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Peripheral polyneuropathy is a common and dose-limiting side effect of many important chemotherapeutic agents. Most such

neuropathies are characterized by early axonal degeneration, yet therapies that inhibit this axonal destruction process do not

currently exist. Recently, we and others discovered that genetic deletion of SARM1 (sterile alpha and TIR motif containing protein

1) dramatically protects axons from degeneration after axotomy in mice. This finding fuels hope that inhibition of SARM1 or its

downstream components can be used therapeutically in patients threatened by axonal loss. However, axon loss in most neuro-

pathies, including chemotherapy-induced peripheral neuropathy, is the result of subacute/chronic processes that may be regulated

differently than the acute, one time insult of axotomy. Here we evaluate if genetic deletion of SARM1 decreases axonal degen-

eration in a mouse model of neuropathy induced by the chemotherapeutic agent vincristine. In wild-type mice, 4 weeks of twice-

weekly intraperitoneal injections of 1.5 mg/kg vincristine cause pronounced mechanical and heat hyperalgesia, a significant de-

crease in tail compound nerve action potential amplitude, loss of intraepidermal nerve fibres and significant degeneration of

myelinated axons in both the distal sural nerve and nerves of the toe. Neither the proximal sural nerve nor the motor tibial

nerve exhibit axon loss. These findings are consistent with the development of a distal, sensory predominant axonal polyneurop-

athy that mimics vincristine-induced peripheral polyneuropathy in humans. Using the same regimen of vincristine treatment in

SARM1 knockout mice, the development of mechanical and heat hyperalgesia is blocked and the loss in tail compound nerve

action potential amplitude is prevented. Moreover, SARM1 knockout mice do not lose unmyelinated fibres in the skin or mye-

linated axons in the sural nerve and toe after vincristine. Hence, genetic deletion of SARM1 blocks the development of vincristine-

induced peripheral polyneuropathy in mice. Our results reveal that subacute/chronic axon loss induced by vincristine occurs via a

SARM1 mediated axonal destruction pathway, and that blocking this pathway prevents the development of vincristine-induced

peripheral polyneuropathy. These findings, in conjunction with previous studies with axotomy and traumatic brain injury, establish

SARM1 as the central determinant of a fundamental axonal degeneration pathway that is activated by diverse insults. We suggest

that targeting SARM1 or its downstream effectors may be a viable therapeutic option to prevent vincristine-induced peripheral

polyneuropathy and possibly other peripheral polyneuropathies.
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Introduction
Peripheral neuropathies are the most common neurodegen-

erative diseases, affecting more than 20 million people in

the USA alone and costing more than 12 billion US dollars

annually. Although peripheral neuropathies can affect any

peripheral nerve, they often start in the feet and hands and

are characterized by dysaesthesias (such as burning and

stabbing pain, feeling of ‘pins and needles’, and numbness),

ataxia, distal weakness and autonomic symptoms, includ-

ing constipation and orthostatic hypotension. Many neuro-

pathies are caused by degeneration of long axons, yet the

mechanisms that lead to this destruction remain poorly

understood and no therapies exist that directly target

axonal degeneration. Development of such therapies

would have enormous societal impact and benefit many

patients.

A common cause of peripheral neuropathy is treatment

with chemotherapeutic drugs. Chemotherapy-induced per-

ipheral neuropathies (CIPN) are often sensory predomin-

ant, but may also lead to weakness, necessitating ‘chemo-

holidays’ or switching of the chemotherapeutic regimen

(Argyriou et al., 2014; Ezendam et al., 2014; Carozzi

et al., 2015; Costa et al., 2015; Jongen et al., 2015).

Unlike most other side-effects of chemotherapeutic agents,

CIPN may last long after the cancer treatment has ended

and cause permanent disability. Therefore, treatments that

prevent CIPN would improve (i) cancer treatment by allow-

ing more aggressive drug dosing; and (ii) the quality of life

of cancer survivors both during and after treatment. CIPN

is an especially attractive target for the development of

neuroprotective therapies because the timing of the toxic

insult is known, permitting candidate drugs to be co- or

pre-administered before nerve injury.

Tremendous progress has been made in recent years

unravelling mechanisms of acute axonal degeneration

after nerve cut or crush. Studies of Wallerian degeneration,

as this form of axonal degeneration after traumatic insult is

known, revealed that axons do not die passively due to

lack of cell-body derived nutrients, but activate a genetic-

ally encoded axonal self-destruction program that leads to

rapid axonal fragmentation after a long period of relative

latency (Wang et al., 2012; Gerdts et al., 2016). The dis-

covery of Wallerian degeneration slow (Wlds) mutant mice,

in which axonal degeneration is greatly delayed after trau-

matic injury, revealed that axonal degeneration indeed can

be blocked (Lunn et al., 1989). However, Wlds mice har-

bour a spontaneous mutation that results in the expression

of a gain-of-function fusion protein that does not normally

exist (Coleman et al., 1998; Mack et al., 2001; Araki et al.,

2004), limiting the therapeutic utility of this discovery.

Until recently, no loss-of-function mutants were identified

that had similar axon protective properties. We and others

recently discovered sterile alpha and TIR motif-containing

protein 1 (SARM1) as an essential component of this en-

dogenous axonal self-destruction pathway (Osterloh et al.,

2012; Gerdts et al., 2013, 2015). Whereas axons of wild-

type mice degenerate within 3 days after sciatic nerve cut,

severed axons of SARM1 knockout mice remain intact for

42 weeks. Conversely, activation of SARM1 is sufficient

to induce axonal degeneration in healthy axons (Gerdts

et al., 2013, 2015). This identifies SARM1 as the central

executioner of acute axonal destruction and fuels hope that

targeting SARM1 or its downstream effectors can be used

therapeutically.

Recent studies are identifying the molecular mechanisms

by which SARM1 triggers axon degeneration (Gerdts et al.,

2013; Yang et al., 2015). At rest SARM1 is held in an

inactive state, and on axon injury, this autoinhibition is

relieved thereby triggering SARM1 activity (Gerdts et al.,

2013). Activated SARM1 induces the rapid destruction of

the essential metabolic co-factor nicotinamide adenine di-

nucleotide (NAD + ), inducing metabolic collapse and axon

death (Gerdts et al., 2015). Importantly, SARM1 is pre-

dominantly expressed in the central and peripheral nervous

system of mammals (Kim et al., 2007; Chen et al., 2011),

and SARM1 knockout mice are viable, fertile and grossly

normal (Lin and Hsueh, 2014). Hence, SARM1 or its

downstream effectors may be excellent targets for the de-

velopment of axoprotective therapies.

SARM1 is required for acute axonal degeneration after

nerve cut, but axon loss in most neuropathies, including

chemotherapy-induced neuropathy, is the result of sub-

acute/chronic processes that may engage different injury

responses than axotomy. After nerve transection, there is

a long latent period after which all axons distal to the cut

degenerate nearly simultaneously (Beirowski et al., 2005).

In contrast, only a few axons degenerate at any given time

in most neuropathies, with degeneration of short axonal

segments that proceeds slowly from distal to proximal. It

is not known whether SARM1 promotes axonal degener-

ation in these more chronic conditions; however, studies of

Wlds mice suggest that this may be the case. Wlds mice not

only show greatly delayed axonal degeneration after trau-

matic injury, but also exhibit reduced axon loss after acute

treatment with the chemotherapeutic agent Taxol
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(Wang et al., 2002). Moreover, neurites from Wlds mice

transiently exposed to the chemotherapeutic drug vincris-

tine resist axonal degeneration in dorsal root ganglia cul-

tures (Wang et al., 2001). Excitingly, we and others

recently revealed that vincristine-induced neurite degener-

ation is also significantly delayed in dorsal root ganglion

cultures obtained from SARM1 knockout mice (Gerdts

et al., 2013; Yang et al., 2015). These findings motivated

us to assess whether genetic deletion of SARM1 decreases

axonal degeneration in a mouse model of vincristine-

induced neuropathy.

