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ABSTRACT 

 

The role of local translation in axon survival induced by wldS and sarm1 

 

Jeongim Jang 

 

Department of Medical Science 

The Graduate School, Yonsei University  

 

(Directed by Professor Hosung Jung) 

 

 

 

  Neurons are connected to each other via their axons, and maintaining these 

structures is necessary for normal brain functions. Failure to maintain axonal 

integrity is closely linked to most neurodegenerative diseases. Therefore, 

understanding how axon survival is regulated is key to understand brain 

function and diseases. Wallerian degeneration, fragmentation of distal axons 

severed from their cell bodies, shares molecular and cellular characteristics with 

disease-associated axon degeneration, and therefore is widely used as a model 

to study axon survival and degeneration. Genetic studies in mouse and fly 

revealed unexpectedly that axon degeneration is an active process, conceptually 

akin to compartmentalized apoptosis, which requires axon destruction gene, 

sarm1. Sarm1 null mouse and fly exhibit delayed Wallerian degeneration, and 

it is believed that sarm1 promotes axon degeneration by counteracting axon 

survival nmnat genes. Wallerian degeneration slow (wldS), a gain-of-function 

mutant form of nmnat1, also delays Wallerian degeneration. However, how 

these genes regulate axon survival and degeneration remains unclear, 
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particularly how severed axons survive for weeks. Based on recent studies 

showing that axonal protein synthesis is required for axon survival and 

maintenance, this thesis investigates the hypothesis that local translation is 

required for Wallerian degeneration-resisting distal axons to survive. Using the 

visual system of Xenopus tropicalis as a model, I show that functions of wldS 

and sarm1 are conserved in Xenopus, and that cycloheximide treatment 

increases degeneration of these axons. These results provide direct evidence for 

the importance of local translation to maintain normal structure in Wallerian 

degeneration-resisting axons and insight into how survival might be regulated 

in vivo. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

------------------------------------------------------------------------------------------------ 

Key words: Wallerian degeneration, local translation, Wallerian degeneration 

slow, sterile alpha and HEAT/Armadillo motif containing 1   
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(Directed by Professor Hosung Jung) 
 
 
 
I. INTRODUCTION 

 The nervous system is composed of numerous connections between neurons. 

Neurons connect with each other via their axons, which are often very long. Axon 

survival is key to maintain and control nervous system function, and axon 

degeneration is linked to nervous system diseases. Mechanical damages to axons 

induce a specific axon destruction process in the axonal segment distal to the 

injury site. The distal axonal segment becomes fragmented and loses its integrity 

within 48 hours after injury at least in mouse (Figure 1).1 This type of axon 

degeneration, Wallerian degeneration, which was named after Waller who first 

described this phenomenon in 1850,2 is the most well-known model to study axon 

degeneration.  
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Figure 1. Wallerian degeneration. Neurons are connected to each other or their 

targets by their processes, especially axons. When axons get damaged, the 

destruction program called Wallerian degeneration undergoes in distal segment. 

The key feature of this process is fragmentation of distal axons. 

cell body

axon target
(neuron/muscle)

neuron
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 It took more than 130 years after its initial description until the most important 

tool to study Wallerian degeneration was discovered. A spontaneous mouse strain 

with a spontaneous mutation which shows delayed Wallerian degeneration was 

discovered.3 , and a series of genetic studies revealed that this phenotype is caused 

by a single gene in an autosomal dominant manner. This gene, named as 

Wallerian degeneration slow (wldS),4 delays Wallerian degeneration for up to 3 

weeks after injury.5-7 The first clue as to how Wallerian degeneration is regulated 

molecularly came from the landmark paper in 2001 that described the structure 

of the wldS gene.8 WldS gene results from a gene fusion event and encodes a fusion 

protein of the N terminal 70 amino acids of ubiquitination factor E4B (ube4b) 

and the whole nicotinamide mononucleotide adenylyltransferase 1 (nmnat1). 

Although exact molecular mechanisms of WldS action remain unclear, the current 

model suggests that the enzymatic function of Nmnat1 is required for WldS 

function. The N terminal of Ube4b promotes cytosolic localization of WldS,9 and 

ectopic cytosolic presence of Nmnat activity is likely to mediate axon protective 

effect of WldS.10 As such, cytosolic targeting of Nmnat proteins protects axons 

from Wallerian degeneration11 and knocking out the cytosolic nmnat gene, 

nmnat2, leads to axon degeneration in mouse.12 Over a decade after discovery, 

the second mutation that prevents Wallerian degeneration was discovered in 2012. 

