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ABSTRACT 

SARM1 is intensively studied for its role in promoting axon degeneration in injury and 

disease. We identify VMN, a metabolite of the neurotoxin vacor, as a potent SARM1 

activator, an action likely to underlie vacor neurotoxicity in humans. This study 

provides novel tools to study SARM1 regulation, supports drug discovery, further links 

programmed axon death to human disease and identifies a new model where axons 

are permanently rescued. 

MAIN 

Sterile alpha and TIR motif-containing protein 1 (SARM1) plays a central, pro-

degenerative role in programmed axon death (including Wallerian degeneration) 1. 

This axon degeneration pathway is activated in a number of neurodegenerative 

contexts, including in human disease 2–4. SARM1 has a critical nicotinamide adenine 

dinucleotide (NAD) cleavage (NADase) activity, which is activated when its upstream 

regulator and axon survival factor nicotinamide mononucleotide adenylyltransferase 2 

(NMNAT2) is depleted or inactive 5–9. NMNAT2 loss causes accumulation of its 

substrate nicotinamide mononucleotide (NMN), which we showed promotes axon 

degeneration 10–13. NMN is now known to activate SARM1 NADase activity 14. Given 

that Sarm1 deletion confers robust axon protection, and even lifelong protection 

against lethality caused by NMNAT2 deficiency 15, SARM1 has become a very 

attractive therapeutic target. Understanding how SARM1 is activated by small 

molecule regulators will help develop ways to block its activation. 

Here we have investigated whether vacor, a disused rodenticide and powerful 

neurotoxin associated with human peripheral and central nervous system disorders 

16,17 and axon degeneration in rats 18, causes activation of programmed axon death. 

Vacor is metabolised to vacor mononucleotide (VMN) and vacor adenine dinucleotide 
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(VAD) through a two-step conversion by nicotinamide phosphoribosyltransferase 

(NAMPT) and NMNAT2 (Fig. S1a). Since VAD inhibits NMNAT2 19, we reasoned that 

vacor-induced axon death could be SARM1-dependent. 

We first confirmed that VMN and VAD are generated in vacor-treated dorsal root 

ganglion (DRG) mouse neurons (Fig. S1b) and that these and a second neuron type, 

superior cervical ganglia (SCG) mouse neurons, exhibit rapid, dose-dependent neurite 

degeneration (Fig. 1a-d; Fig. S1c-f). Consistent with the proposed toxic role for vacor 

metabolites, both nicotinamide (NAM), which competes with vacor as a preferred 

substrate for NAMPT, and the NAMPT inhibitor FK866 (Fig. S1a), delayed vacor-

induced neurite degeneration (Fig. S1g-j). Such competition may underlie the use of 

NAM as a treatment to patients who ingested vacor 16.  

As hypothesised, vacor failed to induce degeneration of Sarm1-/- DRG and SCG 

neurites (Fig. 1a-d). This protection was extremely strong with neurites surviving 

indefinitely even after multiple vacor doses (Fig. S2a,b). Sarm1-/- neurites were not 

only protected from degeneration, but they also continued to grow normally, even with 

repeated dosing (Fig. 1e,f). This mirrors the permanent rescue and continued growth 

previously reported in Nmnat2 null axons 7,15, suggesting complete efficacy in both 

toxic and inherited types of neuropathy. It also shows vacor neurotoxicity is 

predominantly SARM1-dependent.      

SARM1 levels remained relatively stable following vacor treatment (Fig. S2c-f). We 

instead confirmed that SARM1 NADase activity is the critical function required for 

vacor toxicity. Exogenous expression of wild-type human SARM1 (hSARM1) in 

Sarm1-/- SCG neurons restored vacor sensitivity, whereas expression of E642A 

hSARM1, that lacks NADase activity, did not (Fig. 1g-i; Fig. S2g,h), similar to findings 

in axotomy 5. Interestingly, unlike axotomy, activation of the pathway by vacor also 
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caused SARM1-dependent cell death (Fig. 1i), similar to that previously reported with 

constitutively active SARM1 20,21. To explore this further, we cultured DRG neurons in 

microfluidic chambers to allow independent manipulation of the axon and soma 

compartments (Fig. S3a). Local addition of vacor to either compartment directly 

activated local death of cell bodies and/or neurites. However, while vacor-induced cell 

death causes eventual secondary neurite degeneration, the reverse was not true: no 

cell loss was observed after local induction of distal neurite degeneration by vacor. 

Activation of SARM1 depletes NAD and generates cADPR in neurons 5,8,9,21. Based 

on the previously reported inhibition of NMNAT2 by VAD 19, we initially hypothesised 

that a rise in NMN, the physiological NMNAT2 substrate and a known activator of 

SARM1 10,12,14, stimulates SARM1 activity to trigger vacor-dependent axon death. 