Vincristine is widely used to treat haematological cancers,

such as leukaemias and lymphomas, and solid tumours,

including brain tumours, neuroblastoma, Wilms tumour,

rhabdomysarcoma, Ewing sarcoma and retinoblastoma

(Diouf et al., 2015). Vincristine is an effective chemother-

apeutic because it inhibits tubulin polymerization (Himes

et al., 1976; Owellen et al., 1976), thereby blocking mitotic

spindle formation and preventing cell division. However,

disrupting tubulin polymerization also interferes with an-

terograde and retrograde axonal transport (LaPointe et al.,

2013), which likely triggers neuropathy. Neuropathy may

affect up to 80% of patients treated with vincristine and is

the main dose-limiting side effect (DeAngelis et al., 1991;

Haim et al., 1994; Reinders-Messelink et al., 2000; Lavoie

Smith et al., 2015). In adult patients, vincristine-induced

neuropathy is a sensory predominant distal axonopathy

(Casey et al., 1973; Verstappen et al., 2005). Here, we

generated a model of a distal sensory neuropathy using

female and male mice. We show that SARM1 knockout

prevents the degeneration of intraepidermal nerve fibres

as well as myelinated axons in the toe and distal sural

nerve and improves functional outcomes, preserving

normal nerve conduction and blocking the development

of mechanical and heat hyperalgesia. Thus, SARM1 is

required for the development of vincristine-induced periph-

eral neuropathy (VIPN) in the mouse. The demonstration

that the endogenous SARM1 axonal degeneration pathway

mediates axon loss in distal axonopathies suggests that the

SARM1 pathway may have a broader role in neurodegen-

erative diseases characterized by subacute axon loss. We

propose that targeting the SARM1 pathway may be a

viable therapeutic option to prevent the development of

chemotherapy-induced neuropathies such as VIPN and

should be investigated as a candidate treatment for neuro-

degenerative diseases involving chronic axon loss.

Materials and methods

Animals and vincristine injections

All procedures were approved by the Washington University of
Saint Louis Medical School Institutional Animal Care and Use
Committee (Protocol #20150043). This manuscript was pre-
pared in adherence to the ARRIVE guidelines.

Several treatment protocols to induce VIPN in mice have
been described, but the results are conflicting. Therefore, in
pilot experiments, we used wild-type mice (C57Bl/6 mice
own colony) to systematically test different treatment regimens.
Vehicle [sterile phosphate-buffered saline (PBS)] or vincristine
(Sigma) dissolved in sterile PBS (0.5 mg/ml) was administered
intraperitoneally at a dose of 1 mg/kg, 2 mg/kg and 3 mg/kg
weekly as well as 1.5 mg/kg and 1.7 mg/kg twice weekly.
In addition, we evaluated SARM1 knockout mice on the
C57Bl6/J background that received vincristine injections at
1 mg/kg and 3 mg/kg weekly as well as 1.5 mg/kg and
1.7 mg/kg twice weekly. There was not a linear response to
the cumulative dose, but the effects of vincristine depended
on the size of individual doses and frequency of administra-
tion. At all dosages tested, we observed a similar weight loss
and mortality between wild-type and SARM1 knockout
mice (Supplementary Fig. 1). Weekly vincristine injections of
1 mg/kg were well tolerated, but did not cause axon loss in
wild-type mice that was reliably reproduced. Mice receiving
intraperitoneal injections of 1.7 mg/kg twice weekly as well
as 2 mg/kg or 3 mg/kg weekly, had a high mortality.
Although 1.5 mg/kg twice weekly has the same cumulative
dose as 3 mg/kg weekly, it was better tolerated and induced
neuropathy in wild-type mice that was reliably reproduced be-
tween cohorts.

We therefore chose a vincristine dose of 1.5 mg/kg twice
weekly, and treated mice as follows: Sarm1 + /� males and fe-
males on the C57Bl6/J background (Jackson laboratories) were
bred to obtain age matched male and female Sarm1�/� (n = 40;
14 male, 26 female) and Sarm1 + / + (n = 26; nine males, 17
females) littermate mice. In addition, 14 age and gender
(nine males, five females) matched C57Bl6/J mice were used
as wild-type controls. There was no difference between
Sarm1 + / + littermate and age and gender-matched C57Bl6/J
controls. All animals were socially housed on a 12 h light
dark cycle with water and food ad libitum. Behavioural tests
and nerve conduction studies were performed 1 week before
the first vincristine injection and 1 week after the last. Weight
was measured daily. If a mouse lost more than 0.5 g weight
from the day before, it received sterile 0.9% saline
intraperitoneally.

Approximately 20-week-old wild-type (19.3 � 0.6 weeks,
range 12–31 weeks) and SARM1 knockout mice (20.7 � 0.6
weeks, range 12–31 weeks) were injected intraperitoneally
with 1.5 mg/kg vincristine dissolved in 0.5 mg/ml sterile PBS
(wild-type n = 29; SARM1 knockout n = 30) or vehicle (sterile
PBS; wild-type n = 11, SARM1 knockout n = 10) at the same
volume twice weekly. Of 29 wild-type and 30 SARM1 knock-
out mice injected with 1.5 mg/kg vincristine twice weekly, five
wild-type and six SARM1 knockout mice died before the end
of the experiment and were excluded from analysis. No ve-
hicle-treated mouse died during the experiment. There was no
significant difference in the average weight between treatment
groups at baseline [vehicle-treated wild-type 24.8 � 0.9 g,
n = 11; vincristine-treated wild-type 24.5 � 0.8 g, n = 23; ve-
hicle-treated SARM1 knockout 23.4 � 0.8 g, n = 10; vincris-
tine-treated SARM1 knockout 23.2 � 0.5 g, n = 24; one-way
ANOVA F(3,64) P = 0.41]. After the first injection, both vin-
cristine and vehicle-treated wild-type and SARM1 knockout
mice lost weight (Supplementary Fig. 2), possibly due to
stress associated with the injection. All groups recovered
weight before the second injection. At the end of the
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experiment both vincristine-treated wild-type and SARM1
knockout mice showed a similar modest weight loss of
6% � 2% and 7% � 1 %, respectively (P5 0.01 for wild-
type and P5 0.001 for SARM1 knockout). Despite the
weight loss, both wild-type and SARM1 knockout mice con-
tinued to be active and showed normal grooming behaviour.
In addition to weight loss, two wild-type and one SARM1
knockout mouse developed mild hair loss.

Nerve conduction studies

Two days before the first injection and 7 days after the last
vehicle or vincristine injection, mice were anaesthetized using a
mixture of 4% isoflurane and 2.5 l oxygen for induction of
anaesthesia and 2% isoflurane with 2.5 l oxygen for mainten-
ance. Recording electrodes (platinum subdermal EEG elec-
trodes, 0.4 mm diameter, 12 mm length; Viasys) were placed
subcutaneously at the base of the tail and stimulating elec-
trodes were inserted 30 mm distal from the negative recording
electrode. The ground electrode was placed between stimulat-
ing and recording electrodes. Evoked compound nerve action
potentials (CNAPs) were obtained using a Viking Quest elec-
tromyography machine (Nicolet). Square wave pulses of 0.1 ms
duration were applied and intensity was increased until a max-
imal response was achieved. The intensity was increased 20%
further to obtain supramaximal stimulation and responses to
20 stimuli were averaged. Amplitude was measured from base-
line to first peak and conduction velocity calculated as a func-
tion of distal latency and distance between stimulating and
recording electrode (30 mm). The experimenter was blind to
treatment and genotype.