In contrast to wldS, which is a gain-of-function mutation, this mutation is loss-of-

function in sarm1 gene, sterile alpha and HEAT/Armadillo motif containing 1, 

originally identify by its role in toll-like receptor 4 (TLR4) signaling. Intriguingly, 

sarm1 loss-of-function protects axons from Wallerian degeneration both in fly 

and mouse, to a degree comparable to wldS gain-of-function, indicating that 

Wallerian degeneration is an active process that requires Sarm1 function.13 In 

accordance with this notion, activating Sarm1 function by TIR dimerization 

induces Wallerian-like degeneration without any physical or chemical damages.14 

Nmnat and Sarm1 appear to regulate axon survival and degeneration through 

shared molecular effectors and/or mechanisms (Figure 2), as axon degeneration 
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induced by loss of Nmnat2 function is rescued by inhibiting Sarm1.15 Therefore, 

axon degeneration is a regulated, active self-destruction process that involves 

pro-survival (e.g. Nmnats) and pro-degeneration (e.g. Sarm1) factors and can be 

thought as highly localized programed death. Molecular dissection of this 

program may provide new insight into how axon survival and degeneration is 

regulated. 
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Figure 2. Functions of WldS and Sarm1 in Wallerian degeneration. WldS acts 

as additional cytosolic Nmnats that originally degrade rapidly after axon damage. 

Sarm1 induces Wallerian degeneration at the downstream of Nmnat effects.  

Sarm1 activationinjury Wallerian degenerationNmnat loss

wld   RNA
(Nmnat gain-of-function)

sarm1 MO
(sarm1 loss-of-function)

S
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  WldS gain-of-function and sarm1 loss-of-function can delay Wallerian 

degeneration for weeks. How can severed axons can survival this long without 

their cell bodies, where genetic information is localized? Recent studies showed 

that local protein synthesis in axons plays a key role in axon matineance16-17 , and 

particularly revealing information was that nmnat2 and sarm1 mRNAs are locally 

translated in axons in vivo in axon branching and pruning stages, respectively18 . 

These findings strongly suggest that local protein synthesis may regulate axon 

survival and degeneration.  

  In this thesis, I hypothesized that Wallerian degeneration-resisting axons 

continue to locally synthesize proteins, a process essential for their long-term 

survival, and used the visual system of Xenopus tropicalis frog as an experimental 

model to test this hypothesis. Retinal ganglion cells are the projection neuron of 

the visual system, their cell bodies localizing to the retina of the eye and long 

axons terminating in the optic tectum of the contralateral midbrain hemisphere. 

This retinotectal pathway is homologous to the retinocollicular pathway, where 

retinal ganglion cell axons directly connect to the superior colliculus in mammals 

(Figure 3). Together with rich information on anatomy and development of the 

visual pathway, rapid development and availability of powerful embryological 

techniques make Xenopus retinotectal pathway an ideal model to study axon 

development, survival and degeneration. The results of this study show that 

sarm1 loss-of-function and wldS gain-of-function prevent Wallerian degeneration 

in X. tropicalis retinal ganglion cells in vivo in an mRNA translation-dependent 

manner.  
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Figure 3. Experimental model: Xenopus tropicalis retinotectal pathway. 

Axons from retinal ganglion cell grow to the brain, cross the optic chiasm, and 

reach to the optic tectum. It is easy to axotomize by in the way of eye removal.  

retinal 
ganglion cell

retina

optic chiasm

optic
tectum

optic tract

brain
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II. MATERIALS AND METHODS 

1. Xenopus tropicalis embryos 

  Xenopus eggs were fertilized in vitro and grown in 0.1X modified Barth’s 

saline (MBS). The jelly coat was removed by 2% L-cysteine in 1X MBS for 5 

minutes in room temperature, and washed in 0.1X MBS.  

 

2. Microinjection 

 To control genetic expression in vivo, 1 ng of morpholino and 100 pg of RNA 

were injected in each dorso-animal blastomere at 8-cell-stage to target CNS with 

RFP RNA for tracer. Morpholino used in this research was non-targeting 

morpholino as a control, 5’-TATAAATTGTAACTGAGGTAAGAGG-3’ for 

targeting sequence, and sarm1 which targeting sequence is 5’- 

GAAGGATTCATGGTTCTCACTCTTC-3’, based on Xenopus sequence 

(Genetools, Philomath, Oregon, USA). 5’-capped mRNA used in this experiment 

was FLAG-wldS and synthesized in vitro using mMESSAGE mMACHINE kit 

(Invitrogen, Carlsbad, California, USA). The schematic diagram is shown in 

Figure 4. 

