regeneration. Using this screen, we report that a gene previously shown 

to be important in the response of neurons to injury, Dual leucine zipper kinase (dlk) is essential 

for RGC axonal regrowth in Xenopus laevis and for the restoration of vision after injury. We find 

that Dlk seems to function largely cell-autonomously within the RGCs, and that loss of Dlk 

blocks the regeneration of RGC axons without affecting axon growth by non-injured RGCs. We 

further find that while ONC affects mitochondrial movement along RGC axons soon after axon 

injury, loss of Dlk has no measurable effect on this acute injury response. However, Dlk loss 

completely eliminates the injury induced activation of the transcription factor cJun within RGCs 

that occurs days later, suggesting that the ability of RGCs to successfully regenerate their axons 

instead of undergoing programmed cell death is driven largely by a transcriptional program. 
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Figure 2.1. A novel ONC assay in 

young X. laevis tadpoles has a fast 

timecourse and enables live imaging 

of degeneration and regeneration in 

both optic nerves and optic tecta.  

A-B, In adults, regeneration is slow 

and must be measured ex vivo. A. 

Dissected flattened brain preparations 

showing GFP driven by RGC-specific 

promoter. 4mo image has what 

appears to be a doubled optic chiasm 

due to a dissection artifact. Scalebar = 

1 mm. B. Timecourse of regeneration 

in adult frogs.  C-G. Novel surgical 

and live-imaging/quantification assays 

in young tadpoles. C. Young tadpole 

ONC surgical procedure.  

Micromanipulator-mounted pulled 

and beveled glass needles, visualized 

mid-surgery along with the GFP-

labeled fluorescent optic nerves, are 

used to crush the optic nerve in 8-day 

old tadpoles. Contrast settings for the 

needles in the middle panel were non-

uniformly lightened to better show 

their placement. D-E. The optic 

nerves and optic tecta of the same 

animals can be live imaged over the 

course of axonal degeneration and 

regeneration. Scalebars = 100 μm.  F. 

Measures of fluorescence along the 

injured optic nerve, normalized to 

equivalent positions along the 

uninjured contralateral nerve show the 

transient large increase in 

fluorescence proximal to the injury 

(note the logarithmic scale) and that 

regeneration of axons is largely 

complete by 7d post-ONC.  G. 

Measures of fluorescence in crushed 

optic tecta relative to contralateral 

tecta similarly show that denervation 

is complete by 3d and innervation is 

largely restored by 7d post-ONC. 
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Results 

 

A tadpole ONC model 

The ON was crushed in adult X. laevis as previously done by us and others (235, 269, 

270) but in transgenic animals in which the RGCs express a membrane-localized GFP under the 

control of the zebrafish Isl2b RGC-specific promoter (Isl2b: mem-GFP) (271). Comparison of 

the fluorescence intensity in the tecta connected to the crushed nerve to the fluorescence intensity 

in the contralateral (uninjured) tecta in the same animal enables rapid estimation of the extent of 

denervation and reinnervation, as we have previously showed (15). In contrast to the lateral 

geniculate nucleus which receives binocular input starting at metamorphosis (272), innervation 

to the optic tecta in X. laevis is largely if not exclusively monocular (273). In the case of adult 

frogs, where the dermis is entirely opaque and the brain fully encased in the skull, tectal 

fluorescence had to be assessed ex vivo in a dissected partially hemisected and flattened brain 

preparation to visualize the optic tecta and other RGC innervation targets. Using a relative 

fluorescence measure, we find that after ONC the injured optic tecta becomes completely de-

innervated by 14 days, and only becomes largely reinnervated by 2-4 months post-ONC (Figure 

2.1A-B). Notably, even by 4 months post-ONC the tecta corresponding to the crushed nerve 

display a lower fluorescence intensity compared to the contralateral tecta, similar to what we 

previously showed using  a cytoplasmic rather than membrane GFP reporter in animals, where it 

took 7 months to reach near-full tectal reinnervation (270).  

Since RGC axonal regeneration in adult frogs is slow and must be assessed ex vivo, we 

sought to develop a separate assay that might be better suited for assessment of genes involved in 

axonal regeneration.  To this end, we designed a novel ONC technique that can be performed on 
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8-day old transgenic X. laevis tadpoles, in which micromanipulator-mounted glass needles are 

visualized under a fluorescence stereomicroscope to create a highly focal and reproducible ONC 

injury to the fluorescent optic nerve (Figure 2.1C). Given the transparent dermis and relatively 

few melanophores of young X. laevis tadpoles, this simple preparation allows for repeated in vivo 

imaging of the optic nerves and optic tecta within individual animals, enabling for in vivo 

monitoring of both denervation and reinnervation. Comparing the fluorescence intensities of the 

injured versus contralateral tecta (Figure 2.1E and G) revealed that, as expected for these much 

smaller animals, both the denervation and reinnervation were much faster than in adults; 

denervation is complete by 3d and reinnervation near maximal by 7d post-ONC.  To 

quantitatively measure the axonal degeneration and reinnervation in the optic nerves, crushed 

and contralateral nerves were delineated, scaled to equal lengths, and fluorescence values 

compared across the length of the crushed nerve to equivalent positions along the contralateral 

nerve (Figure 2.1D and F).  Consistent with the tectal measures, the optic nerve measures 

showed axonal degeneration to be maximal at 3d and axonal regrowth near complete by 7d post-

ONC.  At 1d post-ONC, the axonal degeneration is largely confined to the center of the optic 

nerve near the ONC, while by 3d post-ONC the distal portions of RGC axons have been largely 

removed, presumably by Wallerian degeneration (70).  Notably, as soon as 1d post-ONC and 

still evident by 3d post-ONC, there is a prominent increase in fluorescence proximal to injury, 

nearer to the eye, likely representing the retraction of axons away from the injury site and 

towards the soma commonly observed after ONC injuries (69, 274). Thus, a novel assay was 

developed using animals that are about 1 week old, in which axon degeneration and regeneration 

can be live imaged and quantified in individual animals over the timecourse of an additional 
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week, properties that facilitate the scaleable interrogation of genes involved in axonal 

degeneration and regeneration in vertebrate RGCs.   

 

Tadpole ONC model 

shows little to no RGC 

death after injury and 

involves true axonal 

regeneration 

In adult X. 

laevis, up to 20% of 

RGCs die in the 

several weeks 

following ONC (246), 

similar to what has 

been reported after 

ONC in adult zebrafish 

(245). Additionally, the 

retinas of X. laevis 

continuously grow at 

the periphery via 

continuous addition of 

all retinal cell types at 

the ciliary marginal zone (CMZ), also similar to zebrafish (238, 243, 244), and this CMZ 
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addition is most robust at young pre-metamorphic stages (275). Thus, it was possible that the 

reinnervation of the tectum after ONC in the young tadpoles might not be due to axonal 

regeneration, as the central RGCs might die, but rather to just the addition of new RGCs born at 

the CMZ post-injury.  To determine whether there was significant RGC death post-ONC, we 

administered an EdU pulse just after the ONC or mock injury in X. laevis tadpoles whose RGCs 

expressed cytoplasmic GFP (Isl2b: GFP, previously described in (270), as this transgene allows 

for visualization of RGC soma in the retina. Flatmount ex vivo preparation of the EdU labeled 

retinas enabled clear demarcation of the RGC cells interior to the EdU pulse, which represent the 

RGCs born prior to ONC whose axons would have been affected by the crush injury. Cell counts 

using an automated cell-counting algorithm (276) found no significant difference in numbers of 

central RGCs between ONC and mock-crush retinas (Figure 2.2A-B), demonstrating that most if 

not all RGCs survive the injury.   

The more critical question was whether the majority of the tectal innervation observed at 

7d post-ONC came from the axonal regeneration of RGGs disconnected from the brain by ONC, 

or rather from the newly born RGCs whose axons were innervating the tectum for the first time. 

To answer this question, we administered a BrdU pulse alongside either ONC or mock-crush on 

Figure 2.2. In young tadpoles, the RGCs whose axons were crushed do not die, and provide the 

majority of the tectal innervation 7d after ONC. A-B. RGCs present in the retina prior to the ONC 

survive and remain at comparable numbers to mock-crushed retinas 7d post-ONC. A.  An EdU pulse 

administered in tadpoles which express cytoplasmic GFP in their RGCs on the day of ONC 

distinguishes central RGCs born prior to ONC from peripheral RGCs born after ONC. Contours in the 

GFP images show dissection artifacts that were excluded from the cell counting. Scale bar = 100 μm. 

B. Automated cell counts of central RGCs numbers show that by d7 post-ONC, there is no significant 

death of the injured RGCs. N = 12 retinas each for mock and ONC retinas. C. BrdU labeling on the day 

of ONC to delineate RGCs born prior to ONC from RGCs born after ONC is combined with retrograde 

tracing by Mitotracker at d6 to label those RGCs which have successfully connected to the optic 

tectum. Scale bar = 50 μm. D-E. Manual counts of those RGC soma which are retrogradely labeled 24 

hours after retrograde tracer application find that the majority of the tectal innervation 7d post-ONC 

derives from the injured central RGCs.  N = 15 mock and 18 ONC retinas, with a minimum of 4 

cryosections counted per retina. 
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Isl2b: GFP transgenic tadpoles 8dpf, then followed this by insertion of a small Mitotracker-

soaked piece of Gelfoam into the optic tectum connected to the crushed ON at 6d post-ONC (14 

dpf) to retrogradely trace RGC axons which had successfully innervated the optic tectum. In this 

case, retinas were analyzed in sections rather than wholemounts, as the peripheral-most newly 

born RGCs are difficult to visualize in wholemounts because of curling of the flatmounted tissue. 

When we quantified the number of RGC soma labeled by Mitotracker which were colocalized 

with or peripheral to the BrdU labeling (representing RGCs born after ONC), we find no 

significant difference in numbers between ONC or mock-crushed retinas (Figure 2.2C-E), 

suggesting that RGC axon injury does not lead to either an alteration in the generation of new 

RGCs from the ciliary marginal zone or the brain innervation by these new RGCs. Importantly, 

in both the retinas subjected to ONC and those subjected to mock-crush, the majority of RGCs 

that were connected to the optic tectum were central to the BrdU pulse, demonstrating that the 

injured RGCs not only survive but are also able to successfully re-establish connections with the 

optic tectum.  Notably, there were fewer retrogradely-labeled RGC soma interior to the BrdU 

pulse in ONC retinas compared to the mock-crushed retinas, suggesting that some injured RGCs 

may either not reconnect with the brain at all, or that the regeneration of RGC axons may take 

longer to complete than initial innervation of the optic tectum by newly-born RGCs.   

To confirm the tectal innervation after ONC derives from both older injured and newer 

non-injured RGCs, we developed an inducible reporter system based on the expression of two 

transgenes, FZD5(CSA): rtTA and TetOP:mCherry, which upon application of doxycycline to 

the tadpole media, induces expression of cytoplasmic mCherry in all newly-born cells in the 

retina. The regulatory regions for this construct derive from a conserved non-coding sequence 

approximately 40kb upstream of the human Frizzled 5 gene, and it has been previously been 
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used to express transgenes in retina progenitors in X. laevis (277). To confirm correct transgene 

expression and activation timing, we bred animals carrying both FZD5(CSA): rtTA TetOP-

mCherry inserted into the same genomic location, to animals carrying the Isl2b: GFP transgene.  

After an EdU pulse on the first day of doxycline administration, in both retina flatmounts and 

cryosections, all cells labeled with mCherry signal are positioned either peripheral to or 

colocalized with the EdU pulse (Figure 2.3A-B) Live imaging of the optic nerve of animals 

expressing this transgene (Figure 2.3D) show that by 7d post-ONC, many of the RGC axons that 

have grown past the crush site and into the optic tectum are indeed newly born, and further 

demonstrates that these new RGC axons grow on the periphery of the nerve, corresponding with 

to localization of these new RGC soma at the periphery of the retina (Figure 2.3A-B). 

Furthermore, the extent of GFP labeling in both tecta and optic nerve both fully overlapped with 

and exceeded the region covered by the mCherry labeling, demonstrating that the majority of the 

RGC axons which grow past the injury are mCherry negative, and therefore the RGCs that 

existed prior to the ONC. Thus, both the retrograde tracing and the transgene labeling methods 

concur in showing that in the young tadpoles innervation of the optic tectum after ONC does 

involve a significant baseline due to innervation by newly born RGCs that were not injured, but 

that the majority of the tectal innervation derives from the axons from the damaged RGCs, thus 

making the assay suitable for the interrogation of RGC axonal regeneration genes.  
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FO loss-of-function screen shows that Dlk functions in tectal reinnervation after ONC 

CRISPR/Cas9 injection at the one or two cell stage has previously been used in X. laevis 

to conduct moderate throughput screens (278, 279), despite this species being allotetraploid and 

therefore requiring loci of interest often to be targeted in two separate chromosomes. To query 

the function of regeneration associated genes in our novel ONC regeneration assay by a 

 
Figure 2.3. Novel X. laevis transgenic line enables fluorescent labeling of newly-born RGCs. A. 

A. Expression of CSA:rtTA2 and tetOP:mCherry together enables new retinal cells to be 

distinguished after application of doxycycline. Retinal flatmounts from 15-day-old tadpoles also 

carrying an RGC-expressed GFP transgene show mCherry fluorescence in only the most peripheral 

(newly born) cells, including RGCs. Scalebar = 100 μm. B. Expression of the CSA: rtTA / 

TetOP:mCherry transgene after doxycycline induction correlates well with the EdU localization. 

Scalebar = 50 μm. C. 7d after transgene induction, in vivo imaging reveals that mCherry expression 

is confined to the periphery of both optic nerve and optic tectum. Scalebars = 100 μm. 
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CRISPR/Cas9 approach, we developed a genetic screen in the progeny of Isl2b:GFP transgenic 

frogs (Figure 2.4A). Cas9 protein sgRNAs designed using ChopChop (280) were injected into 

about 50 eggs per sgRNA at the one-cell stage within 30 minutes of fertilization; two separately 

targeting sgRNAs were designed and injected per embryo if one sgRNA could not be designed 

which targeted both chromosomes. At 1d, genomic DNA from pooled (n=5) embryos were 

extracted, and 500-1000 bp amplicons centered around the sgRNA consensus sequence were 

PCR amplified and sequenced. TIDE (Tracking of Indels by Decomposition) (281), which 

compares the mixed population of indels created by the F0 CRISPR microinjection to a 

homogenous control amplicon from the same region was used to determine the targeting 

efficiency (Figure 2.4B-C). We set a minimum threshold of 80% overall indels and 50% 

frameshift indels for sgRNAs to be of sufficient efficiency to progress into the tadpole ONC 

assay. Once sgRNAs were validated in this manner, 10-15 injected animals per sgRNA which 

expressed the RGC-localized GFP transgene in their RGCs were selected and subjected to a 

unilateral ONC at 8d post-fertilization. One, three and seven days later, the optic tecta and optic 

nerves were live imaged in anesthetized animals. Any animals with an incomplete crush or a 

complete transection at 9d post-fertilization (1d post-ONC) was excluded from further analyses; 

this was typically less than 10% of animals subjected to ONC. The extent of axonal degeneration 

was assessed at 3d post-ONC (11 dpf overall), and the extent of regeneration assessed at 6 or 7d 

post-ONC (13 or 14 dpf overall), dependent of when the control group had reached 

approximately half tectal innervation. Thus, from microinjection to assessment of denervation 

and reinnervation, the screening time for a new sgRNA could be as little as 15 days. 
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What follows is the description of the first hit in the screen to affect regeneration: dual 

leucine zipper kinase or dlk. Dual leucine zipper kinase (Dlk) is a MAP3K which functions in the 

mitogen-activated protein kinase pathway upstream of known cell-death regulator Janus Kinase 

(JNK) (79). This was among the first genes tested as it is thought to be part of the mechanism by 

which the injury to the axon is conveyed back to the soma (77-80, 282, 283). The sgRNA 

eventually chosen, which targets the first coding exon of dlk (Figure 2.4B), produced a high 

incidence of mutations near the target site (Figure 3C), and was determined by TIDER analysis 

(281) to have 90% KO efficiency and >50% frequency of frameshift mutations in both the S and 

L chromosomes of X. laevis F0 embryos (Figure 2.4D-E). The vast majority of indels produced 

were frameshift deletions, with the frequency of a -7 deletion being particularly high on both S 

and L chromosomes, but other in-frame deletions and some out-of-frame insertions were also 

produced. When transgenic Isl2b: mem-GFP/dlk sgRNA-injected F0 animals were subjected to 

ONC, these animals displayed a significant defect in innervation of the injured optic tectum 6d 

post-ONC compared to uninjected WT control embryos from the same in vitro fertilization 

(Figure 2.4F). Furthermore, the mean fluorescence across the crushed nerve normalized to 

equivalent positions across the contralateral nerve (n=5 wildtype, n=9 dlk gRNA injected) 

showed that the dlk CRISPR injected animals on average still had at 6d post-ONC the thicker 

proximal nerve phenotype characteristic in WT animals at 3d post-ONC (Figure 2.4G), 

suggesting that the axons had degenerated back towards the eye but had a defect in axonal 

regeneration. The qualitative assay in the nerve and the quantitative assay of the optic tectum in 

the F0 screen, thus suggested that Dlk function could be required for RGC axonal regeneration in 

X. laevis.  
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To confirm and expand upon the F0 results, we raised gRNA injected animals to sexual 

maturity and repeated the tadpole ONC assay in F1 progeny created by breeding together two 
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KO animals, of which one also carried the Isl2: mem-GFP transgene. Since in X. laevis multiple 

cells contribute to the germline and sgRNA/Cas9 injection at the 1-cell stage still results in 

mosaic animals, in individual F1 animals there could be as many as 4 different dlk alleles, with 

different combinations of alleles in different siblings, as was confirmed by TIDER analyses 

(Figure 2.5A). As such, analyses using F1s required genotyping of every animal used to identify 

those that only carry only frameshift alleles (hereafter referred to as dlk KO); an advantage of 

such approach, though, is that it can reveal dosage effects. Thus, by breeding two founders which 

carried no WT alleles and high frequency of frameshift alleles, we obtained animals that 

Figure 2.4. F0 CRISPR and the young tadpole ONC-assay demonstrate that Dlk function is 

involved in RGC axon tectal innervation after ONC. A. CRISPR screen timeline.  F0 knockout 

animals were generated in the background of a transgenic line in which RGCs express GFP. sgRNA + 

Cas9 protein were injected within 30 min of fertilization. One day later, DNA was obtained from 

pools of 5 embryos to assess KO efficiency by TIDER analyses of PCR products. At day 8, GFP+ 

tadpoles were subjected to ONC, followed by three days of imaging (1d, 3d, and 7d post-ONC) and 

then tissue harvesting. B. Schematic of first 2 exons of dlk showing the location of the sgRNA PAM 

within exon 1. C. Sample sequencing traces from uninjected (top) and Dlk gRNA injected (bottom) 

embryos near predicted CRISPR cut site. D-E. dlk F0 indel efficiency was >90% for Dlk alleles on 

both L and S chromosomes. F-G. Representative live images at 6d post-ONC; nerve and optic tecta 

images are from the same animals. F. Live imaging of the optic nerves shows that dlk gRNA injected 

animals have a phenotype consistent with an inhibition or delay of RGC axon growth after ONC: 

thinner ON distally and thicker ON proximally relative to the ONC site. Image shown is at 6d post-

ONC, and is of a moderately affected animal (near the mean for the experiment). Scalebars = 100 μm. 