Surprisingly, while SARM1 activation was confirmed by a dramatic, SARM1-

dependent decline in NAD (Fig. 2a,b) and cADPR accumulation (Fig. 2c,d) following 

vacor administration, NMN did not rise and even fell slightly (Fig. 2a,b). Furthermore, 

NMN and NAD levels and ratio were not altered in our vacor-treated Sarm1-/- neurons 

(Fig. 2a,b), suggesting that the reported inhibition of NAMPT and NMNAT2 by 

vacor/VAD 19 does not occur in this context at this drug concentration. Crucially, NMN 

deamidase, an enzyme that strongly preserves axotomised axons by preventing NMN 

accumulation (Fig. 3a; Fig. S4a) 10–12, was also unable to protect against vacor toxicity 

(Fig. 3a,b), even though recombinant NMN deamidase retains its ability to convert 

NMN to NaMN in the presence of vacor, VMN and VAD (Fig. S4b). Also WLDS, another 

enzyme that limits NMN accumulation 10, failed to rescue neurons against vacor 

neurotoxicity (Fig. S4c,d). These data suggest that, in this specific context at least, 

NMN is not responsible for SARM1 activation.  
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However, vacor metabolite VMN did accumulate in vacor-treated neurons (Fig. S1b). 

Given its structural similarity to the endogenous SARM1 activator NMN (Fig. S5a), we 

hypothesised that VMN might instead directly activate SARM1 leading to cell and axon 

death. Crucially, we found that VMN potently activates the NADase activity of 

recombinant hSARM1, even more so than NMN, having a lower Ka and resulting in a 

greater induction (Fig. 3c). Conversely, VAD only had a weak inhibitory effect on 

hSARM1 activity (Fig. S5c). Intriguingly, recombinant hSARM1 NADase activity 

dropped at higher VMN concentrations (Fig. 3c). Notwithstanding the doses of vacor 

used in this study result in VMN levels in neurons within the activation range of 

SARM1, this inhibitory action could reveal critical information on how SARM1 activity 

is regulated. Analysis via best fitting (see equation in Methods) suggests that our data 

are compatible with two distinct binding sites of VMN on SARM1 and led us to 

establish binding constants for activation (Ka) and inhibition (Ki) (Fig. 3c).  

While NMN activates SARM1 14 and promotes programmed axon death when 

NMNAT2 is depleted 10–13, exogenous NMN does not induce degeneration of uninjured 

neurites 10, probably because it is rapidly converted to NAD when NMNAT2 is present, 

thereby limiting its accumulation. However, we now show that exogenous application 

of its analogue, VMN, does induce SARM1-dependent death of uninjured DRG 

neurites (Fig. 3d,e). This difference likely reflects a combination of VMN being both a 

more potent activator of SARM1 and it accumulating more because it is not efficiently 

metabolised by NMNAT2 19.  

VMN-dependent activation of SARM1 being the effector of vacor toxicity is also 

supported by a number of other findings. First, unlike NMN, VMN is not a substrate of 

NMN deamidase (Fig. S5d) thus explaining its inability to protect against vacor 

neurotoxicity (Fig. 3a,b). In addition, VMN is not a substrate of the nuclear isoform 
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NMNAT1 and is a poor substrate of mitochondrial NMNAT3 19, so VMN accumulation 

in cell bodies (Fig. S5e) and subsequent SARM1 activation, as detected by a rise of 

cADPR in this compartment (Fig. 2d), provides a clear rationale for why vacor 

administration also causes cell death.  

Overall, this study provides clear evidence that direct SARM1 activation by vacor 

metabolite VMN underlies vacor neurotoxicity. Crucially, the structural and functional 

similarity between VMN and NMN provides additional support for a key physiological 

role of NMN in the regulation of SARM1 activity and axon degeneration. Given its 

greater potency than NMN, we anticipate that VMN and vacor will be important tools 

for drug discovery projects. Vacor is currently the most effective chemical to directly 

activate SARM1 and cause neuronal death, eliminating the need for complex axotomy 

experiments or the use of drugs with non-specific actions. Furthermore, understanding 

where VMN binds to SARM1, why it activates it more potently than NMN and 

expanding on VMN activation/inhibition functions should support drug development 

projects in several ways. One intriguing possibility is that VMN interacts with SARM1 

in the auto-inhibitory ARM domain leading to SARM1 activation, and in the catalytic 

TIR domain, causing inhibition 5,20. Finally, obtaining full-length SARM1 structures in 

physiological and active conformations will be essential for rational drug design but, 

despite recent important developments 22–25, this has proven challenging. However, 

the possible interaction of VMN with SARM1 could help achieve this.  