 

2. Electroporation  

  To label retinal ganglion cell axons, I used electroporation technique on optic 

vesicle of embryo at Nieuwkoop and Faber stage 2619 as reported in previous 

research.20 One 𝜇g/𝜇L of pEGFP-C1 was injected into the cavity of optic vesicle 

and entered into the developing retinal progenitor cells by electric pulse.   

 

3. Axon transection  

  To induce the Wallerian degeneration in vivo, electroporated embryos at stage 

45 were anesthetized in 0.4 mg/mL of MS222, and their electroporated eyes were 

removed by insect pins for axotomy in the fitted mold made by sylgard and pins.  
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4. Exposed brain preparation and chemical treatment  

To inhibit local translation in axon, cycloheximide was treated in 0.1X MBS 

that embryos raised and final concentration was 5 𝜇M. The scalp of embryo was 

removed for easy penetration of chemical into the brain just after the axotomy. 

 

5. Open book preparation of brain and imaging  

  The tadpoles were fixed in 4% paraformaldehyde with from 0.2 to 0.8% 

glutaraldehyde in phosphate buffered saline (PBS) after appropriate time point, 

usually 48 hours in this thesis. The brains of tadpoles were separated from their 

body, and divided into two parts by cutting midline boundary of left and right 

brain (Figure 5). These flattened brains were mounted in the slide glass, named 

open book preparation. The patterns of retinal ganglion cell axons were observed 

using LSM700 confocal microscope (Carl Zeiss, Oberkochen, Baden-

Württemberg, Germany). Stacked images were obtained as 400.11 𝜇m × 400.11 

𝜇m size with 16-bit depth and 1,024×1,024 pixel numbers using EGFP 

wavelength, 488 nm.  

 

6. Image analysis and statistical analysis 

  All images were analyzed by ImageJ (National Institute of Health, Maryland, 

Oregon, USA), and stacks were merged into one image in each sample. Axons 

with discontinuous forms were classified into the fragmented group, and embryos 

with continuous axons of one or more were intact group. The number of each 

group was counted and analyzed statistically using Fisher’s exact test of Prism5 

(Graphpad software, San Diego, California, USA), and their ratios presented to 

vertical graphs. Statistical significance was presented as * p ≤ 0.05, ** p ≤ 

0.01, *** p ≤ 0.001. 
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Figure 4. Overall experimental scheme. To confirm the function of wlds and 

sarm1, wlds RNA and sarm1 morpholino was injected in fertilized eggs, and 

electroporated eyes were removed to induce Wallerian degeneration in vivo. To 

investigate the effect of translation inhibition in degeneration-resisting axons, 

exposed brain preparation and cycloheximide treatment were added just after the 

axotomy.  
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Figure 5. Open book preparation of Xenopus brain. (A) Tadpole at stage 45 

are presented, and green line indicates EGFP-expressing neuron. Brain was 

dissected along the midline showed in diagram. (B) Dorsoventral section of the 

tadpole brain. Midline is presented in bold line. (C) The configuration of 

dissected brain is showed, optic axons in green reach to the optic tectum. This 

orientation is suitable for brain imaging. 
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III. RESULTS 

1. Wallerian degeneration of retinal ganglion cell axons in Xenopus in vivo can 

be quantitatively measured 

Before confirming neuroprotection effect by wldS and sarm1, I defined 

efficient time point to decide whether the Wallerian degeneration is induced by 

axotomy (Figure 6). At stage 26, a stage when retinal ganglion cell begins to 

appear, one eye in a wildtype embryo was electroporated with pEGFP-C1 to label 

retinal ganglion cell axons projecting to the contralateral optic tectum. At stage 

45, when most retinal ganglion cell axons have reached the optic tectum, the 

electroporated eye was dissected out to induce axotomy. In this experiment, I 

fixed embryos at 24 hour intervals after axotomy and imaged EGFP-expressing 

axons, because Wallerian degeneration was reported that degradation occurs 

within 24 hours and completed within about 48 hours1. The entire contralateral 

brain was imaged under a laser scanning confocal microscope, as shown in Figure 

7. The embryo without any surgery maintains intact axonal morphology, which 

is evident in dense labeling of the entire retinotectal pathway by EGFP 

florescence (Figure 7A, white arrow). In contrast, desomatized axons showed 

clear signs of axon degeneration as early as 24 hours, with discontinuous EGFP 

puncta indicative of axon fragmentation (Figure 7B, red arrow). Wallerian 

degeneration showed a time-dependent progress over next additional 48 hours, 

showing gradual disappearance of EGFP puncta (Figure 7B and 7C, red arrow). 