G. Live imaging of the optic tecta shows that dlk gRNA injected animals have on average a 

diminished tectal innervation after ONC. Image shown is at 6d post-ONC and is of a moderately 

affected animal (near the mean for the experiment); in some animals the phenotype was far more 

pronounced. H. Measures of fluorescence across the crushed nerve normalized to equivalent positions 

along the uninjured contralateral nerve (mean of 6 and 10 animals for WT and dlk gRNA injected, 

respectively) show that, compared to WT the nerves of dlk gRNA injected animals at 6d post-ONC 

have a nerve fluorescence profile consistent with an inhibition or delay of RGC axon growth after 

ONC. Measures of fluorescence comparing tectal fluorescence in injured tecta denervated after ONC 

to contralateral tecta in the same animals show a significantly decreased GFP signal. 
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genotyping revealed were an allelic series: carrying either only 

frameshift mutations in dlk on both the S and L  chromosomes, 

one copy (L chromosome) of an in-frame dlk -9 mutation, 

predicted to delete  amino acids 56 to 58 (Dlk ∆56-58), or two 

copies (S and L chromosomes) of this Dlk ∆56-58 allele (Figure 2.5D-E). While the thicker 

Figure 2.5. Analyses of F1 

animals derived from the 

original F0 screen 

demonstrate that the effect 

of Dlk on RGC-axonal 

regeneration is dose-

dependent. A-B. Example 

TIDE genotyping traces of 

dual frameshift mutations in 

the S and L chromosome. A, 

TIDE trace from a F1 animal 

carrying a -7 deletion and a 

+32 insertion in its L 

chromosome. B. TIDE trace 

from a different F1 animal 

carrying a -23 and a -7 

deletion in its S chromosome. 

C. A small in-frame deletion 

that eliminates 3 amino acids, 

Dlk ∆56-58, occurred in both 

S and L chromosomes of F1 

animals. Two copies of Dlk 

∆56-58 resulted in the least 

severe phenotype, while 

having only frameshift alleles 

(dlk KO) resulted in the most 

severe phenotype. Scalebar = 

100 μm. D. Measures of 

fluorescence across the 

crushed nerve normalized to 

equivalent positions along the 

uninjured contralateral nerve 

show that, compared to WT 

crushed nerves, in F1 dlk full 

KO animals the proximal 

nerve remains enlarged while 

the distal nerve fluorescence is 

attenuated at 6d post-ONC. E. 

Measures of fluorescence 

comparing the crushed to the 

uninjured contralateral optic 

tecta show an allelic series in 

which rising copy number of 

the Dlk ∆56-58 mutation 

results in progressively less 

severe axonal regeneration 

defects. 
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proximal nerve phenotype was consistent across groups, the more quantitative tectal innervation 

measures showed the degree of tectal reinnervation varied depending on the dosage of Dlk. 

Tadpoles carrying two frameshift mutations and therefore which presumably possess no 

functional Dlk showed the most severe tectal innervation defects as well as the most severe nerve 

phenotypes, while those with one or two copies of Dlk ∆56-58 had intermediate phenotypes 

(Figure 2.5C-D). To confirm the dosage dependence, using separate founders we compared 

animals with 4 WT dlk alleles to ones where half of the alleles were WT, and the other half 

carried frameshift alleles.  From this, we find that 50% loss of Dlk also results in an inhibition or 

slowing of tectal innervation after ONC (Figure 2.6). 

 

Loss of Dlk does not affect either the innervation of the optic tectum during development or an 

optic tectum-dependent visually driven behavior but does affect the recovery of this behavior 

after ONC.  

In order to determine whether Dlk absence might be affecting RGC axonal regeneration 

indirectly, either by more generally affecting RGC axon outgrowth or by making the RGCs 

generally dysfunctional, we assessed both the initial innervation of the optic tectum during 

Figure 2.6. Animals with 

half the complement of 

Dlk show a defect in tectal 

reinnervation at 6d post-

ONC. A. Representative 

images. B. Measures of 

fluorescence.  Scalebar = 

100 µm.. 
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development and a behavior that depends on innervation of the optic tectum by RGC axons.  To 

assess whether Dlk affects RGC axon growth in general, we compared Isl2b: mem-GFP embryos 

with only frame-shift alleles of dlk (dlk KOs) to WT embryos expressing the same transgene at 

Nieuwkoop and Faber stage 41, which is the earliest stage at which retinal projections have been 

documented to innervate the brain (284). In terms of morphology and tectal innervation, dlk KOs 

were indistinguishable from WT embryos (Figure 2.7A). To assess whether RGCs and the rest of 

the visual pathway were functionally affected by Dlk loss, we employed a behavioral collision-

avoidance assay previously validated in Xenopus laevis tadpoles of this age (285), which relies 

specifically on optic tectum innervation (286, 287). In this assay, tadpoles are placed in glass-

bottomed bowls atop an LED screen on which a black-dot stimulus is displayed. The user then 

directs the black dot stimulus to move towards the location of either a static tadpole, or on a 

collision course with a slowly swimming tadpole; ten trials of “collisions” (judged by partial or 

complete overlap of the stimulus with the tadpole head) are recorded and every trial in which the 

tadpole responds by darting away from the black dot stimulus is graded as a “response” (Figure 

2.7B). First, to determine the effect of the ONC on this behavior, we selected Isl2b: mem-GFP 

WT animals with over 60% response rates and then performed bilateral ONCs on half of those 

animals; such preselection of animals has been deemed necessary to exclude non-responders (see 

(285, 287) and methods). Crushed and naïve animals were then “scrambled” by one investigator, 

and then the behavioral assay was repeated on the same animals at 3d post-ONC by a second 

investigator blinded to which animals had received the surgery. This was followed by live-

imaging to confirm complete bilateral crushes on the crushed cohort, by confirming that all 

transgene fluorescence in both optic tecta had been lost. At this timepoint, the tadpoles had lost 

the ability to respond to the visual stimulus (Figure 2.7C). By 6d post-ONC, at which point the 
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fluorescence intensity of the optic tecta had begun to return, the majority of these animals were 

once again able to respond to and avoid the visual stimulus. We also interpret these results to 

mean that the 50-70% tectal innervation typically observed by 6d after ONC is sufficient to drive 

this visually-guided behavior.   

We then repeated this behavioral assay on the F1 progeny of dlk Crispr-Cas9 F0 and 

found that the overall response in the trials was indistinguishable between WT and the dlk 

Crispr-Cas9 F1s (Figure 2.7D), demonstrating that dlk knockout does not affect the overall 

function of RGCs or the circuits needed for this visually-guided behavior. Then, dlk Crispr-Cas9 

F1 animals with greater than 50% response prior to ONC were divided into two cohorts, 

subjecting only one to bilateral ONC on one cohort and reserving the other to ensure that dlk 

knockout did not lead to loss of the avoidance behavior over the course of the experiment. We 

found that dlk KO tadpoles (individually confirmed by TIDE genotyping as carrying only 

frameshift alleles) subjected to bilateral ONC also lost the ability to respond to the black-dot 

stimulus at d3 post-ONC, but unlike WT tadpoles, did not recover this response at 6d post-ONC 

(Figure 2.7E). Taken together, these results indicate that Dlk does not affect RGC axon 

outgrowth or the initial innervation of the optic tectum nor does it affect basic cellular processes 

within RGCs which control their ability to drive vision, but that it acts specifically in vision 

recovery after axonal injury. 
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Figure 2.7. Absence of Dlk does not affect developmental optic tectum innervation by RGC axons 

or a visually guided behavior dependent on optic tectum innervation, but does block the 

restoration of the visually guided behavior after ONC. A. dlk KO animals show normal optic tectum 

innervation at NF stage 41. Both dlk KO and WT animals express an Isl2b: mem-GFP transgene. Note 

that Isl2b promoter expresses also in trigeminal neurons and sparse neurons in hindbrain and spinal 

cord, which also were not affected by loss of Dlk. OT = optic tectum, TGN = trigeminal nucleus. B. A 

behavioral test of vision in X. laevis tadpoles. A black dot stimulus projected from an LED screen 

beneath glass-bottomed bowl is manually directed at the tadpole (still frames 1-3); if tadpole 

immediately darts away from stimulus, trail is counted as a “response” (still frames 4-6); percent 

response is then calculated after ten mock-collisions. C. Both WT and dlk KO animals show a similar 

range of responses to behavioral assay during preselection screening. Only animals which responded in 

50% or more of trials were included in subsequent ONC experiments. D. WT tadpoles subjected to 

bilateral ONC lose the dot-avoidance response by 3d post-ONC, but largely regain it by 6d after ONC. 

E. dlk KO animals subjected to bilateral ONC but not mock-crush lose the dot-avoidance behavior 3 

days post-ONC and do not recover it by 6d post-ONC. Non-Crush animals at 3d and 6d were subjected 

to a mock crush following pre-screening at 0d. 
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dlk KO specifically affects the regenerating axons of the injured RGCs 

Since the innervation of the optic tectum 7d post-ONC derives from a mix of axons from 

the injured RGCs and more recently generated RGCs (see Fig. 2.2D-E), it is possible that the 

impairment observed in the dlk KOs in tectal innervation (see Fig. 2.5E) and tectum innervation 

dependent behavior (see Fig. 2.7E) could be due to the lack of Dlk in the new RGCs, in the 

injured RGCs, or both. To determine whether both cohorts of RGCs were equally affected by the 

loss of Dlk, we administered a BrdU to dlk KO and WT tadpoles at 8 dpf immediately following 

ONC. At 6d post-ONC, at which point live imaging confirmed that the injured optic tecta of WT 

tadpoles had reached approximately half the level of innervation of the uninjured control tecta, 

Figure 2.8. Dlk is necessary for the optic tectum reinnervation by the RGCs whose axons have 

been injured but is dispensable for the optic tectum innervation by new RGCs born after the 

injury.  A-B. Tectal innervation assessed at 7d post-ONC after implantation of Mitotracker dye into 

the optic tecta connected to the crushed nerve 6d post-ONC. Retina sections (A) and insets shown 

magnified (B) show that in WT animals the tectal innervation 7d post-ONC derives from throughout 

the retina, but in the dlk KO animals only from the peripheral-most RGCs. C. Average Mitotracker 

fluorescence in the ganglion cell layer as a function of location within the retina (from periphery to 

center) shows that in the retinas of dlk KOs (confirmed by genotyping), unlike in WT retinas, the 

Mitotracker signal is confined to only the peripherally located, more recently born, RGCs. N = 10 dlk 

KO and 12 WT retinas.  Scalebar = 50 μm. 
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we again performed retrograde tracing by insertion of a small Mitotracker-soaked fragment of 

Gelfoam into the injured optic tecta (Figure 2.8). We found that in the WT retinas, both the 

centrally-located RGCs that were present in the retina prior to injury and the peripheral RGCs 

that correspond to the newly-born RGCs were retrogradely labeled, suggesting that both groups 

of RGCs were both able to innervate the optic tectum post-injury. However, in the dlk KO 

animals, the Mitotracker signal was limited almost entirely to the peripheral RGCs, indicating 

that Dlk absence disproportionally affects the regeneration of the injured RGC axons. Note that 

the fluorescence intensity of Mitotracker labeling in the periphery of the Dlk KO animals was 

lower than in the WT animals; thus, Dlk loss may be affecting all RGCs to some extent, directly 

or indirectly, or at least their ability to be retrogradely labeled by Mitotracker, a possibility we 

directly tested below. 

 

Dlk likely functions autonomously within X. laevis RGCs  

Because our CRISPR injection and F0 interbreeding process creates global KOs, it is 

possible that the observed effect of Dlk loss on RGC regeneration is not cell-autonomous and is 

instead the result of perturbation of extrinsic factors derived from neighboring cells. The most 

likely sources for such intrinsic factors are cells within the optic nerve, such as oligodendrocytes, 

astrocytes, or resident microglia, all of which would also be devoid of Dlk on our F1 tadpoles 

and could potentially affect axonal regeneration. Thus, to address whether Dlk acts on RGC 

axonal regeneration via a cell-intrinsic or a cell-extrinsic mechanism, we transplanted small 

groups of retinal progenitor cells from the eye anlage of early dlk KO embryos into that of 

wildtype embryos.  Transplantations were done at a stage prior to RGC genesis, but donor cells 

carried a transgene that marked the progenitor cell-derived RGCs with two transgenes: a 

membrane-localized GFP and membrane-localized mCherry (Isl2b: mem-GFP/mem-mCherry). 
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The hosts carried a transgene (Isl2b:GFP) such that their RGC axons expressed only one 

fluorescent protein, a cytoplasmic GFP.  We then subjected these animals to ONC at 8d post-

fertilization and live-imaged the crushed nerves of each of 8 animals at 1, 3, and 7 days later, this 

time using a spinning disc confocal microscope, where the entire visible nerve was imaged in 

Figure 2.9. Axons of Dlk KO RGCs fail to regrow after crush in Wt optic nerve surrounded by 

regenerating Wt RGC axons. A-C. Sparse dlk KO donor-derived RGC axons expressing 

membrane GFP and membrane mCherry reporters amid host RGC axons expressing a cytoplasmic 

GFP reporter. A. By 1d post-ONC, both donor and host axons have similarly degenerated past the 

crush site. Inset shows retraction bulb in mCherry-labeled dlk KO axons. B. By 3d post-ONC, the 

GFP-labeled WT axons but not the mCherry-labeled dlk KO axons have begun to grow past the 

crush site. C-D. By 6d post-ONC, even when large numbers of WT RGC axons have extensively 

regrown, most dlk KO axons remain proximal to the crush site. Note that some dlk KO axons do 

grow across the crush site; these likely represent axons from RGCs derived born after the crush also 

derived from the transplanted RGC progenitor cells. Scalebars = 50 μm. 
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overlapping regions, each spanning the entire thickness of the nerve, so as to image the entire 

nerve with single axon resolution. At 1d post-ONC, the GFP fluorescence was largely confined 

to regions of the optic nerve proximal to the injury site, with much weaker GFP fluorescence 

distal to the injury (Figure 2.9A); the majority of this signal derives from the WT host axons. At 

this same time, the donor dlk KO axons, uniquely labeled by the mem-mCherry reporter, were 

also largely confined to proximal to the injury site, with somewhat more residual fluorescence 

distally, consistent with the predicted slower loss of fluorescence of mCherry vs. GFP. Proximal 

to the injury site, dlk KO axons had prominent retraction bulbs of consistent morphology similar 

to what has been reported in the literature for damaged axons (71, 72), suggesting that Dlk 

absence has little if any effect on the initial morphological response to axon injury or on 

Wallerian degeneration.  At 3d post-ONC, these retraction bulbs were less prominent, but there 

was little if any regrowth of axons from the RGCs lacking Dlk, especially as compared to the 

GFP fluorescence distal to the ONC site derived from the WT axons, which also was markedly 

higher than at 1d (Figure 2.9B). By d7 post-ONC, the GFP fluorescence was uniform across the 

nerve, indicating very extensive axonal regeneration of WT axons within the ON. However, the 

mCherry-labeled dlk KO axons showed very little regrowth across the injury site (Figure 2.9C). 

While a small number of mCherry labeled axons grew past the site of injury, their small number 

suggest that those axons likely originated from newly-born RGCs generated from the RGC 

progenitor cells grafted into the WT nerve as opposed to axonal regeneration from the injured 

population of RGCs.  These experiments do not rule the possibility that Dlk might be acting in 

other cells within the retina derived from those progenitors, for example amacrine cells known to 

affect the regeneration capacity of RGCs (93, 163), or in the progenitor cells themselves.  
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However, the simplest 

explanation is that in Xenopus 

RGCs, the pro-regenerative 

mechanism by which Dlk acts 

occurs within the injured 

RGCs themselves, as has 

been suggested in other 

contexts where Dlk affects 

the response of cells to injury 

(77-79, 110, 120, 135). 

 

Dlk does not affect changes in 

mitochondrial movement 

within RGC axons acutely 

induced by injury  

In C. elegans motor 

neurons and in murine spinal 

cord, Dlk as been proposed to 

act immediately and locally 

within the axon following 

injury by helping recruit 

mitochondria to the injury site 

(76, 77, 282). First, to test 

 
Figure 2.10 Absence of Dlk does not affect the ONC-induced 

change in mitochondria movement behavior proximal to the 

crush site 6hr after injury. A. Single frame from 60s live imaging 

of Mitotracker-labeled RGC axonal mitochondria. Red dotted box 

indicates one of many region of interests (ROIs) per nerve analyzed 

through kymographs; the corresponding kymograph for that ROI 

shown below. Scalebar = 100 μm. B. In both WT and dlk KO 

nerves, ONC increases the percentage of stopped mitochondria 

relative to mock-crushed nerves at the expense of retrogradely-

moving mitochondria. dlk KO has no effect on the relative 

percentage of mitochondria moving in either direction. N = number 

of nerves per group; n = number of total objects in all nerves per 

group. C-D. dlk KO does not affect either ortho- or retro-grade 

velocities. C. Axon injury does not affect orthograde velocities (C) 

Axon injury does decrease retrograde velocities. 
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whether axon injury affects the behavior of axonal mitochondria, RGC axonal mitochondria 

were labeled by intravitreal injection of Mitotracker one day prior to ONC, and the region of the 

optic nerve proximal to the injury site was imaged by spinning disc confocal microscopy 1 and 6 

hrs after the ONC.  In WT animals, the ONC resulted in a small increase in the number of 

immobile (stopped) mitochondria at the expense of mitochondria moving retrogradely along the 

nerve (from brain to soma) at both 1hr and 6hr after ONC (Figure 2.10 and Figure 2.11), 

consistent with previous studies of axonal injury (288, 289).  ONC also resulted in a decrease in 

the velocity of retrogradely-transiting mitochondria at 6 hr post-ONC (Figure 2.10). To test 

whether Dlk absence affected this transient change in the behavior of axonal mitochondria, dlk 

KO animals were similarly analyzed at 1 and 6 hr post-ONC.  The increase in stopped 

mitochondria at both timepoints post-ONC and the decrease in the velocity of retrograde 

movement at 6 hour post ONC occurred equally even in the absence of Dlk (Figure 2.10 and 

Figure 2.11) While Dlk appeared to have a small effect on the velocity of retrograde movement 

after a mock ONC at 1 hr post-surgery (Figure 2.11), this effect was not observed at 6 hr post-

ONC (Figure 2.10). Importantly, there was no significant effect of Dlk on the velocity of moving 

mitochondria after injury in either direction nor on the fraction of stopped mitochondria. Thus, 

while the live assay reliably detects a consistent effect of ONC on mitochondria behavior, an 

increase in stopped mitochondria, this effect is not altered in the dlk KO. 
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Dlk knockout eliminates the activation of c-Jun in RGCs after ONC 

The effects of Dlk on axonal degeneration and regeneration in other species have been 

shown to be mediated by a set of sequential phosphorylation events that lead to the 

phosphorylation and nuclear translocation of the transcription factor cJun, part of the AP1 

complex, that then transcriptionally regulates many downstream genes (77, 78, 110, 120). To 

determine whether and when c-Jun is phosphorylated following injury in our tadpole ONC 

model, we performed ONC on WT tadpoles and examined retina sections at various timepoints 

post-ONC for the presence of phosphorylated c-Jun (pJun) in RGC nuclei. We find a large 

increase in RGC nucleic pJun as early as 2d post-ONC, with the peak of cJun phosphorylation  

Figure 2.11. At 1-hour post-injury, 

absence of Dlk does not affect the 

ONC-induced change in 

mitochondria movement behavior 

proximal to the crush site. A. In 

both WT and dlk KO nerves, ONC 

increases the percentage of stopped 

mitochondria relative to mock-

crushed nerves at the expense of 

retrogradely-moving mitochondria; 

percentages of stopped mitochondria 

1-hour post-ONC are slightly lower 

than at 6 hours post-ONC. dlk KO has 

no effect on the relative percentage of 

mitochondria moving in either 

direction. N = number of nerves per 

group; n = number of total 

mitochondria measured in all nerves 

per group. B. Neither injury nor dlk 

KO affects orthograde velocities at 1-

hour post-ONC. C. dlk KO may have 

a small effect on retrograde velocities 

of mock-crushed animals 1 hr post-

ONC. 
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occurring at 3d post-ONC and levels of phosphorylated c-Jun then returning to near-baseline 

levels by 7d (Figure 2.12A-B).  