These data further implicate programmed axon death to human disease. It appears 

that this degeneration pathway can be aberrantly activated in humans not only by 

genetic mutation of NMNAT2 3,4, but also by SARM1 activation in severe neurotoxicity 

within hours of vacor ingestion 17. Although vacor use is banned, this study raises 

important questions of whether other pesticides or environmental chemicals in use 

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted September 19, 2020. ; https://doi.org/10.1101/2020.09.18.304261doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.18.304261


 7 

today also activate programmed axon death. Finally, as vacor causes pancreatic b-

cell destruction and diabetes in humans 16, these findings could have broader 

implications, uncovering a role for SARM1 in the survival of insulin producing cells and 

aiding research on diabetes.  
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Figure 1. Vacor causes SARM1-dependent neurite and cell death.  
(a) Representative images of neurites from wild-type and Sarm1-/- DRG (littermates) 

explant cultures treated with 50 µM vacor. (b) Quantification of the degeneration index 

in experiments described in (a) (Mean ± SEM; n = 4; three-way ANOVA followed by 

Tukey’s multiple comparison test; ****, p<0.0001. Statistical significance shown 

relative to Sarm1-/- +50 µM Vacor). (c) Representative images of neurites from wild-

type and Sarm1-/- SCG explant cultures treated with 100 µM vacor. (d) Quantification 

of the degeneration index in experiments described in (c) (Mean ± SEM; n = 4; three-

way ANOVA followed by Tukey’s multiple comparison test; ****, p < 0.0001. Statistical 

significance shown relative to Sarm1-/- +100 µM Vacor). (e) Representative images of 

neurite outgrowth at DIV7 from wild-type and Sarm1-/- DRG explant cultures treated 

with 50 µM vacor or vehicle. Multiple doses of vacor or vehicle were added at DIV2 

and DIV5. (f) Quantification of neurite outgrowth in (e) (Mean ± SEM; n = 5; three-way 

ANOVA followed by Tukey’s multiple comparison test; ****, p < 0.0001; NS, not-

significant. Statistical significance shown relative to Wild-type +Vehicle). 

(g) Schematic representation of the experimental design for (h) (‘Created with 

BioRender’). (h) Representative images of neurites from Sarm1-/- SCG dissociated 

neurons co-injected with plasmids encoding wild-type or E642A hSARM1 and DsRed 

(to label neurites) and treated with 100 µM vacor. (i) Quantification of healthy neurites 

and viable neurons in experiments in (h) is shown as a percentage relative to 0 hr (time 

of drug addition) (Mean ± SEM; n = 3; three-way ANOVA followed by Tukey’s multiple 

comparison test; ****, p < 0.0001). 
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Figure 2. Activation of SARM1 following vacor treatment leads to NAD loss and 
cADPR accumulation.  
(a,b) NMN and NAD levels and NMN/NAD ratio in ganglia (a) and neurite (b) fractions 

from wild-type and Sarm1-/- DRG explant cultures at the indicated time points after 50 

µM vacor or vehicle treatment (Mean ± SEM; n = 4; three-way ANOVA followed by 

Tukey’s multiple comparison test; ****, p < 0.0001; **, p < 0.01; *, p < 0.05; NS, not-

significant). (c) cADPR levels in wild-type and Sarm1-/- DRG whole explant cultures 

(neurites and cell bodies) 4 hr after 50 µM vacor or vehicle treatment. cADPR levels 

were consistently above the detection limit (~1 fmol/µg protein) only in wild-type DRG 
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explant cultures treated with vacor (Mean ± SEM; n = 3; ND, not-detectable). (d) A 

single analysis of cADPR levels in ganglia and neurite fractions from wild-type 

and Sarm1-/-  DRG explant cultures 4 hr after 50 µM vacor or vehicle treatment (n = 

1).  
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Figure 3. VMN potently activates SARM1 and causes neurite degeneration.  
(a) Representative images of neurites from Sarm1-/- SCG dissociated neurons co-

injected with plasmids encoding hSARM1, EGFP or EGFP-NMN deamidase and 

DsRed (to label neurites) and treated with 100 µM vacor. As an experimental control, 

Sarm1-/- SCG dissociated neurons injected with the same injection mixtures were 

axotomised. As expected, neurites expressing NMN deamidase were still intact 24 hr 

after axotomy. (b) Quantification of healthy neurites and viable neurons in experiments 

in (a) is shown as a percentage relative to 0 hr (time of drug addition) (Mean ± SEM; 

n = 3; three-way ANOVA followed by Tukey’s multiple comparison test; NS, not-

significant). (c) Fold change of NADase activity of purified, recombinant hSARM1 in 

the presence of NMN and VMN (Mean ± SEM; n = 3). hSARM1 average basal activity 
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is 18.12 ± 3.02 milliU/mg (fold activation = 1). Rates are relative to controls measured 

with 250 µM NAD alone. Both NMN and VMN, once added to each reaction mixture, 

were not consumed during incubation. Experimental data were fitted to the modified 