After 72 hours, most axonal fragments were cleared (Figure 7D), making it 

difficult to judge whether axons had degenerated or had not been efficiently 

labeled. Therefore, I imaged morphology of severed axons 48 hours after 

axotomy for all the following experiments. Axons degeneration in this result was 

not developmental, because age-matched, undamaged axons remain completely 

intact (Figure 7A). 
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fertilization

labeling axotomy

29 hrs 4 days 24 hrs

1st fixation

Day 1 Day 2 Day 6 Day 7

24 hrs

Day 8

24 hrs

Day 9

2nd fixation 3rd fixation

Fig. 7B 7C 7D

Figure 6. Experimental scheme for Wallerian degeneration time course 

analysis. Eyes of embryos were electroporated to label retinal ganglion cell axons 

and removed to induce Wallerian degeneration in these axons. Embryos were 

fixed at intervals of 24 hours for 72 hours and their axons were analyzed. 
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Figure 7. Time course of Wallerian degeneration of retinal axons in vivo. (A) 

Retinal ganglion cell axons not severed show in white, normal and continuous 

structures. These axons grow to the optic tectum which is presented to left top 

part of the image. The scale bar is showed as while line at left bottom corner, 100 

µm. (B) At 24 hours after axonal injury, the axons degrade but still intact in some 

strands. It is the evidence that Wallerian degeneration starts within 24 hours. (C) 

Damaged axons present dramatic differences with Figure 7A, granulation into 

small particles and are clearance at 48 hours. (D) Only a few fragments are 

remained after 72 hours (Telen, telencephalon; Dien, diencephalon; Tec, optic 

tectum). 
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2. WldS expression delays Wallerian degeneration in vivo 

After establishing a good condition to image axon degeneration, I investigated 

whether gain-of-function of wldS delays Wallerian degeneration in Xenopus 

tropicalis, as in other species such as mouse and fly. Using microinjection 

technique, I injected in vitro transcribed wldS RNA into two dorsal animal 

blastomeres of an 8-cell-stage embryo, which are fated to constitute around 90% 

of the central nervous system. I co-injected a trace amount of monomeric red 

fluorescence protein 1(mRFP1)-encoding mRNA to aid visual screening of 

successfully injected embryos. The same amount of control mRNA was injected 

into the control group, to ensure the same amount of total mRNA was injected in 

each group. 

At stage 26, I screened embryos expressing mRFP1 in the central nervous 

system, and electroporated one eye with pEGFP-C1 to label the retinotectal 

pathway unilaterally. At stage 45, I screened embryos, whose eyes were 

successfully labeled by EGFP fluorescence, and removed the labeled eyes to 

induce axotomy. Forty eight hours after axotomy, embryos were fixed in 4% 

paraformaldehyde, 0.2% glutaraldehyde in 1X PBS and severed axons 

terminating in the contralateral optic tectum was imaged under a confocal 

microscopy (Figure 8). As expected, wldS-expressing axons appeared to be 

protected from Wallerian degeneration, when compared to the control (Figure 9). 

To quantify this result, I categorized brains into the following two categories: 

brains with at least one intact axon (lateral optic tectum was imaged under a 

confocal microscopy) were classified as ‘protected’, and the brains with 

fragmented axons were ‘fragmented’ (Figure 10). In desomatized embryos, only 

39 of 49 embryos in control group were classified as fragmented, although all 

axons must have undergone Wallerian degeneration in this condition. Despite of 

this limitation, I could observe protective effects of wldS expression. Eighteen of 

38 of wldS embryos were classified as fragmented, and 39 of 49 embryos in 
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control group, and this difference was statistically significant (p value, 0.0028). 

The reasons why intact axons still exist in control group which eye removed is 

that some of the lesioned axons may do not undergo degeneration process enough 

until 48 hours or judgement error whether intact or fragmented. This result 

provides the first evidence that the wldS delays Wallerian degeneration in X. 

tropicalis, and suggest that molecular mechanism by which WldS exerts its axon 

protective is evolutionarily conserved. 
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Figure 8. Experimental scheme for wldS experiments. WldS RNA injected 

embryos were damaged in their electroporated eyes at stage 45 and fixed in 

paraformaldehyde after 48 hours. 
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Figure 9. Effect of wldS in Xenopus in vivo. (A) Control group axons 

expressing EGFP show in green and are intact. These axons pass optic chiasm 

and branch in the optic tectum. The scale bar is in the left lower corner of this 

image, 100 µm. (B) Axons are destructed into fragments by Wallerian 

degeneration induced by eye removal after 48 hours. (C) Pattern of retinal axon 

is normal in wldS RNA-injected tadpole. (D) Optic axons of wldS group remain 

their normal structure even 48 hours pass after injury (Telen, telencephalon; 