Given that by 2d post-ONC, phosphorylated c-Jun is still actively accumulating in the 

retina but there is already a significant level of activation, we then tested Dlk KO and WT retinas 

collected 2d following either mock crush or ONC for levels of cJun phosphorylation. We find 

that in Dlk knockout retinas, there is essentially no RGC nuclear pJun at 2d post-ONC (Figure 

2.12C-D), suggesting that Dlk is necessary to activate c-Jun and, presumably, its downstream 

targets following axonal injury. This positions Dlk as the sole upstream activator of c-Jun after 

Figure 2.12. Dlk is essential 

for any activation of the 

transcription factor c-Jun 

in RGCs after ONC. A-B. 

A large increase in 

phosphorylation and nuclear 

translocation of c-Jun within 

RGCs peaks at 3d post-ONC. 

N = 7-11 retinas per 

timepoint, with a minimum 

of 3 cryosections averaged 

per retina. Merge includes 

nuclear labeling with Dapi. 

All significant timepoints 

relative to Mock are shown. 

C-D. dlk KO tadpoles 

display no nuclear pJun at 2d 

post-ONC. N = 6 each for 

Dlk Mock and ONC retinas, 

9 Wt Mock retinas and 8 Wt 

ONC retinas, with a 

minimum of 3 cryosections 

averaged per retina.  
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ONC and makes Dlk an essential component of the RGC axonal injury response in a species 

which can regrow and functionally reconnect RGC axons after injury. 

 

Discussion  

In this study we report the development of a novel RGC axon regeneration assay in 

Xenopus laevis tadpoles which enables moderate-throughput screening of CRISPR-mediated F0 

knockouts in just weeks and minimally-invasive in vivo imaging of axons within the optic nerve 

and tectum, as well as of mitochondria within those RGC axons. Using a CRISPR KO approach, 

we find that in this regeneration capable vertebrate Dlk is essential for the regeneration of RGC 

axons after injury, and that it functions largely cell-autonomously. We further find that Dlk is 

dispensable for the initial axonal outgrowth and tectal innervation of RGCs innervation during 

development, and dispensable for the axonal outgrowth and tectal innervation by new RGCs 

generated from retinal progenitors within the retina following the optic nerve crush. Collectively, 

these findings position dlk as a regeneration-specific gene. Finally, we find that activation of c-

Jun post-ONC, as monitored by its phosphorylation and nuclear translocation, is completely 

dependent on Dlk, which positions Dlk as the sole axonal injury signal in X. laevis RGCs. This 

last point stands in contrast to mammalian species, in which both Dlk and the closely related 

leucine zipper kinase (lzk) seem to function as early axonal injury signals (80, 132). 

Much is known about molecular pathways activated in neurons after axonal injury 

(reviewed in (290)).  In particular, Dlk has been found to be a key mediator of cell death and 

regeneration in both central and peripheral system neurons after injury (79). Following injury in 

either system, Dlk is produced at the injury site and then retrogradely transported back to the 

soma, where it activates the JNK1-3 pathways (77, 78). In C. elegans, dlk is required for 
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regeneration in sensory motor neurons; (120, 282) similarly, Dlk initiates a pro-regenerative 

transcriptional response after sciatic nerve injury (110). Additionally, the Drosophila homolog of 

dlk, Wallenda, functions as part of the injury-signaling cascade upstream of JNK/Fos, and this 

signaling pathway is necessary for axonal regrowth following motor neuron injury (283). All of 

these involve peripheral nervous system neurons, which, like Xenopus, possess an intrinsic 

capacity for regrowth following injury. In the murine central nervous system, which is 

regeneration-incapable, Dlk has been found to activate both proapoptotic and pro-regenerative 

factors following injury by broad alteration of the transcriptional response to injury; and loss of 

dlk abrogates even the small amount of RGC axonal regeneration induced by PTEN deletion 

(78). However, Dlk has also been found to induce RGC cell death in immunopanned primary 

murine RGCs by activation of a JNK/MKK signaling cascade; and in cultured human stem-cell 

derived RGCs, inhibition of DLK is neuroprotective of RGCs (80). Our studies interpreted in the 

context of these previous studies show that in the vertebrate CNS, Dlk helps convey a signal 

from the injury site in the axon back to the nucleus to trigger the appropriate transcriptional 

response, and that without conveyance of this injury signal successful axonal regeneration cannot 

occur. 

Several points raised by our own data will require further investigation. The overall lack 

of effect of Dlk on mitochondrial movement after ONC stands in contrast to its reported effect on 

mitochondrial movement in other studies. It is possible that the effect of Dlk may have been 

missed by the assays we employed.  Alternatively, it could be that in the vertebrate CNS, any 

effect of Dlk on mitochondria behavior is of little consequence as to whether or not a successful 

regenerative response is mounted. Of great interest and worthy of future study is the dose 

dependence of the Dlk effect, suggesting that boosting Dlk activity might be therapeutic.  
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However, it will be critical to determine when and where Dlk action exerts this dose dependence, 

as MAPK pathways typically exhibit tight spatiotemporal control (94). In regards to the in-frame 

deletion of dlk we reported, Dlk ∆56-58, if this variant produces a fully functional protein then 

the intermediate phenotypes we observed in our allelic series were achieved based solely on 

rising copy number of full dlk knockout. Alternately, this mutant could also be a hypomorph, in 

which case careful dissection of the functional domains of dlk around this small deletion could 

yield insights as to the overall mechanism of Dlk action within RGCs. 

Overall, our results indicate a key role for Dlk as a conserved early axonal injury signal 

which activates RGC-intrinsic pathways to initiate axonal regeneration. As the targets of Dlk are 

incompletely known at present, comprehensive profiling studies to map which key genes lie 

downstream of dlk and cJun in frog RGCS hold great potential to uncover new gene candidates 

that could be leveraged to develop regenerative therapeutic interventions. Our dlk KO model also 

highlights the efficacy of our novel ONC assay to both rapidly screen new putative regeneration-

associated genes and to determine their mechanism of action. The key to achieving clinically-

relevant axonal regeneration may well depend upon careful and thorough deconstruction of an 

evolutionarily conserved successful RGC axonal regeneration response.  

 

Methods 

 

Animals 

Wild-type and genetically modified X. laevis lines were housed in an investigator-maintained 

facility at UC Davis, and all work was carried out in accordance with protocols approved by the 
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local IACUC. Xenopus 2-wks and older were maintained in a drip-through Xenopus facility, and 

younger animals were maintained in 0.1X MMR in static glass containers.  

Transgenic lines were created by restriction enzyme mediated integration (REMI) as first 

described in (291). Transgenic constructs and lines to express a cytoplasmic GFP in RGCs, 

Tg(Isl2b:GFP), and a membrane localized mCherry in RGCs, Tg(Isl2b:Mett7l-mCherry) here 

referred to as Tg(Isl2b:mem-mCherry), have been previously described (250) and (1). To be able 

to optimally label RGC axons with a membrane localized GFP, a four-step cloning strategy was 

used.  First, an early version of GFP that fluoresces brightly in transgenic Xenopus, GFP3, where 

Kozak and ATG sequences were replaced by HindII-EcoRV-NheI sequences, was cloned into 

the HindIII and XhoI sites of a pCS2 backbone using primers 

AAGGAGAAGCTTGATATCGCTAGCAGTAAAGGAGAAGAACTTTT and CGCTCGAG 

TTATTTGTATAGTTCATCCATGCC.  Then, a 9 amino acid membrane localization sequence 

from lyn kinase was cloned into the HindIII and NheI sites using annealed kinased oligos 

AGCTTGCCACCATGGGATGTATAAAATCAAAAACAGACAATG and 

CTAGCATTGTCTGTTTTTGATTTTATACATCCCATGGTGGCA. This cDNA encoding 

lynk-GFP3 was then moved using the unique HindIII and XhoI sites into an intermediate that 

was then used to create the final construct pCS2(zf_Isl2b 20kb):lynk-GFP3 by recombineering, 

essentially as previously described (1); animals expressing this construct are here referred to as 

Tg(Isl2):mem-GFP. Since the line used for most regeneration studies has a mem-GFP and mem-

mCherry transgenes inserted into the same locus, these animals are here referred to as 

Tg(Isl2b:mem-GFP/mem-mCherry).  

To create a construct to express in retina progenitors, a 307bp highly conserved sequence 

44kb upstream of the human FZD5 was amplified from a BAC, RP11-161I22, using primers 
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ACGCCAGTCGACTCTCTATCAGGAACCTGGGCCTC and 

AAGGACGGATCCGTCCGGGCTAACTCCTGAATAGC, digested with SalI and BamHI, and 

cloned into the SalI and BglII sites of pG1-TOP-GFP construct that has a minimal cFos promoter 

driving GFP, in order to create pCS2(FzD5CSA):GFP. A BclII-NotI fragment containing rtTA2-

pA from pCS2(Blbp):rtTA2 (1) was cloned into BamHI-NotI of pCS2(FZD5CSA):GFP to create 

pCS2(FZD5):rtTA2.  To make pCS2(TetOP):mem-mCherry, the mem-mCherry-pA of 

pCS2(Blbp):mCherry-Gap43 (1) was swapped in for the GFP-pA of pCS(TetOP):GFP (292). 

Adult Xenopus ONC: For adult frog ONC, the procedure was carried out as previously described 

(250, 269, 270). In brief, animals were anaesthetized in 0.5 g/L tricaine solution (MS222). A 

small incision was made in the roof of the mouth using a sharp scalpel blade, followed by blunt 

dissection of the muscle and tissue layers using forceps to access the optic nerve, taking care to 

avoid injuring major blood vessels. The optic nerve was crushed for 4 seconds using #2 forceps. 

Animals were then allowed to recover in filtered 0.1x Modified Marc’s Ringer (MMR) solution 

for 1 day before being returned to the drip-through tanks until day of euthanasia.  

 

Young tadpole Xenopus ONC: For tadpole ONC, two glass needles were pulled and then 

broken to 50-75 µm thickness, beveled to a 20-degree angle and mounted on micromanipulators. 

Tadpoles were anaesthetized in 0.2 g/L MS222 in filter sterilized 0.1x MMR solution and 

mounted on a custom stability plate (two glass rods affixed to the plate using modeling clay near 

parallel to one another; this shape supports the tadpole head on the rods with tail allowed to rest 

between the rods). Animals were positioned beneath a small fragment of Kimwipe dipped in the 

same anesthetic solution to prevent drying and to maintain adequate anesthesia for the duration 

of the surgery, with another small anesthetic-soaked fragment of Kimwipe placed just above the 
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head across the glass stability rods to prevent drift. Surgery was performed using a Leica MZ10F 

fluorescent stereomicroscope to visualize the fluorescent ON. ONC was performed by inserting 

the two glass needles dorsally just adjacent to the ON and crushing by pressing the needles 

together. ONC were done monocularly except for animals to be used for behavioral assays of 

vision, in which case ONC was binocular. Tadpoles were allowed to recover in filtered 0.1x 

MMR + 20 mM HEPES + 50 µg/mL gentamicin at 16 degrees for 12-15 hours. Following 

imaging 1d post-ONC, tadpoles were then kept at room temperature on a 12/12-hour light-dark 

cycle for the duration of the experiment. In most experiments, tadpoles were kept in plastic 

boxes with dividers, with approximately 5ml per cubicle to monitor the reinnervation response of 

every animal over time. In the case of the animals to be use in the behavioral assay, animals were 

housed together after ONC, as we find that schooling affects the robustness of the dot-avoidance 

response. 

 

Live imaging: For lower resolution in vivo assessment of optic tecta and optic nerve denervation 

and reinnervation tadpoles were anaesthetized with 0.2 g/L MS-222 in 0.1x MMR and positioned 

in the same setup described above for tadpole ONC surgery. The same Leica MZ10F fluorescent 

stereomicroscope equipped with a PlanApo 1.0x lens (Leica, Wetzlar, Germany). that used for 

the surgery was used again, this time along with custom iVision-Mac scripts (BioVision, Exton, 

PA) to capture images using a Qimaging Retiga-Exi Monochrome Cooled 12-Bit camera (RET-

EXI-F-M-12-C) (Teledyne Photometrics, Tuscon, AZ). These scripts prompted operators to 

focus and photograph each nerve and tecta individually using both GFP and mCherry filter sets. 

For the high-resolution imaging of RGC mitochondrial movement within axons and analyses of 

sparsely labeled axons, animals were also anesthetized with 0.2 g/L MS-222 in 0.1x MMR and 
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then immobilized in 30 x 15 mm plastic dishes with custom Sylgard silicone molds previously 

created using gluteraldehyde fixed animals. These molds, with the addition of round 12mm glass 

coverslips atop the animal and mold for stability, oriented the animals in such a way that the left 

nerve was parallel to the focal plane of the objective. Nerves were imaged using a Dragonfly 

spinning disc confocal microscope (Dragonfly 503 multimodal imaging system, Andor 

Technology, Belfast, UK) fitted with an 40x/1.1 (magnification/numerical aperture) HC PL APO 

water immersion objective and a Leica DMi8 inverted microscope (Leica, Wetzlar, Germany). 

Images were captured using an iXon Ultra 888 EMCCD camera and Fusion Software (both from 

Andor Technology, Belfast, UK) and laser lines of 50 mW 488 nm, 50 mW 561 nm, and 100 

mW 643 nm. T-stack images for each animal recorded for 1 min at 1 Hz. Z-stack images scanned 

the entire length of visible nerves in 3-4 overlapping sections, scanning the entire thickness of 

the ON at each location at 1 µm steps, and using 2-frame averaging to increase resolution.  

 

Retrograde tracing: For retrograde tracing, small Gelfoam® (Pfizer) strands visible only under 

the dissection microscope were soaked with 1µL of Mitotracker DeepRed FM (Cell Signaling 

#8778S) at a concentration of 50 µg/µl until all Mitotracker solution was absorbed. Once dried, 

the Gelfoam® strands were further broken into smaller pieces of 5-15 µm diameter using 

forceps. Anesthetized tadpoles were placed in triangular notches carved into poured paraffin, 

removing most solution to anchor the animals sufficiently for the surgery. A small piece of 

Kimwipe soaked in anesthetic was used to cover tadpole to prevent drying and maintain adequate 

level of anesthesia.  A pulled solid glass rod (Harvard Apparatus GR100-15) broken blunt and 

mounted on a micromanipulator was used to pierce the skin overlaying the rostral optic tectum 

contralateral to the ONC. Using a 00 insect pin, the Mitotracker soaked Gelfoam fragments were 
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placed overtop the created holes, followed by their insertion into the tectal neuropils with the aid 

of the solid glass rods. After surgeries, tadpoles were allowed to recover in filter sterilized 0.1X 

MMR at 16 oC for 12 hours and then kept at room temperature for 6 hours prior to euthanasia 

and tissue collection for cryosectioning.  

 

Axonal mitochondria labeling and live imaging: For live-imaging of mitochondria movement 

within RGC axons in the optic nerve, Deep-Red Mitotracker at a concentration of 200 µM 

diluted in filter sterilized 0.5x MMR was injected intravitreally using a Narishige IM 300 

Microinjector fitted with glass needles pulled and cut to approximately 1µm diameter. 40-80 nL 

of solution was injected per eye, as calibrated by comparing droplet sizes injected into mineral 

oil compared to those injected using a Nanodrop II piezo-controlled injector.  Successful 

injections were verified by observing a small swelling of the eye. Animals were allowed to 

recover in filter sterilized 0.1X MMR for 24 hours at room temperature prior to ONC. Live 

imaging was carried out 1 hr and 6hr post-ONC using the same Leica Andor dragonfly confocal 

microscope with 40x/1.1 N.A. water immersion objective as described above. 

 

sgRNA design and synthesis:  sgRNA design and CRISPR KO creation was based on protocols 

previously described for X. laevis (278, 279) with the following modifications. For sgRNA 

design, short sequence regions of dlk with 100% conservation between S and L chromosome 

were selected for input into CRISPR sgRNA design machine at https://chopchop.cbu.uib.no/ and 

candidate sgRNAs to test were selected based on low number of predicted potential off target 

sequences (0 targets predicted to have 1 mismatch, and maximum of 1-3 off-targets predicted to 

have 2-3 bp of mismatch). sgRNA consensus regions in which all mismatches occurred within 

https://chopchop.cbu.uib.no/
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the 5 base pairs at the 5’ most end were excluded, as this has been suggested to decrease 

specificity and increase off target cuts (293). sgRNAs were ordered and synthesized as described 

in (279) except at the last step, sgRNAs were diluted to 800 ng/uL and snap-frozen on dry ice in 

single-use aliquots for injection. Final dlk sgRNA consensus sequence region chosen for this 

study was 5’-GACAGACCATGTCGGGCATTGGG-3’.  

 

CRISPR microinjections: For sgRNA injection, X. laevis eggs were fertilized by overlaying 

them with macerated testes for 5 minutes prior followed by immediate dejellying with 25 g/L 

cysteine at pH8. Eggs were quickly immobilized in custom mesh-inlaid 30 x 14 mM dishes in 

0.1X MMR + 0.4% Ficoll + 20 mM HEPES + 50 µg/mL gentamicin.  0.5 µL of Cas9-NLS 

protein at 6.3 mg/mL (Macrolab; UC Berkeley) and 2.5 µL of 800 ng/µL sgRNA were mixed 

together and 20-40 nL of this mix injected into each embryo through 1-2µm tip diameter pulled 

glass needles controlled by a Narishige IM 300 Microinjector, with injection volume calibrated 

as above. Injected embryos were then removed into 0.1X MMR + 0.4% Ficoll + 20 mM HEPES 

+ 50 µg/mL gentamycin and placed at 16 oC overnight to recover. Injections were done in small 

batches so that all were complete within 30 minutes of fertilization. 