Michaelis-Menten equation in Methods to calculate the shown kinetic parameters 

(table). Hill coefficients for NMN and VMN indicate positive cooperativity binding in 

both cases. Best fitting also revealed a Km for NAD of 70 µM. (d) Representative 

images of neurites from wild-type and Sarm1-/- DRG (littermates) explant cultures 

treated with 500 µM VMN. (e) Quantification of the degeneration index in experiments 

described in (d) (Mean ± SEM; n = 3; three-way ANOVA followed by Tukey’s multiple 

comparison test; ****, p < 0.0001; **, p < 0.01; *, p < 0.05. Statistical significance 

shown relative to Sarm1-/- +500 µM VMN). 
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Figure S1. Vacor causes neurite degeneration in primary mouse neurons.  
(a) Schematic representation of vacor conversion into VMN and VAD by NAMPT and 

NMNAT2, respectively. VAD has been reported to inhibit NMNAT2 19. Vacor competes 

with NAM for NAMPT. High doses of NAM or inhibition of NAMPT with FK866 prevent 

vacor conversion into downstream metabolites (NAM, nicotinamide; NaMN, nicotinic 

acid mononucleotide; NMN, nicotinamide mononucleotide; NAD, nicotinamide 

adenine dinucleotide; NAMPT, nicotinamide phosphoribosyltransferase; NMNAT2, 

nicotinamide mononucleotide adenylyltransferase 2; VMN, vacor mononucleotide; 

VAD, vacor adenine dinucleotide). (b) Vacor, VMN and VAD levels in wild-type DRG 

whole explant cultures (neurites and cell bodies) 4 hr after 50 µM vacor treatment 

(Mean ± SEM; n = 3). (c) Representative images of neurites from wild-type DRG 

explant cultures treated with 10, 50, 100 µM vacor or vehicle. (d) Quantification of the 

degeneration index in experiments described in (c) (Mean ± SEM; n = 3; two-way 

ANOVA followed by Tukey’s multiple comparison test; ****, p < 0.0001. Statistical 

significance shown relative to +Vehicle). (e) Representative images of neurites from 

wild-type SCG explant cultures treated with 10, 50, 100 µM vacor or vehicle. (f) 
Quantification of the degeneration index in experiments described in (c) (Mean ± SEM; 

n = 3; two-way ANOVA followed by Tukey’s multiple comparison test; ****, p < 0.0001; 

***, p < 0.001; **, p < 0.01; NS, not-significant. Statistical significance shown relative 

to +Vehicle). (g) Representative images of neurites from wild-type SCG explant 

cultures treated with 100 µM vacor or 100 µM vacor + 1 mM NAM. (h) Quantification 

of the degeneration index in experiments described in (g) (Mean ± SEM; n = 3; two-

way ANOVA followed by Tukey’s multiple comparison test; ****, p < 0.0001; *, p < 0.05; 

NS, not-significant. Statistical comparisons shown are: +100 µM Vacor vs +100 µM 

Vacor +1 mM NAM and +1 mM NAM vs +100 µM Vacor +1 mM NAM). (i) 
Representative images of neurites from wild-type SCG explant cultures treated with 

100 µM vacor, 100 nM FK866 or vehicle. (j) Quantification of the degeneration index 

in experiments described in (i) (Mean ± SEM; n = 3; two-way ANOVA followed by 

Tukey’s multiple comparison test; ****, p < 0.0001; **, p < 0.01; *, p < 0.05; NS, not-

significant. Statistical comparisons shown are: +100 µM Vacor vs +100 µM Vacor 

+100 nM FK866 and +100 nM FK866 vs +100 µM Vacor +100 nM FK866). 
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Figure S2. Long-term survival of Sarm1-/- SCG neurites following multiple vacor 
doses. 
(a) Schematic representation of the experimental design. Sarm1-/- SCG explant 

cultures were treated with 100 µM vacor at DIV7. Multiple doses of vacor were 

administered by replacing the media every 3 days with fresh media containing vacor. 

(b) Representative images of neurites from Sarm1-/- SCG explant cultures showing no 

degeneration at 16 days, after treatment with three doses of 100 µM vacor. (c) 
Representative immunoblots of the ganglia fraction from wild-type DRG explant 

cultures at the indicated time points after 50 µM vacor or vehicle probed for SARM1 

and β-ACTIN (loading control). (d) Quantification of normalised SARM1 level (to β-

ACTIN) is shown, with data presented relative to 0 hr (Mean ± SEM; n = 4; two-way 

ANOVA followed by Tukey’s multiple comparison test). (e) Representative 

immunoblots of the neurite fraction from wild-type DRG explant cultures at the 

indicated time points after 50 µM vacor or vehicle probed for SARM1 and β-ACTIN 

(loading control). (f) Quantification of normalised SARM1 level (to β-ACTIN) is shown, 

with data presented relative to 0 hr (Mean ± SEM; n = 4; two-way ANOVA followed by 

Tukey’s multiple comparison test). (g) Representative images showing long-term 

survival of neurites from Sarm1-/- SCG dissociated neurons co-injected with plasmids 

encoding E642A hSARM1 and DsRed (to label neurites) and treated with 100 µM 

vacor. (h) Representative images showing expression of both wild-type and E642A 

hSARM1 for microinjection experiments in (Fig. 1g-i). The absence of vacor-induced 

toxicity in neurons expressing E642A hSARM1 is therefore due to loss of enzymatic 

activity rather than the lack of protein expression.  
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Figure S3. Local death of neurites and cell bodies caused by vacor. 
(a) Representative images of neurites and cell bodies from wild-type DRG dissociated 

neurons cultured in microfluidic chambers and treated with 50 µM vacor or vehicle 