Dien, diencephalon; Tec, optic tectum).  
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Figure 10. Quantification of wldS effect. Non-surgery groups show continuous 

axons in both control and wlds group. Damaging axons, axons degenerated in 39 

of 49 embryos in control but only 18 of 38 in wlds RNA-injected embryos. This 

difference between the number of control and wlds group is statistically 

significant (p value, 0.0028). Statistics is analyzed by Fisher’s exact test in 

Prism5. ** p ≤ 0.01. 
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3. Sarm1 knockdown delays Wallerian degeneration in vivo  

Next, I sought to investigate whether sarm1 loss-of-function delays Wallerian 

degeneration in Xenopus tropicalis. To this end, I injected sarm1 MO into central 

nervous system-fated blastomeres (i.e. two dorsal animal blastomeres at 8 cells 

stage). The same amount of control MO, which contains sequence that targets no 

known genes in Xenopus genome, was injected into control embryos. The tracer 

RNA (mRFP1) was co-injected as described in the previous section. Unilateral 

eye electroporation with pEGFP-C1 was performed to stage 26 embryos to label 

the retinotectal pathway. Successfully electroporated embryos were selected and 

desomatized at stage 45, and their brains were imaged as described in the previous 

section. In controls, desomatized axons showed clear Wallerian degeneration, 

which was evident in discontinuous EGFP signal along the retinotectal pathway 

(Figure 12A-B, red arrow). In contrast, many sarm1 MO-injected embryos still 

maintained intact retinotectal pathway even 48 hours after axotomy (Figure 12C-

D, yellow arrow). Quantification of this result shows that majority of sarm1 

knockdown embryos, 23 of 29, show axons protected from Wallerian 

degeneration, in contrast to control condition, where only 1 of 30 embryos 

showed protected axons. This difference was statistically significant (Figure 13). 

This result provides the first evidence that the sarm1 loss-of-function delays 

Wallerian degeneration in X. tropicalis, and together with the results of the 

previous section, suggest that molecular mechanism underlying axon survival and 

degeneration is evolutionarily conserved. 
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Figure 11. Experimental scheme for sarm1 knockdown experiments. Sarm1 

morpholino (MO) was injected in embryos to inhibit translation of sarm1 and 

EGFP was electroporated in their eyes. These embryos were fixed in 

paraformaldehyde 48 hours after axotomy. 
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Figure 12. Effect of sarm1 on Wallerian degeneration of retinal axons in vivo . 

(A) Control axons showed continuous structure from optic chiasm to optic 

tectum. (B) Lesioned axons degraded and showed particles in control after 48 

hours. (C) Sarm1 knockdown using morpholino were intact. (D) Sarm1 

knockdown axons still showed normal form after eye removal (Telen, 

telencephalon; Dien, diencephalon; Tec, optic tectum). Scale bar, 100 µm. 
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Figure 13. Quantification of sarm1 knockdown effect. All non-surgery xons in 

control and sarm1 knockdown are intact. When axotomized, 29 of 30 in control 

undergo Wallerian degeneration but only 6 of 29 in sarm1 knockdown, and this 

is significant (p value < 0.0001). Fisher’s exact test, *** p ≤ 0.001. 
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4. Cycloheximide inhibits the ability of wldS expression and sarm1 knockdown 

to delay Wallerian degeneration in vivo 

Next, to investigate the roles of local protein synthesis in axon survival and 

degeneration, I designed experiments using cycloheximide, a translation 

elongation inhibitor, to pharmacologically inhibit protein synthesis in axons.  

Before treating cycloheximide in wldS or sarm1 MO injected embryos, I studied 

maximum concentration which does not affect viability of embryos. Eyes of non-

injected embryos were removed to induce Wallerian degeneration, and skin and 

meninges overlying the contralateral optic tectum was peeled off to expose the 

brain region where retinal axons terminate. Cycloheximide was treated right after 

axotomy and embryos in this ‘exposed brain’ preparation were raised in different 

concentrations of cycloheximide (200, 100, 50, 25, 10, 5, and 2.5 𝜇M) for 48 

hours, as an earlier study used bath application of 10 𝜇g/mL (about 35.5 𝜇M) 

cycloheximde to Xenopus laevis.21 Some embryos were left in the same solution 

without any surgery. Same amount of vehicle (i.e. ethanol) was treated to control 

group. Fifty 𝜇M or higher concentration of cycloheximide was toxic, even to 

embryos in non-surgery groups (Figure 14). All embryos in 10 𝜇M and 25 𝜇M 

cycloheximide died (Figure 15), but only one among three embryos in each 2.5 

𝜇M and 5 𝜇M died and all the non-operated tadpoles survived in the same 

concentration. Inhibition of protein synthesis, not the toxicity of ethanol that 

cycloheximide dissolves in, may lead to death of non-surgery tadpoles because 

none of them died in same concentration of ethanol. Therefore, I determined that 

5 𝜇M is maximal non-lethal dose for cycloheximide and used this concentration 

for all the following experiments.	
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Figure 14. Dose determination of cycloheximide in Xenopus in vivo (Ⅰ). (A-

D) All tadpoles died after cycloheximide (CHX) treating from 25 𝜇M to 200 𝜇M. 

