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Stacey Anne Gould. Exploring SARM1 as a target to delay programmed axon degeneration. 

Abstract:

Programmed axon degeneration (Wallerian degeneration) can occur after physical 

injury, inhibition of axon transport, exposure to neurotoxic compounds, and in diseases 

involving mitochondrial or metabolic dysfunction. There is increasing evidence that this 

pathway can be activated in human painful neuropathies and preclinical evidence suggests 

it is also active in neurodegenerative conditions, such as Parkinson’s disease and 

Amyotrophic Lateral Sclerosis. Programmed axon degeneration is a potentially druggable 

pathway with preclinical studies showing that increasing levels of pro-survival factor 

NMNAT2, and removal of MYCBP2 involved in protein ubiquitination and turnover, or 

prodegenerative protein SARM1 can delay programmed axon degeneration. Preclinical 

studies indicate that complete genetic removal of Sarm1 leads to the strongest protection in 

vivo after physical transection injury and also prevents perinatal lethality in mice lacking 

NMNAT2. This makes SARM1 an attractive protein to explore in the context of delaying 

programmed axon degeneration for therapeutic effect. However, until this thesis, the extent to 

which SARM1 activity needs to be decreased has been unclear.   

This thesis explores the possibility of targeting the SARM1 protein for therapeutic 

effect. Firstly, since decreasing protein levels or activity is more achievable than 

completely eliminating them, the effect of Sarm1 hemizygosity in mice was assessed. 

Data presented here show that the rate of programmed axon degeneration can be slowed 

by the absence of one allele after in vivo transection injury, and axon outgrowth deficits 

in a developmental system where the pathway is active can be partially restored. 

Degeneration can also be slowed after a range of in vitro triggers of programmed axon 

degeneration showing clearly that decreasing (and not just removing) SARM1 can be 

beneficial. Secondly, targeting SARM1 through antisense oligonucleotides shows that 

SARM1 protein levels can be decreased in vitro to a similar extent as Sarm1 hemizygosity 

using exogenously-applied nucleotides. This decrease in protein levels confers a delay in 

programmed axon degeneration in a range of in vitro models suggesting that targeting 

SARM1 is a viable therapeutic approach. Finally, use of a non-transgenic dietary model of 

sporadic Alzheimer’s disease (sAD) was used to explore links between sAD and 

programmed axon degeneration but no differences in axon transport or signs of 

programmed axon degeneration were detected in this model. Nevertheless, this thesis 

demonstrates that targeting SARM1 pharmacologically is feasible and can delay 

degeneration after diverse triggers. Thus, further research into the relevant in vivo disease 

models could advance this strategy towards clinical application. 
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Nervous systems control essential functions ranging from breathing, digestion and heart rate, 

to movement and sensing our environment, through to more complex traits of human 

behaviour, like cognition, memory, and personality. Correct functioning of the nervous system 

is thus crucial to most life-forms, and when nervous system function goes awry this can have 

devastating effects depending on the neurones affected. One of the main cell types in the 

nervous system are neurones: highly polarised cells which grow processes from the soma 

(cell body). Action potentials are passed along dendrites to the soma and then along a single 

extended projection (the axon) which actively transmits signals to the next neurone or target 

tissue. Directionality of information flow through the neurone is essential for transmission of 

signals, thus correct functioning of neuronal circuitry. This directionality is achieved through 

intrinsic and extrinsic signalling which ensure neurones remain highly polarised with 

differential patterns of protein expression, direction of microtubule cytoskeletal structures, and 

the presence of distinct lipid tags to spatially anchor or restrict signalling complexes to distinct 

regions of the neurone 1. Being up to one metre long in humans, the proportional length of a 

single axon has been described as ~20 miles (~30 km) long if a Volkswagen beetle sprouted 

a tail 2. This comparable length of axons to the soma makes them vulnerable structures. Since 

axon terminals are comparatively far away from the soma, where nuclear-encoded proteins 

are synthesised, axons are highly-dependent on intracellular trafficking (axonal transport) of 

proteins, RNA, and organelles in order to survive and maintain healthy synapses. When 

axonal transport is interrupted, this puts strain on axons – particularly their terminals – making 

them either vulnerable to injury or activating an axon-intrinsic programmed death pathway 

(Wallerian degeneration). 

 

1.1 Wallerian degeneration: Augustus Waller’s observations 

Wallerian degeneration is named after Augustus Waller, whose experiments in the early 19th 

century describe a form of axon-specific degeneration where fragmentation of axons occurred 

distal to the site of a transection injury in frog papillary nerve 3, shown in his original drawings 

in Figure 1.1. Since Waller’s original injury-induced observations, much has been done to 

elucidate the underlying molecular mechanisms of this pathway and its disease-related 

activation in non-transection injuries. 
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  Figure 1.1: Augustus Waller’s hand drawn observations of Wallerian degeneration over time in frog 
papillary nerve after transection 
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When the Wallerian degeneration pathway (hereafter referred to as programmed axon 

degeneration) is activated, it causes fragmentation of axons independently from the neuronal 

soma. Activation of programmed axon degeneration in disease precedes loss of the soma and 

frequently occurs in a retrograde pattern beginning at the distal ends of the axon proceeding 

towards the soma. This is known as ‘dying back’ degeneration 4 which is recognised as an 

early feature of neurodegenerative diseases 2,5–7. 

 

 Three morphologically distinct phases of programmed axon degeneration 

The immediate phase of programmed axon degeneration is known as acute axon 

degeneration (AAD) which occurs within minutes of injury affecting both the proximal and distal 

stumps 8–10. Within 5-60 minutes of injury, several hundred micrometres of rapid degeneration 

occurs in sites both proximal and distal to injury 8. This is followed by formation of bulbar 

structures comprising accumulated axonal organelles from continued antero- and retrograde 

transport 11,12.  

 

Next is a latent phase where the distal axon remains intact, electrically excitable 13,14, and with 

continued bi-directional axonal transport within the distal stump 15. The proximal stump begins 

sprouting towards the lesion within a few hours 8. The latent phase occurs over a variable 

timeframe before degeneration of the distal axon ensues; for 25 h in rat phrenic nerve 16, 35 h 

in mouse sciatic nerve, 24-48 h in explanted mouse nerves 17 and up to several days in 

primates, including humans 18,19. Programmed axon degeneration is seen also in vitro in 

mouse neurites, though occurs over a shorter time-frame (within 8-24 h of transection) 20–25. 

 

Finally, the latent phase is followed by rapid axon disintegration; the fragmentation and 

degeneration of distal axons. Though this was initially thought to occur simultaneously along 

an injured portion of a nerve, it has now been shown to occur over a 1-2 h timeframe 12,26,27 

with the latency being longer in thicker fibres than in thinner ones 16. Degeneration spreads 

anterogradely in wild-type mouse nerve after cut, but retrogradely after crush 27 with calcium-

dependent proteases (calpains) degrading the axonal cytoskeleton 11,28,29. Morphologically, 

before fragmentation, axonal swellings appear in the axons of the CNS followed by the 

appearance of myelin ovoids 30. 

 

Extrinsic to the axon, during or shortly after this final phase in the peripheral nervous system 

(PNS), Schwann cells proliferate and act in concert with bone-marrow-derived macrophages 

to mediate clearance of axonal debris, along with formation of Bands of Bünger and sprouting 
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of new axons into the distal stump 24,31–34. Delaying the early degeneration phases also delays 

these regenerative ones 35–38. In the central nervous system, oligodendrocytes and microglia 

remove axonal fragments and this occurs over a longer timeframe than in the PNS 32,39–41. 

 

 Programmed axon degeneration differs from other programmed cell death 
mechanisms 

The mechanism of programmed axon degeneration is independent from other mechanisms of 

programmed cell death, such as apoptosis or necroptosis, with different mechanisms of 

degeneration occurring in the neurone soma than in the axon 5,42,43. Moreover, the soma of 

different neuronal subpopulations can respond in different ways to injury or toxic insults 5,44,45. 

WLDS (a protein which delays programmed axon degeneration that is described in more detail 

below) does not protect against apoptosis in the neuronal soma in vitro 42,43 and fails to delay 

somatic degeneration in a rat model of glaucoma 46, despite delaying axon degeneration. 

Furthermore, both the presence of WLDS and removal of pro-degenerative protein SARM1 

(also described in more detail below) delays retinal ganglion cell axon degeneration after optic 

nerve injury without affecting the somal death pathways 47. 

 

Whilst some hallmarks of apoptosis are shared, such as distal cut axons staining positive for 

Annexin V and loss of mitochondrial membrane potential during the early stage of axon 

degeneration 25, others are not. Removal or inhibition of caspases 48–50, overexpression of 

members of the BCL-2 protein family 49,51 or removal or BAX and BAK do not prevent 

programmed axon degeneration 52, despite playing roles in apoptosis 53. 

 

In a model of retinal degeneration, removal of SARM1 has been shown to protect against rod 

and cone soma death induced by lack of rhodopsin 54. However, neither the presence of WLDS 

or absence of SARM1 protect against retinal ganglion cell death in models of glaucoma or 

optic nerve crush22,55, despite preventing axon degeneration 46,47. Activation of SARM1 has 

been seen downstream of neuroinflammatory and necroptotic signalling 56. However, 

necroptotic signalling leads to a decrease in axonal survival factors NMNAT2 and SCG10 

which have previously been shown to activate or accelerate programmed axon degeneration 
22,55.  

 

There is some evidence supporting a role of SARM1 in somal death, but this comes from 

overexpression of artificially active SARM1 constructs which promote death in the neuronal 

soma and non-neuronal cells 57,58. Removal of SARM1 also protects neuronal somas against 

rotenone and CCCP toxicity 59 and the presence of WLDS prevents STZ-induced painful 
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diabetic neuropathy independently from its axonal actions by preventing death of pancreatic 

islet cells 60. Whilst SARM1 can induce cell death in non-neuronal cells, its regulation by 

NMNAT2, which is predominantly expressed in axons, is what makes the role of SARM1 in 

axon degeneration unique to other cell death mechanisms. 

 Molecular mechanisms of programmed axon degeneration  

Over the past few decades there have been huge developments in elucidating the precise 

molecular mechanisms driving programmed axon degeneration, which are summarised in 

Figure 1.2. These mechanisms will be discussed in detail below, but briefly, they include: 

Identification of a slow Wallerian degeneration phenotype in spontaneous mutant WldS mice. 

The need for nicotinamide mononucleotide adenylyltransferase (NMNAT) enzyme activity of 

WLDS for its neuroprotective effect. Identification of the endogenous labile axonal survival 

factor (NMNAT2) whose injury-induced loss WLDS substitutes for. Identification of a strong 

prodegenerative protein SARM1 whose activation state is altered by the balance of 

nucleotides NMN and NAD+, controlled by NMNAT activity. Roles of the ubiquitin proteasome 

system, particularly MYCBP2 (PHR1), in regulating axon survival factor turn over and 

subsequent activation of SARM1, as well as less influential modifiers of the pathway, such as 

activation of the MAPKs cascade, altered calcium homeostasis, and calpain activation. Two 

critical processes to note in the programmed axon degeneration pathway are (i) NMNAT2 is 

a pro-survival factor which (along with other overexpressed NMNATs) limits accumulation of 

NMN by covalently binding NMN to the ADP moiety of ATP producing NAD+, and (ii) SARM1 

is a prodegenerative protein containing NADase activity which is activated by NMN and 

inhibited by NAD+. Therefore, either overexpression of NMNAT or removal of SARM1 activity 

prevents activation of the programmed axon degeneration pathway, whereas loss of NMNAT 

activity or activation of SARM1 leads to activation of programmed axon degeneration. 

 

 

1.2 Delaying programmed axon degeneration in preclinical disease models 

It has been proposed that programmed axon degeneration may play a role in neurodegenerative 

disease, where axons begin to undergo degeneration whilst still connected to the soma 2,3,61. Both 

removal of SARM1 and aberrant axonal expression of NMNAT activity (in the form of WLDS or 
cytoplasmic NMNAT1) confer potent neuroprotective effects in a range of preclinical disease models. 

The neuroprotective effects of WLDS were first demonstrated in models of physical injury 58,62–66, which 

led to the thinking that presence of WLDS or absence of SARM1 may confer protection against disease-

related axon degeneration. If the mechanism by which these modifications protect is active in non-

transection injuries, this could open up opportunities to target the pathway therapeutically. Indeed, aside  
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Figure1.2: Key proteins and modifiers of programmed axon degeneration. Overexpression 
of NMNATs, removal of SARM1 or PHR1, and depletion of NMN have the strongest 
protective phenotypes. Black text indicates proteins and cellular events leading to axon 
disintegration. Blue text indicates key nucleotides whose levels are altered in the lead up to 
axon disintegration. Dotted blue lines indicate weak inhibitory effects of nucleotides on 
SARM1 and dotted black lines or question marks indicate unknown steps in the pathway. 
Pointed arrows indicate activating effects. Flat arrow heads indicate inhibitory effects.  
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from neuroprotective effects in transection and crush injuries, the protective effects have since been 

demonstrated across a wide range of in vitro and in vivo disease models. The first non-injury delay in 

programmed axon degeneration was demonstrated after application of chemotherapeutic agents 

vincristine and paclitaxel 67,68, then in a progressive motor neuropathy (pmn) model of motor neurone 
disease 69, peripheral neuropathy associated with myelin disorders 70, and gracile axonal dystrophy 71.  

 
Cultured Sarm1-/-  or WldS neurones show delayed axon degeneration after a range of in vitro triggers 

of degeneration; for example, up to 6 h post-NGF-withdrawal 72; 24 h to 4 days post-vincristine 

application 58,67,73; and up to 72 h post mitochondrial stressors rotenone or CCCP 59,74,75. Both Sarm1-/-  

or WldS protect against programmed axon degeneration and developmental defects induced by 

NMNAT2 depletion 76–78.  

 

In the peripheral nervous system in vivo, Sarm1-/-  mice are protected against painful 

chemotherapy-induced peripheral neuropathies (CIPN) 79–81, as well as high-fat diet-induced 

neuropathy 79. Similarly, WLDS protects against painful CIPN 68,82–84, injury-induced chronic 

neuropathic pain 85–87, and models of CMT types 1A and 1B 70,88, but not CMT type 2D 89. 

  

In the central nervous system, axon damage is attenuated in models of traumatic brain injury 

both in the presence of WLDS 90 and absence of SARM1 91. WLDS is neuroprotective in models 

global cerebral ischaemia 92 and models of glaucoma, raised intra-occular pressure, and optic 

nerve and retinal injuries 46,93–96. SARM1 is upregulated after excitotoxic retinal ganglion cell 

(RGC) injury 97 and its removal prevents axon degeneration in RCGs 47 and promotes 

photoreceptor survival in a model of retinal degeneration 54. Furthermore, WLDS delays 

degeneration caused by mitochondrial stress in rodent models of Parkinson’s disease 66,98–100 

and removal of Drosophila dSARM decreases rotenone-induced dopaminergic neurone 

degeneration 101. 

 

Neither Sarm1-/-  nor WldS are neuroprotective in SOD1 mutant mouse models of ALS 102–104. 

However, Sarm1-/- does protect against axon degeneration and dendritic spine loss in a novel 

Tardbp overexpressing mutant mouse model of ALS/FTD 105 and WLDS delays degeneration 

in the experimental autoimmune encephalomyelitis (EAE) model of MS 106–108.  

 

In the abovementioned models, the term Wallerian-like degeneration is often used. This 

describes axon degeneration occurring in the absence of physical axotomy or crush injury 

which shares morphological features similar to programmed axon degeneration 109. The 

abovementioned studies provide experimental evidence supporting the theory that a common 

mechanism of programmed axon degeneration is involved in disease pathophysiology. 

Therefore, disease course could be modified with anti-SARM1 therapies. 
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In addition to these disease models, there are some instances where programmed axon 

degeneration clearly initiates or exacerbates disease, as in vitro and in vivo studies have 

shown. When Nmnat2 levels are decreased by around 70%, mice show axon loss as they 

age, decreased temperature sensitivity, and in culture, neurites are more vulnerable to axonal 

stresses showing a lower activation threshold and accelerated rate of degeneration 110. When 

NMNAT2 is removed from mature axons, they degenerate in the absence of other injuries 76 

and mice lacking NMNAT2 during development die at birth exhibiting absent or truncated 

axons in the peripheral and central nervous system, with in vitro outgrowth stalling at around 

1 mm 77. These studies highlight NMNAT2 as a crucial axonal survival factor. Importantly, they 

can reversed with the removal of SARM1 78,111. Therefore, human equivalent diseases could 

respond to anti-SARM1 therapies most effectively. So, how relevant is this pathway to human 

disease? 

 

 

1.3 Relevance of programmed axon degeneration to human disease  

Altered NMNAT2 activity in a rare human disorder leads to neuropathic pain in sisters 

possessing homozygous loss of function (LoF) mutations in NMNAT2 112 and a complete lack 

of functional NMNAT2 resulting from biallelic complete LoF mutations leads to stillbirths in 

humans 113. Phenotypes in these stillborn foetuses resemble, but appear more extreme than, 

developmental defects in muscle and nervous system of mice lacking functional NMNAT2 

which also die peri-natally 77,78,114. In mice, this extreme phenotype can be completely 

prevented with removal of Sarm1, where Nmnat2:Sarm1 double homozygous null mice living 

full apparently healthy lifespans 78,111. Another rare NMNAT2 mutation was found in a patient 

who presented with progressive brainstem atrophy 115. However, the patient was also 

heterozygous for 11 other mutations so the functional effects of these need to be further 

explored. 

 

In a far more common neurodegenerative disease, Alzheimer’s disease (AD), human post-

mortem brains show lowered NMNAT2 mRNA levels in patients with AD relative to 

nondemented controls 116. This study also found that, lower NMNAT2 mRNA correlates with 

worse cognitive abilities in the general population. However, since axons require NMNAT2 to 

survive and they are the main endogenous source of NMNAT2, neurones without axons have 

a decreased need to produce NMNAT2. This leads us to the age-old conundrum of cause vs 

consequence; do decreased levels of NMNAT2 in AD cause axon degeneration, or are 

detectable NMNAT2 levels lower in AD as a result of axon degeneration? Nonetheless, mouse 
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studies have shown that axonal transport of NMNAT2 does decline with age 117 and that low 

expression of Nmnat2 in mice leads to axon vulnerability and accelerated programmed axon 

degeneration in response to physical and neurotoxic injuries 110. Relevant to Chapter 5 of this 

thesis, are proposed links between NMNAT2 and pathology in mouse models of AD. 

Specifically, decreased NMNAT2 protein levels are seen in AD models of amyloid pathology 

and tau hyperphosphorylation and misfolding: Aside from the well-established role of NMNAT2 

in NAD synthesis, it has been proposed that NMNAT2 could act to prevent accumulation of 

hyperphosphorylated tau through chaperone activity 116 and via PP2A activation 118. Moreover, 

pTau has been shown to lower Nmnat2 gene expression via decreased pCREB occupancy at 

the two CRE sites in the Nmnat2 promotor in cortex and hippocampus of rTg410 mice, which 

model fronto-temporal degeneration (FTD)-tauopathy 119. 

 

Finally, two genome-wide association studies (GWAS), associate variation in the 

chromosomal locus which encompasses SARM1 with ALS 120,121. The first GWAS noted this 

association in a cohort of 6,100 cases and 7,125 controls (p=3.21 x 10-7; odds ratio = 0.845) 
120, which was replicated in a second study in a cohort of 12,577 cases and 23,475 controls 

(p=8.96 x 10-11; odds ratio 0.9) 121.  Although the second study did note SARM1 variation in 

ALS patients, authors also noted variation in Polymerase delta-interacting protein 2 

(POLDIP2) which they suggest is more likely to be the causative gene 121. Whilst the size of 

the GWAS cohorts and possible influence of other genes in the chromosomal region 

highlighted in these studies make the precise role of SARM1 in ALS unclear, there are some 

other suggestions that SARM1 can play a role in ALS pathophysiology which warrant further 

investigation. For example, there are a number of SARM1 variants seen only in ALS patients 

compared to controls in the Project MinE database and unpublished work from the Coleman 

lab demonstrates existence of other SARM1 loss and gain of function alleles in the human 

population, which affect the rate of axon degeneration. Furthermore, other experimental data 

support a role of programmed axon degeneration in ALS 122–124 which will be discussed in 

more detail in Chapter 3 of the thesis. 

 

Together, these data begin to link human neurological disease or vulnerability to disease with 

key proteins in a conserved pathway of programmed axon degeneration. This could indicate 

a contributory role of programmed axon degeneration in axon loss in common human 

diseases through a lowered activation threshold leading to aberrant activation, in addition to 

disease caused by NMNAT2 LoF. Of course, more research is needed to separate cause and 

effect, confirm these links to disease susceptibility, and to identify potential vulnerable human 

populations.  
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Human neurodegenerative diseases are difficult to model in the preclinical setting; mice often 

do not display axon degeneration and white matter loss that humans develop in late stages of 

neurodegeneration, and there are huge differences in the environments between species. 

Even though direct evidence for a role of programmed axon degeneration in AD is lacking, 

these questions are difficult to resolve in mouse models which do not fully represent human 

AD pathology. Furthermore, many mouse models of AD rely on overexpression of genes 

involved in familial AD (fAD), whereas most patient cases are sporadic (sAD) in nature. In 

order to improve translation of therapeutic interventions from preclinical studies into the clinic, 

use of non-genetic sAD models is needed to explore commonalities in the mechanism causing 

fAD and sAD, and therefore whether different treatment options are needed. One such model 

is the D-Galactose dietary-induced model of sAD, where rodents display signs of accelerated 

ageing and AD-like phenotypes which have been extensively reviewed by Shwe et al., (2018) 
125. Chapter 5 will go into more depth, but briefly, D-Galactose administration leads to a 

plethora of pathological changes which are associated with human AD. These include; 

changes to Ab and Tau favouring isoforms seen in AD brains, markers of oxidative stress, 

inflammation, and alterations in synaptic structure and function. The industrial partners to this 

project, Takeda (Cambridge), have observed these alterations which occur centrally only in 

the nervous system and not systemically in other organs. These results, together with 

significant changes in cognitive function, which occur over a relatively short time-frame 

(starting at 4 weeks), potentially make the D-Galactose model a time- and cost-effective non-

genetic model of AD. Chapter 5 of this thesis explores the use of a D-Galactose-induced model 

of sAD to study links between programmed axon degeneration and sAD including proposed 

roles of NMNAT2 in chaperone activity and tau homeostasis 116,118,119, and whether axon 

transport of mitochondria or NMNAT2 are impaired. 

 

The indications that SARM1 and NMNAT2 may be involved in human disease, at least in rare 

human disease, along with the similarity in preclinical protective phenotypes of Sarm1-/- and 

WldS highlight the importance of studying programmed axon degeneration and the protective 

mechanism(s) by which modulation of the pathway (such as removal of Sarm1) act. Since 

there are many molecules now linked to programmed axon degeneration and much is 

understood about their positions in the pathway and influence over axon health, this provides 

a plethora of options for therapeutic intervention. Each target brings varying levels of potential 

protection as well as their own problems to overcome in terms of developing a therapy. 

Involvement of each of these and possibilities to intervene therapeutically will be discussed in 

more detail below, starting with SARM1, whose removal leads to one of the strongest axon-

protective phenotypes of all modifications to the programmed axon degeneration pathway. 
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1.4 SARM1: a prodegenerative protein 

A large-scale genetic screen in Drosophila melanogaster identified prodegenerative protein 

Sterile α and TIR motif–containing protein (dSARM), whose orthologue is known as SARM1 

in mammals 62. Removal of this protein strongly delays injury-induced programmed axon 

degeneration in Drosophila and mammalian systems 58,62. SARM1 was originally classed as a 

protein in the Toll-like receptor adaptor family, due to sharing sequence similarity to other 

proteins (such as MyD-88) which are typically involved in innate immune responses. Indeed, 

early studies exploring SARM1 confirmed a role in cytokine release and responses to viral 

infection 126–132. However, a recent study demonstrates that passenger mutations in 

chemokine ligand genes close to the Sarm1 locus are more likely to underlie some of these 

previously reported roles for SARM1 in immunity, though increased susceptibility to West Nile 

Virus remains newly generated Sarm1-/- mice 133. Despite uncertainty over the proposed role 

of SARM1 in immunity, the role of SARM1 in promoting programmed axon degeneration 

remains undisputed 133 with Sarm1 removal repeatedly, robustly and reliably protecting against 

programmed axon degeneration in the central and peripheral nervous systems of mice and 

Drosophila 47,58,62,79–81,91,101,133.  

 

 Distinct SARM1 protein domains have distinct functions 

The SARM1 protein comprises a mitochondrial localisation sequence (MLS; also referred to 

as the mitochondrial targeting sequence), an Armadillo (ARM) domain, two tandem sterile 

alpha motif (SAM) domains, and a Toll-interleukin receptor 1 homology (TIR) domain, as 

shown in Figure 1.3. Each of these regions has a distinct function which recent mutagenesis, 

structural, and functional studies have begun to disentangle.  

 
Mitochondrial localisation sequences tend to be short N-terminal sequences that direct a 

protein for translocation into the mitochondrion from the cell cytoplasm 134–136. The MLS is 

dispensable for axon degeneration since its complete removal does not prevent the injury-

induced prodegenerative activity of SARM1 58. However, this region (particularly Arginine 14) 

is crucial for SARM1 to associate with mitochondria and induce apoptosis in HEK cells 137. 

 
ARM domains typically mediate protein-protein interactions via a sequence of seven highly 

conserved hydrophobic residues. However, despite being present in over 240 proteins, no 

common function has been observed between proteins that possess these domains. In 

SARM1, the ARM domain is thought to be responsible for autoinhibition of SARM1 activity  

since its removal leads to constitutively active SARM1 58. Recently, the structure of a near full  
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  Figure 1.3: A summary of information known about SARM1. Functional studies demonstrated which 
regions of the SARM1 protein are involved in its prodegenerative function. Structural studies aided in 
understanding how SARM1 exists in its active and inactive forms. Working models of SARM1 activation 
and basal activation are derived from combining information from the structure and function studies. 
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length SARM1 construct has been reported, and the cryoEM study demonstrates that the ARM 

domain of inactive SARM1 physically interacts with TIR domains to keep them in an inactive 

conformation  138 via several non-covalent interactions with both a same-chain SAM domain 

and a clockwise neighbouring SAM domain 139. 

 
SAM domains are present in a diverse range of proteins and often enable the formation of 

homo- and heterodimers 140,141. SARM1 SAM domains show high structural similarity to 

previously reported SAM domains and are also thought to mediate protein-protein interactions. 
Full-length SARM1 has been reported to self-associate 57 and disruption of the tandem SAM 

domains abolishes SARM1 function 58. The crystal structure of SARM1 SAM domains confirm 

they form an octameric ring 142,143 and near full-length active and inactive SARM1 cryoEM 

structures demonstrate a stable octameric core is established via SAM domain interactions 
138. In near full-length SARM1, the ARM domain interacts with both SAM domains 138 and 

prevents the dimerisation of TIR domains required for NADase activity 139. Taken together, 

this evidence suggests that SARM1 is constitutively oligomeric in both injury and non-injury 

conditions and this multimerisation is driven by interactions between SAM domains of adjacent 

SARM1 monomers. 
 

TIR domains are usually present in multi-domain proteins involved in innate immune 

signalling, such as membrane bound Toll-like receptors (TLRs; on the cytoplasmic side) and 

their downstream cytosolic adaptor proteins 144,145. TIR domain-containing proteins are 

ubiquitously expressed across all cellular life forms; from bacteria, to plants, to higher 

organisms and humans. These domains usually enable protein-protein interactions and form 

a nucleated assembly to amplify and spatially propagate a signal 146–152. Chemically-induced 

forced self-association of isolated SARM1-TIR domains induces axon degeneration in the 

absence of injury 57,58,153. TIR domains are usually not catalytic 147 and so it was initially thought 

that aside from axon degeneration, SARM1 played a role in innate immunity with its TIR 

domains facilitating protein-protein interactions 127,128,154,155. However, SARM1 TIR domains 

have recently been shown to possess NADase activity 143,156,157 and this activity is required for 

its prodegenerative phenotype. Interestingly, forced dimerisation of TIR domains from other 

proteins TLR4 or MYD88 does not induce NADase activity 57 indicating possible differences 

in TIR domain function between different proteins. 

 

Combining information from the structural and functional studies mentioned above, SARM1 

appears to have three separate domains which enable protein-protein interactions as well as 

intrinsic enzyme activity capable of degrading NAD+. 
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 Activators and products of SARM1 activation 

Activation of SARM1 occurs with the first 4 hours of injury 57 and is associated with rapid or 

accelerated NAD+ depletion in nerves post-injury 57,158. Therefore, SARM1 seems a likely 

candidate for accelerating axotomy-induced loss of NAD+ which overexpressed NMNATs 

(WLDs or axonal cytoplasmic-NMNAT1) protect against. 

 

Increased levels of endogenous nucleotide nicotinamide mononucleotide (NMN), which is also 

a substrate for NAD+ anabolism, activates SARM1 159,160. Indeed, CZ-48, which is a cell-

permeable synthetic NMN mimetic structurally similar to NMN activates the enzymatic 

functions of SARM1 160. During the course of this thesis our group found that VMN, a 

metabolite arising from vacor – a rodenticide and structural analogue of nicotinamide, 

activates SARM1 enzyme activity 161. Finally, phosphorylation of SARM1 at Ser548 by stress-

response kinase c-Jun n-terminal kinase (JNK) activates SARM1 to inhibit mitochondrial 

respiration in a model of oxidative stress 162. 

 

All of the aforementioned activators of SARM1 induce NADase activity. As NAD+ substrate 

levels are depleted, products nicotinamide (Nam), adenosine diphosphate ribose (ADPR), and 

cyclic-ADPR (cADPR) are generated, depending on the micro-environment surrounding active 

SARM1 (illustrated in Figure 1.4). A SAM-TIR construct has been shown to cleave NAD+ and 

NADP into nicotinamide and ADPR or ADPRP (respectively), though it lacks the ability to 

cleave nucleotides NMN, NaAD, or flavin adenine dinucleotide (FAD) 143. 

 

 

 

 

 

 

Figure 1.4: A summary of known SARM1 enzyme activities and product formation. Cyclase 
activity is predominantly active under basal conditions. 
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In addition to NADase activity, SARM1 also has base-exchange activity, shown in Figure 1.4. 

The first step of this process is dependent on NADase activity to cleave the Nam and ATP-

derived moieties of NAD+ apart. When this cleavage occurs in the presence of free nucleotide 

bases, Nam, ADPR or cADPR are not produced. Rather, the free base is switched for a base 

in NAD+ in the active site of SARM1 160. Whilst this base exchange activity has been 

demonstrated biochemically, the biological relevance (if any) remains to be determined. 

 

cADPR has been identified as the major detectable product of SARM1 activity produced under 

basal circumstances in healthy neurones and is the first product to rise after injury before 

morphological degeneration occurs, making it a potential biomarker of disease pre-

degeneration 163. Moreover, neurofilament light chain (NfL) also appears in blood serum prior 

to morphologically identifiable sciatic nerve degeneration and this is prevented by removal of 

Sarm1 in a gene-dose dependent manner 163. However, no direct ability of SARM1 to cleave 

NfL has been reported, so the appearance of NfL may be indicative of the early stages of axon 

disintegration caused by an indirect effect of SARM1 activation. Exogenous enzymes 

engineered to modulate intraneuronal cADPR levels without SARM1 activation do not alter 

the rate of degeneration in cultured DRGs 163, suggesting that this particular product of SARM1 

NADase activity is not alone responsible for axon disintegration. Activation of SARM1 and 

increased levels of its products ADPR and cADPR have been demonstrated in the absence 

of degeneration after low-dose application of mitochondrial toxin CCCP 163. This raises the 

possibility that active SARM1 could be involved in pre-degenerative pathologies of nervous 

system disease.  

 

 A working model of SARM1 activation 

Putting together information from the crystal structure, cryoEM, and mutagenesis studies 

described above, and summarised in Figure 1.3 (lower two panels), this section will outline a 

working model of SARM1 activation. This is important to understand in the context of targeting 

SARM1 as a therapeutic approach to delay or prevent programmed axon degeneration in 

disease, since it could aid with rational design of small molecule inhibitors. However, it is 

important to note that this model is based on information from artificial constructs, SARM1 

overexpression, and crystal or cryoEM structures of distinct protein domains and near full-

length SARM1. 
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SAM domains of inactive SARM1 monomers interact with SAM domains of neighbouring 

molecules to form an octameric ring under non-injury conditions 142. Activity of SARM1 is 

inhibited by the ARM domain which prevents interactions between TIR domains that are 

needed for NADase activity to occur. ARM domain autoinhibition can be inferred since removal 

of the ARM domain leads to constitutively active SARM1 58. When SARM1 is inactive, amino 

acid residue K597 of the TIR domain auto-interacts with residue E642 in the catalytic site to 

prevent NAD+ substrate binding 143. NAD+ binds full-length human SARM1 allosterically (at a 

site distinct from its catalytic NADase core) to stabilise the inactive octamer 139. Additionally, 

high concentrations of ATP inhibit SARM1 activity without altering the structure of SARM1, 

suggesting ATP may be a competitive inhibitor binding the TIR domain catalytic site 139. 