(‘Created with BioRender’). (b) Quantification of the degeneration index and viable 

neurons (shown as a percentage relative to 0 hr) in experiments described in (a) 

(Mean ± SEM; n = 4; two-way ANOVA followed by Tukey’s multiple comparison; ***, 

p < 0.001; *, p < 0.05. Statistical significance shown relative to +Vehicle soma & axon 

chambers).   
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Figure S4. Effect of vacor, VMN and VAD on recombinant NMN deamidase 
activity and lack of protection after vacor treatment in WldS neurons. 
(a) Schematic representation of NAD biosynthetic pathway from NAM and the side 

reaction catalysed by bacterial NMN deamidase which prevents accumulation of the 

NMN intermediate. (b) Relative activity (%) (NMN conversion into NaMN) of purified, 

recombinant NMN deamidase in the presence of vacor, VMN and VAD (all 250 µM) 

(Mean ± SD; n = 2). (c) Representative images of neurites from wild-type and WldS 

DRG explant cultures treated with 50 µM vacor. (d) Quantification of the degeneration 

index in experiments described in (c) (Mean ± SEM; n = 4; three-way ANOVA followed 

by Tukey’s multiple comparison test). 
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Figure S5. Representative basal NADase rate of recombinant hSARM1. 
(a) Chemical structures of the two pyridine 5’ mononucleotides VMN and NMN. (b) 
Representative chromatogram and graphs showing basal NADase activity of purified, 

recombinant hSARM1 (40 μg/ml). The formed products after separation (left panel) 

are quantified by peak-area integration and evaluated for linearity (middle panel). The 

NADase rate is calculated from accumulating products ADPR and cADPR (middle 

panel). In every experiment, the sum of ADPR and cADPR fully matched the amount 

of NAM formed (middle panel) as well as the amount of NAD consumed (right panel). 

(c) Fold change of NADase activity of purified, recombinant hSARM1 in the presence 

of VAD (Mean ± SD; n = 2). Rates are relative to control measured with 250 µM NAD 

alone. VAD, once added to the reaction mixture, was not consumed during incubation. 

(d) Relative activity (%) of purified, recombinant NMN deamidase with VMN as a 

substrate. NMN or VMN were assayed at 250 µM (Mean ± SD; n = 2). (e) A single 
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analysis of vacor, VMN and VAD levels in wild-type DRG ganglia and neurite fractions 

4 hr after 50 µM vacor treatment (n = 1). 
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Figure S6. VMN and VAD synthesis and purification. 
(a) Scheme of the reactions for VMN and VAD synthesis. (b) List of reagents used in 

mix (A) for VMN synthesis and mix (A+B) for VAD synthesis. (c) Representative IEC-

FPLC purification of VMN from a typical mix (A). (d) Representative IEC-FPLC + RP-

HPLC purification of VAD from a typical mix (A+B). Starting from vacor, typical 

conversion yields obtained via this protocol were 70% for VMN and 50% or less for 

VAD that required two chromatographic steps for purification.  
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METHODS 

All studies conformed to the institution’s ethical requirements in accordance with the 

1986 Animals (Scientific Procedures) Act. 

Primary neuronal cultures 

C57BL/6Babr, Sarm1-/- and WldS DRG ganglia were dissected from E13.5-E14.5 

mouse embryos and SCG ganglia were dissected from postnatal day 0-2 mouse pups. 

Littermates from Sarm1+/- crosses were used when possible, as indicated in figure 

legends. Explants were cultured in 35 mm tissue culture dishes pre-coated with poly-

L-lysine (20 µg/ml for 1 hr; Merck) and laminin (20 µg/ml for 1 hr; Merck) in Dulbecco's 

Modified Eagle's Medium (DMEM, Gibco) with 1% penicillin/streptomycin, 50 ng/ml 

2.5S NGF (all Invitrogen) and 2% B27 (Gibco). 4 µM aphidicolin (Merck) was used to 

reduce proliferation and viability of small numbers of non-neuronal cells. For cultures 

of dissociated SCG neurons, Sarm1-/- SCG ganglia were incubated in 0.025% trypsin 

(Merck) in PBS (without CaCl2 and MgCl2) (Merck) for 30 min followed by incubation 

with 0.2% collagenase type II (Gibco) in PBS for 20 min. Ganglia were then gently 

dissociated using a pipette. Dissociated neurons were plated in a poly-L-lysine and 

laminin-coated area of ibidi μ-dishes (Thistle Scientific) for microinjection experiments. 

Dissociated cultures were maintained as explant cultures except that B27 was 

replaced with 10% fetal bovine serum (Merck) and 2.5S NGF was lowered to 30 ng/ml. 