 

Xenopus genotyping: For genotyping F0 sgRNA-injected embryos, 5 embryos were pooled 

together at NF stages 10-11.5 (approx. 24 hpf). For genotyping of F0 or F1 tadpoles, animals 

were euthanized by MS-222 overdose and 0.25-0.4 cm of tail tissue collected separately for each 

embryo. For genotyping of frogs, animals were fully anaesthetized and a 2mm fragment of 

webbing tissue was taken from one hindlimb using an Integra Miltex 2mm biopsy punch (8-

MIL-33-31-EA). Following tissue collection, tissues were snap-frozen on dry ice if genomic 
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DNA extraction could not proceed on the day of tissue collection. In all cases, genomic DNA 

was prepared from tissue samples using Qiagen DNEasy Blood and Tissue Kit. A ~600 bp 

region was then PCR amplified around the predicted PAM site using the following primers: L 

chromosome, 5’-CTTGATGAGTACCTGGTAATACTCTTGGTAGG-3’ and 5’-

GCTAATGACTTCAGCTTGGGATTTAGGGAAGG-3’ ; S chromosome, 5’-

CCTTGATGCCTGGTAATACTTGTGGTACTTTC-3’ and 5’-

GGCCTCAGAAGCTGCTATTAGGATTTTAGCT-3’. PCR products were then sequenced 

using primers 5’-CTTGATGAGTACCTGGTAATACTCTTGGTAGG-3’ for L chromosome 

and 5’-GGTACTTTCCTTGACTTGCAC-3’ for S chromosome. Sequencing returned .ab1 files 

which were then analyzed by TIDE (Tracking of Indels by Decomposition) analysis (281) via 

comparison to an unmixed control (no indel) sample from uninjected WT embryos amplified 

using the same primer sets. 

 

Behavior assay: Software used to drive the tadpole visual avoidance assay was as previously 

described in (285). Dish radius was set at 210-235 px, background set to 160, travel time at 2500 

px/sec and dot radius at 15 px. Monitor used for projection of the visual stimuli onto the tadpoles 

was a LiteMax 10.4” LED Backlight Monitor with brightness of 800 cd/m2 monitor (model 

SLD1055-ENA-B01-02, 10.4” TFT LCD, LED Backlight, 800nits, XGA). Recording of each 

trial was done using a Logitech HD Pro Webcam C920, 1080p Camera. Prior to behavioral 

experiments, all tadpoles were kept in groups so that animals could school and were maintained 

on a 12/12 light-dark cycle with daily feeding. For the behavioral assay, an individual tadpole 

was transferred into a 60 mm straight-sided glass dish with approximately 1.5 cm of 0.1X MMR 

depth placed atop the monitor on which software projecting the visual stimulation was displayed. 
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Room lights were darkened during trials to ensure maximum contrast between the backlit 

monitor and the visual dot stimuli displayed. For each trail, user manually tracked tadpole 

movement and directed movement of a black dot stimuli onto the stationary tadpole or onto the 

path of a slowly swimming tadpoles. A trial was recorded as “response” if tadpole immediately 

changed speed/direction and moved away from dot upon overlap; if the velocity or direction of 

tadpole travel showed no change upon dot collision the trail was recorded as “no response”. 

Ambiguous trials were not counted. Ten informative trials were performed for each tadpole with 

a minimum time of 20 seconds between each trial. In the case of comparing Wt to Dlk KO 

animals in the absence of any insult, the behavior of all animals assayed was counted.  For 

animals that were to be used in an ONC experiment, an initial screening was carried out prior to 

ONC. Tadpoles with a 50% or higher rate of “response” were retained for later experimentation, 

to exclude possible non-responders. Following such selection, tadpoles were subjected to 

bilateral ONC and allowed to recover in 0.1x MMR + 50 µg/mL gentamicin + 20 mM HEPES 

overnight at 16 oC, then moved back into 12/12 light-dark cycle at room temperature. At d3 post-

ONC, tadpoles were examined for complete ONC and any tadpoles with incomplete tectal de-

innervation were excluded. Tadpoles with complete bilateral ONC were re-assayed using visual 

dot avoidance behavioral assay and moved into singly-housed 15 x 30 mm dishes for individual 

tracking. Tadpoles were maintained singly housed on 12/12 light-dark cycle and fed daily until 

final behavioral assay was performed again at 6d post-ONC.  

 

Ex vivo analyses.  For adult tissue dissections, animals were euthanized by MS-222 overdose 

followed by decapitation. Brain was removed and flat-mounted by a partial-width incision along 

the tectal midline to open out both optic tectum lobes for imaging. Tecta were immediately 
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imaged upon dissection. For tadpole tissue dissections, animals were euthanized by tricaine 

overdose and fixed in 4% PFA for 4 hours at 4 oC for cryosectioning or 1 hour at 4 oC for retinal 

flatmounts. After fixation, eyes were removed from brain using 00 insect pins and placed in 

sucrose overnight at 4 oC (for cryosectioning) or in methanol overnight or longer at -20 oC (for 

flatmounts). For tadpole retinal flatmounts, the lens was removed and eye flattened using 4-8 

scalpel blade cuts placed symmetrically around the eye perimeter, then pressed open between a 

coverslip and glass slide in Aquamount mounting media. For cryosectioning, eyes were 

embedded in OCT, frozen in dry ice, and then sectioned in 10 µm sections onto gelatin-coated 

slides. Slides were blocked for 30 min in 10% normal goat serum (NGS) in phosphate buffered 

serum with 0.1% BSA and 0.1% TritonX-100 (PBT), then incubated ON at 4 oC in primary 

antibodies diluted in PBT with 5%NGS, washed in PBT, followed by 4 hrs at RT in secondaries 

in PBT, additional PBT washes and counterstaining with DAPI. Primary antibodies included: 

Aves GFP #GFP-1020 (1:500), BD Pharmingen anti-BrdU #555627 (1:500), Clontech Living 

Colors mCherry #632543 (1:500), Cell Signaling Technologies P-c-Jun #9261S (1:200), and 

Abcam mCherry #ab167453 (1:500). Secondary antibodies included: Jackson ImmunoResearch 

Cy3 anti-mouse IgG #115-165-146, Jackson ImmunoResearch AlexaFluor 488 anti-chicken 

#103-547-008, Jackson ImmunoResearch AlexaFluor 647 anti-rabbit #111-605-144, Jackson 

ImmunoResearch Cy5 anti-mouse #115-175-146, and Jackson Immunoresearch Cy3 anti-rabbit 

IgG #111-165-144. All secondary antibodies were used at 1:250 and passed through a 0.2µm 

filter before use. For birthdating experiments with BrdU, 250 nL BrdU was injected into tadpoles 

intraperitonally at a concentration of 20 mM. For birthdating experiments with EdU, tadpoles 

were immersed (non-anaesthetized, free-swimming) in a solution of 0.1X MMR + 20 µM EdU 

for 20 minutes. 
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Script to quantify optic nerve and optic tecta axon degeneration and regeneration: A custom 

IPlab (Biovision, Exton, PA) script was created in which both tecta (crushed and contralateral) 

are individually traced and then their fluorescence normalized by a background subtraction step 

using an area of the tadpole head immediately adjacent to the tecta that lacked any melanocytes. 

Each tecta’s fluorescence values 10% above background were subjected to a subsequent auto 

segmentation step which excludes all pixel values within the traced region which fall below 10% 

below background and thus likely represent melanocytes within the traced regions. Following 

this normalization, both area and mean fluorescence measurements were taken for each tecta, 

and the values for crushed tecta divided by the values for the contralateral tecta to return a 

measure of relative fluorescence of crushed tecta compared to the fluorescence of control. Lines 

were then manually drawn over crushed and contralateral nerves and then thickened to about two 

nerve diameters, normalized in length to an arbitrary value of 600, and then used to extract the 

fluorescence intensity values across the central 400; values at either end were excluded to 

account for the out-of-focus regions nearest the head and the eye which are unavoidable in live-

imaging the X. laevis optic nerve at this stage. This was then followed by a two-step 

normalization. First, background subtractions are done individually for each nerve using a 

background location selected by user adjacent to each nerve and free of melanocytes. Next, every 

value on either crushed or contralateral nerve is set to a minimum value of 10 to account for any 

values of 0 which might have been returned from the background subtraction due to melanocytes 

in the ROI; this avoids division by 0 and infinitely high values in following step. Finally, the 

values along each of the 400 points along the nerve were divided by the value of the contralateral 

nerve at the equivalent location.  In the case of the sparse labeling experiments, analyses were 
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carried out on maximal intensity projections of composites aligned manually or through the 

Stitching Fiji plugin.  In order to compensate for large endbulbs or myeloid cells that produce 

sharp maxima that skewed analyses, small artifacts were manually excluded and compensated 

for, and histograms were smoothened by presenting all values as the average of the surrounding 

50 points.  

 

Analyses of pJun and retrograde tracer in retina sections: Custom IPlab scripts were used to 

analyze maximum intensity projections of 10µm retina sections. For quantifying RGC nuclear 

pJun, three to six sections were analyzed per retina, and the RGC area was automatically 

segmented using the GFP color channel, followed by autosegmentation of DAPI, to isolate the 

RGC nuclei. Within these RGC nuclei, and in order to avoid introduce subjective choices that 

could bias results, the far-red (pJun) signal was then measured as the signal above 20 different 

stepwise thresholds, and while results were significant at most of these and changes in magnitude 

larger in different ones, the ones presented are the central threshold of those that attained above 

p<0.01 significance between any two groups, similar to what we have previously done (294). In 

the case of Mitotracker retrograde tracing, four to six sections were analyzed per retina.  In this 

case the GFP and Dapi were not autosegmented but were used to manually draw a line through 

the entire ganglion cell layer. After automatically thickening the line to approximately 2 cell 

diameters, the Mitotracker associated AlexaFluor signal was plotted as a function of distance 

from the retina periphery; to compensate for the very punctate nature of the Mitotracker signal, 

the histograms were smoothened by presenting all values as the average of the surrounding 50 

points. 
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Statistical analysis: GraphPad Prism was used for graphing data and determine statistical 

significance for all experiments. Mean comparisons were tested for significance using a two-way 

ANOVA with Mann-Whitney post-test for all multi-group comparisons and a students’ T-test for 

all two-group comparisons. For all tests, a p-value less than 0.05 was considered significant. 

Data and code availability: All scripts used for image analysis are available from the Lead 

Contact upon request. Python cell-counting code previously published in (276) is available at 

https://github.com/jbmiesfeld/Atoh7-remote-enhancer.  

 

 

 

 

 

 

 

 

 

  

https://github.com/jbmiesfeld/Atoh7-remote-enhancer
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Chapter III – Immune Cells are Essential for both Degeneration and Regeneration of 

Retinal Ganglion Cells in Xenopus laevis 

 

Introduction 

In mammalian species, the axons of retinal ganglion cells (RGCs), the sole projecting 

cells of the retina, are incapable of regeneration. Injuries or neuropathies which affect the optic 

nerve (ON) and retina therefore lead to permanent loss of RGCs and their axons, resulting in 

irreversible vision loss. Over the past century and a half much work has endeavored to discover 

ways to confer a regenerative capacity upon RGCs, and a large amount of these studies have 

focused upon the intrinsic molecular programming of RGCs themselves. Some factors intrinsic 

to RGCs seem to be neuroprotective; in studies involving experimental damage to the optic 

nerve, overexpression of these factors significantly enhances post-injury survival of RGC somas 

and axon (142, 189, 295-297). Other RGC-intrinsic factors have been found to enhance the 

ability of the injured axons to regrow past the injury site (152, 259). However, the regrowth seen 

in these instances falls far short of a full recovery. In most cases, only a few percent of axons are 

able to grow millimeters father than controls; and only a few rare cases have seen evidence of 

some axons reinnervating their targets within the brain (175, 232). Without effective regenerative 

therapies to regrow RGC axons, even neuroprotective factors found to increase RGC survival for 

several months following axonal injury are therefore ultimately futile in restoring functional 

vision (106). 

While the molecular program of RGCs is seemingly an important factor contributing to 

survival and regeneration, the optic nerve environment may be just as important to regeneration, 

if not more so, than the intrinsic regenerative programming of the RGCs themselves. Indeed, the 
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most successful report of increasing RGC regeneration to date involved the grafting in of 

peripheral nerve fragments, which necessarily include astrocytic and myeloid cell types, grafted 

into the injured ON; these nerve grafts allowed full-length axonal regeneration along the ON 

tract and quite extensive re-innervation of brain targets (192-194). This discovery strongly 

suggests that the different PNS environment is permissive to axon regrowth in a way that the 

typical environment in the ON is not. Many later studies have investigated the question of 

whether immune cells within the ON in particular may play a key role in regeneration. Under 

healthy conditions, the ON harbors relatively few resident microglia in a ramified, non-activated 

state (89, 298). Following injury, however, both molecular and histological studies show a 

distinct increase in microglia number at the injury site (87, 298). In addition, non-resident 

macrophages activate, proliferate, and invade the injured area (89, 298). Importantly, classic 

work which found that the induction of a lens injury concurrent to optic nerve crush results in a 

higher degree of regeneration than with ONC alone also necessarily involves a large 

inflammatory response as a result of the lens injury (141). Some evidence suggests that such 

activated myeloid cells have little to no effect on axon regeneration (226). However, studies in 

the African spiny mouse (an unusual mammalian species with high regenerative capacity) and in 

the salamander found that depletion of macrophages compromises axonal regeneration (299, 

300). In addition, there is little is known about the role of myeloid cells in axonal regeneration in 

regeneration-capable species.  One recent study found that immune cells are important to 

regeneration of the retinal pigment epithelium (RPE) in zebrafish (301); but another found that 

the immune cell response is actually detrimental to RGC survival after optic nerve transection 

(302). As such, new data is needed to resolve these differing opinions regarding the role of 

myeloid cells in regeneration. 
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Here we utilize a newly-reported tadpole optic nerve crush (ONC) assay and find that 

immune cells mount a robust response within the tadpole optic nerve and brain within just 24 

hours of injury. We find that this increase in immune cell number correlates well with the timing 

of accumulation and then removal of axonal debris. Most importantly, we find that ablation of 

the immune cell response after injury results in not only a failure to clear axonal debris, but a 

distinct delay in reinnervation of the optic tectum by regenerating RGCs 

 

Results  

 

Myeloid cells increase in the adult ON after crush 

In mice, neutrophils begin to infiltrate injured CNS neurons around one day following 

injury, and then both infiltrating monocyte-derived macrophages and resident microglia 

proliferate and migrate to the site of injury within the next two days (81, 82, 84, 85). The purpose 

of this immune cell presence within the optic nerve is believed to be at least in part for the 

clearance of the large amount of membrane and myelin debris associated with both the acute 

injury and the subsequent degeneration of the RGCs. To determine whether a similar influx of 

inflammatory cells occurs in adult X. laevis following ONC and whether this correlates with 

buildup and removal of RGC axonal debris, ONs were collected at various timepoints post-ONC 

from adult frogs whose RGCs express dual membrane-localized GFP and mCherry transgenes 

(Isl2b: mem-GFP/mem-mCherry) (Figure 3.1A). Since GFP loses both fluorescence and 

antigenicity quickly following incorporation into acidic lysosomes, but mCherry retains these 

properties even at low pH, mCherry-based transgenes have previously been used by our lab as 
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cellular debris markers (1). Conversely, GFP transgenes can be utilized to visualize intact axons. 

By quantifying the sum of GFP fluorescence within the optic nerve, we demonstrate that a sharp 

decline in intact axons occurs at 5d post-ONC (Figure 3.1B). When we used measures of sum 

mCherry fluorescence within the nerve to quantify the amount of cellular debris, we found that 

axonal debris within the axonal parenchyma peaked at 5d post-ONC and had begun to slightly 

decline by 7d, thought this decline was not significant (Figure 3.1C) By contrast, axonal debris in 

the optic nerve sheath, defined as the region exterior to the green-labeled axons, steadily declined 

in the week following injury (Figure 3.1D). While further work will be needed to explore this 

phenomena, other studies in the lab suggest that the debris in the optic nerve sheath is a read-out 

for glymphatic clearance (303), and these results would suggest that upon injury the debris 

clearance mechanism may shift from glymphatic based to myeloid cell based. 

When we looked at the density of Bandeiraea simplicifolia (Griffonia simplicifolia) 

isolectin B4 (IB4)-positive myeloid cells (microglia and macrophages) as assessed by sum 

fluorescence intensity measures, we find that myeloid cell presence within the nerve parenchyma 

is increased by 3d post-ONC and peaks at 5d post-ONC, beginning to decline again at 7d (Figure 

3.1E). Furthermore, colocalization analysis of the overlap between the red and far-red signals 

reveals that the peak of cellular debris within myeloid cells in the parenchyma occurs at the same 

times, around 5d and 7d post-ONC (Figure 3.1C). Taken together, this information suggests that 

immune cell presence within the ON increases with increasing amounts of cellular debris and 

deterioration of healthy RGC axons, consistent with a phagocytic role for these infiltrating 

macrophages at these times. 
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Myeloid cell presence within the tadpole optic tectum also correlates with amount of axonal 

debris 

In our previous work, we described the establishment of a novel ONC assay to study 

RGC axonal regeneration in the young X. laevis tadpole which offers both a condensed time 

course of regeneration compared to adult frogs and the capacity for live-imaging both the optic 

tectum and the optic nerve. Previously, we had determined that at 3d post-ONC, the innervation 

Figure 3.1. ONC results in axonal degeneration, debris accumulation and removal, and 

myeloid cell influx within the first week post-injury in adult X. laevis. A. Cryosections of adult 

optic nerves at various timepoints after ONC. B. Intact RGC axons as measured by GFP 

fluorescence have begun to degenerate by 5d post-ONC. C. The amount of RGC axonal debris 

within the optic nerve parenchyma, as measured by mCherry fluorescence, peaks at 5d post-ONC 

and is similarly elevated at 7d post-ONC. D. RGC axonal debris in the optic nerve sheath (exterior 

to the limits of GFP fluorescence) steadily decreases in the week following injury. E-F. Both 

myeloid cell presence within the parenchyma (measured by fluorescence intensity of Ib4-Cy5 

labeling) and the amount of axonal debris signal colocalized with myeloid cells are highest at 3d 

and 5d post-ONC and declining by 7d. N = 4-8 nerves per timepoint. 
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of the optic tectum by RGC axons in the injured ON has fully disappeared, and that by 7d post-

ONC, and that the tectum has become re-innervated to a level which supports functional 

restoration (see Chapter 2, Figure 2.1 and 2.7). However, the previous study had focused mainly 

on the innervation of the tectum and regeneration of the optic nerve, and not the process of 

degeneration itself. Work in other models has revealed that upon ON injury, RGC axons begin to 

fragment via Wallerian degeneration, a process which results in the production of a large amount 

of cellular debris (70, 274); this buildup of axonal debris was visible in our adult ONC model. To 

understand how axonal debris is produced and cleared in the tadpole visual system, we 

performed ONC in tadpoles expressing the same dual membrane-mCherry and membrane-GFP 

transgenes as the animals used for our adult assay (Isl2b: mem-mCherry/mem-GFP). We 

compared measures of mCherry fluorescence in the optic tectum connected to the crushed optic 

to that of the uninjured contralateral tectum to estimate the amount of axonal debris remaining in 

the injured tectum at various timepoints post-ONC. We found that the amount of mCherry signal 

steadily decreased from 1d to 3d post-ONC, and begins to increase again by 5d post-ONC, a 

timepoint at which our mCherry marker ceases to be a reliable measure of axonal debris, since 

the optic tecta is beginning to become re-innervated by regenerating RGC axons expressing 

newly synthesized mem-mCherry (Figure 3.2A-B).  
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 Given that in the adult model, the accumulation of cellular debris in the parenchyma (but 

not the ON sheath) correlates well with myeloid cell influx into the ON parenchyma, we next 

examined how myeloid cell influx correlates with clearance of degenerating RGC axons in the 

tadpole ON. In order to visualize myeloid cell presence into the tadpole visual in vivo as well as 

ex vivo, we developed a novel transgenic line in which the myeloid cells express a membrane-

localized GFP transgene (Coronin1a: mem-GFP) and bred this to our RGCs expressing a second  

Figure 3.2. Debris accumulation and clearance correlates with myeloid cell influx into the 

tadpole optic tectum following ONC. A-B. Red-labeled RGC axons are cleared from the optic 

tectum by 3d post-ONC, and regenerating axons have begun to re-innervate the tectum at 5d post-

ONC. A, C. A novel transgene to label myeloid cells with GFP labels the same population as those 

visualized by Ib4-Cy5 staining of ex vivo flatmounted optic tectum. The peak of myeloid cell 

presence within the injured optic tectum occurs at 1d post-ONC and by 3d post-ONC the number of 

myeloid cells within the injured tecta is indistinguishable from mock-crushed animals. N = 5 tecta 

per timepoint. 
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membrane-localized mCherry transgene (Isl2b: mem2-mCherry) to visualize debris 

accumulation and clearance alongside myeloid cell presence. Ex vivo visualization of the optic 

tecta and retinas confirmed the correct localization of our transgene to the same population of 

myeloid cells labeled by Ib4-Cy5 staining (Figure 3.2A). Crushed optic tecta displayed a 

significant increase in the number of myeloid cells at 1d post-ONC, an effect that decreased over 

time until by 5d post-ONC, the number of myeloid cells in the tecta were indistinguishable from 

controls (Figure 3.2C). Thus, the amount of RGC axonal debris in the injured tectum decreases 

following the arrival of the myeloid cells, which supports that a major purpose of these myeloid 

cells within the optic tectum at this time may be to phagocytose and remove degenerating axons. 