 

In the presence of a signal after injury or when the intracellular micro-environment around 

SARM1 octamers alters to favour activation, ARM domain autoinhibition is released. This 

signal could be an increase in NMN 159 or altered phosphorylation of SARM1 under stress 

conditions 162. It is likely that NMN interacts directly with the ARM domain of SARM1 and the 

isolated TIR domain does not cleave it 143. 

 

During activation, TIR domains interact and there is a conformational change in their BB loops 

relating to a shift of residue K597 out of the catalytic site 143. This enables substrate NAD+ to 

interact with the E642 residue in the catalytic site 143. Functional studies showed that the E642 

residue is indispensable for SARM1 NADase activity and prodegenerative function 157, as well 

as the  cyclase, hydrolase, and base exchange activities of SARM1 160. In this model, the BB 

loop is thought to act as a gatekeeper preventing NAD+ substrate interaction with the active 

site through interacting with the E642 residue until there is a signal for SARM1 activation. 

Once NAD+ (or NADP) binds the SARM1 TIR domain, it is cleaved into nicotinamide and 

ADRPR (or ADPRP) as has been demonstrated in SAM-TIR constructs 143 in the presence of 

water. In the absence of water, cyclic-ADPR (cADPR) is generated and in the presence of a 

free base, base exchange activity can occur, as demonstrated by Zhao et al. (2019)160. 

 

Since biological systems are in constant flux with ever changing cell environments and 

microenvironments, stabilisation of protein conformations or localisation is needed for a strong 

or lasting effect. For example, localised increases in calcium for neurotransmitter release or 

tethering of ion channels to a specific subcellular region. If an axon is committed to 

degenerate, stabilisation of the prodegenerative forces will ensure this outcome. In the context 

of SARM1, the octameric multimerisation of SARM1 monomers are further stabilised by 

additional interactions between BB loops (mediated by residues D594, E5 programmed96, 

and G601), and aA helix and EE loop (L579 and H685, respectively) as mutant versions of 
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these residues possess decreased NADase activity 143. Conversely, autoinbitory actions of the 

ARM domain, lower levels of NMN, and allosteric inhibition by NAD+ confer greater stability of 

the inactive SARM1 conformation. The next few sections will explore how healthy axons 

maintain the SARM1 inhibitory balance of NMN:NAD+. 

 

1.5 NMNAT2 generates the endogenous axonal source of SARM1 substrate NAD+ 

NMNATs catalyse the conversion of nicotinamide mononucleotide (NMN) to nicotinamide 

adenine dinucleotide (NAD+), an oxidative cofactor which is crucial for cell survival. NAD+ (or 

NADH, the reduced form) provides electrons for redox reactions involved in energy production 

(glycolysis, the citric acid cycle and oxidative phosphorylation) and is essential for activity of 

many enzymes, as well as posttranslational protein modification, cellular signal transduction, 

gene silencing via deacetylation of histones and the release of calcium from intracellular stores 
164. There are three known endogenous mammalian NMNAT isoforms (NMNAT 1-3).  
 

In 2010, NMNAT2 was found to be the predominant endogenous NMNAT enzyme in axons 
22. Depletion of NMNAT2 in vitro via small interfering ribonucleic acids (siRNAs) was shown to 

cause spontaneous programmed axon degeneration in the absence of any physical injury22. 

In contrast to the deleterious effects of NMNAT2 depletion, NMNAT2 overexpression is 

neuroprotective in vitro in mouse primary cultures 76,165, in vivo in mouse sciatic nerve 166,167,  

Drosophila wing axons 168, and in zebrafish 169 after injury. Due to rapid turnover of NMNAT2, 

overexpression of NMNAT2 has a modest effect unless expression levels are very high 166 

and this may explain the lack of protection by NMNAT2 expression in Drosophila 5 days after 

olfactory neurone axotomy 170.  

 

Another labile survival factor, Stathmin2 (SCG10), is also rapidly depleted in axons post-

axotomy 55 across a similar timespan as pro-survival factor NMNAT2 76. Knocking down 

SCG10 accelerates axon degeneration 55, similar to how lowered levels of NMNAT2 

accelerate degeneration in response to in vitro axotomy or vincristine 110. However, down 

regulation of SCG10 is not sufficient to induce programmed axon degeneration in the absence 

of injury like depletion of NMNAT2 76. There is a clear relationship between NADase SARM1 

and NAD-synthesising enzyme NMNAT2, where removal of SARM1 protects against 

degeneration caused by loss of NMNAT2 and prevents peri-natal lethality in mice lacking 

NMNAT2 78. However, the relationship between SCG10, a microtubule regulator, and 

NMNAT2 or SARM1 is less well-defined. 
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NMNAT2 undergoes fast axonal transport from the soma to the axon, co-migrating with 

markers of trans-Golgi and synaptic vesicles in an interaction mediated by cysteine-linked 

palmitoylation of C164/165 residues encoded by exon 6 171. Palmitoylation at these residues 

is required for initial association with vesicle membranes (membrane anchoring), though the 

association is maintained after de-palmitoylation 167, probably via the central isoform-specific 

targeting and interaction domain (ISTID) which is also required for NMNAT2 vesicle targeting 
166.  

 

It has been proposed that NMNAT2 palmitoylation state determines its subcellular localisation 
167 and that de-palmitoylation causes NMNAT2 to detach from vesicles and assume a diffuse, 

cytosolic location 171 in order to carry out its function in regulating axoplasmic NMN and NAD+. 

Evidence that NMNAT2 is required in the cytosol to confer its neuroprotective function comes 

from disruption of vesicular targeting in cytosolic NMNAT2 mutants possessing increased 

capacity for neurite protection in vitro 171 and in vivo 166. These mutants do not co-migrate with 

membrane-bound NMNAT2. Furthermore, abolition of the ISTID removes NMNAT2 vesicle 

binding capacity and increases protein stability in vivo in peripheral mouse axons after sciatic 

nerve transection and in Drosophila after olfactory neurone injury 166. NMNAT2 half-life can be 

extended in cytosolic deletion mutants beyond the usual 40 minutes, without disrupting 

enzyme activity 171. This is associated with decreased ubiquitination and significantly 

increased axon protection and suggests that NMNAT2 must dissociate from vesicles into the 

cytoplasm to promote axon survival optimally.  

 

Palmitate cycling of NMNAT2 is regulated by zinc Finger DHHC-Type palmitoyltransferases 

(zDHHCs) and de-palmitoylation thioesterases APT1 and APT2 167. Interestingly, there there 

is significant overlap in zDHHC enzymes that promote palmitoylation of NMNAT2 (2, 7, 15, 

16, 17, and 21) 167 and SCG10 (zDHHC2, 3, 7, 15, 17, and -1)  . Given that levels of NMNAT2 

and SCG10 are important for axon survival and determining latency of programmed axon 

degeneration, regulation of these survival factors by a similar group of zDHHC 

palmitoyltransferases could be functionally important. The evidence relating to NMNAT2 

above suggests that decreasing palmitoylation of NMNAT2 could be protective. However, it 

has recently been demonstrated that knockdown of zDHHC17, responsible for NMNAT2 

palmitoylation and resulting dissociation from vesicles, actually induces distal programmed 

axon degeneration in vitro and in vivo in optic nerve despite decreasing levels of palmitoylated 

NMNAT2 173. At first this appears to contradict the finding that NMNAT2 has a stronger 

protective effect in its de-palmitoylated state. However, palmitoylation is required for the initial 

association of NMNAT2 with vesicles 167. Therefore, removal of zDHHC17 

palmitoyltransferase activity may prevent this initial palmitoylation and association with 
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vesicles thereby decreasing levels of NMNAT2 at the distal ends of axons triggering activation 

of SARM1. Whilst disruption of NMNAT2 vesicular targeting was shown to increase NMNAT2 

capacity for neuroprotection 166,171, NMNAT2 mutants were overexpressed in these mice 

alongside endogenous NMNAT2 which may have allowed some transport of NMNAT2  to the 

distal axons. Indeed, overexpression of NMNAT2 and other NMNATs confers protection 

against programmed axon degeneration, and is the topic of the next section. 

 

 Overexpression of NMNATs delays programmed axon degeneration 

The fortuitous discovery of a spontaneous mutation in mice resulting in slowed nerve 

degeneration after injury 174 changed long-held views that axon degeneration was a passive 

process occurring as a consequence of lack of neuronal soma support. Originally referred to 

as C57BL/6/Ola mice, these mice later became known as Wallerian degeneration slow (WldS) 

mice. The WldS gene is a chimeric gene  comprising the nucleotide sequence encoding a 70 

amino acid N-terminal fragment of ubiquitination factor E4B (Ube4b) fused to the complete 

nicotinamide mononucleotide adenylyltransferase (Nmnat) gene 175. The resulting WLDS 

protein is a UBE4B-NMNAT1 fusion protein which possesses NMNAT enzyme activity 175. This 

knowledge greatly improved understanding of the role of NMNATs in axon health and 

degeneration. A short sequence that forms part of the NMNAT1 5’ untranslated region (UTR) 

links together the two domains of the WLDS protein 2,70,176. 

 

Presence of the WLDs protein protects the structure and function of injured axons in both the 

central and peripheral nervous system against degeneration for to 2-3 weeks in vivo compared 

to the 2-3 days in wild-type axons 17,64,82,177–179 WLDS also delays degeneration after in vitro 

axotomy where axons remain intact for at least 72 hours in comparison to 6-16 hours in wild-

type cells 23,62,180,181. 

 

The structure and function of synaptic terminals is also preserved after injury in both the central 

and peripheral nervous systems of WldS mice and rats 66,182–185. However, synapse withdrawal 

from motor nerve endplates does eventually occur and precedes degeneration of axon trunks 
182. The level of WLDS-conferred synaptic protection depends on synapse maturity 182, the 

length of the nerve distal to injury 185, and is stronger in rats than mice 186. The rate of synaptic 

withdrawal is increased in mice that exercise ad libitum pre-lesion 187 and accelerated in older 

mice 185, though age has a less pronounced effect in WldS rats 185,186. WLDS can prevent 

neurite outgrowth deficits in mice lacking functional NMNAT2 who then survive into adulthood, 

though develop motor deficits around 3 months of age 77.  
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Neuronal plasticity is decreased in WldS mice after injury in sciatic nerve, phrenic nerve, and 

spinal cord 35–38, though it has been shown to increase in striatal neurones shortly after cortical 

lesion 184. The mechanism causing axon degeneration and WLDS-dependent slowed 

degeneration is intrinsic to the axon 23,63,188 with the role of monocytes and glial cells proposed 

to be limited to clearance of axonal debris after fragmentation, and regeneration of the 

proximal stump 2. However, it is possible that glial cells modulate the rate of degeneration 

since DRGs co-cultured with Schwann cells exhibit accelerated degeneration after in vitro 

axotomy than DRGs alone 189 and a recently published paper highlights a role of axon-glial 

metabolic coupling and glycolytic upregulation in Schwann cells post injury which promotes 

survival of injured axons 190. Aside from slowed programmed axon degeneration, presenting 

with altered plasticity and slowed nerve regeneration after injury, WldS mice appear otherwise 

healthy. 

 

Since NAD+ levels were unchanged in WldS mice despite a four-fold increase in NMNAT 

activity compared to wild-type brain 175,181,191, it was also proposed that the mechanism of 

WLDS protection was mediated by altered ubiquitination or pyridine nucleotide metabolism 
82,192,193. However, since only 6% of the Ube4b sequence is present and its catalytic U-box 

sequence is absent (in comparison to the entire Nmnat1 sequence), WLDS is unlikely to 

possess ubiquitin ligase activity 2,61. Furthermore, the enzyme activity of WLDS was later 

demonstrated as essential for protection against axotomy-induced axon degeneration, since 

enzyme dead WLDS possessing the normal UBE4B containing N-terminal domain does not 

protect against axotomy 181,194,195. Additional studies with mutations in the Nmnat1 portion of 

WldS, vital for NAD+ synthesis, demonstrate a lack of WLDS protection after in vitro  and in vivo 

injury 195,196. 

 

The fact that transgenic expression of WLDS is protective in mice, rats, Drosophila, zebrafish, 

C. elegans, and in primary human neuronal cultures 82,177,186,197–199, indicates strong 

evolutionary conservation of the axon degeneration pathway it modulates. This makes the 

WldS mouse an important tool for studying a mechanism of axon degeneration and how this 

may be modulated. 

 

 Axonal localisation of NMNATs needed for an axon-protective phenotype 

WLDS was originally thought to confer its protection by actions in the nucleus, where it is most 

highly expressed 70,82,180,194,200. However, it was later shown that WLDS acts in extranuclear 

regions of neurones and when targeted to the axon, its protective capacity increases 201–203. 

Moreover, destabilizing WLDS specifically in axons abolishes its protective ability 84,204. 
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Along with the capacity to synthesise NAD+, it was established that WLDS binds valosin-

containing protein (VCP) via its UBE4B domain and this is required for WLDS protection in 

both mouse 181  and Drosophila 170. VCP is a multifunctional AAA-ATPase protein present in 

the nucleus and cytoplasm which plays a role in protein homeostasis and mobility via 

ubiquitination 205 as well as protein degradation, autophagy and mitochondrial quality control 
206–211. The UBE4B domain of WLDS may therefore be required for localisation, stability, or 

binding interactions in order for axon protection to occur. 

 

Localisation of increased NMNAT activity is crucial for neuroprotections since overexpression 

of endogenous Nmnat1 does not protect as strongly as the presence of WLDS , unless 

targeted to axons and synapses 202,203. Decreasing levels of NMNAT1 (which is mostly 

expressed in the nucleus) does not alter the rate of injury-induced axon degeneration 212. In 

studies reporting a protective effect of NMNAT1 overexpression, lentivirus-based transduction 

lead to increased NMNAT1 in the axon 84,213. In addition, overexpression of mitochondrial 

NMNAT3 is also detected in cytoplasm and confers robust protection against programmed 

axon degeneration 170,196. Finally, when endogenous axonally expressed NMNAT2 half-life is 

extended beyond the usual 40 minutes, without disrupting enzyme activity 171, this significantly 

increases axon protection which surpasses that conferred by the presence of WLDS. 

 

Combined, this evidence implies that increased NMNAT activity is required locally in the 

axoplasm for axon protection to occur after injury. Molecules aimed at improving endogenous 

NMNAT2 stability or increasing NMNAT2 expression levels could therefore enhance its 

neuroprotective effect. However, targeting increased NMNAT activity specifically to axons in 

a therapeutic setting could prove challenging.  

 

1.6 SARM1 and NMNAT2 are regulators of axonal nucleotides 

 Nucleotide synthesis pathways relevant to programmed axon degeneration 

There are several nucleotides and their synthesis/degradation pathways which are important 

for maintaining axon health and whose disequilibrium is seen in axon degeneration. As already 

mentioned, NMNAT2 produces NAD+, the substrate for SARM1, and products of SARM1 

activity can be recycled back into NMN or NAD+. These pathways are summarised in Figure 

1.5. Briefly, NMN is synthesised from nicotinamide (Nam) by enzyme nicotinamide 

phosphoribosyltransferase (NAMPT), the rate limiting enzyme for NMN synthesis. NMN is 

then covalently bound to the ADP moiety of ATP by NMNAT2 in the axon (or NMNAT1 or 

NMNAT3 elsewhere) to generate NAD+. In the endogenous mammalian system, NMN can 
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also be synthesised from nicotinamide riboside (NR) by nicotinamide riboside kinase (NRK) 

and depleted by conversion to NR via enzyme CD73. Mammals also have the capacity to 

synthesise NMN de novo from tryptophan via a multi-enzyme process that leads to the 

formation of NaMN which can be converted to NMN via the salvage pathway or converted into 

NaAD then nicotinic acid (NA), then NAD+ via enzymes NMNAT, NamPRT, and NADs, 

respectively. Extracellular NMN is converted to NR for transportation into the cell via the 

equilibrative nucleoside transporter (ENT) where it can then be converted back to NMN via 

NRK. An NMN transporter (Scl12a8) has also been identified as a means of direct NMN 

transport into the cell 214. When aberrantly expressed in mammalian cells, bacterial enzyme 

NMN deamidase can convert NMN into NaMN, thus deplete NMN levels whilst allowing the 

neurone to synthesise NAD+ via an alternative pathway (in the presence of NMNAT2). These 

nucleotide synthesis, degradation, and recycling pathways have been exploited in various 

studies to modulate NAD+ and NMN levels and test the effects on programmed axon 

degeneration. 

 

It is interesting to note that products of SARM1 NADase activity (Nam, ADPR, and cADPR) 

appear to have the capacity to inhibit SARM1 138,139,157,215, which could indicate an intrinsic cell 

mechanism for feedback on SARM1 activity to inhibit serendipitous or aberrant activation in 

an otherwise healthy axon (via product inhibition). However, concentrations of SARM1 

products need to reach or exceed 500 µM for these effects to occur, and these effects were 

studied on TIR domain alone 215, so the biological relevance of SARM1 inhibition by its 

products needs to be explored further. Alternatively, SARM1 products can also be recycled 

into SARM1 activator NMN and act as a positive regulator of SARM1 activation in the context 

of an injured axon, or be converted into allosteric inhibitor NAD+ in the presence of NMNAT2. 

Indeed, it has been suggested that Nam binds weakly to SARM1, likely because it is 

sequestered or metabolised 215. To elaborate, Nam is covalently attached to PRPP to form 

NMN in the presence of NAMPT. Under healthy physiological circumstances, in the presence 

of axonal NMNAT2, NMN is then covalently bound to ATP to form NAD+ (which would then 

favour axon survival by boosting NAD+ and depleting NMN). However, in the absence of 

NMNAT2, such as occurs after axotomy, protein translation inhibition, and mitochondrial toxins 

which initiate programmed axon degeneration, NMN synthesised from SARM1-produced Nam 

could accumulate and act as a positive reinforcer of SARM1 activity. 
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Figure 1.5: Nucleotide synthesis and recycling mechanisms important in the role of 
programmed axon degeneration. The orange arrow indicates a pathway not usually present 
in the mammalian system, but aberrantly expressed in experimental models showing 
protection against axon degeneration. 
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 NMN accumulation versus NAD+ depletion hypotheses of programmed axon 
degeneration 

How the activity of NMNAT2, an NAD+ synthesising enzyme, and SARM1, an NAD+ 

consuming one, relates to one another and nucleotide levels (particularly those of NAD+ and 

its precursor NMN) was a source of controversy in this field. Conflicting evidence supported 

conflicting hypotheses; one in which accumulation of NMN causes SARM1 activation and 

degeneration 159,216,216; the other in which depletion of NAD+ leading to metabolic catastrophe 

causes degeneration 57.  

 

Recently, NMN has been shown to activate near full-length SARM1, as resolved by cryoEM 
138 and both NMN and NMN mimetic CZ-48 activate SARM1 NADase activity 160. After injury, 

the WLDS protective effect is phenocopied by aberrant expression of bacterial enzyme NMN 

deamidase (which converts NMN into NaMN thereby depleting NMN levels) in axons of 

zebrafish and mouse in vitro and in vivo systems 159,216. NMN deamidase also prevents 

perinatal lethality in mice lacking NMNAT2, similar to WldS and Sarm1-/- 77,78,216. Furthermore, 

pharmacologically decreasing NMN using FK866 (an inhibitor of NAMPT, thus inhibitor of 

NMN production) delays degeneration for 24h after in vitro axotomy 191,216 despite causing a 

concurrent decline in NAD+ levels. 

 

WLDS (and NMNATs) also deplete NMN by covalently binding it to ADP to produce NAD+. 

Since protection conferred by NMNAT1 overexpression requires NMNAT enzyme activity 
195,196,202, but NAD+ levels are not increased 82,181,202, combined with the evolving evidence for 

NMN activation of SARM1, it seems that NMNAT-dependent depletion of NMN likely underlies 

WLDS protection. Moreover, high levels of NAD+ in Parp-/-;Cd38 -/- mice are not sufficient to 

prevent or delay programmed axon degeneration after in vivo axotomy and cytoplasmic 

NMNAT1 still delays axon degeneration after NAD+ depletion by siRNA knockdown of Nampt, 

which encodes the enzyme producing NMN for use in NAD+ synthesis 202.  

 

In contrast to the NMN hypothesis, NAD+ depletion resulting in metabolic catastrophe has 

been proposed as the cause of degeneration since SARM1 activation induces rapid depletion 

of NAD+ 57. This, together with NMNAT2 loss (and its function in NAD+ synthesis), could 

explain the depletion of axonal NAD+ after injury 180. Furthermore, SARM1 NADase activity is 

needed for its prodegenerative function and it was suggested that WLDS/NMNATs preserve 

axons by rapidly resynthesizing NAD+ to counteracting SARM1-dependent toxic NAD+ 

depletion 57. In support of this, pre-treatment with NAD+ for at least 24 hours increased the 

number of in-tact axons present 72 h post-transection 194 and increased levels of NMN do not 
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cause spontaneous axon degeneration 158. Genetic and pharmacological manipulation of the 

NAD+ biosynthetic pathway in DRG cultures which result in a rise of NMN levels, actually 

delays degeneration in injured axons 158. However, in these experiments, axon preservation 

in the presence of raised NMN levels also occurred in the context of raised NAD+ levels due 

to the presence and activity of NMNAT2 prior to injury. Therefore, whilst NMN levels are 

increased, the ratio between NMN and NAD+ is likely unchanged meaning SARM1 inhibition 

is likely favoured. This could suggest that accumulating NMN levels need to occur in the 

context of declining NAD+ levels in order to be pro-degenerative. 

 

 Towards resolving the NMN vs NAD+ hypotheses: the NMN:NAD ratio 

Indeed, the recent demonstrations of SARM1 substrate inhibition by NAD+ 139, activation by 

NMN 138, and NMN-induced NADase activity of SARM1 160 provide a possible explanation for 

the conflicting evidence of the roles of NAD+ and NMN in programmed axon degeneration. 

Together, these key pieces of evidence suggest that maintenance of a ratio of high NAD+ 

(SARM1 inhibition) to low NMN (SARM1 activation) is necessary for preventing activation of 

SARM1. If circumstances alter the levels of either nucleotide enough, this can favour SARM1 

activation. 

 

With this knowledge in mind, combined therapeutic strategies to boost NAD+ levels and 

decrease NMN levels may prove beneficial. Indeed, therapies countering NAD+ loss through 

supplementation with NAD+ precursors NR or NMN are being explored as neuroprotective 

agents 217 showing positive effects in models of injury and disease 218–223. 
 

However, caution should be taken with using these therapies in injuries that deplete NMNAT2: 

since NMNAT2 under healthy conditions depletes NMN and produces NAD+, disease related 

depletion of NMNAT2 could lead to increased NMN levels and decreased NAD+ levels if 

therapies involve supplementation with NAD+ precursors. This would likely lead to a favouring 

of SARM1 activation/disinhibition which is precisely what therapies against programmed axon 

degeneration aim to avoid. Even supplementing with NAD+ directly would not avoid this 

problem since there is no known NAD+ transporter meaning that exogenous or extracellular 

sources need to be converted to NR or NMN to enter cells where NMNAT2 then converts them 

back to NAD+. Furthermore, if NAD+ loss is the ultimate cause of axon fragmentation, the 

rapidity of its degradation after SARM1 activation makes increasing NAD+ production after 

injury an unlikely possibility for therapeutic intervention, especially where long-lasting 

protection is required. 



 - 34 - 

1.7 A mitogen-activated protein kinase cascade in programmed axon degeneration 

Aside from key roles of NMNAT2 and SARM1, other proteins and pathways have been 

reported as modulators of axon degeneration. This section will cover the mitogen-activated 

protein kinase (MAPK) cascade, which comprises a family of signal amplification and 

transduction proteins that regulate a huge range of cell responses. Activation (or sometimes 

inhibition) of this cascade usually occurs via phosphorylation of a specific residue of a kinase 

which triggers a cascade of subsequent phosphorylation events in subsequent proteins. 

Activation of the pathway begins with a stimulus which activates a MAPK kinase kinase kinase 

(MAP4K) or a GTPase (like a cell membrane receptor), which then activates a (usually 

cytosolic) MAPK kinase kinase (MAP3K), which activates a MAPK kinase (MAP2K), then a 

MAPK which activates a target, usually a transcription factor to elicit an appropriate cell 

response 224, as outlined in Figure 1.6. 
 

Proteins in this cascade have long been known to play a role in apoptosis and other cell death 

mechanisms and programmed axon degeneration is no exception.  Dual leucine zipper-

bearing kinase (DLK), a MAP3K involved in synaptic development 225,226, was first to be linked 

to programmed axon degeneration 227. Removal of DLK in transgenic mice confers a 52 h in 

vivo delay in degeneration post-sciatic nerve transection, as well as in vitro delays in 

degeneration after axotomy and vincristine for 48 h 227. Supporting this, removal of the 

Drosophila DLK orthologue Wallenda (Wnd) has comparable protective capacity 227. In 

addition, heat shock protein 90 (HSP90, and its Drosophila orthologue Hsp83) play a 

chaperone role in stabilising DLK (Wnd) and Hsp83 is required for Wnd protein stabilisation 

and injury-induced JNK signalling in Drosophila larvae 228. Two other mammalian MAP3Ks, 

MEKK4 and MLK2, also affect the rate of axon degeneration, since knocking down each 

modestly delays degeneration after in vitro axotomy 229. It seems there is functional 

redundancy between the three identified MAP3Ks in their role in axon degeneration since 

removal of all three together increases the strength of protection post-optic nerve injury to 6 

days compared with the weaker delays afforded by removal each individual protein 229. 
 

DLK is thought to act via MAP2K proteins MKK4 and MKK7 230 and then MAPK JNK 227. 

Decreased MKK4 or MKK7 expression protects neurites up to 24 h after in vitro axotomy via 

slowing the rate of NMNAT2 turnover 230. Combined removal or downregulation of both MKK4 

and MKK7 significantly prolongs protection compared to knockdown of the individual kinases 
229. JNK inhibition delays axon degeneration after in vitro axotomy for 12-48 h 55,227 and also 

slows the rate of SCG10 depletion 55. Later the roles of JNK2 and 3 in optic nerve degeneration 

and JNK1, 2, and 3 in cortical neurone degeneration were confirmed 229. Finally, Death 
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Receptor 6 (DR6), has also been linked to programmed axon degeneration with 38% axons 

remain intact 14 days post-transection compared to 100% in Sarm1-/- and 80% in WldS mice 
72. However, it appears that DR6 does not play a role in axon degeneration after optic nerve 

crush 47.  
 

Combining the evidence above, it seems that activation of a MAPK signalling cascade plays 

a role axon degeneration, as illustrated in Figure 1.6. However, there is debate over where 

the MAPK cascade acts and whether it regulates programmed axon degeneration or is 

regulated by it. For example, Sarm1-/- prevents MKK4 activation 229, but not JNK activation 47 

in a model of optic nerve crush. NMNAT2 turnover is accelerated by MAPK activation 230 and 

the presence of cytoplasmic-NMNAT1 blocks MAPK activation 229, but MKK4/7 knockdown 

does not prevent axon degeneration initiated by loss of NMNAT2 or constitutively active 

SARM1 230. In addition to the unclear involvement of MAPK signalling in programmed axon 

degeneration, none of the reported modifications to the cascade show protection as strong as 

that afforded by addition of WLDS or removal of SARM1, even when multiple targets are 

removed. 

  

Figure 1.6: Accepted central dogma of the mitogen-
activated protein kinase (MAPK) cascade and the 
corresponding proteins identified as weak modulators of 
programmed axon degeneration. 
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1.8 The role of the ubiquitin proteasome system in programmed axon degeneration 

The ubiquitin proteasome system (UPS) is an ATP-dependent intracellular protein degradation 

system whereby proteins are targeted for degradation by attachment of ubiquitin proteins. This 

is activated through a series of enzymes starting with activating ubiquitin enzymes (E1), then 

ubiquitin conjugase enzymes (E2), and finally ubiquitin ligase enzymes (E3) which bind a 

ubiquitin tag to lysine residues in the target protein 231,232.  
 

Chemical inhibition of the proteasome or genetic removal of proteins key to its function delay 

axon degeneration after injury 24,55,153,153,233–239. MYCBP2/PHR1 (Highwire) deletion confers 

protection against axon degeneration approaching the efficacy conferred by WLDS. This 

protection is likely due to decreased turnover of axon survival factors, since increased levels 

of NMNAT2 73,167 and SCG10 55 are present after proteasome inhibition. Depletion of axon 

survival factors can induce axon degeneration or accelerate degeneration after injury whereas 

increased levels can delay degeneration 22,55,166.  
 

NMNAT2 ubiquitination occurs at lysine residues positioned outside the region important for 

targeting NMNAT2 to transport vesicles 167 and lower levels of NMNAT2 ubiquitination lead to 

expression of more stable variants with stronger neuroprotective phenotypes 171, suggesting 

a role of the ubiquitin-proteasome system in NMNAT2 turnover. Indeed, NMNAT2 has been 

reported to bind the substrate recognition domain of the PHR1 ubiquitin ligase complex 

(FBXO45, SKIP1, and PAM) 240. When the proteasome is inhibited by MG132, both NMNAT2 

and dNMNAT accumulate, adding further evidence that NMNAT2 levels are regulated via the 

ubiquitin proteasome system 73 and that overactivity of the proteasome can deplete axon 

survival factor NMNAT2.  

 

DLK (Wnd) is also a target of MYCBP2 (Highwire) and interestingly, protein levels of pro-

degenerative DLK (Wnd) are increased in mice lacking PHR-1 and Drosophila lacking 

Highwire, respectively 239,241. However, axon degeneration is still strongly delayed in mutants 

lacking the protein 239,241, placing the signal to activate the MAPK pathway upstream of the 

proteasome. Activation of MKK4 and MKK7 also promotes the turnover of axon survival 

factors NMNAT2 and SCG10 230. This process which appears to be regulated by an 

endogenous inhibitor, AKT, which prevents downstream activation of JNK 229. AKT levels are 

decreased after injury and E3 ubiquitin ligase ZNRF1 is responsible for targeting AKT to the 

proteasome for degradation 229. This likely leads to activation of the MAPKs cascade. Deletion 

of ZNRF1 confers modest protection against programmed axon degeneration 153,234. 
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1.9 The role of calcium in programmed axon degeneration 

It has long been known that intracellular calcium levels increase during programmed axon 

degeneration 11,242–244. Early studies placed this increase as a late event in the axon 

degeneration pathway 11,61,245–247, though more recent studies place it early 59,248. In fact, 

axotomy injury triggers two distinct rises in intra-axonal calcium levels:  

 

One occurs in the axon stump during the acute axon degeneration (AAD) 

phase immediately after axotomy 8,12. This is likely not essential for 

committal of the axon to degenerate since this wave also occurs in the 

presence of WLDS or NMN deamidase, absence of SARM1, or after 

application of FK866 despite these modifications all significantly delaying 

axon degeneration 59,246,249,250.  

 

The other calcium wave occurs hours after axotomy spreading along the 

entire length of the distal axon stump 246. The presence of WLDS does 

suppress this second wave, and exogenous addition of calcium is sufficient 

to abolish this protection 246,249. Indeed, a recent report notes that the late 

intra-axonal calcium rise is dependent on the presence of SARM1 and its 

activation by NMN 250. 

 

Loreto et al, (2015)250 distinguish between the two waves of increased calcium levels placing 

the SARM1-independent wave seen by Summers et al., (2014)59 in the AAD phase which 

occurs near the site of injury. They show that it is the second NMN- SARM1-dependent 

calcium wave is crucial for execution of axon degeneration. Indeed, axon degeneration rapidly 

ensues after the  second wave of extracellular calcium influx in zebrafish after axotomy 250, 

placing late increased calcium levels as a key signal for axon fragmentation. Indeed, since 

products of SARM1 activation ADPR and cADPR 143,157 are involved in calcium mobilisation 

and homeostasis 251 they could contribute to the second calcium wave, though this remains to 

be determined. 