Culture media was replenished every 3 days. For most experiments, neurites were 

allowed to extend for 7 days before treatment. 

Drug treatments  

For most experiments, DRG and SCG neurons were treated at day in vitro (DIV) 7 with 

vacor (Greyhound chromatography) or vehicle (H2O with 4% 1N HCl), and VMN or 

vehicle (H2O) just prior to imaging (time 0 hr). When used, FK866 (kind gift of Prof 
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Armando Genazzani, University of Novara) and NAM (Merck) were added at the same 

time as vacor. For neurite outgrowth and long-term survival assays, multiple doses of 

vacor or vehicle were added by replacing media with fresh media containing the drugs 

at the timepoints indicated in the figure. The drug concentrations used are indicated 

in the figures and figure legends. Vacor was dissolved in H2O with 4% 1N HCl; 

quantitation of the dissolved stock was performed spectrophotometrically (ɛ340nm 17.8 

mM-1cm-1). 

Acquisition of phase contrast images and quantification of neurite degeneration 

and outgrowth 

Phase contrast images were acquired on a DMi8 upright fluorescence microscope 

(Leica microsystems) coupled to a monochrome digital camera (Hammamatsu C4742-

95). The objectives used were NPLAN 5X/0.12 for neurite outgrowth assays and 

HCXPL 20X/0.40 CORR for neurite degeneration assays. Radial outgrowth was 

determined by taking the average of two measurements of representative neurite 

outgrowth for each ganglion at DIV2-3-5-7. Measurements were made from 

overlapping images of the total neurite outgrowth. For neurite degeneration assays, 

the degeneration index was determined using an ImageJ plugin 26. For each 

experiment, the average was calculated from three fields per condition; the total 

number of experiments is indicated in the figure legends.  

Microinjection and quantification of % of healthy neurites and viable neurons 

DIV5 dissociated Sarm1-/- SCG neurons were microinjected using a Zeiss Axiovert 

S100 microscope with an Eppendorf FemtoJet microinjector and Eppendorf 

TransferMan® micromanipulator. Plasmids were diluted in 0.5X PBS (without 

CaCl2and MgCl2) and filtered using a Spin-X filter (Costar). The mix was injected 

directly into the nuclei of SCG neurons using Eppendorf Femtotips. Injected plasmids 
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were allowed to express for 2 days before vacor or vehicle treatment and axotomy. 

Plasmids were injected at the following concentrations: 2.5 (Fig. 1g-i) or 10 (Fig. 3a,b) 

ng/μl (untagged) hSARM1 and 2.5 ng/μl E642A hSARM1 expression constructs 

(pCMV-Tag2 backbone), 30 ng/μl EGFP-NMN deamidase expression construct 

(pEGFP-C1 backbone), 30 ng/μl pEGFP-C1, 40 (Fig. 1g-h) and 70 (Fig. 3a,b) ng/μl 

pDsRed2-N1. To check for expression (Fig. S2h), untagged and E642A hSARM1 

constructs and pDsRed2-N1 were injected at 25 ng/μl; neurons were then fixed in 4% 

PFA (Merck) and immunostained with mouse monoclonal anti-SARM1 primary 

antibody 27 followed by Alexa Fluor 488 anti-mouse secondary antibody (Thermo 

Fisher Scientific). Fluorescence microscopy images were acquired on a DMi8 upright 

fluorescence microscope (Leica microsystems) coupled to a monochrome digital 

camera (Hammamatsu C4742-95). The objective used was HCXPL 20X/0.40 CORR. 

Numbers of morphologically normal and continuous DsRed labelled neurites and 

morphologically normal cell bodies were counted in the same field at the indicated 

timepoints after vacor or vehicle treatment. For each experiment, the average was 

calculated from three fields per condition; the total number of experiments is indicated 

in the figure legends. The percentage of healthy neurites and viable neurons remaining 

relative to the first time point was determined. 

Microfluidic cultures 

Dissociated DRG neurons were plated in microfluidic chambers (150 μm barrier, 

XONA microfluidics). Cell suspension was pipetted into each side of the upper channel 

of the microfluidic device. On DIV7, a difference of 100 μl of media between chambers 

was introduced and drugs were added to the compartment with the lower hydrostatic 

pressure. To calculate the % of viable neurons, 1 μg/ml propidium iodide (PI) (Thermo 

Fisher Scientific) was added to the media 15 min before drug addition. Phase contrast 
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and fluorescence microscopy images were acquired on a DMi8 upright fluorescence 

microscope (Leica microsystems) coupled to a monochrome digital camera 

(Hammamatsu C4742-95). The objective used was HCXPL 20X/0.40 CORR. For each 

experiment, the degeneration index was calculated from the average of two distal 

fields of neurites per condition, whereas the % of viable neurons remaining relative to 

the first time point was calculated from the average of three fields of cell bodies 

(staining positive for PI) per condition; the total number of experiments is indicated in 

the figure legends.  