Future analysis using Imaris image processing software will quantify the percentage of the 

axonal debris that is contained within the myeloid cells.  

 

Myeloid cells in the retina increase, but only in small numbers and only after axonal 

regeneration is underway 

Given the large increase in myeloid cells within the optic tectum, it was possible that the 

retina might experience a similar increase in immune presence in the weeks following crush. To 

address this, we examined the retinas of Coronin1a: mem-GFP/Isl2b:mem-mCherry tadpoles at 

various times after the connected optic nerve had been crushed. In contrast to the large numbers 

of immune cells present within the tectum within 24 hours of injury, myeloid cells were scarce in 

the entire week following ONC, and only by 5d post-ONC were there significantly more myeloid 

cells in crushed retinas than in mock-crushed retinas (Figure 3.3). That this increase occurs 

several days following the peak of both myeloid cell presence within the tectum and the 

clearance of the majority of axonal debris suggests that these myeloid cells may not be 
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phagocytosing dying RGCs within the retina. Indeed, given that our previous observations (see 

Chapter 2, Figure 2.2) suggest that little to no RGC death occurs following ONC in our tadpole 

model, it is likely that little debris has been produced from dying RGC cells which would require 

removal by immune cells. Additionally, we have previously observed morphological changes to 

the dendritic arborization of RGCs in cryosections of tadpole retinas which express our 

membrane-localized mCherry transgene in the week following injury (unpublished 

observations). Since at 5d post-ONC, RGC axons are again beginning to regenerate and 

reinnervate the optic tectum (Figure 3.2A), the increased immune cell presence at this time may 

be carrying out dendritic pruning of newly-established synapses created in the process of axonal 

regeneration, though this hypothesis will require further investigation in future. 

 

 
Figure 3.3.  Immune cells in the retina after injury. The number of IB4-Cy5 labeled myeloid cells 

in the tadpole retina are significantly increased compared to mock-crushed retinas at 5d post-ONC. N 

= 5 retinas per timepoint. 
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Because our novel transgene enables live imaging of myeloid cells, we also examined the optic 

nerve in vivo and found a large increase in myeloid cells surrounding the crushed region of the 

ON at 1d post-ONC, an effect that had largely faded by 3d post-ONC (Figure 4). However, 

because the tadpole ONC surgery involves injury to the dermis and surrounding tissue of the ON 

as well as to the ON itself, this effect is poorly studied with our in vivo wholemount imaging, and 

the question of immune cell action within the ON will need to be re-examined in either an 

imaging modality capable of isolating the nerve from surrounding tissue, or in the context of a 

chemical or optogenetic injury context which does not damage surrounding tissue.  

 

Myeloid cells are present within the tadpole ON even under non-injury conditions and seem to 

enter the ON to clear axonal debris 

Alongside the large increase in myeloid cells in the tadpole OT and retina following optic 

nerve injury, we noticed that a small number of myeloid cells were present within both the 

tectum and retina even under non-injury conditions. We thus questioned whether myeloid cells 

 
Figure 3.4 Novel transgenic line enables in vivo visualization of myeloid cell accumulation at the 

site of ONC injury. At 1d post-injury in a transgenic line in which RGCs express a membrane-

localized mCherry (Isl2b: mem-mCherry) and myeloid cells express a membrane-localized GFP 

(Coronin1a: lynk-GFP3), myeloid cells are visible clustering in large numbers immediately proximal to 

the site of injury. By 3d post-injury, these clustered cells are largely absent, though small numbers 

remain visible along what seems to be a vascular channel immediately proximal to the optic nerve. Due 

to the disruption of dermis and surrounding tissue in the course of ONC surgery, disambiguation of 

myeloid cells responding to the damage in the ON vs. the surround environment is not possible. 
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were similarly present 

within the tadpole ON 

under non-injury 

conditions. Because of 

the very small size of 

the optic nerve at this 

age (< 50 µm in 

diameter), ex vivo 

methods to visualize 

the nerve which would 

be directly analogous 

to our flatmount 

preparations of the 

tadpole tecta and 

retina were not be possible. We therefore utilized live-imaging to visualize myeloid cell 

movement in the naïve optic nerve in a triply-transgenic line in which immune cells express 

membrane-localized GFP (Coronin1a: mem-GFP) and astrocytes express both membrane-

localized BFP (Blbp: mem-BFP) and an mCherry-tagged, dominant-negative version of the 

astrocyte-secreted debris marker Milk Fat Globule EGF And Factor V/VIII Domain Containing, 

Mfge8 (Blbp: Mfge8DN-mCherry), which reports the presence of membranous debris as this 

protein binds extracellular phosphatidylserine (1). We found that myeloid cells are present both 

adjacent to the nerve, presumably in vascular tissue, and within the nerve itself. Moreover, these 

immune cells within the nerve frequently colocalize with accumulations of mCherry signal,  

 
Figure 3.5. Myeloid cells are visible within the tadpole optic nerve even 

in uninjured state and seem to move and engulf mCherry-tagged 

debris. A. A triple-transgenic line in which astrocytes express cytoplasmic 

BFP (Blbp: BFP) and a dominant-negative version of the astrocytic-

secreted phagocytic marker Mfge8 (Blbp: Mfge8DN-mCherry (1)), and 

immune cells express a membrane-localized GFP (Coronin: lynk-GFP3), 

myeloid cells are seen within the ON (as delineated by BFP fluorescence) 

and colocalized with large deposits of debris. B. When visualized over 

time, individual myeloid cells within the optic nerve can be seen migrating 

towards and overlapping with debris deposits. 
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suggesting that they may be actively phagocytosing cellular debris produced within the nerve 

(Figure 3.5A) In addition, time-lapse imaging shows that myeloid cells within the nerve move 

over time and overlap with accumulations of mCherry-labeled debris at later timepoints, further 

pointing towards an active phagocytic role (Figure 3.5B). While further time-lapse and 3D 

colocalization analysis is needed to confirm these impressions, these data suggest that even under 

naïve conditions myeloid cells will enter the nerve to phagocytose and clear debris.  

 

Novel transgene enables inducible ablation of myeloid cells 

The increased immune cell presence within the visual system at times and locations in 

which disconnected axonal segments are degenerating into cellular debris suggests that myeloid 

cells play a major role in the process of degeneration and potentially regeneration of RGC axons 

following injury. Thus, to determine the role of immune cells within the visual system following 

injury, we developed a novel transgenic line to inducibly ablate myeloid cells by expression of 

an optimized bacterial nitroreductase (epNTR) under the control of the same myeloid cell-

specific promoter utilized previously (Coronin1a: mCerulean-epNTR) (304). When 

metronidazole is added to the tadpole media, it is cleaved by epNTR into a toxin that then kills 

the expressing cells. However, metronidazole when administered at the standard concentration of 

10 mM has been found to be toxic when used for prolonged periods in transgenic zebrafish 

carrying the NTR transgene in various cell types (305).  To address this issue, previous work had 

found that a second compound, nifropirinol, may be more effective and less toxic than 

metronidazole, and can be administered at concentrations orders of magnitude lower than 

metronidazole (306). We thus tested the relative toxicity of metronidazole and nifropirinol to 

young tadpoles when administered continuously through the second week post-fertilization (8-15 
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dpf). Metronidazole at 5 mM and nifropirinol at 1 uM both resulted in 10-30% attrition of 

Coronin: mem-GFP tadpoles by 4 days of administration, which reached 50% attrition of 

tadpoles at the 7 day endpoint (Figure 3.6A). Wt tadpoles showed no attrition when subjected to 

either drug, suggesting that the toxicity was due not to the drug itself, but rather stemmed from 

either the systemic loss of immune cell presence, or a byproduct resulting from myeloid cell 

death which proves toxic to surrounding cells. Administration of either drug at lower doses did 

not affect survival; however, lower doses took 48-72 rather than 24 hours of administration hours 

to observe a near-compete level of myeloid cell ablation (data not shown). 

 
Figure 3.6. Novel transgene enables inducible ablation of myeloid cells. A. A novel transgene line 

in which myeloid cells constitutively express a fluorescently-tagged nitroreductase (Coronin1a: 

mCerulean-epNTR) addition of either metronidazole or nifropirinol to the tadpole media kills 

immune cells as the NTR is cleaved into a cellular toxin. Pilot experiments to determine the relative 

toxicity of metronidazole and nifropirinol to X. laevis tadpoles find that either drug at high 

concentrations (5 mM metronidazole or 1 uM nifropirinol) results in 50% attrition with 7 days of drug 

application. B-C. Addition of 5 mM metronidazole to rearing media blocks the usual influx of 

myeloid cells into the tadpole optic tectum 1d post-ONC in X. laevis tadpoles whose RGCs express 

membrane-localized GFP and membrane-localized mCherry (Isl2b: mem-mGFP/mem-mCherry). N = 

5 metronidzole-treated and 6 untreated tecta. 
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Given the lack of improvement in attrition with nifropirinol treatment and the more 

established precedent for usage of metronidazole in such experiments, we selected 5 mM 

metronidazole to achieve ablation of immune cells in our model. To quantitatively measure our 

ability to ablate myeloid cells with this treatment in vivo, we generated tadpoles carrying both the 

myeloid-cell expressed NTR transgene and also expressing dual membrane-localized mCherry 

and membrane-localized GFP in their RGCs (Coronin1a: mem-GFP/Isl2b: mem-mCherry/mem-

GFP). We pre-treated tadpoles with either 5 mM metronidazole or vehicle for 24 hours pre-ONC, 

and then examined the optic tecta ex vivo at 1d post-ONC for IB4-lectin labeled myeloid cells. 

The treated tadpoles displayed significantly lower levels of myeloid cells in the injured tecta 

compared to untreated tadpoles at 1d post-ONC, demonstrating that the NTR transgene is 

capable of virtually completely eliminating myeloid cell influx at this timepoint (Figure 3.6B). 

Interestingly, the appearance of the mCherry signal in treated tadpoles was less granular than in 

untreated tadpoles, suggesting that there may already be a difference in the degeneration of the 

RGC axons at this early stage. 

 

Elimination of myeloid cells inhibits both degeneration and regeneration of the optic tectum and 

optic nerve following ONC 

Given the ability of our novel transgenic line to block immune cell infiltration into the 

tadpole optic tectum, we could determine whether loss of myeloid cells resulted in either a 

degeneration or a reinnervation defect in the optic tectum. For these experiments, we again 

utilized triply-transgenic (Coronin1a: mem-GFP/Isl2b: mem-mCherry/mem-GFP) animals and at 

7dpf treated tadpoles with either 5 mM metronidazole or control media for 24 hours pre-ONC to 

ablate myeloid cells. We then imaged the optic tectum and nerve in vivo at 1d, 2d, 3d, 5d, and 7d 
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post-ONC to visualize both degradation of intact 

RGC membranes in the optic tectum and optic nerve 

(GFP signal) and the accumulation and clearance of 

cellular debris from the optic nerve (mCherry signal). 

We discontinued metronidazole treatment 

immediately following the 3d imaging collection 

series due to the attrition observed in our early pilot 

experiments; however, despite this, in vivo imaging 

showed total lack of myeloid cells in treated animals 

even up through the 7d timepoint (data not shown). 

  At 2d post-ONC, the metronidazole-treated tadpoles displayed significantly higher GFP 

fluorescence in the injured optic tecta compared to the contralateral uninjured tectum than did the 

control tadpoles (Figure 3.7). At 3d post-ONC, the injured optic tecta of the untreated tadpoles 

was almost completely devoid of GFP signal, indicative of RGC axonal degeneration, but the 

injured optic tecta of treated tadpoles still retained 40% of the fluorescence intensity of the 

contralateral tectum. Strikingly, by 7d post-ONC, while the untreated tadpoles had begun to re-

Figure 3.7.  Loss of myeloid cells delays both 

denervation and reinnervation of the optic tectum. 

A-B. Ablation of myeloid cells in Coronin: 

mCerulean3-epNTR/Isl2b: mem-GFP/mem-mCherry 

tadpoles by addition of Metronidazole from 7dpf to 11 

dpf (1 day prior to ONC and up until 3d post-ONC) 

results in delayed degeneration of the optic tectum 

connected to the crushed optic nerve at 2d and 3d post-

ONC. At 7d post-ONC, the injured optic tectum of 

metronidazole-treated animals has received 

significantly less reinnervation from regenerating 

RGCs than has the optic tectum of tadpoles which have 

never received metronidazole. N = 8-10 tadpoles per 

timepoint. 



96 

 

innervate the optic tectum, with the injured optic tectum averaging a relative fluorescence 

intensity of 30% compared to the uninjured contralateral tectum, there was little to no re-

innervation apparent in treated tadpoles, with the relative fluorescence intensity of the injured 

tecta only 5-10% that of the contralateral. Thus, it seems that the loss of myeloid cells impairs 

the removal of RGC axonal remnants from the injured tecta, as well as reinnervation of the tecta 

by regenerating RGC axons (Figure 3.7). The experiment is currently being repeated at the time 

of thesis submission. 

To assess whether a similar delay in regeneration or degeneration was evident in the optic 

nerve, we utilized our previously reported optic nerve tracing quantification process. In brief, 

first the crushed and contralateral nerves were each traced and scaled to equal lengths, and then 

fluorescence values compared across the length of the crushed nerve to equivalent positions 

along the contralateral nerve. In this case, we then demarcated a single consistent region of each 

nerve which corresponded to an area directly distal of the crush site and calculated a single 

average fluorescence intensity of the 50 crushed/control values (or 1/8 of total nerve length) in 

this area to enable direct comparison of the same nerve region metronidazole-treated to untreated 

tadpoles. When we compared these measures at 2d post-ONC, the crushed/control GFP 

fluorescence ratio of untreated tadpoles was significantly lower than that of metronidazole-

treated tadpoles (Figure 3.8A). This same retention of GFP signal in the crushed nerve of treated 

tadpoles was retained at 3d, though at slightly lower significance, which we predict may be due 

to the loss of GFP protein levels over time as the severed axonal segments are expected to be 

compromised in their ability to synthesize new GFP, rather than due to clearance of degenerating 

RGC axons. At 7d post-ONC, the ratio of crushed/control GFP fluorescence was similar in 

treated and untreated tadpoles; however, overall fluorescence levels were lower in the treated 
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animals, suggesting a possible systemic health effect to the metronidazole treatment (data not 

shown).  

  When we used the same measure to compare mCherry fluorescence in the same location, 

the ratio of crushed/control mCherry fluorescence treated tadpoles was again higher at 2d and 3d 

post-ONC, and this difference persisted at 7d post-ONC, suggesting that even at this late 

timepoint, removal of axonal debris had been unable to proceed to completion (Figure 3.8B). 

Furthermore, in the untreated tadpoles, distinct bright deposits of mCherry signal were visible 

along the attenuated distal and middle regions of the ON at 2d and 3d post-ONC, with other focal 

 
 

Figure 3.8. Ablation of myeloid cells delays optic nerve degeneration and removal of axonal 

debris after ONC in X. laevis tadpoles. A-B. Intact axons, as measured by the ratio of GFP 

fluorescence of the crushed/contralateral nerves in a region immediately distal to the crush injury 

(white boxes), are not removed by 3d post-ONC in metronidazole-treated tadpoles as they are in 

untreated controls. C-D. Significantly more mCherry signal remains in the distal portion of the 

crushed nerve of metronidazole-treated tadpoles at 7d post-ONC. Further, treated tadpoles do not 

display the focal highly bright accumulations of mCherry signal along the nerve at 2d and 3d post-

ONC that untreated tadpoles do. N = 8-10 tadpoles per timepoint. 
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accumulations of mCherry signal nearby the nerve. These bright focal deposits were not seen at 

any timepoint in the metronidazole-treated tadpoles. We hypothesize that these mCherry 

accumulations are likely debris contained within myeloid cells, and without immune cells 

present to collect and phagocytose debris these aggregations are not seen. Taken together, our 

results indicate that immune cells are necessary to phagocytose and clear RGC axonal debris 

following an injury, and that the lack of these cells impairs the ability of RGCs to regenerate 

their axons and to reinnervate the optic tectum. 

 

Discussion  

Whether a robust immune response is essential to mount an effective axonal regeneration 

response is an important and still incompletely answered question regarding optic nerve injury 

and disease. Here we report that in the regeneration-capable model Xenopus laevis, immune cells 

proliferate or infiltrate within the optic tectum within just 24 hours of injury and are largely 

absent one week following. We further find that this immune cell response is necessary for both 

the degeneration and removal of RGC axonal fragments in the optic tectum and optic nerve post-

ONC and for the reinnervation by RGC axons of their targets within the optic tectum. 