Behavioural studies

For behavioural studies, all mice (wild-type n = 12, all litter-
mate controls; SARM1 knockout n = 16) received vincristine
and were tested 1 week before and 1 week after the last vin-
cristine injection. The order in which the experiments were
performed was identical before and after vincristine treatment.
The experimenters were blind to the genotype.

Von Frey

Mice were habituated individually in 10 � 10 � 15 cm open
Plexiglass boxes with perforated lids on wire mesh for 4 h.
After mice stopped exploring and were resting, von Frey test-
ing was performed according to the up-down method
(Chaplan et al., 1994). Briefly, the middle of the plantar sur-
face of the hind paw between the footpads was stimulated for
2 s with a filament (Semmes-Weinstein monofilaments,
Stoelting), starting with a bending force of 0.32 g. If the
mouse withdrew the foot, the next lower filament was taken.
If the mice did not withdraw the hindpaw, it was stimulated
with the next higher filament. This was repeated four more
times after the first change in response. Right and left hind
paws were tested separately. The withdrawal threshold was
calculated according to Dixon (1980) and the withdrawal be-
tween right and left foot for each mouse averaged. Von Frey
experiments in the beginning and at the end of the experiment
were done at the same time of the day.

Analgesia meter

After acclimating in the test room, mice were placed individu-
ally on the hotplate analgesia meter (Columbus instruments),
which was surrounded by a Plexiglass frame. After 10 min, the
temperature was gradually increased at a constant rate from
31�C to 51�C. Once the mouse elevated and licked the hind-
paw, the recording was stopped via a foot switch and the
temperature recorded. The highest temperature at which a
mouse licked a paw was 42.9�C.

Rotarod

After acclimating in the test room, mice were placed on the
rotarod (Columbia Instruments Rotamex 5) at constant speed
(one rotation per minute; rpm) for 5 min. This was followed
by an acceleration of 3 rpm every 10 s. Subsequently mice were
tested at a constant speed of 2 rpm. The experiment was
stopped after 60 s for constant speed and 360 s for accelerating
rotarod or when the mouse fell down, whichever came first.
Every mouse was tested five times on both the accelerating and
constant speed rotarod, with at least 10 min of rest time be-
tween. Results of the five tests were averaged.

Inverted screen

Mice were placed on a vertical wire mesh screen, which was
then inverted so that the mice hang upside down. The test was
ended after 180 s or when the mouse fell off the screen, which-
ever came first. Each mouse was tested three times, resting at
least 30 min between each trial, and the times of the three trials
were averaged.

Tissue preparation

Twelve days after the last vincristine or vehicle injection, mice
were deeply anaesthetized by isoflurane inhalation and eutha-
nized by cervical dislocation. The third right toe was obtained
and the right sciatic, sural and tibial nerves were immediately
dissected out, and fixed by immersion in freshly prepared 3%
glutaraldehyde in 0.1 M PBS over night at 4�C. The plantar
surface of the right foot was removed and fixed in freshly
prepared Zamboni’s fixative (0.12% picric acid, 2% parafor-
maldehyde in 0.1 M PBS, pH 7.4) over night at 4�C.

Toluidine blue staining and axon quantification

Nerves were rinsed in 0.1 M Sorensen’s phosphate buffer
(SPB), incubated in 1% osmium tetroxide (Sigma) in 0.1 M
phosphate buffer over night at 4�C, washed in 0.1 M SPB
and dehydrated through a graded series of ethanol followed
by a 50%/50% ethanol/propylene oxide solution, and 100%
propylene oxide. Nerves were then placed into ascending mix-
tures of araldite/propylene oxide solutions (50:50, 70:30,
90:10), and embedded in 100% araldite at a ratio of 12:9:1
(araldite:DDSA:DMP30; Electron Microscopy Sciences) and
polymerized overnight at 60�C. Nerve cross-sections (400 nm
thick) were cut using a Leica EM UC6 or UC7 ultramicro-
tome, and stained with 1% toluidine blue (Fisher Scientific).
Sections were imaged using a 100� oil immersion objective on
a Leica DMI 4000B microscope. To analyse axon number and
axon density of the distal sural, proximal sural and tibial
nerves, photographs were stitched in Adobe Illustrator so
that the entire cross-section of the nerve was included.
All axons per cross-section were counted in ImageJ. The area
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of individual axons of the distal sural nerve was measured
using Leica’s Application Suite X. To analyse numbers of
degenerating axons in the toes, axons with disrupted myelin
or myelin clumps and dark or pale homogeneous axoplasm
without discernible mitochondria as well as large axons with
dark cytoplasm and no discernible myelin sheath were counted
as degenerating axons. All analysis was done with the samples
blinded to the observer.

Electron microscopy

Selected blocks of nerves used to cut 400-nm thick semithin
sections were used to cut 60-nm thick ultrathin sections using
a Leica EM UC6 and stained with uranyl acetate and lead
citrate. Electron microscopy images were obtained with a
JEOL JEM 1400 TEM.

Immunohistochemistry and determination of

intraepidermal nerve fibre density

Footpads were thoroughly rinsed in PBS and immersed in 30%
sucrose overnight at 4�C. They were then frozen in O.C.T.
(Tissue Tec) in liquid 2-methylbutane cooled by dry ice. Four
adjacent series of 50 -mm thick cross-sections were cut at the
cryostat (Leica CM1860) and collected such that the entire
plantar surface was sampled at 200mm intervals. Series of sec-
tions were stored prior to processing at �20�C in a cryopro-
tectant comprising 30% sucrose and 33% ethylene glycol in
SPB.

A series of sections was thoroughly rinsed in 0.1 M SPB,
immersed in 10% normal goat serum (NGS) and 0.1 %
TritonTM X-100 in PBS (PBS-T) for 1 h, and transferred into
rabbit anti-Protein Gene Product 9.5 (1:1000, EMD Millipore)
overnight at 4�C. The next day, sections were thoroughly
rinsed in PBS-T and placed in Cy3-conjugated goat anti-
rabbit secondary antibody (Invitrogen) at a dilution of
1:500. After further rinsing, sections were mounted on gelled
slides and coverslipped using Vectashield with DAPI (Vector
Laboratories) to allow visualization of nuclei.

The part of the plantar surface containing the footpad was
identified and imaged on a Leica DMI 4000B confocal micro-
scope using a 20� oil objective and a Leica DFC 7000-T
camera. Intraepidermal nerve fibres (IENFs) crossing into the
epidermis over the entire medial lateral extension of the foot-
pad were determined by examining the entirety of the 50 mm
stack using Leica Application Suite X. Axons that crossed the
basement membrane were counted, whereas secondary branch-
ing and epidermal nerve fragments that do not cross the base-
ment were not (Ebenezer et al., 2007). The length of epidermis
was measured at the level of the basement membrane and the
density of IENFs (IENFs/mm) was obtained. IENF densities
were averaged in three separate sections for each animal.
Imaging and analysis was done with the samples blinded to
the observer.

Photomicrographs

Brightfield images were obtained with a Leica DMI 4000B
using a 100� oil objective and Leica DFC 7000-T Camera.
Minor adjustments of brightness and contrast of the entire
photomicrographs were made in Photoshop. Z-stack images

of IENF fibres were obtained in the confocal mode of the

Leica DMI 4000B using a 40� oil objective. No post-process-

ing was performed on the confocal images.