 Calpain activation 

The early wave of calcium influx is likely important for activation of calpains, calcium-

dependent cysteine proteases which are responsible for axon cytoskeleton disintegration, 

since their activation occurs within hours of in vivo axotomy 11,29,252. Calpains have been 

demonstrated to cleave all three light, medium, and heavy neurofilament chains (NfL, NfM, 

and NfH), as well as microtubules 29,253–256. Prevention of calpain activation and axon 
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degeneration in cultured DRGs by can be achieved through application of leupeptin analogues 

and cysteine protease inhibitor aloxistatin 11. In addition, calpains cleave collapsin response 

mediate protein-2 (CRMP2) to cause AAD 257. Modulating calpain activation and subsequent 

cleavage of CRMPs can modestly delay injury-induced degeneration. Inhibition of calpains via 

the endogenous inhibitor, calpastatin, or exogenous application of calpain inhibitors can delay 

degeneration for up to 16 h after in vitro axotomy 247 and 24 h after in vivo optic nerve crush 
29,258. Calpastatin overexpression has been shown to protect against optic nerve transection,  

leaving around 90% of axons in-tact 2 days post-transection 29 and 55% axons in-tact after 3 

days 247. Removal of CRPM4 delays in vivo degeneration for 36 h post-sciatic nerve 

transection 259. 

 Calcium channels 

Calcium chelation using EGTA in culture medium delays axotomy-induced degeneration for  

24 h 59 up to 4 days post-cut 11. Extracellular calcium influx is required for degeneration since 

axons remain intact when the calcium concentration in culture medium is less than 200 μM 11. 

Axon degeneration delayed by calcium chelation is stronger than that achieved by exogenous 

calpain inhibitor 24,59 or calcium channel inhibitor nifedipine 245,260, which both modestly delay 

axon degeneration for 15-18 hours post-axotomy.  
 

Calcium levels in cells are regulated by the presence of calcium permeable plasma membrane 

channels and transporters, as well as intracellular stores such as the mitochondria and 

endoplasmic reticulum (ER). Inhibition of plasma membrane channels, such as L-type calcium 

channels by dihydropyridines and voltage- and receptor-gated slow calcium channels by 

bepridil 11 and verapamil 260 all modestly delay axon degeneration in vitro. In vitro inhibition of 

the Na+/Ca2+ exchanger by KB-R7943 also delays degeneration 250, but inhibition of sodium 

and potassium channels by tetrodotoxin or conotoxin, which allow some non-selective calcium 

entry, does not 11. 

 Intracellular calcium buffering 

As well as plasma membrane calcium channels, organelles such as mitochondria and the ER, 

play an important role in modulating intracellular calcium levels. Mitochondria are also 

responsible for producing ATP and reactive oxygen species (ROS), and releasing pro-

apoptotic and other cell death signals 261,262. The ER, which extends from the neuronal soma 

along axons also plays crucial roles in lipid and protein synthesis, post-translational 

modifications, and glucose metabolism 263. As such, mitochondrial and ER dysfunction have 

both been linked to pathogenesis in various neurodegenerative disorders 263–267. Interestingly, 
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multiple contact points between axonal ER and mitochondria have been observed 268 along 

with mitochondrial localisation at sites of calcium accumulation 250.  

 

Changes to intra-axonal calcium homeostasis after injury stimulates an axonal ER stress 

response 269, as well as loss of mitochondrial membrane potential, ATP depletion, and 

decreased mitochondrial transport 25,180,229,237,248,270. Increased intracellular calcium levels 

regulate mitochondrial movement by arresting both antero- and retrograde mitochondrial 

transport 271,272, possibly to allow the axon to utilise the calcium buffering capacity mitochondria 

possess 273. Morphologically, axonal mitochondria display signs of damage after transection 

injury 274,275, and calcium release from the ER has been shown to contribute to injury-induced 

mitochondrial swelling 268.  

 

Calcium-releasing channels in the ER are inositol 1,4,5-triphosphate receptors (IP3R) and 

ryanodine receptors (RyR) 28,276. Preventing calcium release from the ER (via inhibition of RyR 

or IP3R or siRNA knockdown of RyR1-3 or IP3R) or inhibiting the mitochondrial calcium 

uniporter delays mitochondrial swelling and axon degeneration in ex vivo nerves 3 days post-

axotomy, as well as delaying axon degeneration for 12 h in vitro post-axotomy 268. Another 

study shows that pharmacological inhibition of the RyR, and increased mitochondrial calcium 

buffering can delay axon fragmentation for up to 15 h post-axotomy, where blockage of 

extracellular calcium influx can protect for 18 h 250, suggesting a combined role of extracellular 

calcium influx as well as release from intracellular stores in the second calcium rise. 

 

The role of mitochondria in programmed axon degeneration is thought to occur through the 

mitochondrial permeability transition pore (mPTP) 237,268. High calcium levels induce 

mitochondrial permeability transition (mPT) 277,278 and when open, the mPTP can enhance 

ROS production 279. ROS accumulation has been observed in programmed axon degeneration 

and can be prevented in the presence of WLDS  . Mitochondrial impairment by CCCP depletes 

levels of NMNAT2 and activates programmed axon degeneration which the presence of WLDS 

or absence of SARM1 protects against 75. Some co-localisation of WLDS with mitochondria 

has been noted 196,201,203, though mitochondria are unlikely to be the site at which WLDS elicits 

its protective capacity since it has been shown that NMNAT2 (which WLDS substitutes for) 

loses its efficacy when targeted to the mitochondria 171. Whilst removal of mitochondria does 

modestly delay axon degeneration in Drosophila, mitochondria are dispensable for 

programmed axon degeneration since WLDS-conferred protection persists even in axons 

lacking mitochondria 197.  
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Compared to other proteins involved in programmed axon degeneration, targeting ion 

channels and calcium release stores to decrease the second intracellular rise in calcium levels 

affords very modest delay in axon fragmentation. Indeed, since fragmentations occurs rapidly 

after the second calcium wave, this indicates a late process in the committal of the axon to 

degenerate. Therefore, therapies targeting this part of the pathway are unlikely to be beneficial 

for long-term prevention of programmed axon degeneration. 

 

1.10 Therapeutic opportunities to intervene with programmed axon degeneration 

It seems there are many opportunities to intervene with the programmed axon degeneration 

pathway which confer varying levels of protection against programmed axon degeneration, as 

summarised in Figure 1.7. Particularly strongly axon protection can be conferred by increasing 

levels of axonal NMNAT, preventing NMN accumulation and SARM1 activation, or by 

inhibiting the proteasome.  

 

Depletion of Sarm1, viral transduction of Nmnat1 into axons, and application of FK866 within 

the first 4 hours of transection injury confers strong protection against degeneration 57,159,213 

and JNK inhibitors can be applied 3 hours after axotomy and still be effective 227. Taken 

together, it appears that there is a 4-hour period of reversibility in programmed axon 

degeneration where treatment may be effective at preventing degeneration after injury. In 

disease, this pre-committal to degeneration phase could be longer. 

 

Despite early activation of calpains and the MAPK cascade after injury 29,227,229,252 making 

these protein a potential target in early stages of degeneration, genetic or pharmacological 

interference with these pathways is far weaker than removal of SARM1 or the presence of 

WLDS or cytoplasmic-NMNAT1 29,72,227,229,257–259. Roles of extracellular calcium influx and 

intracellular calcium release which are crucial for committal of axons to degenerate are late 

events in the pathway and their modulation has even weaker protective effects than those of 

calpains and the MAPK cascade. Furthermore, additional roles of proteins and organelles 

involved in these processes outside of programmed axon degeneration mean there could be 

negative side effects occurring via off-target actions if therapies aim to modulate their activity.  
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  Figure 1.7: Potential targets to modulate programmed axon degeneration. Black text and 
arrows indicate the endogenous mammalian drivers and modulators of programmed axon 
degeneration. Blue text indicates key nucleotides whose levels are altered in the lead up to 
axon disintegration. Red indicates that a decrease in activity or levels could protective. Green 
indicates an increase in activity or levels could protective. Dotted coloured lines indicate 
relatively weak modifiers/effects and dotted black lines or question marks indicate unknown 
steps in the pathway. 
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Mostly, the protection afforded by removal of Sarm1 is comparable to that achieved by 

overexpressing WLDS and cytoplasmic-NMNAT1. However, the effects of Sarm1-/- appear to 

supersede those of WLDS in a developmental model where mice lacking functional NMNAT2: 

reversal of deficits in these mice are retained into old-age in the absence of Sarm1 unlike 

those of WLDS where mice develop motor deficits at three months of age 111. In addition, 100% 

of Sarm1-/- axons remain intact after sciatic nerve transection injury, with 80% remaining intact 

neuroprotection if targeting SARM1. The strength of protection after SARM1 removal, its 

apparent specificity to programmed axon degeneration, and the unexpected discovery that 

SARM1 possesses intrinsic enzyme activity make it an attractive therapeutic target. 

Importantly, mice lacking SARM1 are healthy for their lifespan without demonstrating obvious 

abnormalities, implying a low risk of negative side effects if therapies remove its function. 

Indeed, the evidence presented above raises the possibility that decreased SARM1 levels 

(which is more therapeutically achievable than complete removal) may afford greater 

protection against axon fragmentation compared to other modulators of the pathway. For 

these reasons, exploring the validity of SARM1 as a therapeutic target will form the basis of 

this thesis. 

 

1.11 Approaches for anti-SARM1 therapies 

 Small molecule inhibition of TIR domain NADase activity 

Small molecule inhibitors are required to bind perfectly and tightly to small cavities in the three-

dimensional structure of a protein to prevent the associated disease-related protein activity. 

Recently SARM1-TIR domain NADase enzyme activity has been demonstrated 157,280 and 

structural studies have identified the NAD+ binding pocket (SARM1 NADase active site) 143, 

as well as distinct allosteric sites on the ARM domain where SARM1 can be activated by NMN 
138 and inhibited by NAD+ 139. Nicotinamide, a product of SARM1 NADase activity, inhibits 

hydrolase activity of isolated TIR domains 157 and inhibits SARM1 at a site close to the E642 

residue 138 which is required for interaction with NAD+ when activated or residue K597 when 

inactive 143. Furthermore, ATP inhibits SARM1 activation in a dose-dependent manner without 

affecting protein conformation 139 making it a potential competitive inhibitor at the TIR NAD+ 

binding site. 

 

Each of these binding pockets are in theory amenable to small molecule inhibition. Disruption 

of TIR domain interactions via small molecule inhibition has been demonstrated on Toll-like 

receptor 2 (TLR2) TIR domain thereby preventing TLR2 interactions with MyD88 and 

subsequent inflammatory signalling 281. In addition, a high-throughput screen has recently 

identified several small molecules that are capable of non-competitively binding and inhibiting 
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the NADase activity of isolated SARM1 TIR domains 282. However, the capacity of these 

molecules to bind full length SARM1 and whether they confer any neuroprotective effects have 

not yet been shown. Given that SARM1 forms an octameric structure and there are many ionic 

interactions maintaining its inactive form 139, there could be stochiometric issues around small 

molecules accessing TIR domain binding sites. Inhibition of the putative NMN-binding site on 

the ARM domain may therefore be an alternative, more easily accessible site at which to 

prevent SARM1 activation. 

 Small molecule inhibition of protein-protein interactions in the SARM1 octamer 

Small molecules are also capable of interfering with protein-protein interactions by binding the 

large flat planes which proteins use to interact with one another 283. Knowledge that SARM1 

SAM domains interact with other SAM domains in neighbouring molecules 142,143 raises the 

possibility that disrupting these protein-protein interactions could be beneficial. However, this 

is challenging since small molecules usually bind small deep cavities of a protein’s tertiary 

structure which are mostly absent on flat planes. Protein-protein interactions are driven by 

hydrophobic regions of these flat planes which have higher proportions of charged and polar 

residues. These residues enable hydrogen bonds and ionic and electrostatic interactions  
284,285 to form between the interacting proteins. It is possible during formation of these 

interactions, which have been described as multistep process requiring multiple random 

collisions between interacting proteins until they orientate such that weak 

ionic/electrostatic/hydrogen interactions can occur (Schreiber, Haran, and Zhou 2009). During 

the process of forming these interactions (i.e., SAM-SAM interactions for the formation of 

SARM1 octamers) there is an opportunity for small molecule inhibitors to bind a ‘hotspot’ on 

the flat plane competing with the usual protein binding partner thus preventing the usual 

protein-protein interactions 283. Even after formation of the protein-protein interactions, 

allosteric binding of small molecule can cause a conformational change some distance from 

the binding interface thus decreasing the propensity for non-covalent binding interactions 283. 

Targeting protein-protein interactions to weaken SAM-SAM or TIR-TIR interactions could 

destabilise the octameric structure SARM1 required for its pro-degenerative role. 

 

Since small molecules are required to bind perfectly and tightly to small cavities in a protein, 

when such a cavity is not identifiable (e.g., there is no known enzyme function or protein-

protein interactions identified as a driver of disease) or there are technical difficulties in 

designing small molecule inhibitors, alternative approaches are needed. Instead of targets the 

protein monomers or octamers with small molecules, there are also therapeutic methods 

available that act upstream. One such method is gene therapy. 
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 Gene therapy 

Gene therapy involves introducing a gene or other construct into cells where the endogenous 

encoded protein causes disease through its absence or aberrant activity. There are various 

vectors which can be used to deliver genes, such as retro-, lenti-, adeno-, and adeno-

associated viral (AAV) vectors, which are derived from viral genomes 286,287. Indeed, feasibility 

of AAV-mediated genes delivery has been demonstrated preclinically in the treatment of a 

range of neurological diseases (REF). Early clinical studies utilising AAV vectors to mediate 

gene delivery in patients with neurological disorders were for Canavan disease 288, 

Parkinson’s disease 289, and late infantile neuronal ceroid lipofuscinosis  290. These studies 

showed that it was possible to use this approach to modify CNS diseases, though some 

adverse effects were observed, including; high levels of AAV-neutralising antibodies 288 and 

transient humoural responses after injection into the CNS 290. Whilst many participants 

experienced adverse effects in these Phase I clinical trials, investigators considered most to 

be unlikely caused by administration of therapy. Since these initial studies, robust efficacy 

without reporting of adverse events has been demonstrated in 15 patients with spinal muscular 

atrophy type 1 (SMA1) in a Phase II clinical trial 291. First reports of the Phase III trial 

(NCT03306277) indicate similar efficacy, with some adverse events and 91% of children 

(20/22) survive at 14 months with 59% (13/22) achieving the primary outcome of being able 

to sit independently. This offers hope that gene therapy may be utilised as a therapeutic 

approach, at least in spinal and peripheral nerve diseases where AAV uptake is more easily 

achieved than in brain where expression is confined to areas close to the injection sites 
286,289,292. Indeed, a recent trial involving AAV-mediated delivery of nerve growth factor (NGF) 

to patients with Alzheimer’s disease showed no efficacy since the vector did not reach 

cholinergic neurone targets 292. 

 

 Antisense oligonucleotide therapies 

Antisense oligonucleotide therapies have passed Phase 3 trials for SMA where infants 

receiving antisense oligonucleotides showed decreased mortality and improved motor 

phenotypes 293. This is the first FDA-approved treatment for SMA and is now in regular use. 

Antisense oligonucleotides have also been used in a rare polyneuropathy caused by 

hereditary transthyretin-mediated amyloidosis where patients reported improved quality of life 
294. In terms of neurodegeneration, an antisense oligonucleotide therapy targeting mutant 

Huntingtin (mHTT) in HD has passed safety clinical trials showing a dose-dependent decrease 

in mHTT and several Phase II clinical trials are currently active 295. Theoretically, genetic 

targeting of SARM1 may be more effective than small molecule inhibition given that a strong 
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decrease in SARM1 levels or activity is needed for prolonged protection. Therefore, inhibiting 

expression of a gene could yield greater results than targeting the corresponding protein. 

Practically, there are greater challenges to ensuring bioavailability of gene-based therapies 

and their in vivo ability to modify the target that are not present with small molecule inhibition 

(such as the capacity to easily enter cells and act on cytoplasmic targets). A common barrier 

to all therapies targeting the nervous system is ensuring efficient delivery to the correct cell 

types without causing off-target effects in others. Chapter 4 will go into more depth about the 

mechanism by which antisense oligonucleotides act since the aim of that chapter is to explore 

the use of antisense oligonucleotides as an anti-SARM1 therapy. 
 

 

 

 

 

1.12 Aims of this thesis 

 

There are three data chapters in this thesis which will each address a question relating to the 

potential for therapies targeting SARM1 in disease. These questions are: 

 

 

1) If SARM1 is to be targeted pharmacologically, how much do levels need to be decreased in order 

to have a protective effect? 

 

a) This question will initially be addressed through generating Sarm1 hemizygous mice to 

genetically decrease SARM1 protein levels and observe the rate of programmed axon 

degeneration in vitro after physical transection injury and diverse chemical triggers of 

programmed axon degeneration.  

 

b) If there is a slowed rate of degeneration in primary cultures from Sarm1 hemizygous mice, the 

relevance in vivo will be assessed by sciatic nerve transection and the ability for removal of 

one Sarm1 allele in preventing neurite outgrowth deficits in mice lacking functional NMNAT2. 
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2) Is it possible to decrease SARM1 levels with exogenous application of antisense oligonucleotides 

and if so, does this translate to a protective effect on axon health after injury? 

 

a) This question will be addressed by in vitro application of Sarm1 anti-sense oligonucleotides 

and measuring whether this causes a decrease in SARM1 protein levels.  

 

b) If SARM1 protein levels are decreased, the impact on the rate of programmed axon 

degeneration will be assessed in vitro 

 

c) During the course of this thesis, the Coleman group started work on determining the 

phenotypic effects of SARM1 predicted loss of function mutants present in the human 

population. Therefore, effects of combining antisense oligonucleotides to Sarm1 hemizygous 

cultures will be assessed. 

 

 

 

 

3) Is programmed axon degeneration active in a model of sporadic Alzheimer’s disease, and if so, 

can SARM1 be targeted to alleviate pathology? 

 

a) Links between Alzheimer’s disease and programmed axon degeneration will be explored in 

the context of axon transport of mitochondria and axon survival factor NMNAT2 in a D-

Galactose model of sporadic Alzheimer’s disease. 

 

b) If there is a link between programmed axon degeneration, the next goal would be to 

determine whether this model and the associated pathology respond to anti-SARM1 

therapies. 
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2 Chapter 2: Materials and Methods  
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2.1 Animals 

All animal work was approved by the Babraham Institute and University of Cambridge Animal 

Welfare and Ethical Review Bodies and performed in accordance with the Animals (Scientific 

Procedures) Act (ASPA), 1986 and Home Office regulations under project licence numbers 

70/7620 and P98A03BF9. All animals were kept on a 12:12 hour light:dark cycle at a constant 

temperature of 19 °C in a pathogen-free environment with ad libitum access to drinking water 

and standard rodent chow (unless otherwise stated).  

 

 Sarm1 mice 

Sarm1 hemizygous mice were generated by crossing the Babraham C57BL/6Babr wild-type 

line with Sarm1-/- (MyD88-5) mice generated by Kim et al., (2007)132. The F1 progeny from 

these matings were then crossed together to generate mixed litters containing Sarm1+/+, 

Sarm1+/-, and Sarm1-/- mice, as shown in Figure 2.1. Littermates were used for all in vivo and 

in vitro experiments assessing the protective effect of Sarm1 hemizygosity. The in vitro studies 

assessing the effects of antisense oligonucleotides in Sarm1 hemizygous cultures were done 

on mice generated from either the Babraham C57BL/6Babr wild-type line, the Sarm1-/- line132, 

or crosses between the two lines. This generated complete litters of Sarm1+/+, Sarm1+/-, and 

Sarm1-/- mice, respectively. Mice aged P0-P2 from the Sarm1+/+ or Sarm1-/- crosses were used 

as a reference point to already well-defined rates of degeneration to compare the rate of 

degeneration in the Sarm1+/- cultures which received antisense oligonucleotides. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1. Generation of Sarm1+/- mice from 
Sarm1+/+(C57BL/6Babr) and Sarm1-/- mice (a). Resulting F1 
progeny were crossed to generate mixed genotype 
littermates needed for cell culture and in vivo sciatic nerve 
transection studies. 
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 Mice lacking NMNAT2 

Mice lacking NMNAT2, hereafter referred to as Nmnat2gtE/gtE mice, were previously 

generated77 These mice exhibit perinatal lethality with severely truncated axons present in the 

peripheral and central nervous system which can be prevented by the presence of WLDS or 

removal of SARM177,78,111. Experiments in this thesis explore the effects of Sarm1 

hemizygosity on these mice. Mice for the in vitro outgrowth data (described in more detail 

below) were generated from two separate timed-matings, with wild-type controls 

(Nmnat2+/+;Sarm1+/+) and mice lacking NMNAT2 wild-type for Sarm1 (Nmnat2gtE/gtE;Sarm1+/+)  

being obtained from a cross between two mice Nmnat2+/gtE;Sarm1+/+, as illustrated in Figure 

2.2.a. Mice lacking NMNAT2 hemizygous for Sarm1 (Nmnat2gtE/gtE;Sarm1+/-) were obtained 

from a cross between Nmnat2+/gtE;Sarm1+/+ and Nmnat2gtE/gtE;Sarm1-/-, as illustrated in Figure 

2.2.b. For the in vivo study, double hemizygous mice were generated from a cross between 

Nmnat2+/gtE;Sarm1+/+ and Nmnat2gtE/gtE;Sarm1-/- mice (Figure 2.3.a). The resulting F1 progeny 

that were double hemizygous (Nmnat2+/gtE;Sarm1+/-) were then crossed together to generate 

littermate mice for the in vivo study (Figure 2.3.b) where neurite outgrowth was assessed in 

Nmnat2gtE/gtE mice with wild-type, hemizygous, or homozygous null Sarm1 status. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2. Generation of E13.5 mice needed for testing the effects of Sarm1 
hemizygosity on neurite outgrowth in DRGs lacking NMNAT2. These were 
generated from two coinciding timed-matings; one (a) from a cross between two 
Nmnat2+/gtE;Sarm1+/+ mice to generate Nmnat2+/+;Sarm1+/+ (wild-type) and 
Nmnat2gtE/gtE;Sarm1+/+ mice and the other (b) to generated Nmnat2gtE/gtE;Sarm1+/-. 
This was the most reliable way to ensure all genotypes were present for the in vitro 
outgrowth assay. Genotypes indicated in blue were used for the experiment. 
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 Fluorescently labelled transgenic mice 

Finally, for the D-Galactose work (described in sections 2.5 and 2.6), several transgenic mice 

expressing fluorescent proteins were used to image axon transport. Transgenic mice 

expressing cyan fluorescent protein (CFP)-labelled mitochondria (mitoCFP)296 or yellow 

fluorescent protein (YFP)-labelled NMNAT2 (Nmnat2-venus)166 under control of the neurone-

specific Thy1.2 promotor were maintained as separate hemizygous lines. Transgenic mice 

homozygous for YFP under the Thy1.2 promotor (YFP-H mice)297,298 obtained from The 

Jackson Laboratory (stock # 003782) were crossed with the Babraham C57BL/6Babr wild-

type line to generate hemizygous offspring. Three-month old male mice hemizygous for either 

Figure 2.3. Generation of E18.5 mice needed for testing the effects of Sarm1 
hemizygosity on neurite outgrowth in vivo. These were generated from two 
breeding steps. First, double homozygous null mice Nmnat2gtE/gtE;Sarm1+/- were 
crossed with Nmnat2+/gtE;Sarm1+/ +mice to generate double hemizygous 
(Nmnat2+/gtE;Sarm1+/-) progeny, indicated in green (a). These double hemizygotes 
were then crossed to generate mixed litters of the desired genotypes, indicated in 
blue (b) Nmnat2gtE/gtE;Sarm1+/+, Nmnat2gtE/gtE;Sarm1+/, Nmnat2gtE/gtE;Sarm1-/-, and 
Nmnat2+/+;Sarm1+/+. 
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mitoCFP, Nmnat2-venus, or YFP-H were used for the D-Galactose studies, described in 

sections 2.5 and 2.6. 

 Mouse genotyping 

DNA was extracted from embryonic or P0-P2 mouse nose/tail (to determine Nmnat2 and/or 

Sarm1 status for cell culture experiments). Ear biopsies were taken from 10-day old mice (from 

MitoP and Nmnat2-venus mice) using QuickExtract™DNA Extraction Solution (epicentre; 

QE09050) according to manufacturer’s instructions. Briefly, 35 µl QuickExtract was added to 

biopsies. Samples were vortexed for 15 seconds then placed on a heat block at 65 °C for 15 

minutes. Samples were then vortexed for 15 seconds and placed on a heat block at 98 °C for 

2 minutes before being vortexed for 15 seconds again. Then, 1 µl extracted DNA was mixed 

with 19 µl master mix, comprising; PCR water, Taq Polymerase, 100 mM KCl, 3 mM MgCl2, 

0.002 % gelatin, 0.4 mM dNTP mix (dATP, dCTP, dGTP, TTP), and 20 mM Tris-HCl at pH 8.3 

(in the form of REDTaq® ReadyMix™ PCR Reaction Mix from Sigma-Aldrich; R2523) and 1 µl 

of mixed forward and reverse primers specific to the gene in question (see Table 2.1) from a 

100 µM stock concentration to make a final PCR reaction volume of 20 µl. Alternatively, 

GoTaqGreen (Promega) was used in place of RedTaq. Samples were then mixed and placed 

in a BioRad T100 PCR machine using the appropriate protocol (see Table 2.1) to amplify the 

gene of interest before being loaded into a 2% agarose gel with ethidium bromide and run in 

an electrophoresis tank (Apparatus GNA 200; Pharmacia) with Tris/Borate/EDTA (TBE) buffer 

for 30-60 minutes at 200V or until bands were clearly distinguishable when imaged with a 

UviTech UV reader. 

 

 

2.2 In vitro studies 

 Superior cervical ganglia and dorsal root ganglia cultures 

For the in vitro experiments, superior cervical ganglia (SCGs) were dissected from P0-P2 mice 

and dorsal root ganglia (DRGs) from E13.5 mouse embryos. Dissected ganglia were plated 

on 35 mm culture dishes precoated with poly-L-lysine (20 µg/ml overnight; Sigma) and laminin 

(20 µg/ml for 1–2 h; Sigma), as previously described22. Ganglia were plated in 635 µl culture 

medium (below) which was topped up with 1 ml the following day. Culture medium comprised 

Dulbecco's Modified Eagle's Medium (DMEM) (type 41966029; ThermoFisher Scientific) 

supplemented with 2% B27 supplement (type 17504-044; Gibco) and 1% penicillin-

streptomycin (type P4333; Sigma). In addition, 4 µM aphidicolin (Merck) and 50 ng/ml 2.5S 

NGF (Invitrogen) were added fresh to the culture medium as it was replaced every 2-3 days. 
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 Antisense oligonucleotides 

Antisense oligonucleotides were obtained from Ionis Pharmaceuticals at a stock concentration 

of 100 mg/ml. The control antisense oligonucleotide is referred to in text as cASO and the anti-

Sarm1 oligonucleotides are referred to in text as ASOa and ASOb. For all experiments, stocks 

were diluted 1:3000 in culture medium to a final concentration of 5 µM. Where antisense 

oligonucleotides were combined, the culture medium comprised a 50:50 mix of ASOa and 

ASOb, resulting in the final culture medium containing 7.5 µM of each Sarm1 antisense 

oligonucleotide, referred to as ASOa+b in text. Medium containing antisense oligonucleotides 

was applied to cultures for the durations indicated in text.  

 

 Neurite outgrowth assay 

Similar to previously described experiments77,78, DRGs were dissected from E13.5 mouse 

embryos plated on  precoated 35 mm tissue culture dishes, as described in section 2.2.1. 

Tissue was collected from the embryos for genotyping and the experimenter was blind to 

genotype until experiments were quantified. Radial neurite outgrowth was imaged in phase-

contrast at low magnification (5x objective) using the ‘Tile Scan’ function of a DMi8 Leica 

moving stage inverted epifluorescence microscope using the Leica Application Suite X 

software. This was done at the same time on each specified day after plating. Neurite length 

on each day was determined by taking the average of two measurements of representative 

neurite outgrowth for each explant and generating an average for each dish (2-3 ganglia per 

dish). For the antisense oligonucleotide reversal of neurite outgrowth deficit in mice lacking 

NMNAT2, three DRGs from each embryo of the appropriate genotype Nmnat2gtE/gtE/Sarm1+/+ 

or Nmnat2+/+/Sarm1+/+ were plated in 5 separate 35 mm tissue culture dishes and treated with 

either normal culture medium, or medium containing cASO, Sarm1 ASOa, Sarm1 ASOb, or 

combined Sarm1 ASOa+b. DRG cultures treated with Sarm1 ASOb or combined Sarm1 

ASOa+b consistently detached in both genotypes between 3 and 5DIV, and so were excluded 

from analysis. 

 

 In vitro assays of Wallerian and Wallerian-like degeneration 

Aside from the in vitro transection injury (axotomy) which completely separates cultured 

neuronal somas from distal neurites 23, there are a number of other in vitro chemical triggers 

of programmed axon degeneration that overexpression of NMNATs or removal of SARM1 can 

protect against. Firstly, vincristine is a chemotherapeutic which stabilises microtubules and 

inhibits axon transport. It triggers programmed axon degeneration which can be prevented by 
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the presence of WLDS or by the absence of SARM1299,83,300,81. Mitochondrial toxins carbonyl 

cyanide m-chlorophenyl hydrazone (CCCP) and rotenone both trigger programmed axon 

degeneration301,101,260,75: CCCP is a protonophore which dissipates the mitochondrial H+ 

gradient thereby inhibiting ATP production and triggering axon degeneration which can be 

prevented by the presence of WLDS or by the absence of SARM175. Degeneration triggered 

by mitochondrial complex IV inhibitor rotenone can be prevented by the absence of SARM1301. 

Finally, protein translation inhibition can be modelled through cycloheximide (CHX) 

administration, which rapidly decreases levels of labile proteins such as axon survival factor 

NMNAT2 76 and SCG10 55,230. The CHX-induced depletion of NMNAT2 initiates programmed 

axon degeneration which the presence of WLDs prevents 76. 

 

In all of the in vitro degeneration assays, the same field of neurites were imaged in phase 

contrast repeatedly at the timepoints indicated, using a DMi8 Leica moving stage inverted 

epifluorescence microscope and Leica Application Suite X software. In all assays using both 

DRGs and SCGs, neurites were allowed to extend from ganglia for 7DIV before the inducer 

of degeneration (described below) was applied along with a media immediately preceding 

timepoint 0h. 

 

For axotomy, neurites were physically cut with a sterile scalpel (No.22 blade) several mm 

away from the ganglion23. Stocks (1000x) of vincristine and rotenone in DMSO were diluted 

1:1000 in culture medium to final concentrations of 20 nM vincristine and 10 µM rotenone, 

previously shown to induce axon degeneration299,301. CCCP was applied at 25 µM or 50 µM 

concentrations, also shown to induce axon degeneration75. An aqueous stock solution of CHX 

in DMSO (Sigma) were diluted 1∶1000 or 1:100 in culture media to give final 1 µg/ml and 10 

µg/ml CHX concentrations, respectively, as previously described76. The extent to which distal 

neurites degenerated was quantified using the Degeneration Index plugin for ImageJ (FIJI) 

developed and described in detail by Sasaki et al., (2009)202. 

 

2.3 In vivo studies of axon degeneration 

 Sciatic nerve transection surgeries 

A slightly modified version of a published method62 was employed to surgically transect the 

right sciatic nerve of 2-3 month old male mice. Briefly, mice were anesthetized with isoflurane, 

and the skin on their right hind limb was shaved and cleaned with denatured ethanol. Sterile 

surgical technique was used to make an incision directly beneath the hip joint, and the gluteal 

muscles were separated carefully with a pair of forceps. The sciatic nerve was transected 
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immediately adjacent to the sciatic notch with a pair of sterile surgical scissors. The gluteal 

muscles were then placed back into their original anatomical position, and the overlying skin 

glued closed using Vetbond. Mice were monitored post-operatively and if wounds re-opened 

mice were re-anaesthetised and the wound re-closed.  

 Sciatic nerve dissections and embedding 

At 2, 3, and 5 days post-lesion, mice were euthanized via cervical dislocation and nerve 

segments 4 mm distal to the lesion up to the point of nerve trifurcation at the level of the knee 

were collected from both the cut and uncut hindlimb nerves. Nerves were fixed in 4% 

paraformaldehyde and 2.5% glutaraldehyde in 0.1 M PBS, pH 7.4 for at least 72 h at 4 ºC. 

Fixed nerves were then washed in 0.1 M PBS, placed in 1% osmium tetroxide for 2 h, and 

dehydrated in increasing concentrations of ethanol from 50%, 70%, 80%, 90%, 95%, to 100%, 

and then 100% propylene oxide. Nerves were then embedded in Durcupan resin (Fluka 

Chemie) and polymerized for 48 h at 60 ºC. 

 Sciatic nerve imaging and quantification 

Transverse semithin sections (100 μM) were cut on a Leica ultramicrotome, stained with 

Richardson’s solution, and imaged on a light microscope at 100x magnification. Images were 

taken across the entire nerve section and automatically merged on Photoshop Elements 13 

using the Photomerge® Panorama function. To quantify the number of intact and degenerated 

axons, a complete cross section of the tibial nerve was counted for each mouse. The criteria 

for categorizing intact axons were: the presence of myelin sheaths, uniform axoplasm, and 

intact mitochondria. The experimenter was blinded to mouse genotype for the surgeries, 

sectioning, imaging, and quantification. 