Arrows in this figure indicate dead tadpole. (E) All non-surgery embryos in 

0.028% of ethanol survived, not in surgery group. (F) Only one tadpole among 

three was alive in exposed brain group, and all three in non-surgery in 0.1X MBS 

as a control. 
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Figure 15. Dose determination of cycloheximide in Xenopus in vivo (Ⅱ). (A) 

Treating 2.5 𝜇M cycloheximide (CHX), only one embryo through three was dead 

and all non-surgery groups survived after 48 hours. Dead embryos were indicated 

with arrows. (B) One of three could not survive at 48 hours after treating 5 𝜇M 

CHX. (C-D) All tadpoles which brains were exposed to 10 and 25 𝜇M CHX were 

dead during 48 hours. (E-F) All embryos survived in 0.007% ethanol and 0.1X 

MBS.  
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  After defining sub-lethal dose of cycloheximide, wldS RNA- or sarm1 MO-

injected, desomatized embryos were treated with 5 𝜇M cycloheximide for 48 

hours in exposed brain preparation (Figure 16). For control, same volume of 

ethanol as that of cycloheximide was added to 0.1X MBS. In all groups, the same 

amounts of RNA and MO were injected. Total amount of RNA which was 

injected in a blastomere was 200 pg including 100 pg of RFP RNA for tracing, 

and MO was 1 ng. Groups except cycloheximide-treated wldS-expressing or 

sarm1 knockdown were added up to each experiment groups.  

  In accordance with the result of previous sections of this thesis, wldS expression 

delayed Wallerian degeneration in 50% of embryos examined (24 of 48 embryos 

showed intact axons) (Figure 18). Cycloheximide treatment in same condition 

reduced this effect to 18% (2 of 11 embryos showed intact axons). Although the 

same trend of results was obtained in six biological replicates, this different was 

not statistically significant (p value, 0.0911). Treating cycloheximide to sarm1 

MO expressing embryos led to a decrease in embryos with protected axons (83% 

to 38%. 30 of 36 embryos protected in control, vs. 6 of 16 embryos protected in 

cycloheximde group), and in this case the difference was statistically significant. 

(p value, 0.0024). Although the result in wldS experiments is not statistically 

significant (p value, 0.0911) due to small sample (Table 1), sarm1 MO results 

shows definite decrease of protection ability under cycloheximide. As conclusion, 

cycloheximide treatment increases Wallerian degeneration in both wldS-

expressing and sarm1 knockdown retinal ganglion cell axons in Xenopus in vivo. 
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Figure 16. Experimental scheme to test the effect of cycloheximide treatment 

on Wallerian degeneration-resisting axons. One ng/nL of non-targeting or 

sarm1 morpholino and 100 pg/nL of control or wldS RNA were co-injected in 

developing eggs, and these embryos were axotomized and raised in 

cycloheximide at stage 45 for 48 hours. 
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Figure 17. Effect of cycloheximide on Wallerian degeneration of wldS -

expressing or sarm1 knockdown axons. (A-B) In control group, axons 

degenerated in the consequence of Wallerian degeneration independently to 

cycloheximide treatment. (C) WldS axons presented continuous structures as 

described in previous result. (D) In cycloheximide, wldS-expressing axons 

degraded within 48 hours after injury. (E) Sarm1 knockdown showed delay of 

Wallerian degeneration. (F) Cycloheximide treatment in sarm1 morpholino-

injected group led axons to fragmentation (scale bar, 100 µm). 
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Figure 18. Quantification of the effect of cycloheximide on Wallerian 

degeneration of wldS axons. 50% of wldS RNA-injected embryos presented 

continuous axons, but only 18% with cycloheximide (CHX). Cycloheximide 

treatment in wldS axons facilitated Wallerian degeneration in vivo (statistically 

significant; Fisher’s exact test; p value, 0.0911; n.s., not significant). 
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Figure 19. Quantification of the effect of cycloheximide on Wallerian 

degeneration of sarm1 knockdown axons. Injecting sarm1 morpholino, 

cycloheximide (CHX) treatment decrease the ratio of intact embryos (p value, 

0.0024). Statistical analysis by Fisher’s exact test, ** p ≤ 0.01. 