Statistical analysis

Unless otherwise stated, data are reported as means � stand-
ard error of the mean (SEM). Between group comparisons

were made with one way and two-way ANOVA or unpaired

t-test as appropriate. Two-sided significance tests were used
throughout and P5 0.05 was considered statistically signifi-

cant. All statistics were calculated with the aid of Prism

software.

Results
Genetic deletion of SARM1 robustly protects axons from

degeneration after acute injuries (Osterloh et al., 2012;

Gerdts et al., 2013; Massoll et al., 2013; Henninger

et al., 2016). However, axon loss in many neurodegenera-

tive diseases, including most neuropathies, is protracted

and it is unknown whether SARM1 mediates axonal de-

generation in these conditions. To determine if SARM1

knockout also protects from gradual axonal degeneration

we generated a mouse model of vincristine induced neur-

opathy and assayed for numbers of intraepidermal nerve

fibres of the footpad and of myelinated axons in sensory

and motor peripheral nerves at different distal-proximal

levels in wild-type and SARM1 knockout mice. We further

assessed functional outcomes via nerve conduction studies

and sensory-motor assays, including von Frey, analgesia

meter, rotarod and inverted screen.

A mouse model of
vincristine-induced peripheral
neuropathy

The severity of VIPN in patients depends on dose intensity

and total cumulative dose whereby higher individual and

cumulative doses are associated with more severe neur-

opathy (Sandler et al., 1969; Casey et al., 1973;

Verstappen et al., 2005). Of several published treatment

regimens to induce VIPN in mouse, few were evaluated

for axonal degeneration and results between studies are

conflicting (Tanner et al., 1998a; Topp et al., 2000;

Bruna et al., 2011; Boehmerle et al., 2014). Therefore, in

pilot experiments, we systematically evaluated different

treatment regimens (described in detail in the ‘Materials

and methods’ section; Supplementary Fig. 1 and 2). We

chose a vincristine dose of 1.5 mg/kg twice weekly as it

was moderately well tolerated (Supplementary Fig. 2) and

caused axon loss in wild-type animals that was reliably

reproduced among cohorts.
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SARM1 knockout protects from loss
of intraepidermal nerve fibres after
vincristine

Many neuropathies are characterized by degeneration of

small IENFs. IENFs consist predominantly of unmyelinated

C-fibres and to a lesser extent of thinly myelinated A delta

fibres both of which convey pain and temperature informa-

tion. Pain and changes in temperature perception occur

commonly in VIPN and can persist long after cessation of

treatment (Boyette-Davis et al., 2013). Hence, changes in

IENFs likely occur in human VIPN. Therefore, to evaluate

whether SARM1 knockout prevents axon loss in murine

VIPN we analysed the IENF densities of the footpad.

Sections were stained with the pan-axonal marker protein

gene product 9.5 (PGP9.5; Fig. 1), and IENF were counted

as they crossed into the counterstained epidermis (Fig. 1A)

using established counting rules (Ebenezer et al., 2007). In

wild-type and SARM1 knockout vehicle-treated mice,

IENFs were morphologically similar and ascended as

straight fibres within the epidermis to superficial layers of

the stratum spinosum (Fig. 1B and E). Vehicle-treated

SARM1 knockout mice had a slightly higher IENF density

than wild-type mice (59 mm � 3 SARM1 knockout versus

55 � 3 mm wild-type; Fig. 1D), but this difference was not

statistically significant (P = 0.37, unpaired t-test, n = 8–9).

In vincristine-treated wild-type mice, we observed a signifi-

cant decrease of IENF density (Fig. 1C and D; P5 0.05). In

addition, many intraepidermal axons were shorter in vin-

cristine than in vehicle-treated mice and did not extend to

the superficial layers of the stratum spinosum (Fig. 1C)

consistent with a ‘dying back’ axonal degeneration in

wild-type mice. In contrast, there was no difference in the

IENF density between vehicle and vincristine-treated

SARM1 knockout mice (Fig. 1D–F). Strikingly, despite vin-

cristine treatment, IENFs in SARM1 knockout extended

into the superficial layers of the stratum spinosum

(Fig. 1F), indicating remarkable fibre preservation in

SARM1 knockout mice. These results demonstrate that

loss of SARM1 prevents degeneration of IENF in vincris-

tine-induced neuropathy.

SARM1 knockout prevents
vincristine-induced loss of myelinated
axons in distal sensory nerves

We next assessed whether SARM1 knockout prevents loss

of myelinated axons. Because vincristine induced neur-

opathy in patients is sensory predominant and symptoms

start distally in the hands and feet, we analysed semithin

sections of distal sensory nerves, i.e. the sural nerve and

nerves of the toe.

The sural nerve was chosen for analysis because it is

commonly used in human diagnostic biopsies and descrip-

tions of human pathology in VIPN have been published

(Gottschalk et al., 1968; Bradley et al., 1970). We first

assessed whether there are differences between vehicle-

treated SARM1 knockout and wild-type sural nerves. The

branching pattern of the distal sural nerve is variable and

therefore the nerve can be comprised of one to four fas-

cicles, but usually consists of either one large fascicle or

two small ones. The fascicle sizes were the same between

SARM1 knockout and wild-type mice (Supplementary Fig.

3A). Cross-sections of the distal sural nerve did not appear

appreciably different. Large and small myelinated axons

were of similar shape, size, and had a similar distribution

within the nerves in wild-type and SARM1 knockout mice

(Fig. 2A and D). There was no difference in axon density,

axon size distribution and G-ratio between wild-type and

SARM1 knockout mice (Supplementary Fig. 3B–D).

In vincristine-treated wild-type mice, some myelinated

axons exhibited morphological signs of axonal degener-

ation (Fig. 2B and C) and myelinated axons appeared less

densely packed (Fig. 2B). In contrast, vincristine-treated

SARM1 knockout sural nerves looked similar to vehicle-

treated SARM1 knockout nerves (Fig. 2D–F). To assess for

axon loss, we stitched light microscopic images taken at

100� magnification and counted all myelinated axons in

the entire cross-section of the sural nerve, thereby avoiding

potential selection bias. The mean axon density in vincris-

tine-treated wild-type mice was significantly lower than in

vehicle-treated wild-type mice and vincristine-treated

SARM1 knockout mice (Fig. 2H, P5 0.05). There was

no difference in axon density between vehicle-treated and

vincristine-treated SARM1 knockout mice (Fig. 2H). To

evaluate whether vincristine causes a preferential loss of

certain fibre types we used Leica Application Suite-X soft-

ware-based thresholding and automated axon area meas-

urements to assess the number of axons of different

diameters. We observed significantly fewer small myelin-

ated axons in the sural nerves of vincristine as compared

to vehicle-treated wild-type mice (Fig. 2I; P5 0.05). This

finding may be due to loss of the small myelinated axons or

swelling of all axons causing a right-shift of the histogram

as reported in another animal model of VIPN (Tanner

et al., 1998a; Topp et al., 2000). However, we did not

detect a right shift of axon diameters (Fig. 2I), suggesting

that the significantly lower number of small myelinated

axons in vincristine-treated wild-type mice is due to axon

loss. In contrast, there was no difference in axon size dis-

tribution between vehicle and vincristine-treated SARM1

knockout mice (Fig. 2J), further supporting the finding

that SARM1 knockout mice are protected from axon loss.

In the later stages of Wallerian degeneration, macrophage

infiltration may be observed. To evaluate if macrophage

infiltration occurs in our model, we analysed cross-sections

of frozen distal sural nerves immunostained with the

macrophage marker anti-CD68 (Supplementary Fig. 4A).