Although the removal of cellular debris by phagocytosis is a major functional role of both 

infiltrating monocyte-derived macrophages and resident microglia within the PNS and the CNS 

(13, 16, 229), other cell types and processes may contribute to debris clearance alongside or in 

the absence of immune cell action. For example, previous work in the lab found that during 

metamorphosis, astrocytes rather than Ib4+ cells are responsible for the majority of debris 

clearance from the optic nerve (1). However, the long persistence of intact RGC axonal 

fragments for days following ONC (as indicated by GFP fluorescence) in both the optic tectum 
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and the optic nerve of young X. laevis tadpoles in the absence of myeloid cells suggest that after 

injury immune cell action is the primary process by which cellular debris is removed.  In the 

adult nerve, there was a decrease in the amount of debris in the optic nerve sheath concomitant 

with the increase in debris and myeloid cells within the optic nerve parenchyma.  This suggests 

that maybe the role of the astrocytes, under non-injury conditions, is to mobilize debris out 

towards the optic nerve sheath, were myeloid cells reside, but that after injury that pathway is no 

longer active as the myeloid cells themselves invade into the parenchyma to fetch the debris 

themselves. Most importantly, the observed defect in tectal reinnervation in the absence of 

myeloid cells at 7d post-ONC suggests myeloid cells are also essential for RGC axonal 

regeneration, something which has been widely assumed or implied but not formally 

demonstrated. 

Two possibilities for this mechanism are suggested here. One, because RGC axonal 

regeneration seems to initiate after the majority of tectal and axonal debris has been cleared and 

myeloid cell numbers have dropped to baseline levels, it is possible that regeneration cannot be 

achieved until cellular debris has been cleared, and that myeloid cells are necessary only for this 

removal. However, the presence of a large amount of axonal debris in the proximal nerve 

segment even at 7d post-ONC (Figure 3.8B), at which timepoint there is no significant difference 

between GFP fluorescence of the distal portion of myeloid-deficient tadpoles compared to 

myeloid-competent controls, does suggest that this debris may not be significantly inhibiting 

regrowth of RGC axons through the optic nerve per se. Thus, the other possibility is that the 

myeloid cells themselves may be performing a critical signaling function to induce RGC axonal 

regeneration. In fact, neutrophils, the first infiltrating monocyte-derived macrophages to arrive at 

the optic nerve following injury in mammals, are known to release oncomodulin to recruit 
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further immune cells to the injury site (82). This oncomodulin signal, or some as-yet unknown 

signaling molecule, could be a critical component of RGC axonal regeneration initiation. Future 

work will focus on dissecting the mechanism for the necessity of immune cells to degeneration 

and regeneration of RGC axons. 

 

Methods 

Animals 

Wild-type and genetically modified Xenopus laevis lines were housed in an investigator-

maintained facility at UC Davis, and all work was carried out in accordance to protocols 

approved by the local IACUC. Transgenic Xenopus lines were created by restriction enzyme 

mediated integration (REMI) as first described in (291). Transgenic constructs and lines to 

express a cytoplasmic GFP in RGCs, Tg(Isl2b:GFP), and a membrane localized mCherry in 

RGCs, Tg(Isl2b:Mett7l-mCherry) here referred to as Tg(Isl2:mem-mCherry), have been 

previously described (250) and (1). Transgenic constructs and lines to create a dominant-

negative, mCherry-tagged version of the astrocyte-secreted protein Mfge8 (Milk Fat Globule 

EGF And Factor V/VIII Domain Containing) within astrocytes (Blbp: Mfge8DN-mCherry) have 

been previously described (1). Transgenic lines to optimally label RGC axons with a membrane-

localized GFP, here referred to as Tg(Isl2):mem-GFP, are described in the Methods for Chapter 

2. As in those Methods, since the line used for most regeneration studies has a mem-GFP and 

mem-mCherry transgenes inserted into the same locus, these animals are here referred to as 

Tg(Isl2b:mem-GFP/mem-mCherry).  

To create a second transgenic line which expresses membrane-localized mCherry in RGCs, 

Tg(Isl2b: Gap43-mCherry (here referred to as Tg(Isl2b:mem2-mCherry), the Blbp promoter of 
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pCS2(Blbp):mCherry-Gap43 (1) was replaced with the Isl2b RGC promoter (250) previously 

published. 

To transgenic line which expresses membrane-localized GFP in myeloid cells 

(pCS2(Coronin1a): lynk-GFP, here referred to as Tg(Coronin1a): mem-GFP), a 7115 bp 

sequence was amplified from zebrafish genomic DNA using primers 

acgacgctcgagAGCAACAACGTTCTAAGAGA and 

acgacgggatccGATGACCTGAGGAAAGACA, and TA cloned into using the pGEM-T Easy kit. 

This sequence was then amplified from pGEM-T: zfCoronin1a using primers 

GCTATTACGCCAgtcgacAGCAACAACGTTCTAAGAG and 

cccatggtggcAAGCTTGATGACCTGAGGAAAGAC. pCS2 (Blbp): lynk-GFP3 was digested 

with HindIII and SalI to remove the Blbp promoter and the amplified Coronin-promoter 

containing fragment ligated into its place using Gibson assembly (307).   

To create a construct to ablate myeloid cells by expression of a bacterial nitroreductase, Addgene 

plasmid #62213 (pCS2-epNTR) (304) was amplified using primers 

ggaggaggaggaagtagtATGGATATTATTAGTGTGGC and 

GGTGGCGGATCCTGCAAAAAGAAC. A 783-bp fragment was then amplified around 

mCerulean3 from pCS2(CA600): mCerulean3 using primers 

GTTCTTTTTGCAGGATCCGCCACCATGGTGAGCAAGGGC and 

actacttcctcctcctccCTTGTACAGCTCGTCCATG. These two fragments were ligated together 

using Gibson assembly to create pCS2(CMV): mCerulean3-epNTR. The CMV promoter of this 

construct was then exchanged for the zfCoronin1a promoter using BamHI/Sal to digest the 

vector pCS2(CMV):mCerulean3-epNTR and XhoI/SalI to excise the zfCoronin1a promoter from 

pGEMT: zfCoronin1a. 
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To create a transgenic line in which astrocytes express cytoplasmic BFP (pCS2(Blbp): BFP-

Ras), pCS2(xtFapb7):mTagBFP2-Ras: BFP from pBAD-mTagBFP2 (Addgene plasmid #34632; 

http://n2t.net/addgene:34632 ; RRID:Addgene_34632) (Subach et al., 2011), was amplified 

using FK99 and FK96 and cloned into HindIII and BglII sites of a pCS2 vector. The 

oligonucleotides encoding BglII-Ras farnesylation sequence 

(AAGCTGAACCCTCCTGATGAGAGTGGCCCCGGCTGCATGAGCTGCAAGTGTGTGCT

CTCCTGA) -XbaI was inserted into BglII and XbaI sites of the vector by using complementary 

oligonucleotides. Then the full cDNA of mTagBFP2-Ras and SV40 polyadenylation sequence 

was placed in between HindIII and NotI sites of pCS2(xtFabp7) vector. 

 

Method Details 

 

Xenopus husbandry, breeding and egg/embryo collection: All Xenopus work was carried out 

as previously described in the Methods for Chapter II. 

 

Adult Xenopus ONC: For adult frog ONC, the procedure was carried out as previously 

described (250, 269, 270). In brief, animals were anaesthetized in 0.5 g/L tricaine solution 

(MS222). A small incision was made in the roof of the mouth using a sharp scalpel blade, 

followed by blunt dissection of the muscle and tissue layers using forceps to access the optic 

nerve, taking care to avoid injuring major blood vessels. The optic nerve was crushed for 4 

seconds using #2 forceps. Animals were then allowed to recover in filtered 0.1x Modified Marc’s 

Ringer (MMR) solution for 1 day before being returned to the drip-through tanks until day of 

euthanasia.  
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Young tadpole Xenopus ONC: Tadpole ONC assay was performed as previously described in 

the Methods of Chapter 2. In brief, tadpole was anaesthetized with 0.2 g/L tricaine in filter-

sterilized 0.1x MMR solution and mounted on a custom stability plate beneath and between two 

small fragment of anesthetic-soaked Kimwipe for stability and to prevent drying. ONC was 

performed using a fluorescent Leica stereomicroscope to visualize the fluorescent ON. Two glass 

needles pulled and cut to 50-75 µm thickness and beveled to a 20 degree angle were mounted on 

micromanipulators to perform the crush. Tadpoles were allowed to recover in filtered 0.1x MMR 

+ 20 mM HEPES + 50 mg/mL Gentamicin at 16 degrees for 12-15 hours. Following imaging 1d 

post-ONC, tadpoles were then kept at room temperature on a 12/12 hour light-dark cycle for the 

duration of the experiment. 

 

Drug treatments: To ablate immune cells with Metronidazole in the Coronin1a: mCerulean-

epNTR transgenic line, tadpoles were kept in filtered 0.1x MMR + 0.1% DMSO plus addition of 

either 5 mM Metronidazole or 1 mM Metronidazole. Control animals were kept in in filtered 

0.1x MMR + 0.1% DMSO from 8dpf until 7 dpf. To ablate immune cells with nifropirinol, a 

stock solution of 1 mM nifropirinol was prepared in DMSO and then diluted to appropriate 

working concentration of either 1 µM or 0.1 µM in filtered 0.1x MMR. All solutions and glass 

bowls were changed daily. For experiments involving ONC in the Coronin1a: mCerulean-

epNTR transgenic line, metronidazole-treated tadpoles were kept in filter-sterilized 0.1x MMR + 

5 mM Metronidazole + 0.1% DMSO + 2 mM HEPES + 50 µg/mL from 1 day pre-ONC to 3d 

post-ONC, and then moved into filter-sterilized 0.1x MMR + 2 mM HEPES + 50 µg/mL 

gentamycin for the remainder of the experiment. Control animals were kept in filter-sterilized 
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0.1x MMR + 0.1% DMSO + 2 mM HEPES + 50 µg/mL Gentamicin from 1d pre-ONC to 3d 

post-ONC and then moved to 0.1x MMR + 2 mM HEPES + 50 µg/mL Gentamicin for the 

remainder of the experiment. 

 

Live imaging: For lower resolution in vivo assessment of optic tecta and optic nerve denervation 

and reinnervation tadpoles were anaesthetized with 0.2 g/L MS-222 in 0.1x MMR and positioned 

in the same setup described above for tadpole ONC surgery. A Leica MZ10F fluorescent 

stereomicroscope was used with a PlanApo 1.0x lens with custom iVision scripts to capture 

images using a Qimaging Retiga-Exi Monochrome Cooled 12-Bit camera (RET-EXI-F-M-12-C). 

These scripts prompted operators to focus and photograph each nerve and tecta individually 

using both GFP and mCherry filtersets. For the high-resolution imaging of myeloid cells within 

axons, animals were also anesthetized with 0.2 g/L MS-222 in 0.1x MMR and then immobilized 

in 30 x 15 mM plastic dishes with custom Sylgard silicone molds previously created using 

gluteraldehyde fixed animals and extensively washed. These molds, with the addition of round 

12mm glass coverslips atop the animal and mold for stability, oriented the animals in such a way 

that the left nerve was parallel to the focal plane of a 40x/1.1 N.A. water immersion objective on 

a Dragonfly spinning disc confocal microscope (Andor, model DMi8 automated). T-stack 

images for each animal recorded for 1 min at 1 Hz. Z-stack images scanned the entire length of 

visible nerves in 3-4 overlapping sections, scanning the entire thickness of the ON at each 

location at 1 µm steps, and using 2-frame averaging to increase resolution.  

 

Slide imaging. For imaging of cryosectioned adult optic nerves, a minimum of 3 and an average 

of 4 sections were imaged per optic nerve at 20x magnification using an Axiovision fluorescent 
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microscope using custom IPlab scripts. An average of 4 images were taken of each ON to 

visualize the entire length and then stitched into composites.  

 

Ex vivo analyses.  For adult optic nerve dissections, animals were euthanized by tricaine 

overdose followed by decapitation. Optic nerves were removed and fixed in 4% PFA overnight 

at 4 oC, then moved into 30% sucrose solution in PBS. For cryosectioning, the nerves were 

embedded in OCT, frozen in dry ice, and then sectioned in 10 µm sections onto gelatin-coated 

slides. Slides were blocked for 30 min in 10% normal goat serum (NGS) in phosphate buffered 

serum with 0.1% BSA and 0.1% TritonX-100 (PBT), then incubated ON at 4 oC in primary 

antibodies diluted in PBT with 5%NGS, washed in PBT, followed by 4 hrs at RT in secondaries 

in PBT, additional PBT washes and counterstaining with DAPI. For tadpole tissue dissections, 

animals were euthanized by tricaine overdose and fixed in 4% PFA for 4 hours at 4 oC for 

cryosectioning or 1 hour at 4 oC for retinal flatmounts. After fixation, eyes and/or brains were 

removed using 00 insect pins and placed in methanol overnight or longer at -20 oC (for 

flatmounts). For tadpole brain flatmounts, glass slides were prepared by using small pieces of 

waterproof tape with circular cutouts so that tectum could be placed within cutout and allow 

coverslip to rest slightly above tectum for allow for minimal flattening and distortion. Tadpole 

was mounted in Aquamount within cutouts beneath a glass coverslip. For tadpole retinal 

flatmounts, the lens was removed and eye flattened using 4-8 cuts placed symmetrically around 

the eye perimeter, then pressed open between a coverslip and glass slide in Aquamount mounting 

media. Primary antibodies included: Aves GFP #GFP-1020 (1:500), BD Pharmingen anti-BrdU 

#555627 (1:500), Clontech Living Colors mCherry #632543 (1:500), Cell Signaling 

Technologies P-c-Jun #9261S (1:200), and Abcam mCherry #ab167453 (1:500). Secondary 
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antibodies included: Jackson ImmunoResearch Cy3 anti-mouse IgG #115-165-146, Jackson 

ImmunoResearch AlexaFluor 488 anti-chicken #103-547-008, Jackson ImmunoResearch 

AlexaFluor 647 anti-rabbit #111-605-144, Jackson ImmunoResearch Cy5 anti-mouse #115-175-

146, and Jackson Immunoresearch Cy3 anti-rabbit IgG #111-165-144. All secondary antibodies 

were used at 1:250 and filtered through 0.2 µm before use. 

 

Quantification and Statistical Analysis 

 

Script to quantify tadpole optic nerve and optic tecta axon degeneration and regeneration: 

These scripts were used as previously described in the Methods for Chapter 2. 

 

Script to quantify adult optic nerve intact axons, axonal debris, and myeloid cell influx: 

Custom IPlab scripts was created in which each composite image (produced by stitching together 

of all images per section of a given nerve) was traced around first the limits of all fluorescence 

signal, and then around the limits of the GFP signal only; the region between the outer limits of 

the GFP signal and the outer limits of the entire nerve was designated as the optic nerve sheath. 

Both area and mean measurements were then taken of the red, green, and far- red signal in each 

area at multiple segmentations (thresholds). Finally, a percentage overlap between the red and 

far-red signal in the region designated as parenchyma was calculated to estimate the amount of 

debris contained within myeloid cells. The results per nerve were first averaged across all 

sections for that nerve using Excel. For simplicity, the data presented are only for the one 

segmentation value which best approximates the mean fold change of segmentations that 

revealed significant changes.   
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Script to quantify myeloid cells and axonal debris in flatmount tadpole tecta and retinas: A 

custom IPlab script was created in which the tadpole tecta was traced and then normalized with a 

background subtraction step using a region immediately adjacent to the tecta. Both area and 

mean measurements were then taken for the red signal within the traced region. The same traced 

region was then manually counted for myeloid cells in the green and far-red channels separately 

by drawing small segment circles for each myeloid cell and counting the number of these 

segments drawn in each channel. Counts of myeloid cells within flatmounted retinas were carried 

out using a similar script which was identical except in that it did not also include measurement 

of red fluorescence signal. 

 

Statistical analysis: GraphPad Prism was used for graphing data and determine statistical 

significance for all experiments. Mean comparisons were tested for significance using a two-way 

ANOVA with Mann-Whitney post-test for all multi-group comparisons and a students’ T-test for 

all two-group comparisons. For all tests, a p-value less than 0.05 was considered significant.  



108 

 

Appendix I: Translational Profiling Comparison of Dlk KO to WT Animals Post-ONC 

 

Forward 

Experiments involving translational profiling of RGCs were originally proposed in a 

different (and admittedly somewhat more ambitious) format for my Qualifying Exam (QE) 

proposal in the spring of 2017. However, following my QE, we found unexpected success in 

what was then Aim 2 of my proposal (creation of global CRISPR KO models to allow fast 

screening of putative regeneration-associated factors), which led us to the discovery that dlk is 

necessary for X. laevis optic nerve regeneration and thus the preparation of Chapter II of this 

dissertation. The findings of that paper strongly suggested that the major mechanism of dlk 

action within RGCs was activation of a transcriptional program intrinsic to RGCs. Thus, 

translational profiling of RGCs will still be an important part of the future work of the lab, but 

now requires alteration given this new information about a known regeneration-critical gene 

which can be leveraged in the work. What follows is a proposal for a project-in-progress which 

will use translational profiling of RGCs to map out differences in the transcriptional response 

downstream of the dlk axonal injury signal which are likely to be crucial effectors of the 

regenerative response in X. laevis. 

 

Significance and Specific Aims 

While humans and other mammals cannot regrow damaged central nervous system 

(CNS) axons once they are injured, some species, including zebrafish (Dario renio) and the 

African clawed frog (Xenopus laevis), exhibit an extraordinary capacity for CNS regeneration. 

The relatively close evolutionary distance between these species suggests the tantalizing 
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possibility that the same molecular “blueprint” for regenerating RGCs in fish and frogs may be 

induced to do the same in mammalian species. The overarching goal of this project is to identify 

and functionally test the most important molecular factors regulating optic nerve regeneration.   

In Aim 1, I will map the changes in the translational program of RGC signaling in the 

first week following optic nerve crush (ONC) injury in X. laevis. My approach is cell-type 

specific, thus avoiding confounding issues of previous investigations which were unable to 

distinguish between the (likely vastly different) responses of several cell types. It is also 

unbiased and comprehensive, utilizing an RNA-sequencing protocol in order to detect only 

actively translating mRNAs without introducing the selective bias inherent in other approaches. 

The identification of early key injury-responsive genes in this manner will enable us to prioritize 

genes for future study. 

In Aim 2, I will expand upon a previous study by comparing the post-injury translational 

responses of Wt animals to animals which lack dual leucine zipper kinase (dlk), an axonal injury 

signal which we have previously found to be both intrinsic to RGCs and indispensable for RGC 

axonal regeneration in X .laevis. By understanding how lack of dlk affects the activation of 

signaling pathways upon injury, we will be able to generate a list of targets dependent upon Dlk 

which could be potential therapeutic targets for achieving optic nerve regeneration in humans.  

Taken together, these Aims will leverage a known regeneration-associated gene to map out the 

transcriptional response following injury in a regeneration-capable species, which could lead to a 

breakthrough in understanding the most critical genes and pathways responsible for axonal 

regeneration. 
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Background:   

The previous study outlined in Chapter 2 details our discovery that the MAPKKK dual 

leucine zipper kinase (dlk) is necessary for optic nerve regeneration in Xenopus laevis. Two key 

findings which emerged in this work point to a mechanistic role for Dlk which invites further 

investigation. First, we found that Dlk likely functions cell-autonomously in RGCs, as the 

absence of dlk in RGCs was enough to prevent their axonal regeneration even when transplanted 

into a wild-type nerve environment. Secondly, we found that the phosphorylation of known 

downstream target c-Jun was completely dependent upon Dlk, suggesting that not only does Dlk 

activate known cell-death and possibly cell-regeneration pathways, it is the only axonal injury 

signal to do so in X. laevis. Taken together, this data leads us to believe that dlk is an early 

axonal injury signal intrinsic to RGCs which mechanistically controls the activation of RGC 

axonal regeneration by transcriptional regulation of relevant pathways in the cell soma. 