0

20

40

60

80

100
intact

+ +

**

sarm1 MO

CHX _ +

%
 a

ni
m

al
 w

ith
 in

ta
ct

 a
xo

ns

(n=36) (n=16)



37 
   

Table 1. Results of six independent experiments to test the effect of 

cycloheximide on Wallerian degeneration of wldS-expressing and sarm1 

knockdown axons 
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During six experiments, all control embryos show discontinuous axons after 

axotomy in both cycloheximide non-treated and treated condition. Injection of 

wlds RNA and sarm1 morpholino delays Wallerian degeneration, but less in 

cycloheximide. Null of number is presented as a hyphen. 



39 

IV. DISCUSSION 

Wallerian degeneration is a process that dissipate injured axons in nervous 

system. Non-neuronal cells, especially astrocytes in central nervous system, 

engulf axonal segments and axons degrades gradually. The Wallerian 

degeneration is similar to apoptosis in regard to active process that eliminates cell 

compartments, but WldS do not affect to apoptosis,22 and actual pathway of the 

Wallerian degeneration and delay process is not well-known yet. Because axon 

needs protein synthesis locally to maintain and control its function,16-17 it is 

rational thought that axons severed to the cell body will also synthesize proteins 

to survive when resisted to the Wallerian degeneration. Although the translation 

in the cell body comprises the large proportion to entire protein synthesis,23 it is 

disputative that translation also occurs in axons.18 Inhibition of translation in 

axons will reduce delay of degeneration hypothetically. 

In this thesis, I confirmed neuroprotection activity of wldS and sarm1 applied 

in retinal ganglion cell axons of Xenopus tropicalis and studied alteration of 

degeneration pattern when cycloheximide, a protein synthesis inhibitor, was 

treated at the first time. It is well known that wldS expression and sarm1 knockout 

suppress Wallerian degeneration in mouse and fly in vivo and in vitro, but not 

tried in X. tropicalis.  

First, I showed that wldS expression and sarm1 knockdown also delay 

Wallerian degeneration in optic system in vivo. These data present that wldS and 

sarm1 are also involved in degeneration in X. tropicalis and that this pathway is 

conserved well through species. Delaying abilities of wldS and sarm1 in Wallerian 

degeneration is equal to each other as reported in previous studies3, 5-6 which is 

the consequence of that Nmnat and Sarm1 act in the same pathway.15 The reason 

why protection ability of wldS is different from that of sarm1 in this research is 

that the expression level of wldS was not enough to prevent Wallerian 

degeneration significantly because of less amount of injected RNA compared to 

that of sarm1 morpholino, and this is persuasive due to previous research.8 
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Protection of axons against the Wallerian degeneration is not the effect of other 

cells including any signaling molecule or contact because of evidences that 

neurons of wldS gain-of-function or sarm1 loss-of-function remained intact when 

Wallerian degeneration was induced13, 24 in cell culture, without any other cell. In 

X. tropicalis, neuroprotection ability will also be cell-autonomous effect in the 

manner of performing retinal extract culture. 

Caenorhabditis elegans, the simplest model organism that nervous system 

exists in, also undergo Wallerian degeneration after injury. WldS and Nmnats do 

not show delaying of degradation.25 The mutant form of Sarm1 homologues 

pertain in C. elegans, but have no protection activity. These results reveal the 

existence of another pathway of Wallerian degeneration which is independent of 

Nmnats and Sarm1 in C. elegans. Because these molecules have been reported as 

key survival and promotive factors in Drosophila and vertebrates, these proteins 

may acquire the linkage between Wallerian degeneration after branching to 

nematodes.  

Second, I confirmed that axons of wldS expressing or sarm1 knockdown 

showed Wallerian degeneration until 48 hours after axotomy, when inhibiting 

translation. This strongly supports a hypothesis that axons need local translation 

to prolong Wallerian degeneration. To remain intact, a group of mRNAs are 

translated in Wallerian degeneration-resisting axons, and identification of these 

translating mRNAs using latest techniques will shed light on discovery of 

survival mechanisms during delayed degeneration (Figure 20). Cycloheximide 

did not affect survival of axons in control group because 85% of non-treated 

axons undergo Wallerian degeneration within 48 hours (68 of 80) compared to 

cycloheximide-treated axons (100%, 16 of 16), and is not statistically significant 

(p value, 0.2074). However, new phenotype was observed in cycloheximide 

experiment. The granulated axon particles in cycloheximide group tended to 

appear more than non-treating ones (Figure 21). This result could be in 

consequence of reduction of axonal fragment clearance. Cycloheximide affects 
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wide area, not specific to retinal axons because of open brain preparation. The 

astrocytes, discarding fragmented axons, may also be influenced by 

cycloheximide, blocking translation. It may disrupt absorbance of axon debris by 

glial cells when Wallerian degeneration proceeds. To conclude the effect of local 

translation in surviving axons, more experiments are required using 

cycloheximide and other translation inhibitors as rapamycin. 
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Figure 20. The model for the role of local translation in axon maintenance. 