There was no significant difference in the numbers of

macrophages between wild-type and SARM1 knockout

mice at baseline or between vehicle and vincristine-treated

wild-type or SARM1 knockout mice (Supplementary Fig.

4B) indicating that macrophage infiltration does not play
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a prominent role in our model of vincristine-induced neur-

opathy. This is in accord with published findings in human

studies of VIPN (Gottschalk et al., 1968) and other distal

symmetric non-vasculitic peripheral polyneuropathies

(Uceyler et al., 2016).

VIPN has been postulated to be a dying back neuropathy

based on results of nerve conduction studies showing

decreased nerve amplitudes distally but not proximally

(Guiheneuc et al., 1980). However, a study evaluating rat

saphenous nerves found no differences in nerve pathology

between distal and proximal parts of the nerve (Gottschalk

et al., 1968). To evaluate whether axon loss is uniform or

distally predominant in our model, we analysed the sural

nerve at the level of the knee. In the proximal sural nerve,

we did not observe significant differences in axon numbers

between vincristine and vehicle-treated wild-type and

SARM1 knockout mice (Fig. 2G). There was a trend

towards slightly fewer axons in the vehicle-treated

SARM1 knockout mice than in vehicle-treated wild-type

mice, but this difference was not statistically significant

(Fig. 2G; SARM1 knockout 334.7 � 44, n = 7; wild-type

411.1 � 45.3, n = 8; P = 0.26, unpaired t-test). When we

compared the number of axons from the same sural

nerve at proximal and distal sural locations, we observed

significantly fewer axons distally in wild-type vincristine-

treated mice (Fig. 2G, P5 0.001). Thus, the axon loss in

the VIPN model is distal predominant, which fits well with

the distal predominant symptoms in human VIPN. In con-

trast, axon numbers were not significantly different be-

tween proximal and distal sural nerves in vehicle-treated

wild-type mice and vehicle and vincristine-treated

SARM1 knockout mice. Hence, genetic deletion of

SARM1 prevents distal degeneration of myelinated axons

of the sural nerve.

Figure 1 SARM1 knockout blocks vincristine-induced degeneration of IENF. (A) IENFs stained with the pan-axonal marker PGP 9.5

(red) extend at a �90� angle from the subdermal plexus into the stratum spinosum of the epidermis (nuclei stained with DAPI in blue). (B) Same

image as A, without overlay of the epidermis. Note that IENF extend into superficial layers of the stratum spinosum. (C) In vincristine-treated

wild-type mice fewer fibres cross into the epidermis and many IENFs appear short. (D) Quantification of IENF density. There are significantly

fewer IENFs in vincristine-treated wild-type mice as compared to vehicle-treated wild-type and SARM1 knockout mice as well as SARM1

knockout treated vincristine mice. Data are presented as mean � SEM [one-way ANOVA, F(3,41) = 6.870; P = 0.0007; post hoc Tukey’s; *P5 0.05;

**P5 0.01; n = 8–9 for vehicle-treated wild-type (WT Veh) and SARM1 knockout (SARM1 KO Veh) mice and n = 14 for vincristine-treated wild-

type (WT Vinc) and SARM1 knockout mice (SARM1 KO Vinc)]. For clarity in the figure, only significant results are indicated. (E) IENFs in vehicle-

treated SARM1 knockout mice look similar to IENFs in vehicle-treated wild-type mice (B). (F) Representative image of IENFs in vincristine-

treated SARM1 knockout mice. Note that many fibres cross into the epidermis and extend to the superficial layers of the stratum spinosum. Scale

bar = 25mm.
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Figure 2 SARM1 knockout prevents degeneration of myelinated axons in the distal sural nerve in VIPN. (A, B, D and E)

Photomicrographs of toluidine blue stained semithin cross sections of the distal sural nerve. There was no apparent difference in gross

morphology between vehicle-treated wild-type (A) and SARM1 knockout (D) mice. In vincristine-treated wild-type mice, axons appear less

densely packed (B). Some myelinated axons exhibit a homogenous pale or dark cytoplasm and disrupted myelin sheath (B, arrows, insert), likely

representing degenerating axons. When axons with this morphology were evaluated at the electron microscopy level, they indeed show mor-

phological signs of axonal degeneration (C, arrow). In contrast, distal sural nerves of vincristine-treated SARM1 knockout mice (E) look very

similar to vehicle-treated sural nerves of SARM1 knockout mice. At the electron microscopy level, myelinated and unmyelinated axons of

vincristine-treated SARM1 knockout mice appear morphologically intact (F). (G) When the same sural nerve is analysed at proximal and distal

levels, there are significantly fewer axons distally in vincristine-treated wild-type mice, but not in vincristine-treated SARM1 knockout and vehicle-

treated wild-type and SARM1 knockout mice [two-way repeated measures ANOVA, there was a significant main effect of genotype � proximal/

distal localization F(3,32) = 4.287; P = 0.0119; Sidak’s post hoc ***P5 0.001; n = 7–12 per group]. There was no difference in axon number of the
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Sensory symptoms of VIPN start in the fingertips and

toes and often persist after discontinuation of vincristine

(Boyette-Davis et al., 2013). We therefore asked whether

genetic deletion of SARM1 also protects from myelinated

axon loss in the toes. To analyse these nerves, third toes

were embedded and sectioned from the proximal end. Each

toe typically contains three to five larger fascicles and a

variable number of several small fascicles, some consisting

of only 1–3 axons. We analysed axons in all fascicles that

had a minimum fascicle size of 500mm2 (�20 axons).

Vehicle-treated SARM1 knockout mice showed a trend

toward fewer axons than wild-type mice, but this was

not statistically significant (SARM1 knockout 48.5 � 3,

wild-type 53.9 � 3; P = 0.25, unpaired t test, n = 7–11 per

group). In vincristine-treated wild-type mice, we observed

abundant axons with signs of axonal degeneration (Fig. 3B

and E; P5 0.0001) and these mice had significantly fewer

axons per fascicle than vehicle-treated wild-type mice [wild-

type Veh 53.9 � 3.1; wild-type Vinc 42.4 � 3.22; one-way

ANOVA (F3,37) = 3,402; P = 0.028; Tukey’s multiple com-

parison test P50.05]. In contrast, axon numbers in vin-

cristine-treated SARM1 knockout mice were not different

from vehicle-treated SARM1 knockout mice (SARM1

knockout Veh 48.5 � 3, SARM1 knockout Vinc

45.3 � 1.6; not significant; n = 7–13 for all four groups)

and mice did not exhibit many axons with signs of

axonal degeneration (Fig. 3D and E). These results indicate

that loss of SARM1 protects from vincristine-induced

axonal degeneration in the toes.

VIPN in humans typically starts with sensory symptoms,

but at higher dosages may also cause distal weakness

(Bradley et al., 1970; DeAngelis et al., 1991; Haim et al.,

1994). We therefore analysed a motor nerve, i.e. the tibial

nerve sectioned at the ankle. We found no differences in

axon number in vehicle and vincristine-treated wild-type

and SARM1 knockout mice (wild-type vehicle 1456 �

15.5, wild-type vincristine 1397 � 49.1, SARM1 knockout

vehicle 1457 � 11.2, SARM1 knockout vincristine

1451 � 13; one-way ANOVA, not significant, n = 9–14

per group). Hence, our model does not induce a motor

neuropathy. Taken together, these data demonstrate that

we have established a distal, sensory predominant neur-

opathy with significant axon loss in the toe and distal

sural nerve. In this model, loss of SARM1 blocks axonal

degeneration.