 

2.4 In vivo studies on neurite outgrowth in mice lacking NMNAT2 

 DiI staining of intercostal nerves 

E18.5 embryos were generated from a Nmnat2+/gtE/Sarm1+/- x Nmnat2+/gtE/Sarm1+/- cross. 

Embryos of the appropriate genotypes (Nmnat2gtE/gtE/Sarm1+/+, Nmnat2gtE/gtE/Sarm1+/-, and 

Nmnat2gtE/gtE/Sarm1-/-, as well as wild-type Nmnat2+/+/Sarm1+/+)  were immersion fixed in 4% 

paraformaldehyde. After at least one week, intercostal nerves of the embryos were labelled 

using the lipophilic dye DiI (1,l"-dioctadecyll3,3,3",3"tetramethylindocarbo-cyanine 

perchlorate), as previously described302. DiI crystals were inserted into a rostrocaudal incision 

along the entire spinal cord, then kept at 37°C in 4% paraformaldehyde for 8 weeks, to allow 

diffusion of the dye through neuronal membranes thereby labelling nerves exiting the spinal 
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cord. After 8 weeks of labelling, ribcages were dissected and cleaned then immersed in an 

increasing glycerol:PBS series from 25%, 50%, 75%, up to 100% glycerol for optical clearing. 

 

 Diaphragm dissection and staining 

Diaphragms were dissected at the same time as ribcages from the same E18.5 embryos 

stained with DiI. As described by DiStefano et al., (2017)159, diaphragms were washed in PBS 

and incubated with 10 µg/ml tetramethylrhodamine (TRITC)-conjugated α-bungarotoxin 

(Invitrogen T1175) for 20 minutes at room temperature. Diaphragms were then permeabilized 

and blocked in PTX (PBS, 0.5% TritonX-100) with 2% BSA for 2 h at room temperature and 

incubated overnight at room temperature with a rabbit polyclonal anti-βIII-tubulin (TUJ1) 

antibody (Sigma, T2200) in blocking solution (1:500 dilution). After 3x washes in PTX, 

diaphragms were incubated with an AlexaFluor488-conjugated anti-rabbit antibody (1:200 

dilution) in blocking solution for 5 h at RT. After another 3x washes in PTX, diaphragms were 

mounted in Vectashield on glass sides and imaged using an inverted DMi8 Leica fluorescence 

microscope using 5x and 10x objectives. 

 

2.5 D-Galactose administration and live sciatic nerve collection 

Three-month-old male mice received 4 g/kg D-Galactose in 0.01% sodium benzoate or 0.01% 

sodium benzoate (vehicle) in place of normal drinking water continuously for 8 weeks. On a 

weekly basis, mice were weighed and had their blood glucose levels measured using an Accu-

Chek glucometer with a drop of blood collected via tail puncture. 

 

2.6 Ex vivo studies using D-Galactose to model sporadic Alzheimer’s disease 

Mice were humanely sacrificed via cervical dislocation and confirmed dead via exsanguination 

after receiving D-Galactose or vehicle for 8 weeks. The head from Nmnat2-venus mice was 

placed immediately in pre-oxygenated Neurobasal A medium (Gibco) warmed to 37 °C. The 

right sciatic nerve was dissected from MitoP and Nmnat2-venus mice within 3 minutes and 

immersed immediately into oxygenated pre-warmed Neurobasal A medium. Brains from YFP-

H and MitoP mice were harvested for biochemical analysis, as described in section 2.8.1. 
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 Live imaging and quantification of axonal transport in Sciatic nerve explants 

Live time-lapse images were captured with an Olympus CellR imaging system (IX81 

microscope, Hamamatsu ORCA ER camera, using Immersol immersion oil from Zeiss) at a 

rate of 2 frames per second for 2 or 3 minutes when imaging Nmnat2-venus sciatic nerve and 

MitoP sciatic nerve, respectively. Five separate videos were created per explant, with fields of 

view of different axons within the nerve. Total time spent imaging the sciatic nerves did not 

exceed 45 minutes and explants were maintained in Neurobasal A medium at 37 °C in an 

environment chamber (Solent Scientific) for the duration of imaging. The first images of sciatic 

nerves were made no more than 10 minutes after the mouse was culled. An equal number of 

vehicle and D-galactose treated mice were imaged in each imaging session. Individual axons 

were straightened using the Straighten ImageJ plugin and axonal transport parameters 

defined using DifferenceTracker plugins, as previously described303. This enabled 

identification of moving particles in each frame which were normalised to axon length and 

presented as particle count per second per 100 μm axon length. 

 

 Organotypic Hippocampal Slice Cultures 

Organotypic hippocampal slice cultures (OHSC) were generated by Claire Durrant who made 

350 µm thick slices through the hippocampus and dentate gyrus of P6 C57BL/6Babr mouse 

brains. Two dishes each containing three slices were generated per mouse, according to her 

published protocol304. This generated eight mouse-matched conditions. OHSCs were cultured 

on membranes which provide two interfaces; one allowing tissues oxygenation and the other 

enabling movement of essential nutrients from culture media into the slices and waste from 

the slices into the media. OHSCs were cultured for 2 weeks before the addition of 55 mM D-

Galactose dissolved in MEM or control media containing MEM by Olivia Sheppard who treated 

the cultures for 3 weeks with either D-Galactose or vehicle (MEM) and collected media after 

the first, second, and third week of treatment. I measured Ab40 and Ab42 levels through 

ELISA (Life Technologies: KMB3481 and KMB3441, respectively). After the third week of 

treatment, I harvested slice tissue for Western blot at the end of the experiment. 
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2.7 Immunoblotting  

 Enhanced chemiluminescence detection 

DRGs and SCGs were collected in culture medium, centrifuged at 13,000 RPM, supernatant 

removed, washed with 1 ml room temperature (RT) phosphate-buffered saline (PBS) 

containing protease inhibitors (Roche, one tablet per 10 ml PBS), recentrifuged, supernatant 

removed and resuspended in Laemmli buffer containing 10% 2-mercaptoethanol (10 µl per 

SCG or DRG). Samples were then placed on a heat block at 100 °C for 90 s, vortexed, and 

placed back on the heat block for another 90 s before being frozen at -20 °C. Immediately 

before running the Western blot, samples were thawed and 10 µl loaded into 15 well 4-20% 

Mini-PROTEAN TGX Precast Protein Gels (Bio-Rad). Samples were run for 90 minutes at 150 

V in 1x Tris/Glycine/SDS Electrophoresis Buffer (Bio-Rad) before being transferred onto 

methanol-activated Immobilon-P PDVF Membrane (MerckMillipore) for 60 minutes in transfer 

buffer (Tris/Glycine/20% methanol) at 100 V. Membranes were blocked at RT for 1 h in TBS 

containing 5% milk (Sigma). Primary antibodies used were: mouse SARM1 (1:2000-1:5000), 

mouse b-ACTIN (1:5000), and rabbit TUJ1 (1:2000) followed by the corresponding anti-mouse 

or rabbit IgG (H+L)-HRP Conjugate (Bio-Rad), more details are listed in Table 2.2. Antibodies 

were added to TBST containing 5% milk (Sigma); primary antibodies were applied overnight 

at 4°C and secondary antibodies were applied at RT for 2 h before the Pierce ECL Western 

Blotting Substrate (ThermoFisher) was added 5 minutes prior to chemiluminescence exposure 

using a UviTech Alliance chemiluminescence machine. Western blot band intensity was 

quantified using Fiji (ImageJ). 

 

 Infrared dual colour detection 

OHSCs were scraped off the culture membrane into Laemmli buffer + 10 % 2-mercaptethanol 

(180 μl per 2 slices). Samples were prepared and run as described above for ECL, except 

they were transferred onto methanol-activated Immobilon-FL PDVF Membrane 

(MerckMillipore). Membranes were blocked at RT for 2 h in Odyssey TBS Blocking Buffer (LI-

COR Biosciences). Antibodies were applied in TBS-T containing 5% Bovine Serum Albumin 

(Sigma-Aldrich); primary antibodies were applied overnight at 4°C and secondary 

corresponding anti-mouse or rabbit IgG (H+L) infrared (IRDye) antibodies were applied at RT 

for 2 h before being imaged using a LI-COR Odyssey detection system. Band intensity was 

quantified using ImageStudioLite software. Antibody details are listed in Table 2.2. 
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2.8 Biochemical assays  

 Collection of mouse brain regions for biochemical studies 

Whole brain was extracted immediately from MitoP and YFP-H mice treated with D-galactose 

or vehicle once humanely culled, as described above. The brain hemispheres were separated 

longitudinally, then prefrontal cortex, remaining cortex, hippocampus, and cerebellum were 

separated using fine forceps and immediately placed in pre-chilled Eppendorf tubes and snap 

frozen in dry ice. Tissue from both hemispheres were collected from MitoP mice, but only a 

single hemisphere was taken from YFP mice (the other hemisphere was fixed for 

immunohistochemistry). The hemisphere collected alternated between right and left so as to 

avoid confounds of any potential single hemisphere effects. In total, 6 right and 6 left 

hemispheres were collected from YFP-H mice for both biochemical analysis and 

immunohistochemistry. Please note that ultimately immunohistochemistry and imaging were 

not performed on the YFP-H samples since no axonal transport impairment or AD-related 

biochemical differences were observed between vehicle- and D-Galactose-treated mice. 

Therefore, there was no drive to investigate morphological changes in YFP-H neurones since 

the absence of other AD-related phenotypes meant any potential differences in YFP-H mice 

could not be attributed to sporadic AD-like mechanisms in the D-Galactose model used. 

 Preparation of brain extracts 

Samples previously frozen on dry ice and stored at -80 °C were thawed on ice and then placed 

at room temperature for 2 minutes. Homogenisation buffer comprising PBS containing 

protease inhibitors (Roche, one tablet per 10 ml PBS) was added to the samples along with a 

5 mm steel ball (Qiagen). The amount of homogenisation buffer added varied on brain region: 

50 µl was added to frontal cortex and hippocampus and 100 µl was added to cortex and 

cerebellum. Samples were then placed in an LT Tissue lyser (Qiagen) and homogenised at a 

rate of 20 oscillations per minute for 2 minutes. Homogenised samples were placed 

immediately on ice. Samples were transferred to a fresh Eppendorf (minus the steel ball) and 

a BCA Protein assay (Thermo Fisher Scientific: 23225) was employed to determine protein 

levels. Samples were then normalised to 5.5 mg/ml total protein using PBS containing 1% 

lauryl chloride, briefly vortexed and places on ice for 30 minutes. Samples were then 

centrifuged at 16000xg at 4 °C for 20 minutes and supernatants (known as the soluble 

fractions) were collected and stored in a 96 well plate at -20 °C. The pellets (insoluble 

fractions) were then solubilised Guanidine buffer (6M guanidine-HCl, 1% sarkosyl, 50 mM Tris 

pH8) overnight on a rotary at room temperature. They were then diluted 40x in PBS for use 

as the insoluble (guanidine) fraction and collected and stored in a 96 well plate at -20 °C. 
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Table 2.2: Details of antibodies used in this thesis 

 

 

 

 

 

 

 

  

Primary/ 
Secondary 

Antibody  Raised 
in 

Mono- or 
Polyclonal 

Dilution Supplier Cat. No. 

Primary APP  Mouse Monoclonal 1:1000 Merck MAB348 

Primary AT180 Mouse Monoclonal 1:200 Thermo 

Fisher 

Scientific 

MN1040 

Primary b-actin Mouse Monoclonal 1:5000 Sigma A5316 

Primary b-III Tubulin Rabbit Polyclonal 1:2000 Sigma T2200 

Primary Calbindin D-28K Rabbit Polyclonal 1:2000 Merck AB1778 

Primary Cyclophilin B Rabbit Polyclonal 1:500 Abcam AB16045 

Primary PSD95 Rabbit Polyclonal 1:500 Abcam AB18258 

Primary SARM1 Mouse Monoclonal 1:3000 Provided by the Hsueh 

lab 154 

Primary Synaptophysin 

(SY38) 

Mouse Monoclonal 1:1000 Abcam AB8049 

Primary Total Tau Rabbit Polyclonal 1:5000 Dako A0024 

Secondary Mouse IgG(H+L)-

HRP Conjugate 

Goat Polyclonal  1:3000 Bio-Rad 1721011 

Secondary Rabbit IgG(H+L)-

HRP Conjugate 

Goat Polyclonal  1:3000 Bio-Rad 1721019 

Secondary Mouse IgG(H+L)-

IRDye 800CW 

Donkey Polyclonal 1:10000 LI-COR 
Biosciences 

926-

40003 

Secondary Rabbit IgG(H+L)-

IRDye 800CW 

Donkey Polyclonal 1:10000 LI-COR 
Biosciences 

925-

32213 
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 Meso Scale Discovery assays  

A Meso Scale Discovery assay was then used to measure total Tau and hyperphosphorylated 

Tau present in the insoluble fractions. These levels were quantified using a Phospho 

(Thr231)/Total Tau Kit (K15121D) assay, which was run according to manufacturer’s 

instructions. Meso Scale Discovery assays were run by technicians in the Core Biochemical 

Assay Laboratory in Addenbrooke’s Hospital who provided me with the raw data.  

 

 Immunoblotting 

Soluble hippocampal fractions were diluted 1:1 in Laemmli buffer. A total of 30 µg protein (10 

µl) was loaded to measure phosphotau levels with the AT180 antibody, according the same 

ECL protocol described earlier. Since loading control proteins saturate the gel at protein 

concentrations needed to detect phosphorylated tau, 2 µl of sample was then loaded on a 

separate gel to measure levels of Total Tau and b-actin. 

 

2.9 Statistical analyses 

Data values generated from Fiji (ImageJ), manual counting, or plate readers were compiled in 

Microsoft Excel. Statistical analyses were performed and graphs created using Prism 8 

(GraphPad). Figures were created in Prism8, PowerPoint, and mechanistic schematics were 

created with the use of BioRender online. The precise method of statistical analysis performed 

for each experiment is noted in each Figure legend. However, in general, when an effect over 

time was measured for more than two groups, a two-way repeated measures ANOVA was 

employed. If significant, the two-way ANOVA was followed by post-hoc analysis (Dunnett 

when all experimental groups were compared to a control group or Bonferroni when 

experimental groups were compared to each other over time). When more than two groups 

were compared at a single time-point, a one-way ANOVA was employed to determine 

significance followed by an unpaired t-test where appropriate, as indicated in the text. A two-

tailed unpaired t-test was used to determine whether there were differences between a control 

and experimental group at a single time-point in the D-Galactose imaging studies and paired 

t-tests were employed to assess whether there was a difference between vehicle- and D-

Galactose-treated OHSCs. Data are presented as mean standard error of mean (SEM). 

Statistical significance is indicated as follows: ns = not significant; ****p<0.0001; ***p<0.001; 

**p<0.01; *p<0.05 
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3 Chapter 3: Sarm1 hemizygosity delays programmed axon 

degeneration 
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3.1 Introduction 

Two separate genome-wide association studies (GWAS) have associated the chromosomal 

locus encompassing SARM1 to sporadic ALS 120,121. These findings are supported by 

experimental data showing further links between ALS and Stathmin-2 (SCG10) 122–124, which 

negatively regulates programmed axon degeneration 55. Promisingly, Sarm1 deletion is 

protective in a model of ALS and FTD 105 and many animal models demonstrate in principle 

that removing Sarm1 can prevent disease phenotypes 61,122.  

 

 Altered expression of genes involved in programmed axon degeneration 

Altered gene expression is one mechanism which leads to the identification of genes linked to 

disease in genome wide association studies (GWAS) 305 and a growing body of evidence links 

altered NMNAT2 protein function (therefore programmed axon degeneration in which SARM1 

plays a pro-degenerative role) in humans to susceptibility to disease 112,113,116. There are also 

a number of predicted loss of function (LoF) SARM1 alleles present in the human population 
306 from which one predicts that a small percentage of the population would be hemizygous 

for SARM1 LoF alleles with some nullizygous and compound heterozygous humans possibly 

existing. It will be important to determine empirically what effect these GWAS hits and 

predicted LoF mutants have on axonal health and whether these effects extend to chronic 

disease (for GoF mutations) or protection (in LoF mutants). Since hemizygous LoF humans 

may possess a (partially) axon-protective phenotype, at least in non-transection injuries such 

as peripheral neuropathy or protein synthesis-aggregation disorders. Whereas those with GoF 

alleles may be at greater risk of developing neurodegenerative diseases. Unpublished findings 

by Coleman Laboratory members Jonathan Gilley and Mirlinda Ademi demonstrate that some 

of these predicted LoF and GoF variant alleles present in the human genome translate to 

altered SARM1 NADase activity and axon susceptibility in vitro.  

 

Given that variant SARM1 alleles may be associated with human disease and predicted LoF 

human alleles may be protective, there is hope that; (i) modulating SARM1 in disease states 

could be beneficial and; (ii) that Sarm1 LoF hemizygous humans may be less susceptible to 

neurodegenerative disease, or more responsive to therapies targeting SARM1. 

 

Preventing expression or completely eliminating a specific protein or its activity 

pharmacologically or therapeutically is challenging. Therefore, if therapeutic strategies 

targeting SARM1 are to be effective, it is important to determine empirically whether 

decreased, rather than complete removal, of SARM1 levels or activity can elicit a protective 
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effect. Whilst one study showed that 70% or greater siRNA knockdown of Sarm1 was needed 

to be protective in vitro 58, most published evidence suggests that complete removal of Sarm1 

from the murine system is required in order to significantly delay axon degeneration in the 

central and peripheral nervous systems: Sarm1 hemizygosity does not detectably protect 

against oxygen-glucose deprivation in hippocampal cultures132 or sciatic nerve transection at 

14 days post-lesion62 where full removal of Sarm1 protects in both cases.  

 

 Capacity to delay programmed axon degeneration by removing other proteins 

Other proteins, discussed in more detail in the thesis introduction, do modify the rate of 

programmed axon degeneration, but none have quite the level of protection as removal of 

SARM1. Briefly, overexpression of NMNAT activity, the ubiquitin proteasome system, 

mitogen-activated protein kinase (MAPK) cascade, and calpain activation can delay 

degeneration after injury to varying extents. Severed sciatic nerve axons are preserved for 

several weeks in the presence of WLDS or cytoplasmic NMNAT1 203, 5 days in mice lacking 

PHR1 (a protein involved in NMNAT2 turnover) 227,239,259, up to 52 h in mice lacking DLK (a 

kinase involved in the activation of MAP kinase pathway) 227, and 36 h in mice lacking CRPM4 

(which is cleaved downstream of calpain activation leading to axon degeneration) 259. 

Endogenous calpain inhibition can protect retinal ganglion cell axons for 24 h after optic nerve 

crush 29,258 and overexpression of endogenous calpain inhibitor, calpastatin, has been shown 

to protect against optic nerve transection for 2-3 days post transection 29,247. Introduction of 

bacterial enzyme NMN deamidase into mice, which depletes SARM1 activator NMN, leads to 

strong delay of axon degeneration with 50% axons remaining intact 14 days post-sciatic nerve 

lesion 159. However, removal of no gene matches the protective effects of Sarm1 removal in 

which sciatic nerve axons are fully preserved in vivo even 14 days post-transection 58,62,72.  

 

This chapter will explore whether decreased levels of SARM1 in Sarm1 hemizygous mice 

confer any protection against programmed axon degeneration and how translatable any 

protection observed is to diverse triggers of programmed axon degeneration. 
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3.2 Results  

 Sarm1 hemizygous mice express lower levels of SARM1 than Sarm1 wild-type 
mice 

Firstly, it was important to confirm that Sarm1 hemizygosity leads to a decrease in SARM1 

levels, as shown in the original paper characterising the mouse strain used 132. This was 

demonstrated through Western blot of cultured SCG explants from Sarm1+/+, Sarm1+/-, and 

Sarm1-/- mice where, there is an approximately 60% decrease in Western blot band intensity 

in mice hemizygous for Sarm1 compared to wild-type littermates (Figure 3.1.a). Serial dilution 

of a Sarm1+/+ sample was done to test whether a 50%, 75%, or 87.5% decrease in SARM1 

protein levels corresponded to the same decrease in Western blot band intensity (Figure 

3.1.b). It appears that a 50% decrease in protein levels corresponds to a 60% decrease in 

Western blot band intensity. For added certainty, a Sarm1+/+ sample was run alongside 

increasing, known amounts of purified SARM1 to determine whether the band intensity is 

within the linear range of the antibody sensitivity. The Sarm1+/+ band intensity does lie within 

the linear range, albeit at the lower end, providing confidence that the decreases in Western 

blot band intensity correspond to a similar decrease in protein levels (Figure 3.1.c). 

 

 Sarm1 hemizygosity delays programmed axon degeneration in in vitro assays 

DRG explants were initially employed as a higher-throughput system to rapidly explore the 

ability of Sarm1 hemizygosity to protect against a range of programmed axon degeneration 

initiators (Figure 3.2.a-b). This enabled tracking the rate of degeneration in the same cultures 

using time-lapse imaging. However, the rate of degeneration is slower and more variable in 

DRGs than in SCGs (compare Figures 3.2 and 3.3). Thus, a switch from DRGs to SCGs was 

made for the remaining experiments. 

 

In vitro axotomy of SCG explants was then performed to explore whether the decrease in 

protein expression detected in Figure 3.1 corresponds to a delay in axon fragmentation after 

injury. Indeed, there was a notable delay in degeneration 8 h post-cut in the Sarm1 

hemizygous SCGs compared to littermate wild-types (Figure 3.2.a), though no protection was 

present at 24 h. Sarm1 hemizygosity notably delayed degeneration up to 54 h post-vincristine, 

a chemotherapeutic which stabilises microtubules and blocks axonal transport causing 

degeneration of distal axons (Figure 3.3.b), with axons finally degenerating 72 h post-

application.  
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Figure 3.1: Western blot band intensity in SCGs cultured for 7 days in vitro from Sarm1 
hemizygous mice is 60% less intense than those from Sarm1 homozygous wild-type mice (a). 
Each data point corresponds to an individual mouse where both SCGs were cultured in the 
same dish for 7 days and then collected. A 50% decrease in wild-type SCG sample leads to a 
60% decrease in SARM1 band intensity (b) and wild-type band intensity is within the lower end 
of the linear range for the SARM1 antibody used (c). A one-way ANOVA was performed followed 
by an unpaired t-test to determine whether there was a significant difference between Sarm1 
hemizygous and Sarm1 homozygous wild-type SCGs. ****p<0.0001. 
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Figure 3.2: Sarm1 hemizygosity delays the rate of programmed axon degeneration in DRGs after in vitro 
axotomy (a) and vincristine (b) compared to that of Sarm1 homozygous wild-type DRGs. As previously 
shown, Sarm1 homozygous null DRGs remain intact after injury. Rotenone did not induce degeneration up 
to 72 h post-application before detaching by 96 h. Representative micrographs for each genotype at each 
timepoint are shown next to quantification of axon degeneration. DRGs were cultured for 7DIV before injury. 
Each data point represents an average value from three fields of view from three individual DRGs cultured 
in the same dish. Data were obtained across three individual repetitions with mixed genotypes. A two-way 
repeated measures ANOVA was performed followed by Bonferroni post-hoc analysis to determine whether 
there was a difference between Sarm1 hemizygous and Sarm1 homozygous wild-type DRGs. *p<0.05; 
**p<0.01; ***p<0.001 
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Figure 3.3: Sarm1 hemizygosity delays the rate of programmed axon degeneration after physical axotomy 
injury (a) and neurotoxic vincristine application (b) compared to that of Sarm1 homozygous wild-type SCGs. 
As previously shown, Sarm1 homozygous null SCGs remain intact after injury. Representative micrographs 
for each genotype at each timepoint are shown next to quantification of axon degeneration. SCGs were 
cultured for 7DIV before injury. Each data point represents an average value from two fields of view from two 
individual SCGs cultured in the same dish. Data were obtained across three individual repetitions with mixed 
genotypes. A two-way repeated measures ANOVA was performed followed by Bonferroni post-hoc analysis 
to determine whether there was a difference between Sarm1 hemizygous and Sarm1 homozygous wild-type 
SCGs. *p<0.05; **p<0.01; ***p<0.001 
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Mitochondrial stressors rotenone (which inhibits mitochondrial complex IV and leads to ROS 

generation) and CCCP (a protonophore which dissipates the mitochondrial H+ gradient 

thereby inhibiting ATP production) were then tested. Here, Sarm1 hemizygosity confers 

dissimilar effects on the rate of degeneration; there was protection up to 48 h post-rotenone 

(Figure 3.4.a), but no delay in degeneration after CCCP (Figure 3.4.b-c). Finally, protein 

translation inhibition was modelled through cycloheximide (CHX) administration, which rapidly 

decreases levels of labile proteins such as axon survival factor NMNAT2 76 and SCG10 55,230. 

The CHX-induced depletion of NMNAT2 initiates programmed axon degeneration that can be 

prevented by the presence of WLDS 76. Until the present study, it was unknown whether 

removal of SARM1 would protect against this and thus whether Sarm1 hemizygosity would 

confer protection. At higher dose CHX, Sarm1 hemizygosity significantly protects against 

degeneration up to 48 h post administration where neurites then detach before degeneration 

is clearly seen (Figure 3.5.a). Sarm1-/- protects for the duration of the experiment.  With low 

dose CHX – which may better model chronic disorders of protein translation – Sarm1 

hemizygosity displays an equal protective capacity to complete removal of Sarm1, with 

neurites remaining intact for 96 h post-CHX application (Figure 3.5.b). 
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Figure 3.4: Sarm1 hemizygosity delays the rate of programmed axon degeneration induced by 
rotenone-induced mitochondrial dysfunction (a), but not after 50 μM CCCP (b) or 25 μM CCCP (c). As 
previously shown, Sarm1 homozygous null SCGs remain intact after administration of these 
mitochondrial toxins. Representative micrographs for each genotype at each timepoint are shown next 
to quantification of axon degeneration. SCGs were cultured for 7DIV before injury. Each data point 
represents an average value from two fields of view from two individual SCGs cultured in the same dish. 
Data were obtained across three individual repetitions with mixed genotypes. A two-way repeated 
measures ANOVA was performed followed by Bonferroni post-hoc analysis to determine whether there 
was a difference between Sarm1 hemizygous and Sarm1 homozygous wild-type SCGs. *p<0.05; 
**p<0.01; ***p<0.001 
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Figure 3.5: Sarm1 hemizygosity delays the rate of programmed axon degeneration induced by protein 
translation inhibition after high-dose 10 μg/ml cycloheximide (a)  low-dose 1 μg/ml cycloheximide. Sarm1 
homozygous null SCGs are also protected for the duration of the experiments when neurites detach 
before degeneration is observed. Representative micrographs for each genotype at each timepoint are 
shown next to quantification of axon degeneration. SCGs were cultured for 7DIV before injury. Each 
data point represents an average value from two fields of view from two individual SCGs cultured in the 
same dish. Data were obtained across three individual repetitions with mixed genotypes. A two-way 
repeated measures ANOVA was performed followed by Bonferroni post-hoc analysis to determine 
whether there was a difference between Sarm1 hemizygous and Sarm1 homozygous wild-type 
SCGs***p<0.001; ****p<0.0001 
 



 - 72 - 

 Sarm1 hemizygosity delays programmed axon degeneration in vivo  

After confirming there is an effect of Sarm1 hemizygosity in vitro, which allows higher-

throughput, is less expensive, and better for animal welfare, the relevance of these results 

was assessed in vivo. In order to test the biological relevance of Sarm1 hemizygosity on the 

rate of programmed axon degeneration, in vivo sciatic nerve transections were performed. It 

was necessary to choose an initial timepoint immediately beyond that which wild-type axons 

fragment in anticipation of a subtle effect. It has been shown that 100% of axons in Sarm1+/+ 

mice fragment 48 h post-lesion, with 80% of axons already fragmented at 42 h post-lesion 27. 

By 14 days post-lesion there is no preservation of axons in Sarm1+/- mice 62. Here, there is 

clear preservation of axons in the largest central fascicle of the sciatic nerve from Sarm1+/- 

mice compared to Sarm1+/+ mice at 2- and 3- days post-lesion (Figure 3.6.a shows 

representative micrographs and 3.6.b shows quantification). There are still some axons 

preserved at 5 days post-lesion, but this number is not statistically significant compared to 

Sarm1+/+ mice and unlikely to have biological relevance. This demonstrates for the first time 

that Sarm1 hemizygosity is sufficient to significantly delay programmed axon degeneration 

after an extreme in vivo injury.  
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Figure 3.6: Sarm1 hemizygosity delays the rate of programmed axon degeneration in vivo after 
sciatic nerve transection (a). Sarm1 hemizygous mice have significantly more in-tact axons present 
2- and 3 days post-transection and most axon are degenerated by 5 days post lesion, unlike Sarm1 
homozygous null axons which remain intact (b). Each data point corresponds to the quantification 
of an entire tibial nerve cross section from a single mouse. A two-way ANOVA was performed 
followed by Dunnett post-hoc analysis to determine whether there was a difference between Sarm1 
hemizygous and Sarm1 homozygous wild-type mice. ***p<0.001; ****p<0.0001; n=3-5 per group. 
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 Sarm1 hemizygosity partially restores neurite outgrowth deficits in mice 
lacking NMNAT2 

In addition to their roles in programmed axon degeneration, NMNAT2 and SARM1 have 

reported roles in nervous system development 77,114,154. Mice lacking NMNAT2 die at birth 

exhibiting neurite outgrowth deficits which are rescued by complete removal of SARM1 where 

mice appear healthy throughout a normal mouse lifespan 111. In this developmental model, 

mouse embryos lacking NMNAT2 hemizygous for Sarm1 (hereafter referred to as 

Nmnat2gtE/gtE;Sarm1+/- mice) exhibit peri-natal mortality with all 10 Nmnat2gtE/gtE;Sarm1+/- pups 

born dying in a hunched posture similar to Nmnat2gtE/gtE;Sarm1+/+ mice 77. Perinatal lethality of 

littermate Nmnat2+/gtE;Sarm1+/- mice was low, with only 2 pups dying and the other 5 surviving. 

However, an in vivo rescue of intercostal nerve length in Nmnat2gtE/gtE;Sarm1+/- E18 embryos 

was observed, where nerves grow longer than in littermate Nmnat2gtE/gtE;Sarm1+/+ intercostals 

– which barely extend beyond the spine. Intercostal nerve length in Nmnat2gtE/gtE;Sarm1+/- 

embryos appear indistinguishable from wild-type (Nmnat2+/+;Sarm1+/-) or double homozygous 

null (Nmnat2gtE/gtE;Sarm1-/-) intercostals (Figure 3.7.a), appearing qualitatively like those of 

wild-type intercostals (Figure 3.7.b), though this observation is limited by  the distance of DiI 

diffusion along nerves. An example of the whole-mount rib cage structure (Figure 3.7.c) 

indicates the point where intercostal nerves from Nmnat2gtE/gtE;Sarm1+/- and 

Nmnat2gtE/gtE;Sarm1-/- and wild-type embryos extend beyond. Interestingly, whilst the phrenic 

nerve of Nmnat2gtE/gtE;Sarm1+/- mice appears to grow initially, it fails to innervate the whole 

diaphragm (Figure 3.7.d) suggesting an incomplete reversal of neurite outgrowth deficits in 

these mice. This reflects the partial rescue of outgrowth observed in cultured DRGs, and also 

explains why these mice die at birth. Due to the technical limitations in quantifying nerve 

outgrowth in vivo, DRGs were cultured from mixed litters to determine a quantifiable effect on 

neurite outgrowth. The reversal of neurite outgrowth is significant, but partial with mice 

Nmnat2gtE/gtE mice hemizygous for Sarm1 showing intermediate outgrowth compared those on 

a wild-type Sarm1 background and those that are wild-type for both genes (Figure 3.7.e). 
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Figure 3.7: Sarm1 hemizygosity partially restores neurite outgrowth deficits in mice lacking NMNAT2. 
DiI labelled intercostal nerves from E18.5 embryos in Nmnat2gtE/gtE;Sarm1+/+ barely extend from the 
spinal cord, whereas those of Nmnat2gtE/gtE;Sarm1+/- and Nmnat2gtE/gtE;Sarm1-/- extend much longer 
(a), appearing qualitatively like those of wild-type intercostals (b). An example of the whole-mount rib 
cage structure (c) indicates the point where intercostal nerves from Nmnat2gtE/gtE;Sarm1+/- and 
Nmnat2gtE/gtE;Sarm1-/- and wild-type embryos extend beyond (grey line and black arrow). It was 
previously shown that phrenic nerve outgrowth is non-existent in Nmnat2gtE/gtE;Sarm1+/+ embryos. In 
Nmnat2gtE/gtE;Sarm1+/- E18.5 embryos, the phrenic nerve grows initially, but axons are truncated and 
most fail to cross from the crural muscle (crus) to the costal muscles, unlike in Nmnat2gtE/gtE;Sarm1-/- 
nerves (d). Grey boxes indicate the area of diaphragm selected for 10x magnification. Neurite 
outgrowth was quantified in DRGs (e) where Sarm1 hemizygous DRGs lacking NMNAT2 grew longer 
than Sarm1 homozygous wild-type DRGs lacking NMNAT2, though remained shorter than wild-type 
neurites. Each data point represents average neurite length from three fields of view from three DRGs 
cultured together from one embryo. A two-way repeated measures ANOVA was performed followed 
by Tukey post-hoc analysis to determine whether there was a difference between Sarm1 hemizygous 
and Sarm1 homozygous wild-type DRGs lacking NMNAT2 or DRGs wild-type for both genes. 
****p<0.0001. E18.5 embryos for the in vivo studies were obtained from multiple Nmnat2+/gtE;Sarm1+/- 

x Nmnat2+/gtE;Sarm1+/- crosses which also yielded many embryos of non-desired genotype. Therefore, 
E13.5 embryos for the in vitro outgrowth were obtained from a mixture of Nmnat2+/gtE;Sarm1+/+ x 
Nmnat2+/gtE;Sarm1+/+ and Nmnat2gtE/gtE;Sarm1-/- x Nmnat2gtE/gtE;Sarm1-/- to ensure all genotypes 
needed were present in litters at the time of plating. 
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3.3 Discussion 

 Discussion of results 

Altered gene expression is one mechanism which leads to the identification of genes linked to 

disease in genome wide association studies (GWAS) 305 and may explain why Sarm1 was 

highlighted as a GWAS hit in sporadic ALS. Since the association was made in to a non-

coding intronic region of SARM1 this could indicate altered expression, though this needs to 

be explored empirically. If aberrant activation of programmed axon degeneration can 

contribute to disease progression, it is feasible that decreased SARM1 activity through LoF 

alleles can protect against it. With unpublished evidence in the Coleman Lab that LoF Sarm1 

alleles can alter the rate of axon degeneration after in vitro injury, and since there is growing 

interest in targeting SARM1 therapeutically 122,307–310, it is important to determine whether 

decreased SARM1 levels or activity can be protective since small molecule inhibition may not 

supress SARM1 activity completely.  