Given that c-Jun itself is a signaling molecule with dozens of targets and far-reaching 

effects, it seems likely that dlk, as the sole activator of c-Jun following RGC injury, also 

regulates a large number of pathways. It stands to reason that only some these are important for 

RGC axonal regeneration, and that others triggered by axonal injury may serve different 

functions irrelevant for RGC axonal regrowth. Thus, understanding the transcriptional changes 

which occur as a result of Dlk-dependent activation will point to therapeutic targets which may 

be both more specific and more effective than dlk itself to promote axonal regeneration.  

Many studies into the molecular programming within the injured ON have involved 

various types of RNA profiling. Some investigations have profiled whole-retina or whole-ONH 

samples post-ONC via either microarray (87, 308, 309) or RNA-sequencing (114, 115). Others 
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have profiled or attempted to profile a single cell-type at a time, most commonly using laser 

capture microdissection (LCM) to isolate RGCs (259, 310). However, even this technique only 

enriches for RGC’s 4-5 fold, as the ganglion cell layer contains as many amacrine cells as RGCs.  

Since our previous work found that Dlk functions cell-autonomously in RGCs to promote 

axonal regeneration, a cell-type specific method which allows us to isolate RGCs alone is 

required. One such method, Translating Ribosome Affinity Pulldown (TRAP), offers 

unparalleled enrichment of a single cell type, plus unbiased RNA sequencing analysis. TRAP 

method involves the expression of an eGFP-tagged ribosomal subunit (eGFP-L10a) under the 

control of a cell-type specific promoter (311). Following cyclohexamide treatment to freeze 

ribosomes onto mRNAs, anti-eGFP antibodies are used for affinity pull down of the EGFP 

tagged ribosomes still associated with their mRNA transcripts. Subsequent RNA sequencing thus 

contains only those mRNA transcripts actively being translated by a single cell type at the time 

of dissection. Following the TRAP isolation step, the obtained mRNA can be utilized in a variety 

of RNA sequencing modalities. One such application is an RNA-seq protocol dubbed TagSeq, 

which can be an affordable and comprehensive way to achieve sequencing of large numbers of 

libraries. TagSeq involves a modified cDNA library preparation, which uses a molecular 

barcode-tagged oligo-dT targeting the polyadenylated 3’ tail of each RNA molecule (312, 313). 

Focusing sequencing efforts on the 3’ ends of mRNAs in this way allows for significance with a 

far lower number of reads than that required for conventional RNA-seq (312). Like most mRNA 

protocols, TagSeq also allows for multiplexing of different libraries, further reducing cost and 

increasing the potential for additional replicates, thus increasing the power of the analyses. 
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Aim 1: Understanding the Transcriptional Response of RGCs after Injury 

The TRAP technique has been successfully used by our lab to study RGC’s post-ONC in 

frog (250). In that study, we utilized a retinal ganglion cell (RGC) specific frog line for TRAP 

analysis of translatome changes at 0, 1, 3, 5, 7, 11 days, and 3 months post-ON. The study 

demonstrated that different genes show peak expression at different days, suggesting that the 

timing of induction of factors relative to each other may be critical to the overall response. 

However, that study did not include replicates, which limited the type of statistics that could be 

used to find significant changes in differentially regulated genes. Thus, using this study as a 

guide, I will perform TRAP in adult X. laevis RGCs at 0, 1, 3, and 7 days post-ONC. One retina 

from each of four animals will be crushed and pooled at each timepoint for each replicate, and 

each replicate will be processed together on the same day. Sequencing will be performed by 

TagSeq, and bioinformatic experts from UC Davis’s Genomics Core will be able to assist with 

data processing and analysis. 
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Key methods: The general TRAP 

method has been previously described 

by others for mouse tissues and 

modified by us for use in X. laevis 

tissues (250, 270, 311)  former study 

used tissue freshly dissected and 

immediately processed upon the day 

of dissection. However, my 

experiments with using fresh tissue vs. 

tissue which has been snap-frozen in 

liquid nitrogen upon dissection 

showed no difference in RNA quality 

as assessed by RIN scores. Thus, 

future experiments will divide the 

tissue dissections and TRAP RNA isolations into two days. First, tissues will be dissected and 

frozen immediately upon dissection. Then, at a later date, all 4 samples per replicate will be 

removed from storage and immediately processed (concurrent to thawing) to begin the TRAP 

isolation. We have also added a significant improvement in tissue homogenization procedure. In 

a prior experiment, we determined that the Wheaten glass-on-glass Dounce tissue grinder 

returned far superior quality RNA to those obtained with the Teflon tissue homogenizers used in 

the initial study; however, later experiments still had difficulty standardizing the degree of tissue 

homogenization. To address this, conjunction with the UC Davis Core Facilities, we designed a 

custom Dremel drill attachment for the Wheaton glass dounce tissue grinders, which creates a 

 
Figure A1.1. Custom Dremel drill attachment for consistent 

homogenization of tissues. B, Dual attachment arms grip pestle of 

Wheaton glass-on-glass dounce homogenizer. C, Base attachment 

calibrated to hold dounce tube. D, Metal drill base screws onto a 

tray built beneath base which can be filled with ice to keep tissues 

cold during homogenization. Not shown, foot pedal attachment 

allows for consistent homogenization speed while manually 

operating the up-and-down movement of drill attachment. 
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consistent speed of tissue homogenization and also allows the samples to be kept cold by way of 

a custom ice tray attachment which holds the glass tube stable during homogenization (Figure 1). 

 

Current progress: 7 replicate TRAP 

purifications have been performed to date, of 

which 4 have sufficiently high RIN scores to 

warrant inclusion in the TagSeq sequencing 

(Figure 2). Tissues have been collected and 

frozen for an 8th and final replicate to be 

performed within 30-60 days. 

 

Expected results and future directions: I predict that the gene expression profiles will be the most 

divergent from mock (uncrushed) retinas at day 7, a timepoint at which significant denervation 

of the optic tectum has begun to occur and at which degradation of the optic nerve and influx of 

myeloid cells into the nerve has begun to occur. I further expect to repeat several key findings 

found by our prior study using Gene Ontology (GO): that genes related to oxidative stress and 

metabolic and biosynthesis capacity of RGCs, will be strongly upregulated, and that RGC-

specific genes will be downregulated (250). Given that the prior study did not include replicates, 

I expect that sequencing of 4-5 complete replicate sets will allow us to better account for 

potential noise and will result in a smaller list of differentially regulated genes by comparing 

results across all replicates. Following this bioinformatic analysis, selected targets will be 

validated via qPCR analysis on separately collected TRAP mRNA samples prior to inclusion in 

further studies to examine their individual impact on ON regeneration. 

Figure A1.2. RIN scores tallied for TRAP replicate 

mRNA already collected. Replicates 1, 2, 3, and 5 

are of sufficiently high and consistent quality to 

proceed onto TagSeq mRNA sequencing. 
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Aim 2: Comparing the Injury Transcriptional Response of Dlk KO and Wt RGCs  

Our prior discovery that dlk is necessary for RGC axonal regeneration in X. laevis 

tadpoles offers a unique opportunity to further expand our sequencing-based approach to 

understanding the molecular underpinnings of axonal regeneration. Given that dlk is a MAP3K 

which is known to regulate a variety of downstream factors, comparing the molecular pathways 

active following injury in RGCs deficient in dlk to wild-type RGCs is a simple and elegant way 

to understand which specific pathways dlk regulates within RGCs. To that end, I plan to perform 

TRAP mRNA isolation and TagSeq sequencing using adult X. laevis retinal tissue from dlk KO 

adults at 7d post-ONC or mock crush and compare these to WT adult X. laevis ONC and mock-

crushed retinas at the same timepoint. As for Experiment 1, four retinas from four separate 

animals will be collected and pooled for each group. Similar to Experiment 1, multiple replicates 

will be processed and sent for sequencing together. 

 

Current progress and next steps:  7 retina samples from WT adult frogs and 5 pooled retina 

samples from dlk KO frogs at 7d post-ONC have been collected, frozen in liquid nitrogen and 

stored at -80 degrees. For the mock-crushed cohort, WT and dlk KO animals have been bred and 

are being raised to the correct age (2-3 months of age) to perform the ONC or mock crush and 

tissue collections. Since all dlk KO animals used in the samples collected thus far were F1 

animals from F0 mosaic animals, each animal was genotyped and confirmed to be complete KO 

animals (each carries only frameshift mutations in dlk on each chromosome) prior to ONC and 

tissue collection. All dlk KO animals currently being raised are full KO animals bred from the 

same male used for the initial cohort crossed to one of his female full-KO progeny. For each 
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replicate, one WT ONC, one WT mock-crush, one dlk KO ONC and one dlk KO mock-crushed 

retina sample (4 retinas pooled per sample) will be processed on the same day using the TRAP 

technique to isolate mRNA. Each mRNA sample will be assayed by Bioanalyzer to confirm RIN 

scores indicating good-quality RNA prior to inclusion in TagSeq sequencing. I plan to send a 

minimum of 4 and ideally 5 replicates (of 4 groups each) of this experiment for TagSeq 

sequencing. As for Experiment 1, bioinformatics experts at the UCD Genomics Core will assist 

in processing and analyzing sequence reads. 

 

Expected results and future directions: A prior study which sequenced whole-retina mRNA from 

Dlk KO mice has previously revealed that loss of dlk changes the molecular signal of injured 

retinas to be more similar to uininjured retinas than injured Dlk+ retinas; furthermore, 92 of the 

top 100 differentially-regulated genes in this study displayed a dependence on dlk (78). Given 

this data, our prior study profiling adult RGCs (250), and my own preliminary data from Chapter 

2 suggesting that dlk functions as a regeneration-specific gene, I likewise expect that the mock-

crushed dlk KO and WT groups will be more similar to each other than to either of the crushed 

retinas. Furthermore, I expect that dlk KO ONC samples will be more similar to mock-crushed 

WT retinas than to WT ONC retinas. However, given that X. laevis is a regeneration-capable 

model, I expect that in this case, the differentially regulated genes in the WT ONC animals 

compared to the dlk KO ONC animals will include some novel genes never before reported in 

the known literature involving murine species. I would expect that that this subset of genes, 

which is up- or down-regulated in X. laevis WT animals but not in dlk KO animals, could 

represent the critical factors which regulate the regeneration response of X. laevis as opposed to 

the apoptotic response of murine RGCs following injury. 
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Conclusion 

The natural ability of amphibians to regrow their optic nerves suggests that they regulate 

different molecular pathways compared to their mammalian counterparts. Thus far, our lab has 

identified at least one key gene, dlk, which is critical for the regenerative response of amphibian 

axons, though it is likely to just help transduce the injury signal back from the axon to the soma, 

something likely shared by amphibians and mammals. Thus, a comprehensive cell-type specific 

profiling of the post-injury response in Wt X. laevis animals compared to that of Dlk-deficient 

animals should reveal an array of RGC-intrinsic signaling pathways dependent upon dlk, but 

some of those pathways must be different in amphibians and mammals. Those differences may 

hold the key to therapeutic regeneration of RGC axons.  Analyses of these differences in 

expression, complemented by functional assessments which are now possible on a previously 

impossible scale due to the development of tadpole ONC model, will begin to piece together the 

specific function of genes essential to initiating and shaping successful RGC axonal 

regeneration.  Thus, taken together, this project should identify new molecular targets with 

potential as regeneration-promoting therapies in the future.  



118 

 

Appendix II: Screening of Putative Regeneration-Associated Genes via F0 CRISPR 

Knockout Model creation and Tadpole ONC Assay 

 

Upon development of the tadpole ONC assay, we began creating F0 global knockout models for 

genes which we believed might be involved in RGC axonal regeneration in X. laevis.  We 

selected both genes which have been studied in other axonal regeneration models as well as 

novel candidate genes which came up in our previously published study on translational profiling 

of RGCs (250). Of the initial genes targeted, we were only able to find sgRNAs of suitable KO 

efficiency for about half of these genes, and many of these required testing several sgRNAs per 

gene to find one effective guide. Table A2.1 details all the genes for which I have designed and 

tested at least one sgRNA; the sequences of all effective sgRNAs (consensus sequence includes 

PAM) are noted, as are the efficiency of KO for each sgRNA as calculated by either TIDE 

analysis or TA cloning and Sanger sequencing of individual clones. In the end, none of these 

initial F0 KO lines resulted in a measurable regeneration defect until we screened our sgRNAs 

for dlk, and our further experiments with this gene are detailed in Chapter II. 

Gene sgRNAs 

tested 

sgRNA Chosen (Consensus sequence) KO 

Efficiency 

Line(s) 

Made? 

gap43 2 GCTTCCGTGGACATATAATCAGG 75% (TA) Yes 

jun 5 CAAGCTCGCTTCCCCGGAGTTGG  Yes 

optn 5 (2L, 3S) L: TCAGAATTGCAGCTGAAACTCGG 

S: TGAAAACGAGGTGTTAAGGAAGG 

L: 50% (TA) 

S: 100% (TA) 

Yes 

atf3 2 None 0% (TA)  

atf4 2 None 0% (TA)  

bnip3L 1 None (incomplete TA cloning results) 0% (TA)  

bnip3 2 None (incomplete TA cloning results) 0% (TA)  

igf2 2 None 0% (TA)  
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myc 2 GGTTGACCATGTCCCCTCCCAGG 50% (TA)  

gadd45G 2 ATGACTCTGGAAGAAGTTCACGG 80% (TA)  

rasd1 2 (3 

designed) 

None 20% (TA)  

itgb5 4 L: GGATGCTGAAGTTGCACTCCGGG 

S: AGTAGCGCGTCCCCAACTCCGGG 

42-84% 

(TIDE, 

individual) 

Yes 

mfge8 8 (4S, 4L) L: GCCAAGTACTGTCTGATTCTGGG 

S: GGGGGCATCTGCAAACATCTTGG 

 Yes 

aqp4 1+ CCAAAGCGTAAAGACATAACAGG 62.5% (TA) Yes 

itgb3 3 GCTACGAGAACGGTGCTGACTGG 12-68% 

(TIDE, 

individual) 

Yes 

mertk 2 None   

axl 4 (2S, 2L) None   

dlk 3 GACAGACCATGTCGGGCATTGGG 95% S, 98% 

L (TIDE) 

Yes 

Uch1L1  4 (2S, 2L) L: AGTCTGTATCTAGACGGGAACGG 

S: GGCACCAGACACACCCAACTGGG 

91% L 

(TIDE) 

Yes 

lzk 2 None 13% (TIDE) 

(Both guides 

injected 

together) 

 

bax 4 (2S, 2L) N/a (not tested) N/A  

 

Table A2.1. sgRNAs designed for screening via CRISPR F0 knockout and tadpole ONC assay. A 

complete list of all sgRNA designed and intended for screening using our novel tadpole ONC 

regeneration assay combined with F0 CRISPR creation. For some genes, (see notes in Column 2, 

“sgRNAs tested”), guides needed to be designed against each chromosome (S and L) of the X. laevis 

allotetraploid genome separately. Some guides have been designed but not yet used for F0 knockout 

creation (noted in Column 3). For some early guides, we used TA cloning to measure the efficiency of 

knockout; efficiency is thus reported as a percentage of all TA clones which were sequence-confirmed to 

carry an indel of any kind out of all TA clones successfully sequenced. Typically, 4 TA clones were 



120 

 

sequenced per sample, with the exception of Aqp4, for which only 3 clones were sequenced. For later 

guides, Tracking of Indels by Decomposition (TIDE, see notes in Methods of Chapter 2) was used to 

measure efficiency of knockout, and estimated total indel percentage as calculated by TIDE analysis is 

included in Column 4 for these guides. All guides for which F0 founder knockout animals were retained 

and raised into lines which are now maintained as part of the lab animal population are indicated in the 

Column 5. + This guide was co-designed by the author and a former rotation student, Elizabeth Schinski; 

Elizabeth carried out the TA cloning to determine efficiency on this guide. 

 

A significant amount of previously 

published and unpublished work by the lab 

has focused on the clearance of debris from 

the optic nerve, in Xenopus as well as 

murine and primate species, with an eye 

towards determining if a debris-clearance 

defect might underlie certain optic 

neuropathies such as glaucoma in humans 

(1, 14, 294). As such, we wondered whether 

clearance of debris might also affect 

regeneration of the optic nerve. To that end, many of the sgRNAs in the above list were designed 

specifically to test this hypothesis, as they target genes known to be involved in debris clearance 

mechanisms. Once we had successfully validated reasonably effective sgRNAs to a number of 

these genes, we proceeded onto the tadpole ONC regeneration assay (described in Chapter 2, 

Figure 2.1) using founder F0 knockout animals produced from our CRISPR-Cas9 injections. 

However, none of our knockout animals showed a defect in regeneration compared to wild-type 

control animals (Figure A2.2). Though this initially suggested that the genes in question were 

irrelevant for regeneration, later TIDE genotyping analysis of selected individual animals from 

this cohort (see genotyping results for itgb3 and itgb5 knockout anmimals in Figure A2.1, above) 

 
Figure A2.2. Knockout of various genes does not 

affect tectal reinnervation in X. laevis. When seven 

different genes known or suspected to be associated 

with either debris clearance or axonal regeneration are 

individually targeted for KO in F0 sgRNA-injected 

animals, no defect in tectal innervation is seen in any 

KO line at 12 days post-ONC.  
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suggested the alternative explanation that none of our sgRNA KOs were sufficiently complete 

enough to show a regeneration phenotype. As such, further work with these knockout models 

will require breeding these F0 founder animals, which are now at sexual maturity, to full KO 

status prior to re-evaluating the effect of any of these genes on optic nerve regeneration and 

tectal reinnervation in X. laevis. 
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Appendix III: Conditional Tissue-Specific Cas9 Knockout Models in X. laevis 

 

Introduction 

Besides the monumental amount of sequencing work which I originally planned to 

complete for my Ph.D, a small amount of which will finally be completed as part of the work 

proposed in Appendix I, a second ambitious project proposed for my qualifying exam was the 

creation of the first conditional, tissue-specific Cas9 knockout lines in Xenopus. In brief, these 

knockout lines would be created in two steps. The first step involved the creation of driver lines, 

each of which would express a nuclear-localized, FLAG-tagged Cas9 protein under the control 

of a different inducible tissue-specific promoter, which would result in translation of the Cas9 

protein only when doxycycline was added to the tadpole media. These lines would be raised to 

sexual maturity for step two. Then, using these lines as the background, new transgenes would be 

inserted into these driver lines which would result in constitutive, global expression of small 

sgRNA molecules. These transgenes would consist of a small Pol III promoter driving an sgRNA 

consensus sequence inserted into an sgRNA scaffolding sequence. When the driver line was 

induced to begin translation of the Cas9 protein in our cell type of choice, these sgRNAs would 

thus be present in the same cells and this combination would (we hoped) result in the knockout 

of our gene of interest in only a single cell type. We proposed that this strategy would enable us 

to avoid a problem we predicted would occur as we created global knockout models for various 

genes via F0 CRISPR injections at the one-cell stage; that is, we expected that many of the genes 

we were most interested in studying for their potential effect on regeneration were likely to be 

embryonic lethal when absent. Thankfully, this did not end up being the case for any of the genes 

which we have studied to date, which was doubly fortunate as my driver Cas9 lines never proved 
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effective. In retrospect, the lack of embryonic lethality in F0 KOs in frogs might not be so 

surprising given that most embryonic lethality occurs during gastrulation, and much of early 

development in Xenopus relies on maternal transcripts. However, given the vast amount of work 

which was done on this project and a final result which was tantalizingly close to success in at 

least one driver line, I will here present a brief description of the driver lines created, the Pol III 

constructs created, and the experiments I have completed to date to validate their effectiveness. 