Genetic deletion of SARM1 prevents
the development of nerve conduction
abnormalities following vincristine
treatment

Many patients with VIPN show abnormalities on nerve

conduction studies. To determine whether the axonal pres-

ervation seen in SARM1 knockout mice is associated with

improved electrophysiological function, we performed

nerve conduction studies of the tail. We analysed the

CNAP amplitude and the conduction velocity, which reflect

axon number and degree of myelination, respectively.

Studies in patients treated with vincristine show an early

decrease of sensory nerve action potentials, while the con-

duction velocity remains unchanged (Sandler et al., 1969;

Casey et al., 1973; Guiheneuc et al., 1980), consistent with

an axonal neuropathy. Orthodromic stimulation of the tail

nerves of isoflurane anaesthetized mice revealed a similar

size, duration and morphology of the CNAP as well as

conduction velocity in wild-type and SARM1 knockout

mice at baseline (Fig. 4A and B). After vincristine treat-

ment, there was a significant decrease in the CNAP ampli-

tude in wild-type mice (Fig. 4A and C; P50.01). As in

human studies, there was no decrease in conduction vel-

ocity (Fig. 4D). In SARM1 knockout mice, the morphology

and size of the CNAP amplitude and the conduction vel-

ocity were not significantly different after vincristine treat-

ment (Fig. 4A, C and D). Because the amplitude was

slightly reduced following vincristine treatment there was

no significant difference in amplitude between treated

wild-type and SARM1 knockout mice. These findings sup-

port the contention that loss of SARM1 blocks the devel-

opment of electrophysiological abnormalities caused by

vincristine treatment, and are consistent with the anatom-

ical data demonstrating preservation of axon number.

Genetic deletion of SARM1 blocks
the development of hyperalgesia
following vincristine treatment

In patients treated with vincristine, pain in the hands and

feet may be an early sign of neuropathy. Subsequently, gait

imbalance may develop and, typically at higher dosages,

weakness in ankle dorsiflexion and wrist extension.

Figure 2 Continued

proximal sural nerve between vehicle and vincristine-treated wild-type and SARM1 knockout mice [one-way ANOVA, F(3,32) = 2.736,

P = 0.0597]. (H) Vincristine treated wild-type mice have significantly decreased axon density in the distal sural nerve compared to vehicle-treated

wild-type and SARM1 knockout mice as well as vincristine-treated SARM1 knockout mice [one-way ANOVA; F(3,41) = 4.361; P = 0.0094; Tukey’s

post hoc *P5 0.05; n = 9–13 per group]. (I and J) Analysis of axon size of the distal sural nerve reveals a decrease in the proportion of small

myelinated axons in vincristine-treated wild-type mice (I, multiple t-tests with Bonferroni correction; ***P5 0.001; n = 9–10), but not in vin-

cristine-treated SARM1 knockout mice (H; multiple t-tests; n = 8–11). In A, the asterisk marks a granular cell; in B and C, arrows point to

myelinated axons with signs of degeneration; in C, arrowhead points to a degenerating Remak bundle. I and J analysed to axon size of 38mm,

shown to size of 20 mm for clarity. Scale bar in A, B, D, and E = 10mm; C and F = 2mm. KO = knockout.
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Mouse models of vincristine-induced neuropathy are char-

acterized by mechanical hyperalgesia (Authier et al., 2003;

Saika et al., 2009; Boehmerle et al., 2014; Shen et al.,
2015), sometimes heat hyperalgesia (Authier et al., 2003;

Kamei et al., 2005) and rarely motor symptoms (Bruna

et al., 2011; Boehmerle et al., 2014). We tested for the

development of vincristine-induced changes in mechanical

and heat sensitivity, gait imbalance (ataxia) and weakness

by evaluating wild-type and SARM1 knockout mice before

the first injection of vincristine and again 1 week after the

last.

We evaluated vincristine-induced mechanical hyperalgesia

in wild-type and SARM1 knockout mice using a graded

series of von Frey filaments. At baseline there were no dif-

ferences in the mechanical withdrawal thresholds between

SARM1 knockout and wild-type mice (Fig. 5A). In line

with previous studies (Authier et al., 2003; Saika et al.,

2009; Boehmerle et al., 2014), we observed a profoundly

Figure 3 Genetic deletion of SARM1 blocks vincristine-induced axonal degeneration in nerve fascicles of the toe. (A–D)

Photomicrographs of toluidine blue-stained semithin sections of nerve fascicles in the toe demonstrate morphological changes and axonal

degeneration in vincristine-treated wild-type mice (B, arrows), whereas nerve fascicles of vincristine-treated SARM1 knockout (D) and vehicle-

treated wild-type (A) and SARM1 knockout (C) appear morphologically similar. (E) There are significantly more axons with signs of degeneration

in vincristine-treated wild-type mice when compared to vehicle-treated wild-type and SARM1 knockout as well as vincristine-treated SARM1

knockout mice [one-way ANOVA F(3,40) = 13.34; P5 0.0001; Tukey’s multiple comparison test; ****P5 0.0001; ***P5 0.001, n = 7 for vehicle-

treated wild-type and SARM1 knockout mice, n = 13 for vincristine-treated wild-type and SARM1 knockout mice]. For clarity in the figure, only

significant results are indicated. Scale bar = 10 mm. KO = knockout.
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lowered withdrawal threshold after vincristine administra-

tion in wild-type mice (Fig. 5A; P50.001), indicating

the development of vincristine-induced hyperalgesia.

Remarkably, SARM1 knockout mice exhibited no signifi-

cant change in the withdrawal threshold after vincristine

when compared to baseline (Fig. 5A).

To evaluate for heat hyperalgesia, the temperature of an

analgesia meter was increased at a constant rate from 31�C

to 51�C and the temperature at which mice withdrew and

licked their hind paws was recorded. Again, wild-type mice

withdrew their paws at a slightly, but significantly, lower

temperature after vincristine administration (Fig. 5B;

P50.01) consistent with a hypersensitivity to heat. In con-

trast, the withdrawal threshold in vincristine-treated

SARM1 knockout mice did not change when compared

to baseline (Fig. 5B).

While in adult patients, changes in sensation occur early in

the course of VIPN, at higher cumulative dosages gait im-

balance and distal weakness may develop (Casey et al.,

1973; DeAngelis et al., 1991). We assessed for ataxia by

subjecting the mice to rotarod performance testing. To

avoid the potential confound of differences in motor learn-

ing, we first established that mice would stay on the rotarod

with slow constant speed for 2 min. We then evaluated the

mice at constant and accelerating rotarod speeds before and

after vincristine administration. There were no differences in

any of the rotarod performances between wild-type or

SARM1 knockout mice or between baseline and after vin-

cristine treatment indicating that no group developed severe

gait imbalance (Fig. 5C). Finally, we evaluated for develop-

ment of weakness by measuring the time a mouse was able

to hold on to a 180� inverted screen. There were no differ-

ences in the ability to hold on to the inverted screen before

and after vincristine treatment in either wild-type or SARM1

knockout mice suggesting that no group developed appre-

ciable weakness (Fig. 5D). These data also demonstrate that

there was no impairment in motor performance, motivation,

or overall decreased well-being that could account for the

differences in mechanical and heat withdrawals between

SARM1 knockout and wild-type mice.