The axons remain intact after damage when existence of Wlds or loss of Sarm1, 

and may need local translation to survive. Blocking translation may lead to axon 

degeneration in these separated axons. 
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Figure 21. Decreased clearance of axon fragments under cycloheximide 

condition. When cycloheximide was treated, more fragmented axon particles 

were observed than non-treating ones, indicating that less engulfment occurs in 

the consequences of translation inhibition during Wallerian degeneration. Scale 

bar, 100 µm, is presented in left lower side (Telen, telencephalon; Dien, 

diencephalon; Tec, optic tectum). 
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V. CONCLUSION 

In this thesis, I show, for the first time, that ability of wldS gain-of-function and 

sarm1 loss-of-function are conserved in Xenopus tropicalis in vivo. This is the 
first research that local translation inhibition affects survival against Wallerian 
degeneration. The key result of this thesis is summarized to two parts.  

First, wldS expression and sarm1 knockdown suppresses Wallerian 
degeneration in axons of retinal ganglion cells in X. tropicalis. Second, blocking 
protein synthesis in these axons deprive survival ability of wldS gain-of-function 
or sarm1 loss-of-function against Wallerian degeneration. This study is strong 
evidence that local protein synthesis is required for axons to resist degeneration 

to remain intact, and will give an insight into mechanisms underlying axon 
survival and degeneration. 
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ABSTRACT (IN KOREAN) 

 

wlds와 sarm1에 의한 축삭 생존에서 국소적인 단백질 번역의 역할 

 

<지도교수 정호성> 

 

연세대학교 대학원 의과학과 

 

장정임 

 

 

 신경계가 제대로 기능하기 위해서는 정상적인 구조를 유지하는 것이 

중요하다. 신경세포는 축삭이라는 구조를 통해 서로 신호를 전달한다. 

축삭 구조를 유지하는 것이 얼마나 중요한지 나타내는 단적인 예로, 

여러 신경퇴행성질환을 들 수 있다. 이들 질병에서는 공통적으로 

축삭 변성이 관찰되며, 그 결과로 신경계의 심각한 기능 상실이 

발생한다. 따라서 축삭 변성 과정을 연구하는 것은 여러 신경계 

질환을 이해하기 위한 밑바탕이다. 축삭에 손상이 주어졌을 때 

세포체로부터 먼 쪽의 축삭이 단편으로 분해되는 현상을 월러 

변성이라고 하며, 신경퇴행성질환이 진행되며 나타나는 축삭 변성과 

유사하여 변성 과정을 연구하는 대표적인 모델로 사용되고 있다. 

쥐와 초파리에서 월러 변성을 수 주 동안 지연시키는 인자로 wldS 

유전자 도입과 sarm1 유전자 결손이 알려졌는데, 어떤 기작으로 

세포체와 분리된 축삭이 정상적으로 유지될 수 있는지는 알려지지 

않았다. 기존의 여러 연구 결과에서 축삭의 구조와 기능을 조절하기 
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위해 국소적인 단백질 합성이 필요하다고 알려졌기 때문에, 월러 

변성이 지연된 축삭은 장기간 정상 구조를 유지하기 위해 국소 

번역을 필요로 할 것이라는 가설을 세웠다. 본 연구에서는 Xenopus 

tropicalis라는 개구리 배아의 시각계를 모델로 하여  wldS와 

sarm1의 기능이 양서류에서도 보존되어 있음을 확인하였으며, 

단백질 합성 저해제인 시클로헥시미드를 처리 시 월러 변성을 억제 

효과가 감소한다는 것을 밝혔다. 이 연구 결과는 월러 변성이 저해될 

때 축삭 내부에서 번역 과정이 일어난다는 가설을 뒷받침하는 강력한 

증거이며, 앞으로 축삭의 생존과 퇴화가 조절되는 원리를 밝히기 

위한 중요한 이론적 근거가 될 것이다. 
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핵심되는 말 : 월러 변성, 국소 번역, wldS, sarm1 