 

Results from this chapter have demonstrated that removing one Sarm1 allele leading to a 50% 

decrease in SARM1 protein levels is sufficient to delay programmed axon degeneration in 

contrast to what was previously thought 62,132. This applies to highly damaging in vivo models 

of sciatic nerve transection and NMNAT2-related developmental defects, as well as in a range 

of in vitro non-transection injuries. The strongest effect of Sarm1 hemizygosity occurs after 

low-dose cycloheximide (CHX) where the effects are as strong as complete Sarm1 removal. 

Delayed degeneration was also seen after chemotherapeutic vincristine and rotenone-

induced mitochondrial dysfunction. Of the models tested, only degeneration associated with 

CCCP-induced mitochondrial was unresponsive to Sarm1 hemizygosity. 

 

The level of protection observed in Sarm1 hemizygous mice after sciatic nerve transection, 

where 75% axons remain in-tact at 2 days and 50% at 3 days post-transection, exceeds that 

of complete removal of either CRMP4 or DLK 227,259, and is comparable to calpastatin 

overexpression in optic nerve at 3 days post-lesion 247. However, Sarm1 hemizygosity confers 

less robust protection than complete removal of MYCBP2 (PHR1) at 5 days post-lesion 239, or 

aberrant expression of bacterial enzyme NMN deamidase at 7 days post-transection 159, or 

WLDS up to 3 weeks post-transection64,82,177–179,311. Since partial removal of protein activity is 

more achievable clinically than complete removal, or introduction of an exogenous 

gene/protein, the strength of protection seen with partial lowering of SARM1 levels in 

comparison to complete removal of other proteins makes it an attractive target. 
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In the extreme developmental model, where mice lacking NMNAT2 die at birth 77,114 but survive 

and live normal healthy lifespans when Sarm1 is removed 78,111, in vivo intercostal and phrenic 

nerves grew longer in Sarm1 hemizygous mice than Sarm1 wild-type. However, axons of the 

phrenic nerve were still truncated in comparison to mice with wild-type NMNAT2 which 

explains why peri-natal lethality in these mice is not prevented by Sarm1 hemizygosity. Neurite 

outgrowth in vitro demonstrated that the rescue of outgrowth deficits is partial, confirming that 

Sarm1 hemizygosity can modulate axon health in response to NMNAT2 depletion. This also 

adds to the growing evidence that modifications which protect against axon degeneration 

show comparable levels of rescue in this developmental model: the presence of WLDS, 

absence of SARM1, and introduction of NMN deamidase all reverse or partly reverse the 

outgrowth deficits 77,78,159 as well as delaying programmed axon degeneration.  

 

By using a range of in vitro assays, this increases confidence that Sarm1 hemizygosity is able 

to delay programmed axon degeneration with diverse triggering events and widens the scope 

for potential human conditions where anti-SARM1 therapies may be useful. Despite the use 

of diverse triggers, each of the in vitro assays employed leads to depletion of NMNAT2 which 

occurs before 4 h post-transection injury 76, 12-24 h post-vincristine 81, 4 h post-cycloheximide 
76,230, and 2 h post-CCCP 75. Loss of NMNAT2 leads to increased NMN levels which activate 

SARM1. The rate at which NMNAT2 is depleted in these models varies and coincides with the 

time course of degeneration, with vincristine being slowest at depleting NMNAT2 and inducing 

programmed axon degeneration in wild-type neurites. 

 

CCCP depolarises mitochondria within 10 minutes of application and within 2 h, ATP is rapidly 

depleted in wild-type DRGs and SCGs, as well as DRGs lacking SARM1 which remain 

protected after CCCP administration 59,75. In the same time-frame, CCCP leads to a depletion 

of NMNAT2 levels in wild-type SCG neurites  75 and there is a significant increase in NMN and 

NMN:NAD ratio in neurites measured 8-12 h post-CCCP in SCG neurites completely lacking 

SARM1 75. Thus, it is possible in the CCCP model that there are multiple triggers of SARM1 

activation which activate the remaining pools of SARM1 quicker than in the other models 

explored. 

 

Sarm1 hemizygous protection against axon degeneration in response to protein translation 

inhibition by low-dose cycloheximide is as efficient as complete removal of Sarm1. Since low 

dose protein translation inhibition is more representative of slow chronic disease mechanisms 

than transection injury, this data suggests that partial removal of SARM1 may be sufficient to 

confer robust neuroprotection in disease even though it is only partially protective after 

transection injury. Of course, these findings need to be confirmed in in vivo disease models, 
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but the translatability of protection between in vitro axotomy with in vivo transection, as well 

as in vitro and in vivo neurite outgrowth deficits in mice lacking NMNAT2, suggests that 

lowering rather than removing SARM1 could be neuroprotective. 

 

 Is targeting SARM1 a valid therapeutic strategy? 

Excluding removal of Sarm1, the strongest delayers of programmed axon degeneration in 

mouse are removal of Phr1, overexpression of NMNATs, or introduction of bacterial NMN 

deamidase 62,159,177,203,239. However, complete Phr1 removal leads to peri-natal lethality where 

respiratory failure occurs due to lack of phrenic nerve development312 since the corresponding 

protein is required for axonal outgrowth313,314. MYCBP2 (PHR1) is involved in the turnover of 

many proteins so does not present a safe and specific target. Whilst introduction of bacterial 

enzyme NMN deamidase to mice strongly delays axon degeneration in vivo 159, introducing a 

non-mammalian gene (or protein) into a human disease patient is more challenging than 

removing or decreasing an endogenous disease-related protein. Pharmacologically 

decreasing NMN levels through NAMPT inhibition delays degeneration for 24 h after in vitro 

axotomy159,191. However, chronic inhibition of NAMPT leads to depletion of NAD+ since there 

NAMPT produces NAD+ precursor NMN. Although FK866 has been shown to modestly delay 

degeneration in larval zebrafish after laser axotomy 159 its protective capacity has yet to be 

explored in an in vivo mammalian system. 

 

In vitro data demonstrate that modifications to the MAPK cascade can delay degeneration for 

up to 48 h in DRGs lacking DLK or after JNK inhibition 227, and up to 24 h post-axotomy when 

both MKK4 and 7 levels are decreased 230. JNK activity can both increase the rate of NMNAT2 

turnover 227 and activate SARM1 via phosphorylation in response to mitochondrial stress 162, 

presenting the possibility of modulating SARM1 at two separate points in the programmed 

axon degeneration pathway. However, JNK inhibition and decreased MKK4/7 levels remain 

unexplored in the context of programmed axon degeneration in vivo and given the ubiquitous 

nature of MAPK signalling and JNK activity across cell types and signalling mechanisms, it is 

likely there will be many non-axonal effects of targeting this pathway. Complete removal of 

DLK, the initiating kinase in this MAP kinase cascade, only protects axons up to 52 h post-

sciatic nerve transection 227 and removal DLK along with other MAP3Ks MEK4 and MLK2 is 

needed for axon preservation to reach 6 days post-transection 229. Furthermore, the ubiquitous 

function of MAPK cascade signalling across cell types and cell responses means targeting 

this pathway will likely induce off-target negative side effects. Taken together, aiming to 

achieve axon protection through modulating the MAPK cascade is less robust and less 

specific than targeting SARM1. 
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Further down the pathway to axon degeneration is calpain activation, which occurs within 

hours of in vivo axotomy 29,252, and is thought to cleave collapsin response mediate protein-2 

(CRMP2) to cause acute axon degeneration 257. Modulating calpain activation and subsequent 

cleavage of collapsin response mediate proteins can modestly delay injury-induced 

degeneration. Inhibition of calpains via the endogenous inhibitor calpastatin or exogenous 

application of calpain inhibitors can delay degeneration for up to 16 h after in vitro axotomy 247 

and 24 h after optic nerve crush 29,258 and removal of CRPM4 has been shown to delay in vivo 

degeneration for 36 h post-sciatic nerve transection 259. Furthermore, calpastatin 

overexpression delays optic nerve degeneration with 90% of axons remaining in-tact 2 days 

post-transection 29 and 55% axons in-tact after 3 days 247. However, calpains and collapsins 

are not specific to programmed axon degeneration, but also play a role in non-neuronal cell 

death (required for cell turnover/possible protective death mechanisms). DRG neurites lacking 

CRPM4 have defects in neurite outgrowth and show only weak and short-lasting delay against 

degeneration after in vitro axotomy 259.  

 

Whilst the aforementioned modifications and Sarm1 hemizygosity significantly delay 

degeneration to varying extents, complete removal of Sarm1 still confers the strongest 

protection and the data presented here demonstrate that even low levels of SARM1 enable 

degeneration to occur. It has been shown though that complete removal of endogenous 

SARM1 can be bypassed by expressing a dominant negative mutant version of Sarm1 which 

over-rides wild-type SARM1 pro-degenerative function 80. However, with 50% axons 

remaining preserved at 10 days post-lesion, this is still not as strong as protection seen in 

mice lacking Sarm1, supporting the suggestion that long-term protection from degeneration 

requires full removal or inhibition of SARM1. With this in mind, therapies targeting SARM1 will 

likely need to involve a multi-targeted approach. This could be, for example, a therapy which 

combines decreasing Sarm1 expression levels with small molecule inhibition of its NADase 

enzyme activity or NMN activation. 

 

In contrast to the risks or lack of robust protection of the above-mentioned proteins involved 

in programmed axon degeneration, removal of SARM1 appears mostly innocuous. Mice 

lacking SARM1 appear to be healthy and live normal lifespans, neurite outgrowth is unaffected 
111, and SARM1 activity appears to be more specific to neuronal death than ubiquitously 

expressed proteins in the MAPK and proteasome pathways. Sarm1 expression has been 

observed at low levels the lymph nodes and blood cells 132 and there is some literature which 

suggests that SARM1 plays a role in immunity and susceptibility to viral infection 
130,131,162,315,316. However, the extent to which SARM1 is responsible for these changes has 

been questioned with the recent identification of passenger mutations in chemokine ligand 
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(Ccl) genes of commonly used Sarm1 homozygous null mice 133. Newly generated Sarm1 

CRISPR knockout mice do not possess Ccl gene expression changes reported in original 

knockout strains, but retain their robust axo-protective phenotype after sciatic nerve 

transection 133. Furthermore, systemic removal of SARM1 does not affect macrophage 

recruitment to an injured nerve and protects Schwann cells against chemotoxic insults that 

cause axon degeneration 317. 

 

This is promising in the context of targeting SARM1 therapeutically since one would predict 

there to be no significant immune consequences to SARM1 removal and less chance of 

inducing side effects through actions in non-neuronal cells requiring SARM1 activity. It 

remains unknown whether the SNP mutations identified in commonly used Sarm1-/- mice have 

a functional effect and whether they are responsible for immune system-related phenotypes 

reported in these mice. These are important details to be determined before taking SARM1 

therapies into the clinic. 

 

Results from this chapter show that degeneration in Sarm1 hemizygotes is delayed, the next 

chapter will explore whether a similar decrease in SARM1 levels and delay in programmed 

axon degeneration can be achieved through application of exogenous antisense nucleotides. 

However, even though the rate of degeneration is slowed, it does still occur, clearly 

demonstrating that hemizygotes possess sufficient SARM1 to cause axon destruction. 

Therefore, the next chapter will also explore whether SARM1 levels can be further decreased 

in order to further delay axon fragmentation, in vitro. 
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4 Chapter 4: Sarm1 antisense oligonucleotides delay 

programmed axon degeneration 
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4.1 Introduction: 

The previous chapter demonstrated that decreased levels of SARM1 lead to delayed 

degeneration both in vivo and in vitro in response to diverse triggers of programmed axon 

degeneration. If Sarm1 hemizygosity can lower SARM1 levels sufficiently enough to confer 

delayed degeneration or partial axon protection, it follows that partial removal of the protein 

could have therapeutic use. Decreasing protein expression or partially decreasing its activity 

is more achievable clinically than complete elimination. Since the strength of protection seen 

in Sarm1 hemizygotes with partial lowering of SARM1 levels is comparable to or exceeds that 

of other modulators of degeneration discussed in the previous chapter, this makes SARM1 an 

attractive target to modulate axon degeneration therapeutically, as has been suggested in 

recent reviews 122,307–310.  

 

 SARM1: no longer an undruggable target 

Druggability has been defined as the likelihood of being able to modulate a target with a small-

molecule drug to cause a disease-modifying effect 318. However, the definition of druggable 

targets evolves with advances in scientific methodologies. Over the past two decades, the 

definition of druggability has evolved from identification of; (i) genes involved in disease, (ii) 

proteins that theoretically have a disease-modifying effect, (iii) the presence of small pockets 

in the tertiary structure of a disease-related protein, and more recently (iv) to the presence of 

‘hotspots’ on the protein which are capable of binding a small molecule for therapeutic effect 
319. However, by these terms, only 10% of the human genome represents druggable targets 
318 and most proteins in the human proteome are non-enzymatic (or have no known enzyme 

function) playing roles in signalling pathways and complexes, structural integrity, and other 

functions requiring protein-protein interactions 320. Therefore, there is need to extend views of 

druggability beyond the use of small molecule enzyme inhibitors to incorporate other 

therapeutic strategies that can cause a disease-modifying effect. As such, the term 

druggability can now refer to therapeutic strategies which disrupt protein-protein interactions, 

or utilise peptide- or nucleic acid-based approaches to modify disease states 321, extending 

the definition beyond small molecule inhibition of enzyme activity.  

 

Initially, due to the lack of structural and functional information about SARM1 it was considered 

an unlikely drug target. However, the recent finding that SARM1 does in fact possess intrinsic 

enzyme activity 143,157,280 and advances in understanding its constitutive and injury-induced 

active structures 138,139,142,143, are crucial to understanding how its prodegenerative function 

can be inhibited. These studies, along with earlier functional studies 57,58 have elucidated 
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regions of the protein that are involved in autoinhibition, multimerisation, crucial residues 

required for SARM1 NADase activity, and putative binding pockets for small molecule binding, 

as well as its proposed octameric structure in both injured and uninjured cells. This knowledge 

has greatly improved understanding of how the protein functions; therefore, how it can be 

inhibited. Hypothetically, there are now many ways in which SARM1 could be targeted to 

prevent its pro-degenerative function, including; 

 

• preventing NADase activity via small molecule inhibition 282 

• promoting the allosteric substrate inhibition by NAD+ 139 

• preventing NMN-dependent activation of SARM1 through developing a competitive 

antagonist or allosteric inhibitor of NMN-binding, or by sequestering NMN 160,216  

• preventing octamerisation of monomers via disrupting SAM-SAM interactions 142,143 

• preventing TIR domain association via disrupting TIR-TIR or SAM-SAM 

interactions57,58 

• gene therapy overriding endogenous SARM1 activity by introducing a dominant 

negative gene, as recently  demonstrated in a preclinical study showing efficacy 80 

• downregulating Sarm1 or increasing turnover of SARM1 (results from this and the 

previous chapter) 

• simultaneously targeting or combining more than one of the above approaches 

 

There are various approaches that could be taken to achieve the above goals, such as design 

of small molecule inhibitors, gene therapy, and nucleic acid-based interventions. Recently, a 

high-throughput screen has identified several small molecules that are capable of non-

competitively binding and inhibiting the NADase activity of isolated SARM1 TIR domains 282. 

However, the capacity of these molecules to bind full length SARM1 and whether they confer 

any neuroprotective effects have not yet been shown. Given that SARM1 forms an octameric 

structure and there are many ionic interactions maintaining its inactive form 139, there could be 

stochiometric issues around small molecules accessing TIR domain binding sites. However, 

small molecule inhibitors could still bind if present upon SARM1 activation before TIR-NAD+ 

interactions. Inhibition of the putative NMN-binding site on the ARM domain may therefore be 

an alternative, more easily accessible site at which to prevent SARM1 activation. Notably, 

introduction of a dominant negative version of Sarm1 utilising an AAV-mediated delivery has 

recently been shown to preserve axons 5 days post-transection with 50% of axons remaining 

10 days post-lesion 80. This gene encodes a mutant version of SARM1 comprising K193R, 

H194A, and H685A mutations which decreases NADase activity and disrupts the 
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prodegenerative function of endogenous SARM1 80, through a mechanism that remains to be 

determined. 

 

Theoretically, genetic targeting of SARM1 may be more effective than small molecule 

inhibition given that a strong decrease in SARM1 levels or activity is needed for prolonged 

protection. Therefore, inhibiting expression of a gene could yield greater results than targeting 

the corresponding protein. However, practically, there are greater challenges to ensuring 

bioavailability of gene-based therapies and their in vivo ability to modify the target that are not 

present with small molecule inhibition (such as the capacity to easily enter cells and act on 

cytoplasmic targets). A common barrier to all therapies targeting the nervous system is 

ensuring efficient delivery to the correct cell types without causing off-target effects in others. 

 

The focus of this chapter is on exploring antisense oligonucleotides as a method to decrease 

SARM1 expression levels. By targeting the mRNA of a protein, it is possible to effectively 

eliminate the prodegenerative protein from axons after a period of time during which octamers 

already present in the axon are naturally turned over. Removing (or significantly decreasing 

levels of the protein) avoids the need to inhibit many SARM1 monomers/octamers, introduce 

an exogenous gene, or interfere with highly regulated DNA.  

 

 Antisense oligonucleotide therapies 

In addition to the cited references, the information presented below is based on a 
presentation by Rob MacLeod, PhD who is Vice President of Oncology Research 
and Development, and Franchise Head at Ionis Pharmaceuticals. Ionis 
Pharmaceuticals provided the antisense oligonucleotides for the work in this 
chapter. MacLeod’s talk entitled Ionis Drug Discovery: From Ideas to Patients and 
subsequent answers to audience questions was available online at the time of 
writing here: https://www.oligotherapeutics.org/antisense-oligonucleotides-
mechanisms-of-action-and-rational-design/ 

 

As mentioned in the main introduction, antisense oligonucleotide therapy is routinely used in 

infants with SMA and there are therapies for a rare polyneuropathy, with clinical trials for use 

in Huntington’s disease also underway293. Antisense oligonucleotides are small nucleotide 

sequence copies of an antisense region of the target RNA. However, natural nucleic acids 

with phosphodiester backbones have poor drug-like qualities; they are labile to nuclease 

cleavage in blood and tissue; they are large molecules with poor cell uptake that do not diffuse 

through the plasma membrane; and they accumulate in the liver and are rapidly cleared by 

the kidneys. Nonetheless, these highly labile antisense oligonucleotide molecules can be 

transformed into highly stable ones with a few chemical modifications. The addition of a 

phosphorothioate backbone improves stability and protein binding capacity, a heterocyclic 
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base improves target RNA recognition, and a 2’-Methoxyethyl (MOE) side chain improves 

potency and safety. The MOE side chain confers four main improvements to unmodified 

antisense oligonucleotides 322 which are: (i) increased RNA affinity, (ii) increased stability 

through hindering attack by nucleases (iii) increased cellular uptake, and (iv) decreased class 

toxicity caused by off-target effects via hindering non-specific interactions. 2’MOE 

modifications also decrease phosphorothioate backbone toxicity in the CNS 323. 

 

There are different types of antisense oligonucleotides and mechanisms by which they act. 

The antisense oligonucleotides provided by Ionis Pharmaceuticals are 5-10-5 MOE ‘gapmer’ 

molecules with a mixed backbone. In these improved molecules, the nucleotide sequence is 

flanked at either end with a 2’-Methoxyethyl (MOE) side chain. This results in a ‘gapmer’ where 

the flanking MOE side chains improve binding affinity, are nuclease resistant, and direct 

RNase H-mediated hydrolysis of the target mRNA to the central region 295,324,325. 

 

RNase H enzymes are a group of endonuclease proteins involved in maintaining genome 

stability which hydrolyse RNA residues in double-stranded nucleic acids 326. RNase H1 has 

been reported as the major effector molecule through which ASO-targeted RNA destruction 

occurs 327 in both the cytoplasm and nucleus 328. When antisense oligonucleotides hybridise 

with their target mRNA, they form DNA:RNA duplexes which becomes a substrate for RNase 

H1326. This enzyme then cleaves the endogenous mRNA strand resulting in posttranscriptional 

downregulation of the target gene, with efficiency reported up to 95% 326,329. 

 

The precise mechanisms of antisense oligonucleotide uptake into cells and delivery to the 

nucleus remain somewhat elusive. There are several mechanisms whereby antisense 

oligonucleotides could be internalised, which have been recently reviewed 330–332. Briefly, 

antisense oligonucleotides can trigger receptor-mediated or fluid-phase endocytic pathways 
330,332, as well as clathrin- and caveolin-independent endosomal internalisation 333. The 

Asialoglycoprotein Receptor (ASGR) has been shown to mediate phosphorothioate antisense 

oligonucleotide uptake  334 and other studies have implicated integrins, stabilins, receptor 

tyrosine kinases, as well as GTPase, Toll-like, and scavenger receptors in receptor-mediated 

uptake 330–333,335,336. Indeed, cellular uptake of antisense oligonucleotides can be increased by 

conjugating antisense oligonucleotides to cell-surface receptor ligands, which targets them to 

receptors for receptor-mediated uptake 330,333,334,337,338. 

 

Once internalised, gapmer antisense oligonucleotides form distinct punctae and localise in 

perinuclear structures and 58K Golgi protein-associated cytoplasmic vesicles, as well as 

undergoing endosomal processing 332. The chemical stability of these antisense 
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oligonucleotides allows them to survive this processing through early, mid, and late 

endosomes, but they need to be released from these membrane-bound organelles in order to 

reach their target in the nucleus or cytoplasm 330–332. In endosomal uptake, many antisense 

oligonucleotide molecules accumulate in late endosomes and lysosomes and thus are unable 

to perform their therapeutic function 332. However, microinjection studies performed with earlier 

less potent antisense oligonucleotides suggest that only a few molecules are needed to elicit 

a strong effect on the target RNA and thereby levels of its corresponding protein. Therefore, 

the few antisense oligonucleotide molecules that enter the cytoplasm between the late 

endosome and lysosome through an unknown mechanism appear to be sufficient to elicit a 

therapeutic effect. It is thought that the reason so few antisense oligonucleotide molecules are 

actually required is because a single molecule can be re-used in the cell once RNase H1 has 

degraded the target mRNA. 

 

Once in the cytoplasm, it is again unclear how the antisense oligonucleotides enter the nucleus 

and this process is difficult to image since most studies utilise fluorescently labelled antisense 

oligonucleotides in cells 332 and many of them remain trapped in endosomes. However, 

antisense oligonucleotides can bind multiple proteins in the cytoplasmic and nuclear 

compartments 332. Hydrophilic MOE-modified nucleotides, such as those present in the 5-10-

5 gapmers, tend to bind to fewer proteins than earlier antisense oligonucleotides  332,339,340. 

Many of these interactions occur with proteins that have nucleic-acid-binding domains or act 

as chaperones and most proteins found to bind antisense oligonucleotides do not affect their 

activity 341–343. However, those that do influence antisense oligonucleotide activity, tend to 

influence their subcellular localisation 341–343. Indeed, it has been hypothesized that 

phosphorothioate antisense oligonucleotides bind to unidentified cellular molecules that are 

shuttled between the cytoplasm and nucleus via a small GTPase RAN-mediated pathway 

since they are shuttled continuously between the nucleus and cytoplasm in a saturable carrier-

mediated manner 332,344. 

 

This chapter will explore whether or not SARM1 levels can be decreased through application 

of exogenous antisense oligonucleotides and delay degeneration to a comparable or greater 

extent than removal of one Sarm1 allele. For this purpose, antisense oligonucleotides 

optimised for in vitro use that can later be modified for use in vivo were utilised. 
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4.2 Results 

 SARM1 levels can be decreased by exogenous application of antisense 
oligonucleotides  

SCGs treated with Sarm1 antisense oligonucleotides for 3 days showed a trend towards 

lowered SARM1 protein levels, though this was not statistically significant for ASOa (Figure 

4.1.a). However, treatment with Sarm1 antisense oligonucleotides for 6 days leads to 

significantly decreased levels of SARM1 expression, with a 60-90% lowering of expression 

depending on the oligonucleotide used compared to control cells (Figure 4.1.b). When DRGs 

were treated with the Sarm1 antisense oligonucleotides, there was almost complete 

suppression of SARM1 protein levels with ASOa (Figure 4.1.c). It was not possible to ascertain 

the effects of ASOb or combined ASOa+b since DRG explant neurites consistently detached 

after 3-5 days of treatment (data not shown). Whilst the antisense oligonucleotides are 

bioinformatically specific to Sarm1 mRNA, their specificity was not empirically determined in 

the present study. Therefore, there could be off-target effects which impact on neurite 

adhesion or outgrowth. Alternatively, antisense oligonucleotides could initiate toxic effects at 

the level of endosomes/lysosomes under these culture conditions in DRGs. 

 

 

 

 

 

 

 

 

 

Figure 4.1: Western blot band intensity in Sarm1 antisense oligonucleotide-treated SCGs (a-b) and DRGs 
(c) cultured for 7 days in vitro from Sarm1 homozygous wild-type mice. ASOa application to SCGs for 3DIV 
showed a trend towards decrease SARM1 levels with ASOb application causing a significant decrease in 
SARM1 levels (a). Application of ASOs to SGCs for 6DIV significantly lowers SARM1 levels (b) as well as 
in DRGs for when applied for 7DIV (c). DRGs treated with ASOb or combined ASOa+b consistently 
detached so it was not possible to assess their effects. Representative Western blot band intensities are 
shown below each quantification. Each data point corresponds to an individual mouse where both SCGs 
were cultured for 7 days in the presence of ASOs for the indicated time. All comparisons were made 
between the cASO using a one-way ANOVA followed by Dunnett post-hoc analysis for (a) and (b) and a 
two-tailed unpaired t-test for (c). ns = no significant difference; *p<0.05; **p<0.01; ****p<0.0001 
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 Sarm1 antisense oligonucleotide reverse neurite outgrowth deficit in DRGs 
lacking NMNAT2 

 DRG neurites lacking NMNAT2 stall around 1-2 mm 77 and removal of Sarm1 reverses this 
78. The previous chapter showed that Sarm1 hemizygosity partially restores the outgrowth 

deficit. Here, application of Sarm1 ASOa to Nmnat2gtE/gtE DRG explants on the day of plating 

completely reversed their outgrowth deficit with no difference being seen between Nmnat2 

wild-type DRG neurites treated with or without the same antisense oligonucleotide (Figure 

4.2.a-b). Even the most distal ends of the neurites, which in Nmnat2gtE/gtE explants show signs 

of degeneration, were indistinguishable from Nmnat2+/+ neurites after ASOa treatment (Figure 

4.1.a; left panel). Delayed degeneration up to 72h post in vitro axotomy and protection for up 

to 120h post-vincristine is also seen in DRG neurites treated with ASOa (Figure 4.3.a-b). 

 

 

 

(a) (b) 

Figure 4.2: Sarm1 antisense oligonucleotide restores neurite outgrowth mice lacking NMNAT2 and 
delays programmed axon degeneration. Neurite outgrowth of DRGs lacking NMNAT2 treated with 
ASOa are indistinguishable from wild-type DRGs treated with the same ASO even at the distal ends (a) 
and neurite outgrowth is significantly longer than cASO-treated DRGs lacking NMNAT2 as quantified in 
(b). Each data point represents an average neurite length from three fields of view from three DRGs 
cultured together from one embryo. A two-way repeated measures ANOVA was performed followed by 
Dunnett post-hoc analysis to determine whether there was a difference between Nmnat2gtE/gtE cASO 
and Nmnat2gtE/gtE 918 or Nmnat2gtE/gtE Naive, and between Nmnat2gtE/gtE ASOa and Nmnat2+/+ ASOa. 
ns = not significant; ****p<0.0001; ***p<0.001; **p<0.01 
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Figure 4.3: ASOa treatment delays programmed axon degeneration after axotomy (a) and 
vincristine (b). Each data point represents an average value from three fields of view from 
three individual DRGs cultured in the same dish. A two-way repeated measures ANOVA was 
performed followed by Dunnett post-hoc analysis to determine whether there was a difference 
between the Sarm1 homozygous wild-type naive DRGs and ASOa-treated ones (c-d). ns = 
not significant; ****p<0.0001; ***p<0.001; **p<0.01; *p<0.05 
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 Antisense oligonucleotides do not affect SCG outgrowth in vitro 

After demonstrating reversal of the neurite outgrowth deficit and delayed programmed axon 

degeneration in DRGs, the next step was to study the efficacy of Sarm1 antisense 

oligonucleotides in SCG models of degeneration that were used to assess the effects of Sarm1 

hemizygosity. Firstly, since application of antisense oligonucleotide to DRGs caused 

detachment, the rate of outgrowth in SCGs was assessed during 6-day application to ensure 

neurites remained healthy (Figure 4.4) and did not detach.  

 

 

 

Figure 4.4: Sarm1 antisense oligonucleotides do not impair neurite outgrowth when applied to 
wild-type SCGs. Each data point represents average neurite length from three fields of view 
from two SCGs cultured together from one mouse. A two-way repeated measures ANOVA was 
performed to determine whether there was an effect. ns = not significant 
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 Decreased SARM1 levels confer protection against programmed axon 
degeneration in vitro. 

After confirming the SCGs appeared healthy, the effects of decreased SARM1 expression 

after 3- and 6-day antisense oligonucleotide application were assessed. After 3-day 

application, axons remained intact for 8 h after in vitro axotomy (Figure 4.5.a). As expected, 

based on the higher level of knockdown (Figure4.1), greater delay in degeneration was 

achieved after 6-day application of antisense oligonucleotides where axons remained intact 

at 8 h post-axotomy and degeneration was delayed for up to 32 h with ASOb (Figure 4.5.b). 

 

 

 
 

 

 

Figure 4.5: Sarm1 antisense oligonucleotides delay programmed axon degeneration after axotomy. 
ASOs applied 3DIV prior to axotomy (a) and delay axon fragmentation for even longer when applied 
6DIV prior to cut (b). Each data point represents an average value from two fields of view from two 
individual SCGs cultured in the same dish. A two-way repeated measures ANOVA was performed 
followed by Dunnett post-hoc analysis to determine whether there were any differences compared 
to cASO. ***p<0.001; **p<0.01; *p<0.05 
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For the remaining experiments, antisense oligonucleotides were applied for 6DIV before the 

chemical inducers of programmed axon degeneration were applied. As expected, decreased 

SARM1 expression induced by Sarm1 antisense oligonucleotide application confers delayed 

degeneration against vincristine for up to 72 hours (Figure 4.6) and both low and high-dose 

CHX (Figure 4.7.a-b).  