Figure 4 SARM1 knockout preserves the tail action potential amplitude following vincristine treatment. (A) Depicted are

representative tracings from one wild-type and one SARM1 knockout mouse before and after vincristine. Note the decreased tail amplitude after

vincristine treatment in wild-type, but not SARM1 knockout mice. (B) The tail amplitude is not statistically significantly different between groups

at baseline [one-way ANOVA, P = 0.1031, F(3,46) = 2.181; n = 10–15 per group]. (C) After vincristine, wild-type mice show a decreased tail

amplitude [one-way ANOVA, P = 0.0091 F(3,46) = 4.325, **P5 0.01, Tukey’s post hoc; n = 10–15 per group], whereas the tail amplitude of

vincristine-treated SARM1 knockout mice is not significantly different. (D) There was no change in conduction velocity in any of the groups [two-

way ANOVA, there was no significant main effect between groups F(3,46) = 2.787, P = 0.0512 and between pre and post vincristine treatment

F(1,46) = 0.9229, P = 0.3417; n = 10–15 per group]. KO = knockout.
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Taken together, our VIPN model mirrors moderately

severe vincristine-induced neuropathy, as shown by hyper-

algesia, abnormalities in nerve conduction studies, and degen-

eration of intraepidermal nerve fibres and distal myelinated

axons. Genetic deletion of SARM1 blocks all of these seque-

lae of vincristine treatment. Hence, SARM1 is necessary for

the development of VIPN in mice. Moreover, these findings

show that SARM1 promotes axon loss in a chronic, subacute

degeneration model, suggesting that inhibition of SARM1 or

its downstream effectors may be useful therapeutically in

chemotherapy-induced peripheral neuropathies such as

VIPN and potentially more broadly in degenerative diseases

characterized by axon loss.

Discussion

Establishment of a
vincristine-induced peripheral
neuropathy model in mice

Vincristine is one of the most widely used and effective

anticancer agents for treating leukaemias, lymphomas,

brain tumours and solid tumours in adults and children.

Vincristine acts by inhibiting microtubule polymerization

thereby preventing mitotic spindle formation, but also af-

fects axonal microtubules and so impairs anterograde and

retrograde axonal transport (LaPointe et al., 2013). This

defect in axonal transport is a likely trigger for peripheral

neuropathy, which is a common and often dose-limiting

side effect of vincristine. Most patients treated with vincris-

tine develop a dose-dependent peripheral polyneuropathy

with sensory symptoms beginning at a cumulative dose of

5 mg and motor symptoms developing at higher doses

around 30–50 mg (Casey et al., 1973).

Electrodiagnostic and histomorphological evaluations

demonstrate that VIPN is a distal axonopathy, character-

ized by loss of distal myelinated axons (Moress et al., 1967;

Gottschalk et al., 1968; Bradley et al., 1970; Casey et al.,

1973; Guiheneuc et al., 1980). Here, we have developed a

mouse model of VIPN that mimics features of the human

disease. Upon vincristine treatment of wild-type mice, nerve

conduction studies reveal an axonal neuropathy, with a

decrease in action potential amplitude without a change

in conduction velocity. This finding is confirmed in our

histological analysis demonstrating a loss of myelinated

axons in nerves innervating the toe as well as in the

Figure 5 SARM1 knockout prevents the development of hyperalgesia in VIPN. (A) The mechanical withdrawal threshold is signifi-

cantly reduced after vincristine in wild-type mice, but not in SARM1 knockout mice. There was a significant main effect between groups [two-way

repeated measures ANOVA F(1,15) = 9.718; P = 0.0071), time F(1,15) = 19.74, P5 0.0005 and time � group interaction F(1,15) = 8.035,

P = 0.0126; Sidak’s multiple comparison test ***P5 0.001 n = 7–10 per group]. (B) After vincristine treatment, the heat withdrawal threshold

decreases significantly in wild-type mice, but not SARM1 knockout mice [two-way repeated measures ANOVA, significant main effect on

time � genotype interaction F(1,15) = 10.69; P = 0.0052; Sidak’s post hoc *P5 0.05; n = 7–10 per group]. (C) There was no difference in rotarod

performance in any of the groups (two-way repeated measures ANOVA, there was no main effect between groups, time and group � time

interaction). (D) There was no difference in the time mice are able to hang on to an inverted screen between wild-type and SARM1 knockout

mice (two-way repeated measures ANOVA, n = 7–10 per group). KO = knockout.
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distal sural nerve. We directly demonstrate that this is a

distal predominant axon loss—there is preferential loss of

axons in the distal sural compared to proximal sural nerve

from the same treated animals. A similar observation has

been made from human autopsy material in which primary

axonal degeneration was found in the sural nerve, but not

in the proximal sciatic nerves, nerve roots, dorsal root gan-

glion neurons or spinal cord (Moress et al., 1967; Bradley

et al., 1970). We did not detect axonal degeneration in the

distal tibial nerve, which is a motor nerve, and consistent

with this found no motor abnormalities in these mice.

Pain can be an early and especially disabling symptom of

VIPN. In a study of 128 children who were treated with

vincristine for leukaemia, 44% of patients reported VIPN-

associated pain (Lavoie Smith et al., 2015). In rodent

models of VIPN, pain and hyperalgesia are commonly

demonstrated (Authier et al., 2003; Saika et al., 2009;

Boehmerle et al., 2014; Shen et al., 2015) and are asso-

ciated with decreased intraepidermal nerve fibre density

(Siau et al., 2006). Consistent with these findings, our

wild-type mice developed pronounced mechanical hyper-

algesia and allodynia and mild, but significant, heat hyper-

algesia. The intraepidermal nerve fibre density was

significantly reduced and remaining fibres in the epidermis

were shorter, indicating prominent involvement of small

nerve fibres in our VIPN model.

Although pain and allodynia are frequently associated

with loss of intraepidermal nerve density, as we also

observed in our study, mechanisms underlying this appar-

ent paradox are not fully understood, but likely include

changes in both peripheral and central nervous systems.

In rodent models of VIPN, C-fibres become hyper-respon-

sive to innocuous mechanical and heat stimulation (Tanner

et al., 1998b, 2003) and wide dynamic range neurons in

the spinal cord exhibit increased spontaneous activity

(Weng et al., 2003). These changes are accompanied by

structural and molecular alterations in neurons and pri-

mary afferent fibres in the spinal dorsal horn (Thibault

et al., 2013). Although to the best of our knowledge it

has not been demonstrated directly which C-fibres

become hyper-responsive after vincristine, in other nerve

injury models hyper-responsiveness was found in both

damaged C-fibres and undamaged axons (Wu et al.,
2001, 2002). It is hypothesized that Schwann cells of

Remak bundles may respond to denervation by release of

glial cell derived factors that change the spontaneous activ-

ity and responsiveness of neighbouring intact C-fibres (Wu

et al., 2001). While mice did develop increased pain sensi-

tivity in our VIPN model, we did not observe a numbness

phenotype in our mice, which is in line with other mouse

and rat studies of VIPN (Saika et al., 2009; Boehmerle

et al., 2014). We hypothesize that the prominent allodynia

observed in our and other studies masks evaluation of

subtle numbness.

In all of our studies, experimental groups were heteroge-

neous, consisting of males and females between 12 and 31

weeks old at the beginning of the experiment (mean

20 � 0.4 weeks). Although this range was necessitated by

the inherent challenges of working with genetic models, it

shows that our results are robust and are not restricted to a

specific gender or age. Thus, we have generated a clinically

relevant model of VIPN in mice that mimics the behav-

ioural, electrophysiological, and anatomical defects

observed in mild to moderate, sensory predominant VIPN

in humans.