Determination of NMN, NAD, cADPR, vacor, VMN and VAD tissue levels 

Following treatment with vacor or vehicle, DIV7 wild-type and Sarm1−/− DRG ganglia 

were separated from their neurites with a scalpel. Neurite and ganglia (containing short 

proximal neurite stumps as well as cell bodies) fractions were washed in ice-cold PBS 

and rapidly frozen in dry ice and stored at −80 °C until processed. Tissues were ground 

in liquid N2 and extracted in HClO4 by sonication followed by neutralisation with K2CO3. 

NMN and NAD were subsequently analysed by spectrofluorometric HPLC analysis 

after derivatization with acetophenone 28. Vacor, VMN and VAD were determined in 

DRG whole explant cultures by ion pair C18-HPLC chromatography, as previously 

described 19. cADPR levels were determined in DRG whole explant cultures using a 

cycling assay, as previously described 29. A single analysis of vacor, VMN, VAD and 

cADPR levels was performed in DRG neurite and ganglia fractions independently, 

which was not further repeated due to the low basal levels of these metabolites and 

the amount of cellular material needed for this type of analysis. Metabolites levels were 

normalised to protein levels quantified with the Bio-Rad Protein Assay (Bio-Rad) on 

formiate-resuspended pellets from the aforementioned HClO4 extraction. 

VMN and VAD synthesis and purification  
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VMN and VAD were synthesized as previously reported 19 with minor changes. Vacor 

was either phosphoribosylated in vitro by murine NAMPT (mNAMPT) into VMN or 

phosphoribosylated by mNAMPT and adenylated by murine NMNAT2 (mNMNAT2) 

into VAD. The scheme of these reactions and the reaction mixtures are shown in (Fig. 

S6a,b). Inorganic yeast pyrophosphatase (PPase), phosphoribosyl 1-pyrophosphate 

(PRPP) and adenosine triphosphate (ATP) were all from (Merck). Recombinant 

mNAMPT and mNMNAT2 were purified as previously described 30,31. Following 

incubation, reaction mixtures (A) for VMN and (A+B) for VAD (Fig. S6b) were stopped 

by rapid cooling on ice and kept refrigerated until injection for purification. Next, the 

VMN and VAD obtained were purified by FPLC under volatile solvents and lyophilised. 

Briefly, a preparative IEC chromatography was carried out on AKTA Purifier onto the 

anion exchanger resin Source 15Q (GE HealthCare, 20 ml volume). The column was 

equilibrated at room temperature (~25 °C), at 5 ml/min. After injection of the two 

mixtures above, a linear gradient elution was applied by mixing the two volatile buffers 

as indicated. The eluate was monitored at wavelengths of 260 nm and 340 nm (optimal 

for vacor nucleotides), and both VMN and VAD peaks were collected (Fig. S6c,d). 

Next, an additional chromatography was performed by HPLC onto a RP C18 column 

(Varian, 250 x 4.6 mm, 5μ particles) heated at 50 °C to obtain a pure VAD stock. The 

equilibration in such case was carried out at 1 ml/min in ammonium formiate buffer; 

this was followed by multiple injections of the previously collected IEC pool of VAD (~1 

ml each), and elution by a linear gradient of increasing acetonitrile in the buffer. The 

eluate was monitored again at wavelengths 260 nm and 340 nm and the VAD peak 

was collected (Fig. S6d). After lyophilisation, dry pellets were stored at -80 °C. The 

resulting VMN and VAD lyophilised powders were 100% pure. Their quantitation after 

resuspension in H2O was performed spectrophotometrically (ɛ340nm of 17.8 mM-1cm-1). 
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Recombinant hSARM1 purification 

Recombinant, full-length C-terminal Flag-tagged human SARM1 (hSARM1-Flag) was 

expressed in HEK293T cells and purified by immunoprecipitation. HEK cells at 50-

70% confluence were transfected with hSARM1-Flag expression construct (pLVX-

IRES-ZsGreen vector backbone) using Lipofecatmine 2000 (Thermo Fisher 

Scientific). To boost hSARM1-Flag expression media was supplemented with 2 mM 

nicotinamide riboside (prepared from Tru Niagen® capsules by dissolving the contents 

and passing through a 0.22 µm filter) at the time of transfection. After 24 hr cells were 

collected and washed in cold PBS 24 hr and lysed for 10 min with trituration by 

pipetting and repeated vortexing in ice-cold KHM buffer (110 mM potassium acetate, 

20 mM HEPES pH 7.4, 2 mM MgCl2, 0.1 mM digitonin) with cOmplete™, Mini, EDTA-

free protease inhibitor cocktail (Roche). After centrifugation for 5 min at 3000 rpm in a 

chilled microfuge, the supernatant was collected and diluted to 1 µg/µl in KHM buffer 

after determination of its protein concentration by Pierce BCA assay (Thermo Fisher 

Scientific). For immunoprecipitation, 1 ml of extract was incubated overnight at 4°C 

with rotation with 20 µg/ml anti-FLAG M2 antibody (Merck, F3165) and 50 µl Pierce 

magnetic protein A/G beads (Thermo Fisher Scientific) pre-washed with KHM buffer. 