 

 

 

 

 

After high-dose CHX (Figure 4.7.a), each of the antisense oligonucleotides conferred stronger 

protection against degeneration than seen in the Sarm1 hemizygous experiments (Figure 

3.5.a), where hemizygous neurites were degenerated by 48 h post- high-dose CHX. Neurites 

of all, antisense oligonucleotide-treated cells remained intact at 48 h and those of ASOb-

treated cells remaining intact even at 72 h post- high-dose CHX application (Figure 4.7.a).  

The strength of protection afforded by Sarm1 antisense oligonucleotides post- low-dose CHX 

(Figure 4.7.b) is comparable to that which occurs in Sarm1 hemizygous neurites (Figure 3.5.b) 

with all neurites remaining intact up to 96 h. 

  

Figure 4.6: Sarm1 antisense oligonucleotides delay programmed axon degeneration after 
vincristine. Each data point represents an average value from two fields of view from two individual 
SCGs cultured in the same dish. A two-way repeated measures ANOVA was performed followed 
by Dunnett post-hoc analysis to determine whether there were any differences compared to cASO. 
Data are presented as mean±SEM;  ****p<0.0001; ***p<0.001; **p<0.01; *p<0.05 
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Figure 4.7: Sarm1 antisense oligonucleotides delay programmed axon degeneration after protein 
translation inhibition with high-dose cycloheximide (a) and low-dose cycloheximide (b). Each data point 
represents an average value from two fields of view from two individual SCGs cultured in the same dish. 
A two-way repeated measures ANOVA was performed followed by Dunnett post-hoc analysis to 
determine whether there were any differences compared to cASO. ****p<0.0001; ***p<0.001; **p<0.01; 
*p<0.05 
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 SCGs remain healthy upon prolonged exposure to antisense oligonucleotides 

Cultures for these experiments using chemical inducers of degeneration were continuously 

supplied with ASOs for the duration of the experiment. Therefore, it was then confirmed that 

SARM1 levels were not further decreased upon continued application up 12DIV – the longest 

duration of the in vitro assays used – and that SCG neurites remained intact and healthy in 

the presence of ASOs for up to 12DIV (Figure 4.8.a-c).  

 
  

Figure 4.8: Prolonged exposure to antisense oligonucleotides does not cause spontaneous axon 
degeneration (a-b) or further decrease SARM1 Western blot band intensity (c). Each data point 
represents an average value from two fields of view from two individual SCGs cultured in the same 
dish (a-b) or an individual mouse where both SCGs were cultured for 7 days in the presence of 
ASOs for 12DIV (c). A two-way repeated measures ANOVA was performed followed by Dunnett 
post-hoc analysis to determine whether there were any differences compared to cASO. **p<0.01; 
*p<0.05 
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 Programmed axon degeneration is further delayed by applying Sarm1 
antisense oligonucleotides to Sarm1 hemizygous SCGs 

Combining Sarm1 hemizygosity with antisense oligonucleotides further decreases SARM1 

levels and prolongs protection against axotomy and vincristine-induced degeneration in vitro. 

There likely exists humans that are heterozygous for Sarm1 LoF alleles 306; the human 

equivalent to Sarm1 hemizygous mice. Therefore, antisense oligonucleotides were applied to 

Sarm1 hemizygous SCGs to determine whether it was possible to further decrease SARM1 

levels and confer greater protection. This could have relevance to human disease if aberrant 

activation of programmed axon degeneration can cause or contribute to disease, as 

suggested in the previous chapter, and patients already have lowered SARM1 levels. 

 

SARM1 levels are significantly further decreased in Sarm1 hemizygous SCGs after ASOa 

application (Figure 4.9.a). There is also a trend towards decreased expression after ASOb 

application or combined ASOa+b application. However, these decreases are not significant, 

likely because there is a very narrow window between Sarm1+/- and Sarm1-/- signal intensity. 

Nevertheless, the further decrease in SARM1 levels is biologically relevant since the rate of 

programmed axon degeneration is further delayed after in vitro axotomy and vincristine 

(Figure 4.9.b-c). The rate of degeneration after vincristine is delayed up to 96 h in Sarm1 

hemizygous SCGs treated with Sarm1 antisense oligonucleotides in comparison to the control 

antisense oligonucleotide-treated Sarm1 hemizygous SCGs which are completely 

degenerated at 72 h. 

 

It seems degeneration is further delayed post-vincristine when comparing the combined 

Sarm1 hemizygous + antisense oligonucleotide-treated SCGs (Figure 4.9.c) with either Sarm1 

hemizygous SCGs (Figure 3.3.b) or wild-type antisense oligonucleotide-treated SGCs (Figure 

4.6). Sarm1 hemizygous SCGs (Figure 3.3.b) and most wild-type antisense oligonucleotide-

treated SGCs (Figure 4.6) are degenerated by 72 h post-vincristine, whereas when combined, 

protection is seen up to 96 h post-vincristine (Figure 4.9.c). A side-by-side comparison with 

wild-type antisense oligonucleotide-treated SCGs and Sarm1 hemizygous antisense 

oligonucleotide-treated SCGs run in a separate experiment would be needed to confirm the 

extent of additional protection. The situation after axotomy is less clear, likely due to variability 

in the sample sizes as well as the rate of degeneration between replicates. More replicates 

need to be performed to determine the effects of further decreasing SARM1 levels on the rate 

of degeneration after extreme injury. 
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Figure 4.9: SARM1 levels can be further decreased by applying antisense oligonucleotides to Sarm1 
hemizygous SCGs (a) and this corresponds to a further delay in programmed axon degeneration after 
axotomy (b) and vincristine (c) compared to the rate in either Sarm1 hemizygous SCGs or Sarm1 antisense 
oligonucleotide-treated wild-type SCGs. Each data point represents an individual mouse where both SCGs 
were cultured for 7 days in the presence of ASOs (a) or an average value from two fields of view from two 
individual SCGs cultured in the same dish (b-c). A two-way repeated measures ANOVA was performed 
followed by Dunnett post-hoc analysis to determine whether there were any differences compared to cASO. 
***p<0.001; **p<0.01; *p<0.05 
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4.3 Discussion: 

 Discussion of results 

In vitro, a similar or greater level of SARM1 knockdown is achieved with application of 

antisense oligonucleotides as observed in Sarm1 hemizygous mice. This knockdown confers 

a delay in axon fragmentation after axotomy, vincristine, or protein translation inhibition, and 

a reversal of neurite outgrowth deficits in neurites lacking NMNAT2. This demonstrates that it 

is possible to modulate SARM1 levels via exogenous application of an agent with potential for 

therapeutic use, and that this delays axon degeneration caused by diverse triggering events. 

 

The most striking effect noted with application of the antisense oligonucleotides was seen in 

neurite outgrowth of DRGs lacking NMNAT2. Unlike in the Sarm1 hemizygous DRGs, where 

an intermediate rescue was observed, knockdown with antisense oligonucleotides led to a 

complete reversal with even the most distal ends of axons qualitatively looking as healthy as 

those with wild-type NMNAT2. The strength of this rescue is likely due to more efficient 

knockdown of Sarm1 where protein levels are virtually undetectable compared to around an 

80% decrease achieved in SCGs. The greater knockdown in DRGs is likely due to the timing 

of antisense oligonucleotide application (at time of plating in DRGs vs 1DIV after plating in 

SCGs) where the antisense oligonucleotides are likely able to target Sarm1 mRNA before 

SARM1 protein levels become established in neurites. In any case, this result, along with 

prolonged delay against axotomy- and vincristine-induced degeneration in DRGs (Figure 4.3) 

compared to that seen in SCGs (Figures 4.5 and 4.6) demonstrates that SARM1 levels need 

to be undetectable in order to elicit a strong protective effect after strong triggers of 

programmed axon degeneration. 

 

The extent to which axon fragmentation is delayed after high-dose cycloheximide is greater 

after antisense oligonucleotide application than that which is afforded by Sarm1 hemizygosity, 

likely due to greater knockdown of SARM1 levels in DRGs after antisense oligonucleotide 

application. After low-dose cycloheximide, degeneration is prevented for up to 96 h after 

antisense oligonucleotide application equalling the protective effects of complete removal of 

Sarm1. Cycloheximide was administered to model chronic protein translation inhibition and 

depletion of proteins to mimic protein aggregation/translation disorders. Protein aggregation 

occurs in neurodegenerative disorders such as prion diseases and tauopathies. This 

aggregation triggers an unfolded protein response, which supresses translation of new 

proteins as a survival mechanism to enable the ER time to clear the backlog of unfolded 

proteins. Suppression of the initiation and elongation phases of translation (mediated by 

eukaryotic initiation or elongation factors eIFs and eEFs, respectively) is seen in 
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neurodegenerative diseases 345,346. This suppression occurs via phosphorylation of eIF2𝛼 by 

ER membrane-bound receptor PERK or eEF2 by eEF2 kinase (eEF2K) leading to sustained 

attenuation of protein translation 346. This results in chronic depletion of proteins which are 

required for creating and maintaining healthy axons and synapses. Indeed, inhibition of 

phosphorylated eIF2𝛼-mediated protein translation suppression alleviates readouts of 

neurodegeneration in prion-infected mice and an FTD model of tauopathy 347. Both the 

presence of WLDS (or overexpressed NMNAT) or removal of SARM1 show promise in 

preventing disease progression in models of FTD 105,119,348,349 and the results presented here 

suggest that targeting SARM1 when protein translation is inhibited could be beneficial. 

However, neither the presence of WLDS nor removal of SARM1 have yet to show efficacy in 

protecting against neurodegeneration in prion-infected mice 350,351. This indicates that deciding 

which protein aggregation disorders to target with anti-SARM1 therapies would likely require 

careful assessment of the role of other pathophysiological elements of disease before deciding 

on therapeutic intervention. It could be that in prion (or other neurodegenerative) diseases, 

neuronal soma death pathways are initially triggered rather than axon-intrinsic ones, or that 

loss of physiological roles of the aggregated proteins can trigger multiple disease 

mechanisms. Therefore, further study is required in in vivo disease models to confirm the 

extent to which antisense oligonucleotide-mediated knockdown of SARM1 is possible and how 

this corresponds to altered disease progression. 

 

Finally, the capacity to decrease SARM1 levels even further in Sarm1 hemizygous SCGs by 

applying antisense oligonucleotides was explored. Unsurprisingly this was possible, though a 

narrow window between Sarm1+/- and Sarm1-/- mice meant that statistical significance was 

only seen after application of ASOa. Nevertheless, the trend towards decreased SARM1 

expression with ASOb or ASOa+b is biologically relevant since this led to a further delay in 

the rate of degeneration in both the axotomy and vincristine in vitro models compared with 

either Sarm1 hemizygosity or antisense oligonucleotide application alone. 

 

Despite similar rates of degeneration after axotomy in Sarm1 hemizygous SCGs treated with 

ASOb or combined ASOa+b, there are differences in the statistical significance of these 

conditions. This is likely due to the variability in sample sizes caused by detachment of some 

neurites and variability of the rate of degeneration between different experimental replicates. 

Some neurites remained intact up to the 48 h timepoint in one replicate, but were degenerated 

or detached by 48 h in other replicates, despite being in the same experimental group. In the 

axotomy model, distal neurites are physically separated from soma and repeatedly imaged 

under the microscope which leaves them vulnerable to detachment. Variation in the rate of 

degeneration could be due to differences in antisense oligonucleotide uptake, or perhaps level 



 - 99 - 

of SARM1 knockdown achieved. Indeed, Western blot analysis showed there are a few 

samples where SARM1 knockdown in the Sarm1 hemizygous antisense oligonucleotide-

treated SCGs was less efficient. Alternatively, a technical limitation of the axotomy model is 

the possibility that some uncut axons are included in the fields of view selected for analysis. 

This is unlikely since care was taken to select fields at 0 h where neurites were traced back 

towards the cut site to ensure they were cut. However, it is difficult to trace individual neurites 

in the explant culture system used so it is possible that some uncut neurites grew around the 

cut site into the field of view being imaged. Nevertheless, in the vincristine model where the 

chemical neurotoxic injury affects all neurites, a clear delay in the rate of degeneration was 

observed after antisense oligonucleotide application.  

 

These results showing that applying antisense oligonucleotides to neurites already possessing 

lowered levels of SARM1 could indicate that if it is possible to identify Sarm1 LoF allele 

heterozygotes in the human population, they may be more likely to respond to treatments 

targeting SARM1. Alternatively, if variation in NMNAT2 or SARM1 levels or function is linked 

to human disease, such as in the case of human neuropathies 112 or as could be the case in 

ALS, identifying these diseases and patients for anti-SARM1 therapies could normalise the 

vulnerability of affected axons and prevent or delay the onset or progression of disease. 

 

 Comparing therapeutic strategies to target SARM1 

The data presented in this chapter show that programmed axon degeneration can be delayed 

by antisense oligonucleotides and protection was strongest in models where NMNAT2 or 

protein translation inhibition triggered the pathway. Therefore, disorders involving dysfunction 

of NMNAT2 and protein translation may respond better to Sarm1 antisense oligonucleotide-

based therapies. However, it remains to be determined whether the similarities in in vitro 

protection between Sarm1 hemizygous SCGs and SCGs treated with antisense 

oligonucleotides correspond to a similar delay after in vivo transection, and whether Sarm1 

hemizygosity or antisense oligonucleotides are protective in models of disease. If using anti-

SARM1 therapies in human disease, the therapeutic strategy used requires careful planning 

to develop a technique that patients will accept, respond to, and comply with over a potentially 

prolonged period of time. This means the therapy needs to be minimally invasive, maximally 

effective, and with the lowest potential for inducing negative side effects.  
 

Small molecule inhibition and gene therapy have both recently been reported as potential 

strategies to target SARM1, and the in vitro data presented in this chapter support a role of 

antisense oligonucleotide therapy. Antisense oligonucleotides have combined characteristics 
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of large and small molecules, they decrease levels of disease-related protein at the level of 

mRNA pre-translation, they are specific to the target mRNA, and are considered low risk in 

terms of their capacity to induce an immune response 352. These features make antisense 

oligonucleotides a promising therapeutic strategy. 
 

The inhibitory effects of recently identified small molecules inhibiting isolated SARM1 TIR 

domains are moderate and have not been assessed on full-length SARM1 or the ability to 

delay programmed axon degeneration 282. However, other work has demonstrated in principle 

that small molecule SARM1 inhibition can preserve axons in primary mouse cultures after in 

vitro axotomy, vincristine, and rotenone application and human iPSC-derived motor neurones 

after axotomy 353. Furthermore, FK866 is a small molecule inhibitor of NAMPT which delays 

programmed axon degeneration 216 likely due to depletion of SARM1 activator NMN. These 

data suggest small molecule inhibitors can modulate programmed axon degeneration. 

However, small molecule inhibition is temporary and reversible and potentially requires high 

concentrations (many molecules) to effectively inhibit its target, particularly when only weak 

inhibition can be achieved in vitro or biochemically. Since small molecules are administered 

systemically and have the capacity to bind many types of protein, they have the potential to 

engage in widespread non-specific actions and off-target binding both within and outside of 

the axon. This increases the likelihood of side effects occurring as a result of the therapy.  
 

Aside from directly targeting NADase activity or upstream activation of SARM1, small 

molecule inhibitors could interrupt SARM1 octamer formation via preventing protein-protein 

interactions. However, in this case small molecule inhibition would alter the structure-function 

of SARM1 in ways that are unpredictable and potentially damaging. For example, small 

molecules could alter protein stability, increase the likelihood of other negative protein 

interactions, or cause aggregation of inhibited SARM1 monomers. In turn, this could trigger 

neuronal stress responses, which is exactly what the therapy is designed to avoid. It is often 

difficult to predict what will happen to on- and off-target biological pathways in response to  

inhibition of protein-protein interactions 320. One could argue that trapping of antisense 

oligonucleotides in the endosomal pathway and their chemical resistance to degradation may 

result in a similar aggregation toxicity 330, especially since some antisense oligonucleotides 

have been shown to bind proteins and aggregate 340. However, release of antisense 

oligonucleotides from endosomes into the cytoplasm can be overcome by adding an 

endosomal release sequence which has been shown to decrease endosomal trapping and 

increase the biological effectiveness of antisense oligonucleotides 354. Furthermore, newer 2'-

O-Methylinosine (2’OMe) modifications decrease off-target binding and associated toxic 

effects 340. 
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Antisense oligonucleotides persist in tissues thus they mediate their effects for a long time 

after a single dose, in contrast to small molecule inhibition which requires frequent dosing. 

However, antisense oligonucleotide-mediated therapies are not permanent 355, unlike AAV-

mediated gene delivery which clinical trials demonstrate can result in long-term or permanent 

transgene expression after a single administration 233,289,292,356. 

 

AAV-mediated gene delivery is less immunogenic than use of other viral vectors and is largely 

considered safe for use in humans 286. Positive results using gene therapy in SMA patients 

offer hope that this type of therapy can induce biologically significant long-term effects 291. 

However, the number of gene therapy clinical trials with encouraging results in neurological 

disorders remains relatively small 286,287. Some studies note patients with high levels of AAV-

neutralising antibodies as well as systemic signs of inflammation and transient humoural 

responses 288,290, though others report none 289,292. Whilst some studies have not noted 

adverse immune events, immune-related responses were not considered as an outcome 

measure 233,356. Since most people have already been exposed to AAVs and therefore already 

have neutralising antibodies, the pre-existing adaptive immune response has potential to 

decrease the clinical efficacy of the therapy 357. Indeed, studies in non-human primates 

demonstrated that exposure to natural AAVs decreases efficacy of AAV-mediated gene 

delivery due to the presence of neutralising antibodies 358. Like gene therapy using viral 

vectors, antisense oligonucleotides have the potential to induce immune responses and some 

antibodies have been noted in humans after antisense oligonucleotide treatment. However, 

these antibodies are neither neutralising nor high titre359, unlike those which are associated 

with gene therapy. 

 

In addition to potential immune effects, questions remain over whether AAV-delivered genes 

integrate into host DNA and what effects this could have. AAV-insertion into  host DNA was 

noted in human hepatocellular carcinomas 360 (Nault et al. 2015) and later confirmed to occur 

in mice at the Rian locus 361. High levels of integration have been observed across mouse 

brain at CRISPR-induced double stranded DNA breaks 362 with reported preference for active 

genes in mouse 363. However, other studies have shown a lack of AAV-induced toxicity in 

rodents 364 and AAVs have been reported as having low levels of insertional mutagenesis and 

immunogenicity in comparison to other vectors 286,365. Antisense oligonucleotides alter gene 

expression without risk of integrating into host DNA and can decrease levels of the 

endogenous protein without overexpressing an additional modified gene and its 

corresponding protein. 
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Authors acknowledge that AAV-mediated delivery of compound dominant-negative SARM1 is 

not as strong as complete removal of Sarm1 80, and there is another potential caveat to using 

this strategy. Two of the mutations in this construct are present in the ARM domain and one 

in the TIR domain; the TIR domain mutation alone does not abolish SARM1 prodegenerative 

capacity, though it does cause a significant delay in degeneration caused by in vitro axotomy. 

Another dominant negative mutation (K597E) present in full-length SARM1 overrides wild-

type SARM1 activity, but presence of the same mutation in SAM-TIR domain (in a construct 

lacking the ARM domain) reinstates SARM1 pro-degenerative function 366. The effects of 

removing ARM domain and its autoinhibition was not reported in the compound dominant-

negative construct. If ARM domain removal elicits a similar effect to that in the K597E 

dominant negative mutant, this could indicate that disease-related events leading to strong 

enough disruption of ARM domain autoinhibition could restore SARM1 prodegenerative 

activity thereby contributing to the disease pathology it was designed to prevent. This 

potential, along with other negative effects relating to immunity could make this type of gene 

therapy potentially dangerous if used in certain circumstances.  

 

Finally, a general barrier to targeting neurodegenerative disorders is being able to deliver 

therapies into the CNS which is highly impenetrable due to the presence of the blood brain 

barrier (BBB). Delivery in patients is usually achieved by lumbar puncture which introduces 

therapeutics into the cerebrospinal fluid (CSF), or by direct stereotaxic injection into brain 

regions. This type of delivery is usually considered inconvenient, but the inability of 

therapeutics to pass the BBB could be positive in the context of decreasing potential systemic 

toxicity. However, further study is required into the effects of antisense oligonucleotides on 

neuronal health at subcellular levels to ensure a lack of toxicity.  

 

The experiments presented in this thesis thus far, along with results from the AAV-mediated 

therapy indicate that low levels of functional SARM1 can still elicit a prodegenerative effect.  

This points to therapies needing to remove wild-type prodegenerative SARM1 from axons in 

order elicit strong prolonged protection (at least in transection or other extreme activators of 

programmed axon degeneration). It is theoretically best to target SARM1 at a point where 

there are minimal molecules to inhibit with minimal invasiveness to elicit the strongest effect. 

Therefore, targeting the protein with small molecule inhibitors when it is fully formed or present 

in octamers, or overriding endogenous SARM1 protein with a dominant-negative gene 

construct, may not be as effective as preventing presence of the protein in the first instance. 

However, completely eliminating a protein requires complete suppression of its expression 

and allowing endogenous protein turnover mechanisms to degrade any monomers and 

octamers already established prior to the point of therapeutic intervention.  
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The results from this chapter demonstrated that decreased protein levels can be achieved 

through targeting mRNA. Since one mRNA molecule can give rise to many protein molecules, 

inhibiting SARM1 translation can effectively remove multiple protein monomers from the 

system using only one therapeutic molecule. However, if small molecule inhibitors have 

greater bioavailability and are taken up into axons more effectively than methods to inhibit 

translation, this could make using them a potentially more effective approach. On the other 

hand, modifications to improve delivery efficiency and decrease toxicity of antisense 

oligonucleotides could overcome issues pertaining to the promiscuity and transience of small 

molecule inhibition whilst preventing translation of endogenous SARM1. Studies have 

demonstrated the possibility of using an endosomal release sequence 354  and targeting 

antisense oligonucleotides to specific receptors for more efficient uptake into cells 
330,333,334,337,338 as well as varying the 2’ modifications to decrease toxicity and improve efficacy 
340. Continued development in this direction has potential to yield a useful therapy against 

SARM1 in disease involving programmed axon degeneration. 
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5 Chapter 5: The role of programmed axon degeneration in 

Alzheimer’s disease 
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5.1 Alzheimer’s disease 

Alzheimer’s disease (AD) is the third leading cause of adult death in the developed world and 

it comes with huge personal, social, and economic costs. As expected lifespan of the human 

population increases, so too does the incidence of AD. Most AD cases are sporadic in 

aetiology (sAD), meaning that any genetic causes are not inherited in a Mendelian pattern, 

and effects of the environment are unclear; only 1-6% of patients with AD develop it due 

familial causes (fAD)367. Clinically, there are seven stages observed in a patient with 

Alzheimer’s disease outlined in detail in Figure 5.1.a. Briefly, patients start with no clinically 

observable symptoms and progress to complete loss of personality, basic bodily functions and 

eventually death. At the level of gross anatomy, the post-mortem brain of an AD patient 

exhibits enlarged ventricles and atrophy of the cerebral cortex and hippocampus in 

comparison to a (healthy) non-AD post-mortem brain (Figure 5.1.b).  

 Molecular hallmarks of Alzheimer’s disease: Plaques and tangles 

The two most well-known molecular markers of AD in brain are extraneuronal plaques 

comprising fibrillar amyloid beta (Ab) oligomers and intraneuronal cytoplasmic neurofibrillary 

tangles comprising hyperphosphorylated tau; commonly referred to as plaques and tangles, 

shown in Figure 5.2.a,c. As the clinical AD symptoms progress in time, so does the severity 

of these molecular markers of disease, as shown in Figure 5.2.b,d.  Early studies of AD 

suggested that the progressive accumulation of aggregated Ab and hyperphosphorylated Tau 

were drivers of disease and that plaques and tangles were the toxic species. However, there 

is evidence to suggest that non-aggregated Ab oligomers are the cause of neuronal stress 368 

and their presence precedes tauopathy in human AD cortex 369. 

 

As AD progresses, there is gross symmetrical loss of white brain matter which can be detected 

in later stages of disease using magnetic resonance imaging (MRI), as well as in post-mortem 

brain, and positron emission tomography (PET) imaging can be used to visualise specific 

proteins, such as Ab. Cellular correlates of gross white matter loss include demyelination, 

axonal death and dystrophies, synaptic loss, mitochondrial hypometabolism, and defects in 

axonal transport mechanisms. Affected neurones also exhibit signs of cellular stress, such as; 

increased levels of reactive oxygen species (ROS), oxidative stress, and altered protein 

expression. Brain macrophage and astrocytic glial cell responses and altered inflammatory 

cytokine profiles are also seen, with debate over whether these inflammatory responses cause 

or contribute to disease progression or whether they fight it. With loss of axons and neuronal 

connectivity comes loss of cognitive functions and this makes the prevention of early axon 

loss an important therapeutic goal across most neurodegenerative diseases. 
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 Figure 5.1: The seven clinical stages of Alzheimer’s disease (a) 
and a representation of the gross brain differences between an 
aged healthy brain and one with late-stage Alzheimer’s disease (b). 
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Figure 5.2:  Progressive development of extracellular Aβ plaques (a-b) and intraneuronal 
neurofibrillary hyperphosphorylated Tau tangles (c-d). 
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 Genetic causes and risk factors for AD 

Mutations in amyloid precursor protein (APP), as well as presenilin 1 (PSEN1), and presenilin 

2 (PSEN2), involved in processing APP to Ab isoforms are all known to directly lead to the 

development of AD. Whilst mutations in MAPT (the gene encoding Tau, a microtubule 

associated protein) have been linked to development of frontotemporal dementia (FTD) and 

other tauopathies, they have not been linked to fAD. Some may argue that the pathological 

processes contributing to FTD are activated downstream of amyloid, making FTD a form of 

AD that can occur in the absence of amyloid pathology. Pathogenic mutations in MAPT can 

alter the relative expression of different Tau isoforms and its propensity to form aggregates or 

alter microtubule assembly and stability. 

 

There are many genes associated with increased risk of developing AD. In September 2020, 

ALZFORUM had 695 genes listed that were associated with increased risk of developing AD 

and genome-wide association studies (GWAS) identified more than 21 risk loci for sAD370. 

Some of these risk genes relate to protein and organelle recycling (e.g., BIN1 and PICALM), 

lipid homeostasis, inflammation (e.g., TREM2 and CR1), and clearance pathways (e.g., 

ABCA7 and CLU). The most well-researched risk allele for late-onset AD (LOAD) is the e4 

polymorphism of apolipoprotein E (APOE-e4), where possession of one or more APOE-e4 

alleles increases risk of developing AD371. Conversely, possession of one or more APOE-e2 

alleles decreases risk of AD in comparison to homozygous APOE-e3. APOE disrupts Ab 

clearance by reducing the ability of Ab to bind low density lipoprotein related protein (LRP1) 

in mouse brain372. Another well-known risk factor allele conferring susceptibility for LOAD is 

SORL1, encoding protein sortilin-related receptor (SORLA), which is involved in directing 

intracellular APP trafficking to recycling pathways 373,374. Whilst there are no known genetic 

mutations in axon transport proteins related to AD, axonal transport deficits have been 

observed in models of AD thus may underlie some pathologies in neurodegenerative 

diseases375. 

 

5.2 Axon Transport in AD  

Axon transport is an ATP-dependent bidirectional phenomenon that involves movement of 

vesicle-bound proteins and organelles along intraneuronal microtubule tracts to support 

neuronal maintenance and survival. Axon transport occurs when motor proteins bind adapter 

molecules and vesicles to transport them along microtubule tracts in an anterograde or 

retrograde manner. Anterograde transport, away from the soma such as that of APP, is mainly 

mediated by kinesins376. Anterograde transport provides essential proteins, mRNA, and 
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organelles produced in the soma to other regions of the neurone, including the distal ends 

(e.g., for synapse formation and neurotransmitter release). Retrograde transport occurs in the 

opposite direction; towards the soma and is mainly mediated by dyneins377 enabling the cell 

to receive signals (e.g., from trophic factors) and destroy and recycle dysfunctional proteins 

and organelles. Fast axonal transport involves transporting membrane bound particles378 

which can contain combinations of proteins, metabolites, and or organelles which may belong 

to a pathway or are needed for organelle survival during transit. Indeed, it has been suggested 

that APP and its processing enzymes (BACE1, PSEN1 and PSEN2) undergo fast axonal 

transport in vesicles together378. However, this has been disputed 379 and a recent study 

demonstrated in vitro that punctate vesicles containing APP, BACE1, and mitochondria are 

transported independently from one another380. Neither NMNAT2 nor SARM1 are known to 

be co-transported APP, its processing enzymes, or mitochondria 380.  

 

Tau is a microtubule-associated protein381–384 which stabilises microtubule tracts. 

Hyperphosphorylation of Tau, which occurs in AD, increases the propensity of Tau to 

dissociate from microtubules, thereby leaving neuronal transport tracts vulnerable to 

destabilisation376,385–387. Both monomeric and oligomeric Ab species can inhibit fast axonal 

transport via different mechanisms depending on the isoform and whether it is intra- or 

extracellular 378,388–394.  This effect of Ab on axonal transport may occur via Tau 7, since 

decreases in Tau levels prevented Ab-induced deficits in axonal transport in vitro 395. 

Furthermore, when CRND8 mice were crossed with mutant Tau MAPTP301L mice, there was 

no impact on the prevalence of Ab plaques or how they associated with dystrophic axons; 

however, anterograde mitochondrial transport was decreased 396. Mitochondrial mobility can 

be slowed by decreased GSK3b activity in a Tau-dependent manner 397 accumulation of Ab 

oligomers within mitochondria decreases anterograde mitochondrial transport, as well as 

altering mitochondrial energy production and life cycle 390. More evidence supporting a role of 

Tau in AD-related axonal transport defects comes from mice deficient in PSEN1 and PSEN2, 

also overexpressing human Tau. These mice exhibit early Tau pathology and defective 

learning alongside deficits in axon transport398. Clearly there is a relationship between Ab and 

Tau, and both of these species are considered neurotoxic in AD. However, how they related 

to one another and AD onset and progression is a controversial topic of discussion which has 

been debated since their discovery in human AD brain. 
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5.3 The amyloid cascade hypothesis: evidence to support and dispute 

The amyloid cascade hypothesis (ACH) postulates that incorrect processing of APP leads to 

accumulation of Ab protein into plaques which are the neurotoxic causative agent in AD;  Ab 

plaques subsequently lead to the formation of neurofibrillary Tau tangles, cell loss, vascular 

damage, and dementia 399. Whilst there is evidence to support this hypothesis, there is also 

plenty that disputes it. 

 

Amyloid isolated from AD patient brain was sequenced in 1984 and identified as the primary 

component in neuritic plaques a year later 400–403. Shortly after these observations, the first 

mutations were identified in APP and linked to the development of fAD 404. A few years later, 

mutations in genes which encode subunits of the 𝛾-secretase enzyme, PSEN1 405 and PSEN2 
406,407 were also linked to the development of fAD. However, there are no known causative AD 

mutations in ADAM10 or BACE1, which encode the other APP processing enzymes 𝛼-

secretase and β-secretase, respectively 408. Therefore, the only genes known to cause AD, 

rather than contribute towards a person’s increased risk, are involved in APP processing (APP 

itself, as well as PSEN1 and PSEN2). These mutations increase the production of longer 

amyloid peptide isoforms (Ab) in competition with healthy processing which leads production 

of a shorter (p3) product. This increases the ratio of long Ab:short Ab (Ab1-42:Ab1-40), though it 

remains unclear how these isoforms lead to pathology in AD 409–413. 

 

Further genetic evidence supporting the ACH comes from people with Down Syndrome (DS), 

the majority of whom develop AD by the age of 65 414–416, with some presenting with symptoms 

as early as 40. These individuals possess a third copy of chromosome 21 where APP is 

situated 417. Similarly, families possessing rare duplication of the APP gene on chromosome 

21 (known as Dup-APP) also develop EOAD 418–422. In contrast, another rare APP mutation 

(A673T) leads to lower amyloidogenic Ab production and is associated with decreased levels 

of cognitive decline in the elderly who do not develop AD 423,424. In addition, those rare DS 

individuals that do not go on to develop AD actually do not possess the third APP allele 425.  

 

The above-mentioned findings demonstrate a clear role of APP mutations leading to fAD. 