 

Cas9 Driver Lines 

 

Isl2b: rtTA-TetBi-YFP-3xFLAG-NLS-SpCas9-NLS 

The cloning of this plasmid was the first project I undertook upon joining the Marsh-Armstrong 

lab, under the direction and design of Chung-Ha Davis, who should be earning his Ph.D at about 

this same time. To create this line, a 5690-bp fragment was amplified from pTREtightBI-

3xFLAG-NLS-spCas9(200bBGpA)-NLS-nYFP using primers 

CAGgctagcGATATCctaCTTGTACAGCTCGTCCATGC and 

GATCCGGCCGCGGCCGCGAATTAAAAAACCTCCCAC. A 6479-bp fragment was then 

amplified from pCS2(Isl2b1kb): rtTA using primers 

GCATGGACGAGCTGTACAAGtagGATATCgctagcCTG and 

GTGGGAGGTTTTTTAATTCGCGGCCGCGGCCGGATC. These two fragments were ligated 

together using Gibson assembly to create pCS2(Isl2b 1kb): rtTA-TetBi-YFP-3xFLAG-NLS-

SpCas9-NLS. This construct was used to create the final construct pCS2(Isl2b 20kb): rtT-TetBi-

YFP-3xFLAG-NLS-SpCas9-NLS by recombineering, essentially as previously described (1). 
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This final ~30kb construct was then digested with Not1 and a transgenic X. laevis line created by 

REMI transgenesis as previously described (291). 

 

Blbp: rtTA-TetBi-YFP-3xFLAG-NLS-SpCas9-NLS 

To create a plasmid in which the RGC-specific Isl2b: promoter of the first construct was 

replaced by the astrocyte-specific Blbp construct, pCS2(Isl2b 1kb): rtTA-TetBi-YFP-3xFLAG-

NLS-SpCas9-NLS partially digested with HindIII and re-ligated together via blunt-end ligation 

to retain only the HindIII site located between the Isl2b(1kb) promoter region and the rtTA. This 

∆HindIII version was then digested with HindIII and SalI to remove the Isl2b(1 kb) promoter 

region. A 1726-basepair region was then amplified from pCS2(Blbp):mCherry-Gap43 (1) using 

primers GCTATTACGCCAgtcgacCCTATGAAAGAGTGTGTT and 

CTTCTGACGGGaagcttACAAGGCAGTGGAACAGATC and ligated together with the 

digested plasmid above using Gibson assembly. This construct was then digested with Not1 and 

a transgenic X. laevis line created by REMI transgenesis as previously described (291). 

 

Coronin: rtTA + pTREtightBI-3xFLAG-NLS-spCas9(200bBGpA)-NLS-nYFP 

Despite a long cloning effort to create a single plasmid replacing the cell-type specific promoter 

with our preferred promoter for driving expression in myeloid cells (zfCoronin1a, described in 

Chapter III), due to the size of the DNA pieces my efforts were in the end unsuccessful. 

Therefore, a transgenic X. laevis line was created by co-injection of the previously cloned 

plasmids pCS2(Coronin1a): rtTA and pTREtightBI-3xFLAG-NLS-spCas9(200bBGpA)-NLS-

nYFP using REMI transgenesis. 
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pCS2(CMV): 6xHis-3xFLAG-NLS-SpCas9-NLS 

Initially, this plasmid was intended to create a transgenic line from which oocytes could be 

harvested to produce a large quantity of His-tagged Cas9 protein, which could be isolated by a 

nickel column protein purification method and ultimately eliminate the need to purchase purified 

Cas9 protein for usage in F0 CRISPR global KO injections. No line was created and this plasmid 

was never utilized for that purpose, but it did prove useful in a later validation experiment 

described in the Validation of SpCas9 Lines section. To create this line, a 4320-bp fragment was 

amplified from pTREtightBI-3xFLAG-NLS-spCas9(200bBGpA)-NLS-nYFP using primers 

CCCGGGGCCACCgccaccATGggaCATCACCATCACCATCACgccaccATGGACT and 

GGCGCCGCGGCCGCTCATTTCTTTTTCTTAGC. A 3794-bp fragment was then amplified 

from pCS2(CMV): GFP using primers GGTGGCCCCGGGAAGCT and 

GCGGCCGCGGCGCCA. These fragments were then ligated together using Gibson assembly. 

 

Pol III Promoter Constructs 

 

As I began cloning the Cas9 driver constructs, Chung-Ha took on the task of creating 

three separate Pol III constructs to drive RNA transcription of our chosen gene. Each construct 

contained a different PolIII promoter region located directly upstream of dual BsmBII restriction 

enzyme sites placed immediately before a 76-bp gRNA scaffolding sequence. Using these 

degenerate restriction enzyme sites, we could design and insert our sgRNA consensus sequences 

essentially using the Golden Gate cloning method (314). The resulting constructs are listed 

below: 



126 

 

pXtU6Long-Bsmbi-Sp-gRNA-Bsmbi: contains a 508-bp region from the U6 promoter region 

amplified from Xenopus tropicalis cDNA upstream of the gRNA scaffolding sequence.  

 

pXtU6Short-Bsmbi-Sp-gRNA-Bsmbi: contains a 273-bp region from the U6 promoter region 

amplified from Xenopus tropicalis cDNA upstream of the gRNA scaffolding region. 

 

pXtH1t-Bsmbi-Sp-gRNA-Bsmbi: contains a 509-bp region from the XtH1 promoter region 

amplified from Xenopus tropicalis cDNA upstream of the gRNA scaffolding region 

 

Once Chung-Ha finished these constructs and moved on to his own graduate work at Stanford, 

we realized that we would need a selectable marker to be able to screen for these constructs 

when they were injected into Xenopus embryos via REMI transgenesis. As such, after cloning 

and testing five new fluorescent transgenes, I selected mCerulean3 as my selectable marker of 

choice, under the control of a cardiac actin promoter (CA600) previously utilized by the lab in a 

handful of other constructs and which drives expression strongly in muscle tissues. To create this 

construct, a 1634-basepair region was amplified from pCS2(CA600): mCerulean3 using primers 

CCGCGGCGCCAATGCAtaaTCCACTGCATTCTG and 

CTGGGTACCGGGCCCAAGaattAAAAAACCTCCCACAC. Each of the three stable 

expression vectors was digested with Nsi1, and then each vector was ligated together separately 

with the fragment from pCS2(CA600): mCerulean3 using Gibson assembly. 

Following the creation of the above three Pol III promoter constructs, I received a 

suggestion and from Dr. Tom Glaser that I create a fourth modified construct using the human 

U6 promoter, which is well-published to drive strongly in cultured cells (315). To replace our 
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PolIII promoters with this new promoter, I amplified a 283-bp region around the human U6 

promoter using primers CTATTACGCCAGTCGACtttcccatgattccttc and 

gagacgTCAGcgtctcCcGGTGTTTCGTCCTTTC. I then amplified a 4421-bp region from 

pXtU6Long-Bsmbi-Sp-gRNA-Bsmbi using primers GTCGACTGGCGTAATAGCGAAG and 

GgagacgCTGAcgtctcCGTTTTAG. These fragments were ligated together using Gibson 

assembly. 

While completing these constructs, I was concurrently testing sgRNAs designed to 

knockout various genes of interest using F0 CRISPR model creation (see Table A2.1 and 

Methods, Chapter 2). Upon integration of the selectable marker mCerulean3 Into the stable 

expression constructs, I began to ligate confirmed sgRNAs for these genes into them for later use 

in REMI transgenesis injections into our Cas9 driver lines, and a table of these constructs follows 

(Table A3.1). 

Stable Expression Vector sgRNAs inserted (by gene name) 

pXtU6Long-Bsmbi-Sp-gRNA-Bsmbi/CA600-mCerulean3 Gap43, OPTN-L, Aqp4, Itgb5-1L, 

Itgb5-1S, Mfge8-2L, Dlk 

pXtU6Short-Bsmbi-Sp-gRNA-Bsmbi/CA600-mCerulean3 Gap43, OPTN-L, Aqp4, Itgb5-1L, 

Itgb5-1S, Mfge8-2L, 

pXtH1-Bsmbi-Sp-gRNA-Bsmbi/CA600-mCerulean3 Gap43, OPTN-L, Aqp4, Itgb5-1L, 

Itgb5-1S, Mfge8-2L 

HsU6-Bsmbi-Sp-gRNA-Bsmbi/CA600-mCerulean3 None yet 

Table A3.1. Stable expression vectors with addition of specific sgRNA consensus sequences. Into each of 

the four stable expression vectors, Golden Gate cloning enabled modular insertion of various sgRNA 

consensus sequences corresponding to genes of interest targeted for tissue-specific, conditional Cas9 KO 

using our Cas9 driver lines. sgRNAs for all genes listed in the second column were validated for 

efficiency of KO above 50% prior to ligation into each stable expression construct. 
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Validation of SpCas9 Lines 

 

Astrocyte Cas9 driver line strongly 

drives expression of Cas9    

To confirm that our driver lines 

were capable of driving Cas9 

expression in our tissues of interest, 

we chose to test our Blbp Cas9 driver 

line first (Blbp: rtTA-TetBi-YFP-

3xFLAG-NLS-SpCas9-NLS). As the 

Blbp promoter drives in astrocytes 

both in the retina and in the brain, the 

number of cells expressing Cas9 (and 

therefore levels of Cas9 protein) in this 

line should be orders of magnitude higher than in the other two lines in which only RGCs or only 

immune cells are expressing the Cas9 protein. We induced Cas9 expression for 0 days (no 

induction), 2 days, or 4 days on young X. laevis tadpoles and collected brains at 10 days of age 

from these animals. For an additional control, a collaborator (thank you to Dr. Jisoo Han for her 

generous help) also transfected HEK293 cells with our 6xHis-tagged Cas9 construct (described 

above) and cells were dissociated and collected 2 days post-transfection. Following protein 

isolation, all four samples were analyzed via Western blot alongside the additional control of 

purified Cas9-NLS protein purchased from QB3 MacroLab (UC Berkeley). When stained using 

the M2 anti-Flag antibody, animals induced for either 2 or 4 days produced large amounts of 

 
Figure A3.2. Astrocyte Cas9 driver line expresses Cas9 

upon induction of transgene. Uninduced control animals 

(first lane) do not produce Cas9 protein, but both animals 

which were induced for 2 days (second lane) or those 

induced for 4 days (third lane) with 50 ug/mL doxycycline 

produce quantities of Cas9 protein comparable to the 

ubiquitous promoter CMV transfected into HEK293 cells 

(fourth lane). The size of the Cas9 protein produced is 

comparable to that of purified recombinant Cas9 protein. 
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Cas9 protein; uninduced animals did not produce Cas9 protein (Figure A3.1). Amount of Cas9 

protein produced was visually comparable to that produced by the HEK 293 cells after 2 days of 

induction, and was comparable in molecular weight to the purified, purchased Cas9-NLS protein. 

Overall, these results confirmed that our Cas9 driver lines express Cas9 protein only when 

induced by doxycycline application to the tadpole media. 

 

RGC Cas9 driver line expresses Cas9, but Cas9 localization is non-nuclear and may be toxic 

Having confirmed the conditional nature of our novel Cas9 system, we next needed to 

assess the tissue specificity of our Cas9 protein production by confirming the localization of the 

Cas9 protein within our driver lines. To do this, we chose the RGC-specific Cas9 driver line 

(Isl2b: rtTA-TetBi-YFP-3xFLAG-NLS-SpCas9-NLS) as our test line and induced expression of 

 
Figure A3.3. Expression of Cas9 in RGC driver line is non-nuclear and may be toxic to RGCs. A-B. 

In tadpoles in which RGCs inducibly express both YFP and a FLAG-tagged Cas9 protein, induced 

expression of the Cas9 protein for 2 days shows Cas9 localization to be cytoplasmic, while YFP expression 

seems to be nuclear. C. Limited expression of Cas9 protein in the central retina combined with abnormal 

RGC morphology suggests expression of Cas9 may be toxic to RGCs. 
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the Cas9 protein for two days in tadpoles from 6-8 dpf by addition of 50 ug/mL doxycycline to 

the tadpole media. We examined the expression of both the YFP protein and the Cas9 protein via 

visualization with a FLAG antibody (M2) to take advantage of the 3xFLAG tag of the Cas9 

fusion protein. We found that while the YFP expressed in many, though not all, cells of the RGC 

layer at this timepoint, anti-FLAG labeling was found in only a subset of these YFP-labeled 

cells. Furthermore, we noticed that the localization of the YFP protein appeared nuclear, but the 

localization of the FLAG antibody appeared decidedly cytoplasmic, with no nuclear localization 

signal (Figure A3.3A-B). Furthermore, the morphology of those few RGCs in the central region 

of the retina which seemed to express FLAG-tagged Cas9, the appearance of these FLAG+ 

retinas appeared abnormal, rounded and atrophied, indicative of cell death (Figure A3.3C). 

Together, these results seem to suggest that despite the dual NLS sequences of the Cas9 fusion 

protein, the Cas9 does not appear able to enter the nucleus of RGCs upon transgene induction, 

and furthermore, that expression of the Cas9 may actually be toxic to RGCs of the retina. 

 

Attempted astrocyte-

specific knockout of 

Dlk largely 

unsuccessful, but may 

work at very low 

efficiency  

Upon 

validation of very 

high-efficiency 

Figure A3.4. Pilot test of tissue-specific, inducible Cas9 system shows 

possible genome editing at low levels in 2 of 5 tadpoles tested. When a 

stable expression construct in which the XtU6Long Pol III drives 

expression of Dlk, and Cas9 production is induced in retinal progenitor 

cells at 2dpf via the Blbp promoter, a small percentage of indels seem to be 

produced via genome editing. Note that the -7 and -1 indels produced here 

are characteristic of this specific sgRNA. 
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sgRNAs against Dlk, which led to our identification of Dlk as a regeneration-critical factor in X. 

laevis, a renewed interest emerged in testing the cell-autonomous mechanism of Dlk action 

within RGCs. Though our RGC-specific Cas9 driver line proved unsuccessful due to the non-

nucelar nature of the Cas9 localization within RGCs, our astrocyte Cas9 driver line (Blbp: rtTA-

TetBi-YFP-3xFLAG-NLS-SpCas9-NLS) utilizes a promoter which drives in mature astrocytes 

in adult retinas, but early in development, drives in the vast majority of all retinal progenitor cells 

(1). As such, induction of the promoter at a very early stage, only 1-3 dpf, would result in Cas9 

expression in the vast majority of retinal cells at a mitotic stage in which the nuclear envelope 

would be forming de novo around differentiating cells, and thus, our Cas9 protein could be more 

easily incorporated into these mitotic cells despite not typically being able to pass through the 

nuclear pores of a fully differentiated retinal cell.  

Thus, to test the ability of our Cas9 system to knock out a specific gene in an inducible, 

tissue-specific way, we performed REMI transgenesis using sperm nuclei from our Blbp: rtTA-

TetBi-YFP-3xFLAG-NLS-SpCas9-NLS driver line and a Pol III stable expression construct 

containing our Dlk sgRNA, pU6Long-Dlk/CA600:mCerulean. At 2dpf, we induced expression 

of Cas9 via application of 20 µg/mL doxycycline. This lower concentration of doxycycline was 

intended to avoid the potential problem of toxicity by overproduction of Cas9 protein. At 7 dpf, 

we collected the eyes from 5 tadpoles which expressed both YFP in brain and retina and 

mCerulean3 in muscle actin, pooled both eyes per animal, and performed genomic DNA 

isolation for each animal individually for genotyping analysis by PCR amplification and TIDE 

deconvolution of the PCR sequence traces. Of these five animals, three animals received TIDE 

indel scores of >95% and no clearly distinguishable indels predicted, which we interpreted to 

mean that no genomic editing had occurred in these animals (data not shown). However, in two 
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of the animals, TIDE analysis showed an indel percentage of 10.7% in one tadpole and 15.3% in 

another (Figure A3.4). Even more compellingly, the two indels predicted for each tadpole, a -7 

deletion and a -1 deletion, are indels which are very commonly seen in our global Dlk KO 

tadpoles when using this specific sgRNA sequence. Though the indel percentages were low, it 

seems possible that our conditional, tissue-specific Cas9 system may be driving a small amount 

of true genome editing when induced very early in young embryos. 

 

Future directions 

Using precise genome editing techniques confined to tissues of interest may be essential 

for success when working with genes which could prove embryonic lethal when targeted with 

global knockout techniques. Moreover, when studying a complex biological process such as 

axonal regeneration which may involve several different cell types, it is important to understand 

which genes are acting in certain cell types but not in others. Finally, regeneration as a process 

might involve activating the correct genes at the right time, meaning that temporal control of 

gene activation must also be considered in experiments. For these reasons, we set out to create 

the first inducible, tissue-specific Cas9 knockout system in the regeneration-capable species 

Xenopus laevis. Despite our initial success at creating an inducible Cas9, later experiments 

showed poor to nonexistent nuclear localization, possible toxicity effects and an inconclusively 

low extent of genome editing. 

Future work in the lab will focus on solving these problems I encountered during this 

initial design and testing phase. Redesigning of the Cas9 driver lines to involve a split Cas9 

protein may enable better transport of two smaller proteins rather than one large protein into the 

nucleus. This may or may not also solve the problem of toxicity; it may if the toxicity of the 
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Cas9 protein was due to large aggregates of Cas9 in the cytoplasm which were unable to be 

nuclearly localized. It also might be possible to utilize dead-Cas9 variants fused to transcriptional 

repressors alongside guides targeting regulatory regions (316). This strategy could bypass Cas9 

toxicity if the toxicity is due to low-level off-target nuclease activity exacerbated by the high 

levels of Cas9 expression in our current lines.  If toxicity persists even with these models, it will 

be necessary to carry out titration experiments to find the lowest concentration of doxycycline 

(and thus Cas9 production) which can result in genome editing. Finally, it seems likely that our 

low degree of genome editing was due at least in part to a low transcription rate of our sgRNA, 

and that a more efficient Pol III promoter, perhaps the newest HsU6 construct in our current 

inventory, might prove more effective. While significant validation and redesign will need to be 

done, I am optimistic that my experiments will pave the way for the lab to finally achieve the 

conditional, tissue-specific Cas9 system which we have been working towards. 

 

Many thanks to Dr. Chung-Ha Davis for his cloning genius, to Dr. Tom Glaser for his advice 

and HsU6 construct, and to Dr. Jisoo Han for her invaluable help with Western blots and for 

carrying out the transfection of HEK293 cells.  
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