SARM1 is required for the
development of VIPN

Remarkably, genetic deletion of SARM1 prevents the de-

velopment of all of the hallmarks of neuropathy in vincris-

tine-treated mice. On treatment, the SARM1 knockout

mice do not have a decrease in nerve action potential amp-

litude, do not lose myelinated axons or intraepidermal

nerve fibres, and do not develop hyperalgesia. Thus, we

conclude that SARM1 is necessary for the development of

VIPN. We demonstrate for the first time that axon loss can

be blocked in an in vivo model of VIPN and that this is

associated with improved functional outcome. This indi-

cates that neuroprotective strategies may be useful to pre-

vent the development of chemotherapy-induced peripheral

neuropathies.

Although we used a whole body SARM1 knockout

mouse, the observed axonal protection in SARM1 knock-

out mice is most likely due to SARM1’s action in nerves.

SARM1 is almost exclusively expressed in the nervous

system. In three previous studies SARM1 was detected at

high levels in the brain and at low levels in lymph nodes

and spleen. SARM1 was not detectable in kidney, liver,

lung, heart, skeletal muscle, testis, thymus, monocytes,

polymorphonuclear leucocytes and bone marrow derived

macrophages of normal human and mouse tissues (Kim

et al., 2007; Szretter et al., 2009; Chen et al., 2011).

Because in vitro experiments on dorsal root ganglion neu-

rons show that SARM1 acts neuron- and axon-autono-

mously and lymphocytes have not been shown to play a

prominent role in inducing axon loss in vincristine-induced

neuropathy, it is likely that most if not all of the axo-pro-

tective effect of our SARM1 knockout is due to its action in

axons. This notion is also supported by similarities in re-

sponses between SARM1 knockout and wild-type mice to

other effects of vincristine treatment, such as weight loss,

hair loss and mortality.

Mortality in rodent models of VIPN is not uncommon

and the mortality in our mice is similar to or less than in

that reported in previously published rodent models of

VIPN (Bruna et al., 2011). As a microtubule inhibitor, vin-

cristine affects many systems in the body. In addition to

neuropathy, vincristine may cause, among others, alopecia,

myelosuppression, nephropathy, bronchospasm and myo-

cardial infarction. The cause of mortality in mice is not

known, but may be multifactorial. Intravenous infusions

of vincristine in human patients are typically relatively
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well tolerated and are not associated with increased mor-

tality. The fact that SARM1 knockout prevented neur-

opathy, but had no effect on mortality, weight loss and

alopecia, supports the hypothesis that SARM1 only medi-

ates the neuropathic side effects of vincristine treatment.

How might SARM1 be activated in distal axonopathies

such as VIPN and why does only the most distal part of the

axon degenerate? Clues come from Wallerian degeneration.

In Wallerian degeneration, the SARM1 pathway is likely

activated by the consequences of the loss of the axonal

survival factor NMNAT2. NMNAT2 is essential for axon

survival, as the loss of NMNAT2 is sufficient to induce

SARM1-dependent axonal degeneration in the absence of

axonal injury (Gilley and Coleman, 2010; Gilley et al.,

2015). NMNAT2 is a labile protein with a short half-life

that must constantly be delivered to the axon via antero-

grade transport from the cell body (Milde et al., 2013).

After axotomy, axonal transport is blocked and

NMNAT2 is rapidly depleted, which likely activates the

SARM1 pathway and triggers the axonal degeneration

pathway (reviewed in Gerdts et al., 2016). In VIPN,

axonal transport is also impaired, but not blocked

(LaPointe et al., 2013). This likely leads to a more pro-

found loss of NMNAT2 distally, activating the SARM1

pathway locally. In this model, residual axonal transport

is sufficient to maintain NMNAT2 in proximal axons at

levels that block SARM1 pathway activation, thereby re-

stricting degeneration to the distal axon.

SARM1 as a therapeutic target for
preventing axonal neuropathies
such as VIPN

Although most patients report some improvement in symp-

toms after discontinuation of vincristine, VIPN related per-

ipheral neuropathy persists in many patients for years after

completing their chemotherapy and can persist for decades

(Boyette-Davis et al., 2013; Liew et al., 2013; Ness et al.,

2013). With longer disease-free intervals, quality of life

concerns become increasingly important in the evaluation

of potential chemotherapeutic regimens. There are no spe-

cific treatments to prevent VIPN or any chemotherapy-

induced peripheral neuropathy. For vincristine, neurotoxic

effects are minimized by setting an arbitrary upper limit

(e.g. 2 mg) on single vincristine doses and by modifying

or delaying additional doses during the course of treatment.

VIPN is especially severe if patients have a pre-existing

neuropathy (Chaudhry et al., 2003) or a condition that

predisposes them to develop neuropathy (e.g. diabetes mel-

litus). Given the effectiveness of vincristine to treat can-

cers and because dose intensity of vincristine positively

correlates with complete response and survival (DeAngelis

et al., 1991), prevention or amelioration of neurotoxic

complications would be preferable to dose reduction.

Several attempts to limit vinca alkaloid neuropathy have

been made, including liposomal encapsulation,

administration of continuous infusion rather than bolus in-

jection, development of non-neurotoxic analogues and

treatment with neuroprotective drugs. However, success

has been limited and dose limits and reductions remain

the mainstay to decrease neurotoxic effects. Notably,

none of these measures target the underlying mechanism

of axonal degeneration.

Here we show that axonal degeneration in VIPN is

mediated by SARM1. Hence SARM1 not only mediates

axon destruction in response to acute injuries such as axot-

omy and traumatic brain injury, but also in the setting of

chronic axon loss in a neuropathy. While we have

modelled vincristine-induced peripheral neuropathy, our

findings are consistent with the view that the SARM1

axon destruction pathway mediates axon loss in other neu-

ropathies and potentially in other neurodegenerative dis-

eases in which axon loss is an early and important event.

Development of therapeutics targeting the SARM1 path-

way may provide new treatment options for these devastat-

ing disorders.

Recent advances in our understanding of the SARM1

mechanism of action raise hopes that such therapeutics

can be developed. Activation of the SARM1 pathway rap-

idly depletes NAD + , which is quickly followed by loss of

ATP, and subsequently by morphological degeneration of

the axon (Gerdts et al., 2015). Maintaining NAD + is suf-

ficient to block SARM1-induced axonal degeneration

in vitro (Gerdts et al., 2015). Conversely, pharmacologic-

ally depleting NAD + by other means can bypass the re-

quirement for SARM1 in axon destruction. Thus,

maintaining NAD + by boosting NAD + synthesis or block-

ing NAD + destruction may be valuable therapeutic strate-

gies. Indeed, axon destruction induced by a constitutively

active form of SARM1 is blocked in vitro by expression of

the NAD + synthesizing enzymes NMNAT1 and NAMPT

or by supplementation with the NAD + precursor nicotina-

mide riboside (Gerdts et al., 2015), which is a form of

vitamin B3 that readily enters the cell and has no known

adverse effects. Therefore, nicotinamide riboside may be a

promising therapeutic option to decrease axonal degener-

ation in VIPN and other chemotherapy-induced peripheral

neuropathies. Furthermore, P7C3, which may increase

NAD + by activating NAMPT (Wang et al., 2014), de-

creases axonal degeneration in rodent models of amyo-

trophic lateral sclerosis, Parkinson’s disease and traumatic

brain injury (De Jesus-Cortes et al., 2012; Tesla et al.,

2012; Yin et al., 2014). While these are exciting possibili-

ties, boosting NAD + synthesis would still compete with

SARM1 pathway activation and ongoing NAD + destruc-

tion. It is currently not known how SARM1 is activated

and whether SARM1 possesses NADase activity or acti-

vates an NAD + consuming enzyme. Defining the mechan-

ism of SARM1 activation and NAD + destruction may

identify novel therapeutic targets to block axonal degener-

ation and treat neuropathies and other diseases of axon

loss.
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