However, there is poor correlation between mutations in APP, as well as PSEN or BACE1 

genes with sAD 426–428. Some weak associations between sAD in patients with both mutant 

BACE1 and the APOE-e4 allele have been noted 429–431, with one study suggesting that 

epistasis between BACE1, APOE-e4, and other risk factor genes is a crucial factor in the 

aetiology of sAD 432. In addition, MAPT variation and known pathogenic heterozygous variants 

of PSEN1 and PSEN2 have been identified in a small cohort of sAD patients 433, though larger 
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cohorts are required to confirm this finding. Furthermore, the APOE-e4 allele confers the 

strongest known genetic risk for sAD and this gene encodes a protein involved in Ab clearance 
371,434. However, no association has been demonstrated between sAD and mutations in LPR1, 

which encodes the receptor APOE interacts with during Ab clearance435–437. 

 

In preclinical studies, Ab is toxic to cultured neurones causing axonal and dendritic retraction 
438. Overexpression of APP or PSEN mutants in mice produces plaques and memory deficits 
439–441, and age-dependent neurodegeneration in Drosophila 442. However, mouse studies 

show that mutations leading to increased Ab production are not sufficient to induce AD 443. 

Furthermore, overexpression of mutant APP does not lead to neurone loss 444,445, development 

of neurofibrillary tangles or AD-like dementia 408. Similarly, no PSEN mutants develop plaques, 

tangles, or neurodegeneration 408 and removal of PSEN2 does not affect APP processing in 

mice 446. 

 

Two major arguments against the ACH are that individuals with substantial amyloid plaque 

burden can be cognitively normal 447–449, and there are a lack of anti-amyloid therapies showing 

efficacy against AD in the clinic 450–452. Amyloid plaque burden can be significantly decreased 

in humans, but this does not correspond to improved cognition 450,453. It has recently been 

suggested that a reason for this lack of translation could be due to the presence of synaptic 

Ab oligomers in AD patient brain which precede and lead to raised levels of 

hyperphosphorylated Tau in early AD 369. Therefore, anti-amyloid therapies are ineffective 

once Tau-related pathologies have been initiated since they do not reverse the Tau-related 

changes. In fact, neurofibrillary Tau tangles correlate better with neurodegeneration than 

amyloid plaques do 454–456 and the presence of pathological Tau has been shown to precede 

the appearance of amyloid plaques in cases of sAD 457. These clinical data show that the 

presence of amyloid plaques is not sufficient to cause AD and its removal does not improve 

AD symptoms. Furthermore, inhibition of 𝛾-secretase can worsen AD symptoms 458,459 despite 

decreasing amyloid production and epidemiology studies suggest that some non-steroidal 

anti-inflammatory drugs (NSAIDs) decrease AD risk by half 460, placing a role of inflammation 

as a potential causative factor. 
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5.4 Proposed causes and pathophysiology of sporadic Alzheimer’s disease 

Clearly there are more processes involved in AD initiation and progression than altered Ab 

isoforms. Aside from the ACH there are many other hypotheses of what triggers AD pathology 
461,462. These include; inflammation463, age-related mitochondrial dysfunction 464,465; re-entry of 

mature neurones into the cell-cycle caused by age-related accumulation in DNA damage 
466,467; decreased and disorganised brain neurovascular and capillary networks 468–470; 

metabolic disruption involving glucose hypometabolism and impaired insulin signalling 471–474; 

and Tau propagation 475. A dual hypothesis where an unknown trigger or triggers act upstream 

of both Ab and Tau pathology which then converge causing AD, so treatments such as amyloid 

clearance therapies are insufficient to overcome the triggering signal of pathology 476. 

Selective cholinergic neurone degeneration 477, and synapse dysfunction 478 also occur in AD. 

 

A family history of sAD can increase risk of future generations developing it 479, suggesting a 

role in yet-to-be identified risk factor genes. However, in addition to genetic risk factors, there 

are many environmental factors that can promote the development of AD. In fact, it is often 

postulated that a combination of risk alleles and environmental stresses accumulate to 

precipitate AD pathology and worsen symptoms. Environmental stresses include lifestyles 

choices such as a lack of exercise 480 and diets causing midlife obesity 481 or hypertension 482. 

Indeed a recent randomised controlled trial in patients with subjective cognitive decline (SCD) 

or mild cognitive impairment (MCI) suggests that following a Mediterranean diet and being 

physically active can slow cognitive decline 483. Other environmental factors include; the 

composition of the gut microbiome 484, toxicity caused by exposure to metal ions   or aluminium 
487, and insomnia 488.  

 

Physiological disturbances in lipid metabolism 489, calcium homeostasis 490, inflammation 
463,491, oxidative stress 474,492, dysfunctional autophagy 493–495, and dysfunctional organelle 

turnover 7 are also thought to contribute to AD pathology. Clearly there are many contributors 

to AD and it is important to determine which of these alterations are a cause, consequence, 

coincidence, or correlation of AD. With AD incidence increasing, it is important for the scientific 

community understand disease onset and progression and work towards an effective therapy 

to alleviate symptoms and the associated distress to patients and their families.  
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5.5 Inefficient translation of drug efficacy in preclinical models to clinical patients and 
clinical pathophysiology into preclinical models. 

The poor translation of anti-dementia drugs from preclinical models to human patients is 

common; most drugs put forward for clinical trials do not demonstrate efficacy in human 

patients. Only 5 out of 251 therapies that reached clinical trials have been approved for use in 

human patients (as published on ALZFORUM September 2020). Of these therapies, none 

cure or halt disease progression; they slow it down. There are many reasons for this lack of 

efficacy observed in humans despite positive outcomes in preclinical studies, which are 

discussed below. 

 

Knowledge from early-onset AD (EOAD), or fAD, was used to generate early transgenic 

mouse models of AD; by introducing human mutations into mice, scientists aimed to 

understand the molecular mechanisms of AD precipitation and progression. Whilst providing 

important information for mechanisms in EOAD, these models may not be so useful for LOAD, 

where the majority of cases are sporadic in nature. These limitations associated with heavy 

reliance on overexpression of human genes has been recognised in the field by attempts at 

generating mouse models where risk alleles, such as APOE-e4, were introduced, rather than 

the causative ones. However, whilst mice possessing the APOE-e4 alleles develop some 

pathophysiological phenotypes, including defective cholesterol trafficking, defective Ab 

clearance and blood-brain barrier integrity, they do not develop an AD phenotype 370. 

Furthermore, TREM2 haploinsufficiency in APP/PS1 overexpressing mice leads to altered 

microglial responses without affecting plaque burden496 , prevention of blood-derived myeloid 

cell brain infiltration associated with ameliorated plaque burden497, and augmentation of 

amyloid accumulation as a result of dysfunctional microglial responses . However, these 

findings are still in the context of APP and PSEN1 overexpressing mice. 

 

Since introduction of known human risk alleles into mice is not sufficient to model AD, 

additional genetic or environmental factors are required to precipitate disease in preclinical 

models 370. Incorporating factors that are more reflective sAD into new preclinical models of 

AD will involve a shift from studies in rodents with human causative disease-related genes, 

which tend to be young, male, housed in highly controlled unnatural environments with specific 

diets, and who are otherwise healthy. Instead, there is a strong case that models should 

attempt to mimic or incorporate factors thought to contribute to sporadic human cases where 

patients come from varied backgrounds, with varied lifestyles, and whom often present with 

other co-morbidities. Such models could include natural ageing, dietary alterations, metabolic 

disorders, and combinations of these elements with risk genes.  
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Another important consideration for preclinical studies involves the experimental comparisons 

being made and endpoints measured in the lab and whether they are relevant to the clinical 

situation. For example, a small rise in Ab or hyperphosphorylated Tau may occur in sAD and 

be relevant to the disease state, but small changes are often not considered statistically 

significant and overlooked in preclinical studies. Assessment of comorbidities, like anxiety, 

depression, and loss of smell or vision could also be included in rodent models, along with 

non-cognitive behaviours (like locomotion) to rule out motor phenotypes confounding results 

of cognitive assays. Onos et al. (2016)370 also suggest use of multiple mouse strains or 

genetically diverse strains, such as those which are available through Diversity Outbred or 

Collaborative Cross, to help filter out strain-specific responses and increase the predictive 

ability to detect efficacy in preclinical models. There are challenges and disadvantages to 

incorporating the elements mentioned above; by introducing more than one risk factor, this 

introduces more variables that could impact on reproducibility of results. However, since over-

reliance on human fAD models contributes to lack of clinical efficacy, these changes to models 

could be what is needed to improve translation of therapies. 

 

 

5.6 Movement of the field towards using sporadic models: a focus on the D-Galactose 
model of dietary-induced sporadic Alzheimer’s disease 

Despite challenges to modelling sAD the field of neurodegeneration understands the 

limitations of using fAD models in advancing understanding of sAD and there are now many 

attempt to improve AD models by including risk aspects of sAD 370,408,461. One such model is 

the D-Galactose model of dietary-induced sAD. In this model, D-Galactose is administered to 

rodents who show accelerates signs of ageing and AD-like phenotypes which have been 

extensively reviewed by Shwe et al., (2018)125. Takeda (Cambridge) developed a version of 

this model which involves feeding wild-type mice a diet high in D-Galactose, a sugar which is 

naturally present in a wide range of foods 499. D-Galactose is taken up into brain via glucose 

transporter 1 (GLUT1) and when consumed in excess can lead to oxidative neuronal stress, 

inflammation, and apoptosis 125. 

 

D-Galactose is normally metabolised to glucose via the Leloir pathway by an enzyme and 

cofactor present in mammalian liver and yeast extract 500, later identified as galactokinase, 

and uridyl transferase (Figure 5.3). The glucose yielded from this pathway can then enter the 

citric acid cycle and provide NADH for mitochondrial-dependent oxidative phosphorylation 
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which yields energy in the form of ATP. When the Leloir pathway becomes overrun; for 

example, when there is an abundance of D-Galactose present, D-Galactose is catabolised by 

alternative pathways to form galactitol and galactonate products. Elevated levels of galactose 

alter the cellular redox state through altering activity of enzymes such as aldose reductase 

(thus depleting NADPH) and glutathione reductase activity (which usually reduces reactive 

oxygen species like H2O2), therefore increasing oxidative damage and elevating advanced 

glycan end products (AGEs). 

 

5.7 Takeda (Cambridge) demonstrate AD-like pathology in mice after D-Galactose 

Work by Dr. Wayne Chadwick at Takeda (Cambridge), as summarised in Table 5.1, shows 

there are many significant biochemical alterations after D-Galactose administration in the 

frontal cortex, cortex, hippocampus and cerebellum mouse brain regions. These changes 

include; increases in oxidative stress, reactive oxygen species, BACE1 protein levels and 

activity, soluble and insoluble hyperphosphorylated Tau, insoluble Aβ40 and Aβ42 levels and 

pro-inflammatory cytokines. Interestingly, these altered profiles were specific to the nervous 

system without any systemic changes being noted; D-Galactose administration did not alter 

lean or fat body mass percentage, blood LDL or HDL levels, food intake, glucose levels, 

insulin, WBC count, serum KC GRO, or levels of IL1β or KC GRO in the lung, liver or kidney 

(data not shown). With the knowledge that similar biochemical disruptions occur in human 

brain in AD, including increased ROS and accelerated appearance of AGEs (despite some 

appearance being normal with age), it seems that the mechanisms of D-Galactose metabolism 

induce similar cellular changes as those which occur in early stages of neurodegeneration. 

 

These biochemical changes were associated with impaired memory as assessed by novel 

object and novel object location tests (Figure 5.4.a) without any potential confounding impacts 

caused by locomotion (Figure 5.4.b). These cognitive deficits remain after cessation of D-

Galactose administration for up to 1 month (Figure 5.4.c) and can be reversed with three drugs 

used to ameliorate symptoms of AD clinically – memantinine, donepezil, and levetaracitam 

(Figure 5.4.d). Together, these data suggest that the D-Galactose model would be a useful 

preclinical model to better predict efficacy in human patients. The validity of this assay could 

be further improved by testing drugs which failed to produce a meaningful effect in clinical 

trials despite showing promising effects preclinically to determine whether this model has 

better predictive ability than those currently used. 
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Figure 5.3: D-Galactose metabolism pathways and how activation of alternative metabolism pathways 
leads to cell stress and neuronal death associated with cognitive decline. The pathways in black are the 
main galactose metabolism pathway, but when this becomes saturated, alternative pathways (in blue, 
orange, and purple) become active leading to pathological changes (in red). Compiled with information 
from Shwe et al., (2018) and Bo-Htay et al., (2018) 
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Table 5.1: Summary of D-Galactose-induced biochemical alterations observed at (Takeda 

Cambridge) 
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Figure 5.4: Data from Takeda (Cambridge) showing that in mice treated with 4 g/kg D-Galactose, there 
was no difference spent exploring novel objects/novel object location in contrast to vehicle-treated mice 
who spent significantly more time spent exploring novel objects/location indicating a memory deficit (a). 
There were no confounding effects of D-Galactose on motor abilities as there was no impairment in 
locomotor activity or Rotarod assays (b). These cognitive deficits are long-lasting and persist even after 
D-Galactose washout when up to 4 weeks after removal of D-Galactose from drinking water (c). 
However, the deficits were reversed pharmacologically by administration of memantinine, donepezil, 
and levetaracitan (d). 
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5.8 Programmed axon degeneration in Alzheimer’s disease 

Previously, the Coleman group searched for phenotypic evidence that programmed axon 

degeneration is involved in fAD pathology using the CRND8 mouse model. However, axons 

of layer V pyramidal neurones remained intact and connected to viable somas despite looking 

severely dystrophic 396. There was no neurodegenerative phenotype, as is the case with many 

mouse models of neurodegeneration. Nevertheless, CRND8 axons displayed axonal 

swellings and impaired transport of mitochondria396. Furthermore, layer V pyramidal neurones 

of CRND8 mice overexpressing mutant APP show accumulation of mitochondria, APP, and 

synaptophysin in axonal swellings 396, which occur prior to hallmarks of neurodegeneration501 

(Stokin et al., 2005). Axons post-swelling containing accumulated particles remain intact, but 

there is synaptic disruption of varying degrees ranging from decreased numbers of synaptic 

vesicles through to electron dense regions of swollen organelles with no visible synaptic 

vesicles396. This could implicate axonal transport impairments in disease mechanism. Indeed, 

blocking axonal transport would theoretically lead to depletion of mitochondria, peroxisomes, 

synaptic vesicle precursors, and other proteins important in axon and synapse maintenance 

and function. This would likely decrease energy production, increase oxidative stress, lead to 

dysfunctional synapses, and accumulation of materials at the cell body destined for the axon 

or synapse 378. 

 

Transgenic models of fAD have also suggested a role of axonal survival factor NMNAT2 in 

AD pathology. Nmnat2 mRNA levels are downregulated in forebrain of the rTg4510 mouse 

model of FTD-related tauopathy119 and cerebral cortex and hippocampus of APP 

overexpressing mice 118. Decreased levels of NMNAT2 are associated with increased levels 

of hyperphosphorylated Tau species (pT205, pT231, and pS262) and protein phosphatase 2 

(PP2A) in its phosphorylated inactive form (pY307-PP2A) 118. PP2A in its dephosphorylated 

active state is required for Tau dephosphorylation and homeostasis 502. 

 

AAV-mediated overexpression of NMNAT2 decreases levels of hyperphosphorylated Tau in 

the hippocampi of rTg4510 mice119. Conversely, Nmnat2 siRNA knockdown in HEK293/tau 

cultures increases pY307-PP2A, thereby decreasing PP2A activity which leads to increased 

levels of hyperphosphorylated Tau118. Moreover, a reciprocal effect has also been 

demonstrated whereby hyperphosphorylated Tau can lower Nmnat2 gene expression via 

decreased pCREB occupancy at the two CRE sites in the Nmnat2 promotor in cortex and 

hippocampus of rTg410 mice119.  Furthermore, a role of NMNAT2 as a chaperone protein 

involved in decreasing levels of misfolded hyperphosphorylated Tau has also been proposed. 
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NMNAT2 has been shown to form a complex with HSP90 in rTg4510 mouse in aged 

hippocampus and cortex and this NMNAT2:HSP90 complexes with hyperphosphorylated Tau 

in insoluble cortex fraction116. The NAD-synthesis activity of NMNAT2 is separate from its 

chaperone foldase activity, the latter being indispensable for decreasing hyperphosphorylated 

Tau levels. Foldase activity is required for the formation of the NMNAT2:HSP90 complex, and 

NMNAT2 ATPase activity becomes active upon formation of the complex.  

 

Furthermore, axon transport of NMNAT2 declines with age 503, which likely decreases levels 

of NMNAT2 in distal axons. Decreased levels of NMNAT2 leave axons vulnerable to age- and 

neurotoxic stresses 110, and depletion triggers programmed axon degeneration 76.  Therefore, 

a combination of natural decline in NMNAT2 transport with age and disease-related impeded 

axon transport could contribute to development or progression of sAD, particularly in humans 

with LoF NMNAT2 mutations or lower-than-average expression levels. 

 

Decreased axon transport would theoretically also lead to depletion of mitochondria, 

peroxisomes, synaptic vesicle precursors, and other proteins important in axon and synapse 

maintenance and function. This would decrease energy production, increase oxidative stress, 

lead to dysfunctional synapses, and accumulation of materials in the soma destined for the 

axon or synapse 378. Whether impaired axonal transport is a cause, facilitating factor, or 

consequence of disease is still debated378, since environmental stresses like oxidative or 

osmotic stress, can impede axonal transport so it is possible that increased ROS seen in AD 

patients can cause or worsen axonal transport mechanisms, rather than axon transport 

decreasing supply of factors to maintain healthy synapses. 

 

The speculative pathways through which NMNAT2-dependent mechanisms may influence 

Tau phosphorylation levels are combined and shown in Figure 5.5. Taken together, these 

findings suggest that NMNAT2 could decrease hyperphosphorylated Tau levels via 

modulating activity of PP2A, as well as by acting in concert with HSP90 as a chaperone protein 

to refold hyperphosphorylated Tau thereby promoting healthy Tau species and reducing risk 

of neurodegenerative diseases involving tauopathies. If levels of hyperphosphorylated Tau 

become favoured over other Tau species, decreased occupancy of pCREB on the promotor 

of Nmnat2 could have multiple impacts on neuronal health by removing the proposed 

mechanisms to keep pTau<Tau, as well as decreasing the NAD+ synthesis capacity via 

NMNAT2 action in the axon. Furthermore, axon transport of mitochondria and NMNAT2 

decline with age, thereby increasing neuronal susceptibility to degeneration through multiple 

channels. 
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Figure 5.5: Proposed mechanisms by which NMNAT2 prevents hyperphosphorylated Tau accumulation 
and how hyperphosphorylated Tau decreases NMNAT2 levels in models of fAD. Compiled from studies by 
Ali et al., (2010), Ljungberg et al (2012), and Cheng et al., (2013). pTau indicates hyperphosphorylated Tau. 
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However, since fAD only represents up to 6% of human AD cases and there are questions 

regarding the cross over between disease mechanisms in fAD and sAD, these speculations 

need to be explored in models with relevance to sAD. If APP or PSEN mutations do not drive 

Ab accumulation or trigger AD pathology in sporadic cases, there remains a question over 

what does. With this in mind, it is still possible that programmed axon degeneration is involved 

in sporadic cases, meaning it is important to test in the context of sporadic models. 

 

The aim of this chapter is to determine whether axon transport of NMNAT2 and/or 

mitochondria is impaired in the D-Galactose dietary-induced model of sAD and whether there 

is axon degeneration in the cortex of this model. This would be relevant to whether impaired 

transport could explain a link between the biochemical and behavioural changes observed by 

Takeda (Cambridge) at the cellular level.  
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5.9 Results 

 Blood glucose levels and body weight are unaffected by D-Galactose 

Takeda (Cambridge) noted that all changes in D-Galactose-treated mice were in the nervous 

system, with no changes in inflammatory markers seen. This includes no abnormal weight 

gain or increase in blood glucose levels for the duration of the study. It was confirmed during 

this experiment, that neither the weight nor the blood glucose levels of D-Galactose-treated 

mice were different from the sodium benzoate (vehicle)-treated ones (Figure 5.6.a-b). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6: Neither blood glucose levels (a) nor bodyweight (b) are 
affected by administration of D-Galactose compared to sodium benzoate 
(vehicle) administration across the 8-week timeframe. Each data point 
was collected from an individual mouse across the duration of the 
experiment. A two-way repeated measures ANOVA was employed to 
determine significance. Data are presented as mean±SEM 
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 Axon transport of CFP-labelled mitochondria is unaffected by D-Galactose  

When comparing vehicle-treated and D-Galactose-treated mice, there was also no difference 

in the number of CFP-labelled mitochondria being transported anterogradely (Figure 5.7.a) or 

retrogradely (Figure 5.7.b) in the sciatic nerve. Furthermore, D-Galactose treatment did not 

alter the average or maximum particle velocity in either the anterograde (Figure 5.7.c) or 

retrograde (Figure 5.7.d) direction. It seems that, despite axonal transport of mitochondria 

being altered as mice age 503, treatment with D-Galactose (thought to accelerate ageing 

processes) does not alter axonal transport of mitochondria in the mouse sciatic nerve.  

 

 

 

 

 

 

Figure 5.7: Axonal transport of CFP-labelled mitochondria in sciatic nerves is not altered 
after mice receive D-Galactose drink for 8 weeks. Compared to vehicle-treated animals, 
the anterograde (a) and retrograde (b) particle counts and velocity of anterograde (c) and 
retrograde (d) mitochondrial transport is not affected by D-Galactose treatment. Each 
data point represents the average transport in all axons across 5 fields of view for an 
individual mouse sciatic nerve. A two-tailed unpaired t-test was performed to determine 
whether there was a difference between vehicle- and D-Galactose-treated mice. Data are 
presented as mean±SEM 
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 Axon transport of YFP-labelled NMNAT2 is unaffected by D-Galactose  

Similarly, there were no differences in axonal transport of YFP-labelled NMNAT2 when 

anterograde and retrograde particle count (Figure 5.8.a-b) or average and maximum velocity 

(Figure 5.8.c-d) were assessed, despite declines in axonal transport of NMNAT2 being 

reported in aged mice 503. Observations thus far were made in the peripheral nervous system. 

However, it is the central nervous system that is of interest and relevance to the Alzheimer’s-

like pathologies noted by Takeda (Cambridge). Thus, transport of NMNAT2 vesicles in the 

fimbria was also assessed (Figure 5.9).As in the peripheral axons, D-Galactose treatment did 

not alter YFP-labelled particle count (Figure 5.9.a) or particle movement (Figure 5.9.b). 

 

 

 

 

 

 

 

Figure 5.8: Axonal transport of YFP-labelled NMNAT2 vesicles in sciatic nerves is not altered 
after mice receive D-Galactose drink for 8 weeks. Compared to vehicle-treated animals, the 
anterograde (a) and retrograde (b) particle counts and velocity of anterograde (c) and 
retrograde (d) transport of NMNAT2 vesicles is not affected by D-Galactose treatment. Each 
data point represents the average transport in all axons across 5 fields of view for an individual 
mouse sciatic nerve. A two-tailed unpaired t-test was performed to determine whether there 
was a difference between vehicle- and D-Galactose-treated mice. Data are presented as 
mean±SEM 
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 D-Galactose does not increase hyperphosphorylated Tau in any brain region 

Before concluding that D-Galactose-treatment does not induce changes in axonal transport, 

it was important to confirm that the biochemical changes seen by Takeda (Cambridge) 

occurred in the brains of mice used in the present study. Therefore, a Meso-Scale Discovery 

(MSD) assay was used to check for levels of insoluble hyperphosphorylated Tau (Figure 

5.10.a) and Western blot for levels soluble hyperphosphorylated Tau in the hippocampus 

(Figure 5.10b), in order to confirm that the percentage change observed by Takeda 

(Cambridge) (Figure 5.10.c) was also apparent in the present cohort of mice whose nerves 

and fimbria were taken for ex vivo axonal transport imaging. However, there were no 

significant increases in insoluble or soluble hyperphosphorylated Tau observed in the present 

cohort of mice. Hippocampus was selected for Western Blot analysis since that is the brain 

region where the most significant change was expected based on the data provided by Takeda 

(Cambridge). 

 

Figure 5.9: Axonal transport of YFP-labelled NMNAT2 vesicles in fimbria is not altered after 
mice receive D-Galactose drink for 8 weeks. Compared to vehicle-treated animals, the 
average anterograde + retrograde particle count (a) and anterograde + retrograde velocity 
(b) of NMNAT2 vesicle transport is not affected by D-Galactose treatment. It is not possible 
to distinguish between anterograde and retrograde transport in the fimbria due to the variety 
of neurone orientations present; therefore, combined particle counts and vesicle velocity 
were used. Each data point represents the average transport in all axons across 5 fields of 
view for an individual mouse fimbria. A two-tailed unpaired t-test was performed to determine 
whether there was a difference between vehicle- and D-Galactose-treated mice. Data are 
presented as mean±SEM 
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Taken together, the data presented in Figures 5.6-5.10 indicate that 4 g/kg D-Galactose 

administered through drinking water does not induce any significant changes in axonal 

transport of mitochondria or NMNAT2 in the central or peripheral nervous system and that the 

pathomolecular changes noted in our industrial partner’s C57BL/6 mice were not translatable 

to our cohorts of MitoP and Nmnat2-venus mice, which express CFP-labelled mitochondria 

and YFP-labelled NMNAT2, respectively. 

Figure 5.10: D-Galactose administration for 8 weeks does not significantly increase 
hyperphosphorylated Tau in any brain region compared to sodium benzoate (vehicle) 
administration when measure via Meso Scale Discovery ELISA (a) or Western blot (b). This is in 
contrast to a significant increase seen in all four brain regions noted after both 2 g/kg and 4 g/kg 
D-Galactose administered at an Industrial Partner site, Takeda (Cambridge) (c-d). Each data 
point represents values from an individual mouse (for MSD values, three technical replicates 
were made per mouse, per brain region and an average value used). A two-way ANOVA (a) or 
unpaired t-test (b) was performed to determine whether there were significant differences. Data 
are presented as mean±SEM 
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 Ab42:Ab40 ratio is decreased in OHSCs after D-Galactose administration 

Aside from the in vivo studies that show molecular and behavioural changes induced by D-

Galactose,  in vitro administration can induce senescence in cultured cortical astrocytes 504. 

Putting together this and the positive inflammatory profile observed by Takeda (Cambridge), 

the direct effects of D-Galactose on organotypic hippocampal slice cultures (OHSCs) were 

assessed. Claire Durrant provided mouse organotypic hippocampal slice cultures which Olivia 

Sheppard administered 55 µM D-Galactose or vehicle (MEM) to so I could collect samples 

and run analysis to see if there were any changes observed in this system. Application of 55 

µM D-Galactose in culture medium decreased release of Ab40 and Ab42 from slices into the 

culture medium (Figure 5.11.a-b) after 1, 2, and 3 weeks of D-Galactose application. The ratio 

of Ab42:Ab40 is also decreased in D-Galactose-treated slices after 1, 2, and 3 weeks of 

application (Figure 5.11.c). 

 

 

 

Figure 5.11: ELISA measurements showed a significant decrease in levels of both Aβ40 (a) and 
Aβ42 (b) secreted into the media after the first, second and third week of D-Galactose 
administration in comparison to that secreted by pup-matched vehicle-treated slices. The ratio of 
Aβ42:Aβ40 is decreased (d) at all timepoints in the D-Galactose-treated slices. Week 1 of treatment 
corresponds to week 3 of culture; week2 to week 4, and week 3 to week 5. Each data point 
represents values from three co-cultures slices from an individual mouse. A two-way repeated 
measures ANOVA followed by Bonferroni post-hoc analysis was performed to determine whether 
there was a significant difference. Data are presented as mean±SEM 
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 No synaptic deficits were detected in OHSCs after D-Galactose administration 

To explore whether the decrease of Ab40 and Ab42 into the media was associated with an 

increase in Ab accumulation in the slices or synaptic deficits, immunohistochemistry (data not 

shown) and Western blots were performed. One problem with using non-transgenic models 

of Alzheimer’s disease is the low expression level of Ab peptides. This makes it unlikely to be 

able to visualise Ab in wild-type tissue and even if this was possible, it is not yet possible to 

distinguish between the different isoforms. Therefore, it wasn’t possible to detect any 

difference in Ab accumulation through immunohistochemistry (data not shown). Currently, 

there is not a reliable antibody to detect changes in Ab40/Ab42 levels through Western blot, 

so it wasn’t possible to check Ab levels using this method either. However, there is a highly 

specific antibody against APP, the precursor to Ab peptides. Therefore, if there was an 

increase in expression of Ab proteins, this would likely be caused by an increase in expression 

of APP. However, there are no detectable differences in protein levels of amyloid precursor 

protein (APP) observed by Western blot (Figure 5.12.a-b), nor are there changes in 

presynaptic protein synaptophysin (Figure 5.12.c), or postsynaptic protein PSD95 (5.12.d) 

after D-Galactose application compared to vehicle-treated slices from the same mouse. 

Decreases in housekeeper genes were consistently seen in D-Galactose-treated slices 

compared to mouse-matched vehicle-treated ones (Figure 5.12.e-g). The possibility that 

application of D-Galactose was killing cells in the slices was then considered as an explanation 

for the significantly decreased levels of Ab40 and Ab42 being secreted into the media of slices 

treated with D-Galactose, in contrast to the hypothesis that D-galactose was causing Ab to 

accumulate in the slices. Due to the abundance of negative data, this line of enquiry was not 

pursued. 
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Figure 5.12: Western blot analysis (a) show that there is no difference in APP (b), PSD95 (c) or 
Synaptophysin (d) protein levels after 3-week D-Galactose treatment in comparison to pup-
matched vehicle-treated slices. All housekeeper proteins (e-g) were consistently significantly 
downregulated after D-Galactose treatment in comparison to mouse-matched vehicle-treated 
slices. Each data point represents values from three co-cultures slices from an individual mouse. 
Paired t-tests were employed to assess whether there was a difference between vehicle- and D-
Galactose-treated mice. Data are presented as mean±SEM 
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5.10 Discussion 

 The in vivo D-Galactose model 

The results from this chapter show that administering D-Galactose in drinking water does not 

induce any significant changes in mouse bodyweight, blood glucose levels, axonal transport 

of mitochondria in sciatic nerve, or axonal transport of NMNAT2 in sciatic nerve or fimbria. 

Furthermore, there were no increases in insoluble hyperphosphorylated Tau in any brain 

region nor soluble phosphorylated Tau in hippocampus in contrast to results seen by the 

Industrial Collaborators to this project.  Whilst application of 55 µM D-Galactose to OHSCs 

caused a decrease in secretion of Ab40 and Ab42, as well as ratio of Ab42:Ab40 into the 

media, this was not related to any increase in APP in slice tissue or a decrease in pre- or post-

synaptic proteins Synaptophysin or PSD-95, respectively. Thus, these changes in slice 

cultures likely reflect D-Galactose-induced death of cultures, rather than a useful in vitro model 

of sAD. 

 

Based on this study, D-Galactose administered in drinking water is not a reliable model of 

dietary-induced Alzheimer’s disease. Indeed, meta-analysis showed heterogeneity in reported 

effects of the D-Galactose model505. Whilst the Industrial Collaborators saw clear differences 

in molecular hallmarks of early AD pathogenesis after D-Galactose administration, this was 

not reproducible in the present study, suggesting this model may not be suitable – or needs 

to be optimised further if it holds any promise – for use in finding clinically useful anti-

dementing drugs. Since none of the cohorts of mice used in the present study developed any 

signs of AD, the complete lack of axonal transport changes in NMNAT2 or mitochondria does 

not provide any insight into whether these axonal transport cargoes are affected in sAD. There 

are many reasons why the inconsistencies between results from Takeda (Cambridge) and 

those presented here may exist, and these will be discussed below. 

 

The mice used in the present study were different strains with slight differences in background 

to those used by Takeda (Cambridge) for the initial experiments. It is possible – no matter how 

unlikely – that the Takeda (Cambridge) C57BL/6 line has mutations in genes affecting 

risk/susceptibility to developing sAD or that the insertion of fluorescent proteins into the mice 

used in this study can decrease susceptibility to environmental risk factors of sAD 

development. Indeed, the YFP-tagged NMNAT2 transgenic mice used here to assess axonal 

transport of NMNAT2 show robust protection after in vivo transection of the sciatic nerve171, 

demonstrating a clear protective effect against programmed axon degeneration in these mice. 

This is likely due to the overexpression and stabilisation of NMNAT2, thus having a similar 

protective effect as introducing the WLDS protein. Whilst the specific effects of CFP-tagged 



 - 132 - 

mitochondria on the rate of programmed axon degeneration haven’t been demonstrated, it 

cannot be ruled out that a similar phenotype may be seen in these mice. If the rate of 

programmed axon degeneration after in vivo nerve transection is delayed in these mice, it 

could suggest that, whilst these mice are useful in seeing real-time transport of NMNAT2 and 

mitochondria, their effectiveness in studying links between programmed axon degeneration in 

disease models could be confounded. In hindsight, it would have been useful to include a non-

transgenic C57BL/6 mouse strain to first confirm that the Takeda (Cambridge) model was 

translatable to the environment and mice used at the Babraham Institute in the present study. 