Beads were collected on a magnetic rack and washed 3x with 500 µl KHM buffer and 

1x with PBS (with protease inhibitors) and then resuspended in PBS containing 1 

mg/ml BSA. hSARM1-Flag concentration in the bead suspension was determined 

relative to an hSARM1 standard (purified from Drosophila Schneider 2 cells) by 

immunoblotting using a rabbit polyclonal antibody raised against human SAM-TIR.  

hSARM1 NADase activity 

Rates of NAD consumption by recombinant hSARM1 were measured by HPLC under 

a discontinuous assay that was set as follows. Typically, mixtures of 0.02-0.2 ml 
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contained 2-20 μg/ml of hSARM1-Flag (on-beads) in buffer HEPES/NaOH 50 mM, pH 

7.5, and 250 μM of the substrate NAD. NMN, VMN and VAD were added at the 

concentrations indicated in the figures. Reactions were initiated by adding NAD, 

incubated at 25 °C in a water-bath, stopped at appropriate times by HClO4 treatment, 

neutralised with K2CO3, and subsequently analysed by ion-pair reverse-phase (RP) 

HPLC (NAM, NMN, NAD, ADPR, cADPR) 28 or under optimised conditions for VMN 

and VAD detection 19. The products formed (NAM, ADPR and cADPR) were quantified 

from the area of separated peaks. Rates were calculated under NAD consumption ≤ 

20% from the linearly accumulating products ADPR and cADPR (Fig. S5b). One unit 

(U) of activity represents the enzyme amount that forms 1 μmol/min of the products 

above under these assay conditions. Data from three independent experiments were 

averaged to calculate hSARM1 activity fold activation (Fig. 3c) and then studied by 

fitting through the Excel software package to the rate equation below 

 

 

that represents a Michaelis-Menten equation adapted to be valid for readily reversible 

effectors, i.e. including activators and inhibitors binding via distinct sites to one protein 

target. Maximum velocity (Vmax) represents the rate in the absence of the effector 

(basal activity) corrected by the two parameters between parentheses, the first for 

activation and the second for inhibition, taking into account opposite and independent 

contributions exerted by the single but dual effector I. X is the “relative activity fold” 

factor at varying concentrations of I, Y is the residual activity fraction at saturating 
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concentration of I, Ka is the affinity constant of I for the activation site, Ki is the affinity 

constant of I for the inhibition site, and n is the Hill coefficient indicating cooperativity 

(if ≠ 1). 

NMN deamidase activity 

Recombinant E. coli NMN deamidase was obtained as previously described 32. Activity 

was measured in buffer HEPES/NaOH 50 mM, pH 7.5, in the presence of 4 milliU/ml 

enzyme, 0.5 mg/ml BSA, and 250 μM NMN or VMN. Vacor, VMN and VAD, all at the 

concentration of 250 μM, were also assayed in presence of the substrate NMN. 

Reactions were incubated at 37 °C, then stopped and analysed by HPLC using the 

two methods described above 19,28. The NMN deamidase rates were calculated after 

separation and quantification of the NaMN product formed from NMN, and finally 

reported as relative percentages of controls in the presence of NMN alone. 

Western blot 

Following treatment with vacor, DRG ganglia were separated from their neurites with 

a scalpel. Neurites and ganglia were collected, washed in ice-cold PBS containing 

protease inhibitors (Roche), and lysed directly in 15 µl 2x Laemmli buffer containing 

10% 2-Mercaptoethanol (Merck). Samples were loaded on a 4-to-20% SDS 

polyacrylamide gel (Bio-Rad). Membranes were blocked for 3 hr in 5% milk in TBS (50 

mM Trizma base and 150 mM NaCl, PH 8.3, both Merck) plus 0.05% Tween-20 

(Merck) (TBST), incubated overnight with primary antibody in 5% milk in TBST at 4°C 

and subsequently washed in TBST and incubated for 1 hr at room temperature with 

HRP-linked secondary antibody (Bio-Rad) in 5% milk in TBST. Membranes were 

washed, treated with SuperSignal™ West Dura Extended Duration Substrate (Thermo 

Fisher Scientific) and imaged with Uvitec Alliance imaging system. The following 

primary antibodies were used: mouse monoclonal anti-SARM1 27 (1:5000) and mouse 
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anti-β-actin (Merck, A5316, 1:2000) as a loading control. Quantification of band 

intensity was determined by densitometry using ImageJ.  

Statistical analysis  

Statistical testing of data was performed using Prism (GraphPad Software, La Jolla, 

USA). The appropriate tests used and the n numbers of each individual experiment 

are described in the figure legends. A p-value < 0.05 was considered significant.  
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