This was considered at the beginning of experiment; however, with regulations surrounding 

minimal use of animals in UK research, this additional group was ultimately not included. In 

contrast to neuroprotection in the Nmnat2-venus mice, there are accelerated axonal deficits 

in homozygous YFP-H labelled neurones506, suggesting that high levels of fluorescent markers 

can have deleterious effects on axon health. Given that axons show accelerated ageing in 

YFP-H mice, perhaps the presence of fluorescent markers increase basal levels of 

inflammatory markers which are not further increased by feeding mice D-Galactose. Since 

there is increased susceptibility of axonal damage in YFP-H mice506, but there were no AD-

related biochemical changes, it is likely that there are other explanations for the lack of 

phenotype in this dietary model of sAD.  

 

Another explanation could be that there was a difference in how the water was provided 

between the two Institutes; at Takeda (Cambridge), plastic drip feeders were used whereas 

at Babraham, water was placed into plastic pouches since mice are normally fed via a 

centralised system that provides water to all cages eliminating the use of standard drip 

feeders. One possibility could be that D-Galactose binds to the pouches thereby reducing the 

effective concentration in solution. This could be assessed via measuring D-Galactose 

concentration immediately after preparation as well as from undisturbed water bags. It is 

possible that D-Galactose sedimented in the water bag. This would not be a problem when 

using drip feeders since the water is released directly below where it is stored so if the D-

Galactose did sediment, it would be collected in the water as it passed through to the mouse. 

However, this would not happen in the water bags since most of the surface is flat against the 

cage lid providing a larger surface area over which D-Galactose could sediment and water 

would not pass through this as the mouse drinks from the delivery site. Furthermore, the 

pouches of water containing D-Galactose or vehicle were replaced every two days to prevent 

the possibility that D-Galactose would sediment or break down in the water thereby reducing 

the amount consumed. 
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To confirm delivery of D-Galactose, there are a number of methods that could have been 

explored: D-Galactose levels could have been measured from the blood of mice. Blood 

glucose levels are easily measured with a tiny drop of blood. However, the same is not true 

for all molecules in blood circulation; D-Galactose and its metabolites are not easily measured 

in a drop of blood. Since commercially available assays (at the time of the study) to measure 

D-Galactose and its metabolites required a volume of blood that would have been high risk to 

take from a live mouse given the small volume of blood the possess (around 1.5 ml), repeated 

measures were certainly not an option.  However, weekly or a single post-mortem sample may 

have provided useful information on the effectiveness of our delivery method. Actual, rather 

than predicted, water consumption could have been assessed to ensure mice were really 

receiving the dose expected and levels of D-Galactose or metabolites in urine could also have 

been measured. However, obtaining these measures would have required mice to be 

individually caged in a cage with grid flooring to facilitate accurate measures of D-Galactose 

consumption and urine production. These are two alterations to normal husbandry that 

increase stress and decrease well-being of the animal, which contravenes guidelines on 

minimising trauma to experimental animals. As an alternative, possibly more quantifiable 

method of administration, D-Galactose could have been added into mashed food which is 

normally given to mice after surgery or if they have an impairment that would hinder them 

reaching their normal standard chow. Alternatively, it could be administered per os as a 

compromise to drinking, without injecting into the peritoneum or subcutaneously, meaning that 

D-Galactose still passes through the digestive system (as would be the case for food and drink 

consumption) and isn’t absorbed or metabolised by other means. However, multiple low doses 

to mimic food/drink consumption are another cause of stress to mice and would lead to 

irritation of the oesophagus with repeated per os administration over the 8 weeks required. In 

addition, this would be laborious and expensive to perform.  

 

Since in vivo studies are time-consuming, tightly regulated, and expensive to perform, and 

since there were no positive findings from the aforementioned experiments, the effects of D-

Galactose application were then explored using an in vitro organotypic hippocampal slice 

culture system (OHSC). OHSCs were explored for their potential as a faster method to study 

direct effects of D-Galactose on hippocampal structures and genetic and pharmacological 

interventions that may enable discovery of links between programmed axon degeneration and 

sAD. 
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 The ex vivo D-Galactose model 

The organotypic hippocampal slice cultures (OHSCs) used retain their hippocampal 

architecture including axonal projections from the dentate gyrus to the hippocampus and 

synaptic connections between neurones which were formed during development in vivo. They 

contain a mix of endogenous cells found in brain (neurones, microglia, astrocytes and 

oligodendrocytes). D-Galactose (55 µM) or vehicle (MEM) was applied to two-week old 

mouse-matched OHSCs for three successive weeks. At the end of each week, media was 

collected and Ab40 and Ab42 were consistently decreased in D-Galactose-treated cultures. 

At first this decrease seems to contradict the hypothesis that D-Galactose can induce sAD; 

one would expect increased Ab42 in a model of AD. However, the decreased secretion could 

be due to an increase in retention of Ab in the slice tissue. This theory is difficult to demonstrate 

empirically due to several factors: Firstly, the expression levels of Ab in wild-type mice are 

low, especially in comparison to transgenic models often used, making any measure of Ab 

unfavourable. Secondly, there is currently no reliable antibody to detect Ab or distinguish 

between different Ab isoforms. Combined, these first two factors mean it is currently not 

possible to detect any difference in Ab accumulation through immunocytochemistry or 

Western blotting.  

 

There is however, a reliable antibody to the amyloid precursor protein (APP). However, 

Western blot showed no differences in APP levels or synaptic proteins (presynaptic 

synaptophysin or postsynaptic PSD95) in OHSC tissue after three weeks of D-Galactose 

application. In fact, it seemed that all proteins (including housekeepers b-actin, cyclophilin, 

and b-III tubulin) were consistently downregulated in D-Galactose-treated slices compared to 

pup-matched controls. This may suggest that D-Galactose was killing the cultures, rather than 

promoting a sAD phenotype. Whilst no obvious changes were seen in the calbindin 

immunostaining of the alveolar tract, this is only one plane of view through the cultured tissue 

and may not represent the situation across the thickness of the tissue. The widespread 

consistently decreased protein expression, combined with decreased secretion of Ab into the 

media after D-Galactose application, leads to the speculation that D-Galactose was killing 

cells in the cultures in contrast to the hypothesis that D-galactose was causing Ab to 

accumulate in the OHSC tissue. Staining for markers of cell death and/or an ELISA to check 

for changes in Ab levels or isoforms in the actual slice tissue could have been done. However, 

ELISA measures would require many cultures due to low levels of Ab. However, the 

abundance of negative data in response to D-Galactose meant it was deemed not good use 

of resources to continue this line of enquiry. 
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 Direction study would have taken if there was an indication of a role of 
programmed axon degeneration in sAD 

Since there were no axonal transport impairments or biochemical alterations in Ab or Tau 

levels from the in vivo study, there was no indication that D-Galactose induced sAD in these 

mice or that programmed axon degeneration was initiated in this model. Therefore, there was 

no scientific justification to look further at proposed links between hyperphosphorylated Tau, 

PP2A, and NMNAT2 or the role of NMNAT2:HSP90 chaperone activity in AD. The lack of 

phenotypes also meant there was no deficit to observe whether decreased SARM1 levels or 

removal could counter potential inflammatory changes observed by Takeda (Cambridge), as 

indicated in a high fat dietary-induced model of liver disease 507, and no reason to look at 

whether there were morphological changes in pyramidal neurones of D-Galactose-treated 

YFP-H mice. 

 

A commonality between models utilising AD risk alleles and those using environmental risk 

factors is that they either do not lead to disease or they show heterogeneity in results from 

lab-to-lab. A logical progression beyond risk gene or environmental models is to start 

combining both genetic and environmental factors in aged mice to model prolonged 

accumulation of subtle factors over decades in human disease to observe whether this 

induces AD-like pathologies in newer rodent models, and whether they do this more 

consistently. In the context of this study, D-Galactose could have been administered to mice 

double knock-in for APOE-e4  and TREM2 mutants, as well as fluorescently tagged 

mitochondria or NMNAT2. Alternatively, D-Galactose could have been administered to mice 

compound heterozygote for a complete LoF Nmnat2 allele and a 50% efficient allele (creating 

mice that lack 75% neuronal NMNAT2) to explore susceptibility of brain to 

biochemical/inflammatory changes seen by Takeda (Cambridge). Therefore, testing whether 

low NMNAT2 levels confer susceptibility in combination with dietary risks to developing sAD 

in a similar way to which low NMNAT2 confers age-related sensory and motor deficits in vivo 

as well as sensitivity to physical and neurotoxic injuries in vitro 110. These dietary and genetic 

risk factors could also be combined with moderate ageing of mice. Furthermore, it would be 

possible to observe if, in vivo, the synaptic changes associated in culture with decreasing 

NMNAT2 levels116 or the proposed relationships between NMNAT2 and hyperphosphorylated 

Tau 118,119 are present in mice with decreasing levels of NMNAT2 and if so, are they more 

pronounced in a model of sAD? If so, would Sarm1 hemizygosity in these mice be sufficient 

to reverse or prevent development of these phenotypes or are the proposed actions of 

NMNAT2 in regulating hyperphosphorylated Tau levels independent of its role in programmed 

axon degeneration? 
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It is clear that many diverse triggers can initiate programmed axon degeneration, such as 

physical injury, mitochondrial disruption, protein translation inhibition, neurotoxic effects in 

metabolic disease, and via distinct mechanisms in bortezomib and vincristine chemotherapy-

induced peripheral neuropathy. The presence of WLDS or absence of SARM1 is protective in 

models of all of the abovementioned triggers 21,37,58,59,63–72,74,75,79,81–83,87,88,91,98–101,239,300,508. This 

suggests that targeting programmed axon degeneration presents an opportunity for a 

potentially widely-applicable therapy involving inhibiting or decreasing SARM1 expression 

levels or NADase activity, or increasing stability or activity of NMNAT2. Clearly, no conclusions 

over the role of programmed axon degeneration in sAD can be made from this chapter, but 

continued refinement of AD models could make this possible in future studies. 
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 Implications of the results presented in this thesis 

The results in this thesis demonstrate that: 

 

(i) a genetic decrease in SARM1 levels confers protection against programmed axon 

degeneration in mice in vivo and in vitro 

 

(ii) a similar decrease in SARM1 levels can be achieved in vitro in wild-type cells by 

application of Sarm1 antisense oligonucleotides and this causes a similar delay in 

programmed axon degeneration as genetically decreasing levels of SARM1 

 

(iii) applying antisense oligonucleotides in vitro to cells which already have genetically 

lowered SARM1 levels further delays programmed axon degeneration 

 

(iv) the D-Galactose model was not reproducible so could not be used to model sAD. 

Therefore, questions remain over the role of programmed axon degeneration and 

whether patients with sAD would respond to treatments targeting it. 

 

These findings correspond to the following implications for targeting SARM1 therapeutically: 

 

(i) Haploinsufficiency in humans could confer a partially protective phenotype making 

axons less susceptible to a diverse range of programmed axon degeneration 

triggers 

 

(ii) It is possible to decrease SARM1 levels and delay programmed axon degeneration 

via exogenous application of antisense oligonucleotides (at least in vitro) meaning 

this strategy could be developed into a therapy 

 

(iii) Certain patient populations could be more responsive to anti-SARM1 therapies, if 

they already express lowered levels of SARM1 

 

(iv) Consideration of which disorders would respond best to anti-SARM1 therapies is 

needed. This requires further research into the effects of decreasing SARM1 levels 

in disease models and testing antisense oligonucleotide efficacy, or targeting 

SARM1 with other therapeutic strategies, to provide information on which disorders 

may respond best to treatment 
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Results in this thesis demonstrate in principle that antisense oligonucleotides effectively 

decrease SARM1 levels and delay programmed axon degeneration, to a similar extent as 

removing one Sarm1 allele. Therefore, it can be inferred that similar delay could be seen after 

sciatic nerve transection if a similar decrease in SARM1 levels is achievable in vivo with 

antisense oligonucleotides. However, this requires optimisation of antisense oligonucleotide 

targeting to peripheral nerves and in vivo confirmation of decreased SARM1 levels. 

 

Since sciatic nerve transection is an extreme injury with limited clinical relevance, the 

relevance of delayed axon degeneration conferred by decreased SARM1 levels needs to be 

explored in disease models. Given similarities in phenotypes between the in vitro delays in 

degeneration between the Sarm1 hemizygous cultures and those treated with antisense 

oligonucleotides, Sarm1 hemizygous mice could be used as a way to explore which diseases 

might respond to anti-SARM1 therapies in parallel to developing improved in vivo methods for 

delivering antisense oligonucleotide therapies or other anti-SARM1 therapeutic strategies. 

 

 Which diseases would likely respond to anti-SARM1 therapies? 

The in vitro results after antisense oligonucleotide application were particularly strong in 

reversing neurite outgrowth deficits of DRGs lacking NMNAT2, and against axon degeneration 

induced by protein translation inhibition. These data suggest that targeting SARM1 in diseases 

caused by depletion or loss of NMNAT2 function, or by inhibition of protein translation could 

be promising strategies to pursue in the first instance when targeting human patients with anti-

SARM1 therapies. This could improve quality of life and outlook in patients in which genes 

involved in programmed axon degeneration play a causative or contributory role, such as pain 

present in sisters with polyneuropathy caused by NMNAT2 LoF 112. 
 

Preclinically, this theory could be tested in Nmnat2 compound heterozygous mice to explore 

whether anti-SARM1 therapies can prevent in vivo age-associated axon loss, temperature 

insensitivity, and motor impairments, as well as vulnerability to physical and neurotoxic 

stresses in vitro 110. Alternatively, new models containing human mutations thought to cause 

pain in sisters with biallelic NMNAT2 LoF 112 could be developed. Phenotypes in such models 

could be subtle, but continued optimisation of preclinical models to show strong statistically 

significant phenotypes does not necessarily address biological relevance, and over-reliance 

on these models is likely one contributing factor to a lack of therapeutic translation. In humans, 

phenotypes are more complex and causes of disease multifactorial. However, overcoming the 
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issues around modelling human disease preclinically is challenging, as described in more 

detail in the previous chapter. 
 

In terms of protein translation inhibition, models of neurodegenerative protein aggregation 

disorders which trigger the unfolded protein response and inhibit protein translation could be 

used. For example, exploring anti-SARM1 therapies in an FTD model of tauopathy where re-

activation of protein translation was shown to be protective 347 or in TDP-43Q331K mutant model 

of ALS-FTD in which removal of Sarm1 decreases loss of axons and dendritic spines 105. 
 

The modest delay in axon degeneration which results in this thesis demonstrate can be 

achieved after axotomy-, vincristine- and rotenone-induced degeneration by decreasing 

SARM1 levels, suggests potential for wider use of anti-SARM1 therapies in more common 

diseases and conditions. Future studies should explore these possibilities in animal models of 

peripheral neuropathy. For example, development of painful neuropathies caused by 

temporary and predictable exposure to neurotoxic chemotherapeutic agents have been shown 

to activate SARM1 via distinct mechanisms and complete Sarm1 removal is prevents loss of 

intraepidermal nerve fibres (IENFs) 79,300,81. The predictability of axon stress in chemotherapy 

makes targeting pain associated with axon degeneration and IENF loss a promising strategy 

to prevent development of neuropathy which could improve lives of cancer patients 

undergoing or surviving chemotherapy 309. Anti-SARM1 therapies could also have implications 

for chronic SARM1-dependent metabolic neuropathy 79, though this disease mechanism 

would be less predictable and likely require chronic treatment. 
 

Immediate suppression of SARM1 would be needed in circumstances where injury cannot be 

predicted (such as after traumatic injury), unlike in chronic disease which could have a longer 

therapeutic window for intervention. Therefore, therapies targeting SARM1 at the level of gene 

expression may be useful in cases where SARM1 activation is predictable and treatment can 

commence prior to SARM1 activation (especially given the long half-life of SARM1 and need 

for degradation of pre-existing proteins if the therapy targets protein levels). Conversely, 

treatment in response to injury or neurotoxicity would likely require more immediate SARM1 

suppression, such as may be more achievable through small molecule inhibition. 

 

There are a few examples of disease models where targeting programmed axon degeneration 

through overexpression of WLDS or removal of SARM1 are not protective, such as a mouse 

model of prion disease 350,351 and models of ALS caused by SOD1 mutations 102–104. This could 

indicate that if other disease mechanisms occur in parallel to programmed axon degeneration 

or via cell soma death signals, targeting programmed axon degeneration alone may not be 
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efficacious. In such instances, anti-SARM1 therapies may need to be considered as part of 

combined therapies targeting other aspects of disease pathology. 

 

 Clarifying the role of programmed axon degeneration in human disease 

Current preclinical research in the Coleman lab is working towards clarifying whether SARM1 

variants present in the human population affect axon vulnerability to stress and whether these 

are protective LoF or pro-degenerative GoF mutants. How these mutants are related to 

SARM1 NADase activity and rate of programmed axon degeneration in culture is being 

explored. Further work in the lab is exploring whether GoF variants appear in higher frequency 

in diseased populations or whether LoF variants appear in higher frequency in a control 

population using data from Project MinE (which aims to explore the genetic basis of ALS). 

This information can then be used to look at whether these variants appear in disease 

populations, whether they differ between diseases, and be used to help delineate the extent 

to which programmed axon degeneration plays a role in human diseases. This could help 

direct preclinical efforts to appropriate animal models for optimising anti-SARM1 therapies. 

 

Work on understanding the phenotypes associated with SARM1 variants in the human 

population could have implications when deciding therapeutic strategies for individual patients. 

Given that Sarm1 hemizygosity confers a level of protection, this could indicate that humans 

with LoF mutations could already be at lower risk of disease affecting axon health. However, 

since in Sarm1 hemizygous cells degeneration does eventually ensue in most models tested 

here, this could indicate that even axons with a lower vulnerability can degenerate in disease 

states. Thus, targeting patients with SARM1 LoF mutations with anti-SARM1 therapies could 

improve outcome in certain patient populations. Preclinically, combining anti-SARM1 

therapies with already decreased levels of SARM1 in Sarm1 hemizygous mice could explore 

these possibilities. Conversely, patient populations with increased genetic risk for developing 

chronic disease due to SARM1 GoF mutations might benefit from prophylactic treatment with 

anti-SARM1 therapies to remove this as a risk factor. 

 

Once a role of programmed axon degeneration in human disease-related axon pathology is 

clarified, the extent to which SARM1 suppression is needed in disease may be clearer. As 

discussed in depth in Chapter 3, decreasing SARM1 protein levels by 50% confers stronger 

protection than complete removal of other programmed axon degeneration modifiers (using in 

vivo axotomy as a benchmark for comparison). The work in this thesis demonstrates that it is 

possible to achieve strong rescue in some circumstances from knockdown, but removal is still 

needed for prolonged protection after severe injury. If elimination of SARM1 is needed to elicit 
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a prolonged protective effect in humans, this will raise a number of challenges and may affect 

the therapeutic strategy that needs to be employed to prevent or counter disease progression. 
 

 Optimising anti-SARM1 therapies 

Optimising a therapy to eliminate SARM1 completely is limited by accessibility of the nervous 

system, stability or duration of therapeutic molecules, and bioavailability of the active 

therapeutic agent. Antisense oligonucleotides have a long half-life in comparison to small 

molecules, but short in comparison to duration of other gene therapies, such as AAV-mediated 

delivery used to introduce compound dominant negative SARM1 80. Both antisense 

oligonucleotide therapies and gene therapies require bypassing the blood-brain and blood-

nerve barriers in order to be effective, but this could be useful in preventing off target effects 

of anti-SARM1 therapies administered systemically, such as small molecule compounds. 

Combining more than one approach to prevent SARM1 activity could also be explored. For 

example, could Sarm1 expression levels be decreased followed by inhibition of residual levels 

by small molecules? 
 

Crucially, eliminating any protein also eliminates its role in all biological processes it is involved 

in. This could be problematic since there are outstanding questions relating to whether or not 

SARM1 plays a role outside of axon degeneration. Is basal activity of SARM1 physiologically 

important? To what extent is SARM1 activity required in response to viral infection and other 

immune-related events in light of new work highlighting potential roles of passenger mutations 

in commonly used Sarm1-/- mice 133? Sarm1-/- mice appear to live healthy lives 111, but how 

transferrable are results from a ‘clean’ animal house to ‘everyday’ exposure to pathogens, and 

between mice compared to humans? Could SARM1 activation be protective in some 

circumstances? For example, a neuronal mechanism evolved to prevent the pathological 

prion-like spread of proteins or viruses through the nervous system. 
 

One way around the potential problem of complete SARM1 elimination could be design of 

combination therapies. Multiple subtle modifications to the pathway that do not individually 

prevent axon degeneration could together have a more profound effect if co-applied. This 

strategy could also improve selectivity for the programmed axon degeneration pathway, and 

decrease potential for off-target negative effects if SARM1 has roles in other cell types or 

responses. Such a therapy could incorporate the recent findings that NMN activates SARM1 
216,302,160. Decreasing NMN accumulation through NAMPT inhibition, NMNAT2 

upregulation/stabilisation, or other methods of NMN sequestration would likely decrease the 

probability of NMN activating SARM1. By using low doses that alone are ineffective, this could 
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decrease potential negative effects of NMN depletion in terms of NAD+ synthesis whilst 

decreasing NMN levels low enough to favour the inactive formation of SARM1. This, in 

combination with lowered SARM1 levels or activity could lead to stronger suppression of 

SARM1 prodegenerative function and prolong protection against axon degeneration in chronic 

disease. 

 

6.2 NMNAT2-induced neurite outgrowth deficit in predicting the ability of therapies to 
delay programmed axon degeneration 

Finally, this section will note how the neurite outgrowth deficits in DRGs lacking NMNAT2 

could be used as a phenotypic screen for identifying novel compounds to inhibit programmed 

axon degeneration. Manipulations that deplete NMN (overexpression of WLDS or NMN 

deamidase) which strongly delay programmed axon degeneration in mature axons 62,177,216, 

also restore neurite outgrowth deficits in developing axons lacking NMNAT2 77,216. FK866 

which depletes NMN through NAMPT inhibition and modestly delays axon degeneration 216 

also partially restores neurite outgrowth in neurites lacking NMNAT2, though only when 

administered in the presence of NaAD which allows cells to produce NAD+ through an 

alternative synthetic pathway 78. Finally, Sarm1-/- mice exhibit delayed axon degeneration for 

several weeks in vivo 62 and removal of Sarm1 reverses deficits in neurite outgrowth for the 

lifespan of mice lacking NMNAT2 78,111. In addition, the work in this thesis demonstrates that 

Sarm1 hemizygosity confers a modest delay in programmed axon degeneration as well as 

partially restoring neurite outgrowth. Further, Sarm1 antisense oligonucleotides reverse 

neurite outgrowth deficits and prolong protection in DRGs (compared to SCGs) after in vitro 

axon injury. The strength of protection conferred with each of these manipulations in mature 

axons after in vitro axotomy appears to be reflected in the strength of rescue in neurite 

outgrowth in mice lacking NMNAT2. Long-term prevention of axon degeneration is not 

achieved by FK866 or Sarm1 hemizygosity and this is reflected in the partial reversal of neurite 

outgrowth deficits. Conversely, WLDS, NMN deamidase, and complete removal of Sarm1 

confer stronger protection after in vitro axotomy and show greater capacity for reversing the 

neurite outgrowth deficit. This could indicate that a phenotypic screen using this system would 

filter out weaker modifiers of programmed axon degeneration and most likely highlight 

stronger modifiers. Phenotypic screens also enable the effects of compounds to be tested on 

full-length endogenous proteins in their cellular environment, which could improve the 

predictive capacity in contrast to the caveats associated with isolated protein domains and 

biochemical assays. 
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6.3 Other outstanding questions in the field 

How do SARM1 octamers form? Could SARM1 monomers start interacting as they are 

synthesised, such as could occur during polyribosome-mediated protein translation? Do non-

octameric SARM1 species exist in the axon? Is SARM1 basal activity physiologically 

important? Do NMNAT2 and SARM1 co-exist in a physically close signalling complex to 

monitor or regulate axonal nucleotide levels? What happens downstream of SARM1? How do 

NMN accumulation, SARM1 activation, NAD+ and ATP depletion, raised Nam and 

ADPR/cADPR, and the second calcium wave lead to axon fragmentation? Are these events 

independent, interconnected, sequential, or is there an unidentified molecule connecting 

them? If there is a downstream effector of SARM1 in mammals, as there appears to be in 

Drosophila 509, could this explain why barely detectable levels of SARM1 can still induced axon 

fragmentation in the in vitro assays used in this work? To what extent can SARM1 be involved 

in death mechanisms outside of the axon? 

 

 

6.4 Conclusions 

The work in this thesis demonstrates that programmed axon degeneration can be delayed by 

lowering Sarm1 expression levels. This can be achieved by removal of one allele or through 

exogenous application of antisense oligonucleotides. The data suggest that some disorders, 

like those caused by loss of NMNAT2 or involving defective protein translation, are more likely 

to respond to SARM1 modifying therapies than others, such as transection injuries. Future 

studies need to explore the effects of predicted human SARM1 GoF and LoF mutations and 

their potential relevance to disease risk. Data presented here suggest that patients with 

SARM1 LoF could respond better to anti-SARM1 therapies than humans with wild-type 

SARM1. Preclinical work is needed to delineate which diseases could respond to anti-SARM1 

therapies. Selection of appropriate diseases to target SARM1, as well as identifying the 

appropriate patient populations will be important in demonstrating clinical efficacy of anti-

SARM1 therapies.  
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7 List of abbreviations 

 AAA-ATPase ATPases Associated with diverse cellular Activities 
 AAD  Acute axonal degeneration  
 AAV Adeno-associated virus 

 ACH Amyloid cascade hypothesis 
 AD Alzheimer's  disease 
 ADP Adenosine diphosphate 
 ADPR Adenosine-5'-O-diphosphoribose 
 ADPRP Adenosine- 5'- O- diphosphoribose phosphate 
 ALS  Amyotrophic Lateral Sclerosis  
 APP  Amyloid precursor protein  
 ARM  Armadillo  
 ASO Antisense oligonucleotide 
 ATP  Adenosine triphosphate 
 ATP  Adenosine triphosphate  
 Aβ Amyloid beta 
 BAK  BCL-2 homologous antagonist killer  
 BAX  BCL-2-associated X  
 BCA Bicinchoninic acid assay 

 BCL-2  B-cell lymphoma 2  
 cADPR Cyclic adenosine-5'-O-diphosphoribose 
 cAMP Cyclic adenosine monophosphate  
 CCCP  Carbonyl cyanide m-chlorophenyl hydrazone  
 CD38  Cluster of differentiation 38  
 CFP Cyan fluorescent protein 
 CHX Cycloheximide 
 CIPN Chemotherapy-induced peripheral neuropathy 
 CMT  Charcot-Marie-Tooth  
 CNS  Central Nervous System  
 CRE cAMP response element  
 CREB cAMP response element-binding protein 
 CRMP2/4 Collapsin response mediator protein 2/4 
 CSF Cerebrospinal fluid 

 
DiI 1,1'-Dioctadecyl-3,3,3',3'-Tetramethylindocarbocyanine 

Perchlorate ('DiI'; DiIC18(3)) 
 DIV days in vitro 
 DLK  Dual leucine zipper-bearing kinase  
 DMEM  Dulbecco’s Modified Eagle’s Medium  
 DMSO  Dimethyl sulfoxide  
 DNA Deoxyribonucleic acid  

 dNMNAT  Homolog of NMNAT in Drosophila melanogaster  
 DPN Diabetic peripheral neuropathy 
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 DR6 Death receptor 6 
 DRG  Dorsal root ganglion  
 dSARM  Homologue of SARM1 in Drosophila melanogaster  
 EAE  Experimental autoimmune encephalitis  
 ECL Enhanced chemiluminescence 
 EGTA  Ethylene glycol-bis(β-aminoethyl ether)-N,N,N',N'-tetraacetic acid  
 ENT Equilibrative nucleoside transporter 
 EOAD Early onset Alzheimer's disease 
 ER  Endoplasmic reticulum  
 ERK Extracellular signal-regulated kinase 
 fAD Familial Alzheimer's disease 
 FAD Flavin adenine dinucleotide 

 
FK866 N-[4-(1-benzoyl-4-piperidinyl)butyl]-3-(3-pyridinyl)-2E-

propenamide 
 FTD Frontotemporal dementia 
 GoF Gain of function 
 GWAS Genome-wide association studies 
 h hour(s) 
 H+ Hydrogen ion 
 HD Huntington's disease 
 HRP Horseradish peroxidase 

 HSP Heat shock protein 
 ISTID  Isoform-specific targeting and interaction domain  
 JNK  c-Jun N-terminal kinase  
 LOAD Late onset Alzheimer's disease 
 LoF Loss of function 
 M Molar 
 m Milli- 
 MAP2K  Mitogen-activated protein kinase kinase 
 MAP3K  Mitogen-activated protein kinase kinase kinase  
 MAP4K  Mitogen-activated protein kinase kinase kinase kinase 
 MAPK  Mitogen-activated protein kinase  
 MEKK4 MAPK/ERK kinase kinase 4 
 mHTT Mutant huntingtin 
 MKK7 MAPK/ERK kinase kinase 7 
 MLK2 Mixed lineage kinase 2, 
 MLS Mitochondrial localisation sequence 
 mPT  Mitochondrial permeability transition  
 mPTP  Mitochondrial permeability transition pore  
 MPTP  1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine  
 MRI Magnetic resonance imaging  

 mRNA messenger ribonucleic acid 

 MS Multiple Sclerosis 
 MTS Mitochondrial targeting sequence 
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 MW Molecular weight 
 MYCBP2 Myc-binding protein 2 (also known as PHR1) 
 MyD88 Myeloid differentiation primary response 88 
 NA Nicotinic acid 
 NaAD  Nicotinic acid adenine dinucleotide  
 NAD+ Nicotinamide adenine dinucleotide  
 NADH Reduced nicotinamide adenine dinucleotide  
 NADP Nicotinamide adenine dinucleotide phosphate 
 NADPH Reduced nicotinamide adenine dinucleotide phosphate 
 NADS Nicotinamide adenine dinucleotide synthetases  
 Nam Nicotinamide  
 NaMN  Nicotinic acid mononucleotide  
 NAMPT  Nicotinamide phosphoribosyltransferase  
 NaPRT  Nicotinic acid phosphoribosyltransferase  
 NfH Neurofilament heavy chain 
 NfL Neurofilament light chain 
 NfM Neurofilament medium chain 
 NGF  Nerve growth factor  
 NMN  Nicotinamide mononucleotide  
 NMNAT (1/2/3) Nicotinamide mononucleotide adenylyl transferase 1/2/3 
 NR  Nicotinamide riboside  
 PARPs  Poly-ADP-ribose polymerases  
 PBS  Phosphate buffered saline  
 PCR Polymerise chain reaction 
 pCREB Phosphorylated CREB 
 PERK Protein kinase R-like 
 PET Positron emission tomography 

 PHR1 Pam/highwire/rpm-1 protein (also known as MYCBP2) 
 pmn  Progressive motor neuropathy  
 PNS  Peripheral Nervous System  
 PP2A Protein phosphatase 2 
 PTX PBS, 0.5% TritonX-100 
 RGC  Retinal ganglion cell  
 ROS  Reactive oxygen species  
 RT Room temperature 
 RyR Ryanadine receptor 
 s Second(s) 
 sAD Sporadic Alzheimer's disease 
 SAM  Sterile α motif  

 
SARM1  Sterile α-motif-, armadillo-motif-, and Toll-interleukin receptor 

homology domain-containing protein  

 SCG  Superior cervical ganglion  
 SCG10  Superior cervical ganglion 10 (also known as Stathmin 2) 
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 SDS  Sodium dodecyl sulphate  
 SEM  Standard error of the mean  
 siRNA Small interfering ribonucleic acids 
 SIRTs  Sirtuins  
 SMA  Spinal muscular atrophy  
 SOD1  Superoxide dismutase 1  
 STZ Streptozotocin  
 TBS Tris buffered saline 
 TBST  TBS with 0.05 % Tween 20  
 TCA  Tricarboxylic acid cycle  
 TIR  Toll-interleukin receptor homology domain  
 TLR  Toll-like receptors 
 TRITC Tetramethylrhodamine  

 UBE4B  Ubiquitin ligase E4B  
 UPS  Ubiquitin proteasome system  
 UTR Untranslated region 
 V Volts 
 VCP  Valosin-containing protein  
 WLDs Wallerian degeneration slow  
 Wnd  Wallenda  
 xg centrifugal force 
 YFP Yellow fluorescent protein 
 zDHHCs  Zinc Finger DHHC-Type palmitoyltransferases 
 ZNRF1 Zinc and ring finger protein 1 
 2'MOE 2'-O-methoxy-ethyl Bases 

 2'OMe 2'-O-Methylinosine 
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