
 
 

DELETION OF SARM1 GENE PROTECTS AGAINST 
PACLITAXEL-INDUCED AND TYPE II DIABETIC PERIPHERAL 

NEUROPATHIES 

 
 
 
 

by 
Elliot Turkiew 

 
 
 
 
 

A thesis submitted to Johns Hopkins University in conformity with the requirements for 
the degree of Master of Science 

 
 

Baltimore, Maryland 
April, 2015



ii 
 

Abstract 
 
Peripheral sensory neuropathies (PSNs) are disorders of sensory nerve structure 

and function that impair normal sensation, cause pain, and decrease overall quality of 

life. Subjects with dietary obesity and pre-diabetes are at a higher risk of developing 

PSN. Additionally, PSN is a dose-limiting side effect of many commonly prescribed 

chemotherapeutic drugs such as paclitaxel, a microtubule-stabilizing agent. Molecular 

pathways leading to distal axon degeneration in chemotherapy-induced peripheral 

neuropathy and diabetic peripheral neuropathy are mostly unknown. A massive genetic 

screen in Drosophila identified a role for dSarm in Wallerian degeneration, a well-

studied mechanism of axon fragmentation. We hypothesized that Sarm1, the mouse 

homologue of dSarm, may play a role in axonal degeneration induced by neurotoxic 

drugs and by increased oxidative stress and glucose intolerance. We found that Sarm1-/- 

animals display resistance to PSNs induced by paclitaxel and pre-diabetes through 

behavioral, electrophysiological, and pathological outcome measures of neurotoxicity. 

This study identifies Sarm1 as a potential key regulator of distal axonal degeneration in 

multiple disease models of PSN. 
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Introduction 
 

Peripheral Sensory Neuropathies 
 

Peripheral sensory neuropathies (PSNs) affect nearly 20 million people in the 

United States alone (Gregg et al., 2004), making them one of the most wide-spread 

neurological disorders. PSNs can result from metabolic, toxic, infectious, or genetic 

stressors that cause damage to distal axons in peripheral nerves. Two of the most 

common types of peripheral neuropathy are chemotherapy-induced peripheral 

neuropathy (CIPN) and diabetic polyneuropathy (DPN). 

CIPN is a frequent dose-limiting side effect of many chemotherapeutic drugs, 

with varying incidence based on drug type, dose, and duration (Grisold et al., 2012). 

Taxanes such as paclitaxel (taxol) are commonly prescribed chemotherapy drugs that 

stabilize polymerized microtubules. Taxol-treated cells exhibit defects in mitotic spindle 

assembly and cell division, which helps inhibit proliferation of several different cancer 

types (Rowinsky & Donehower, 1995). Although adult neurons typically do not undergo 

mitosis, inhibition of microtubule dynamics can result in a loss of axonal microtubules or 

alteration of their structure, which can lead to impaired axonal transport of organelles 

or important protein factors, resulting in axonal damage (Nakata & Yorifuji, 1999; 

Shemesh & Spira, 2009). Up to 50% of cancer patients receiving taxol develop CIPN and 

are left with residual symptoms that continue to persist throughout their lives (Argyriou 

et al., 2008). 

Diabetic polyneuropathy (DPN) is present in 13-40% of the diabetic population 

(Boulton et al., 2004; Obrosova, 2009), making it the most common complication of 
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diabetes mellitus. Major recent changes in the diet of individuals living in many 

developed countries combined with a decline in physical activity have led to an increase 

in the prevalence of diabetes in society (Yach et al., 2006), which also translates to an 

increased frequency of DPN. DPN can also develop in overweight, non-diabetic 

individuals who reach the stage of impaired glucose tolerance. Subjects with early 

diabetes or impaired glucose tolerance exhibit primarily small fiber neuropathy, 

accompanied first by functional but not structural abnormalities of the most distal 

sensory neurons in the extremities (Levy et al., 1989; Sumner et al., 2003). These 

findings also suggest that small nerve fibers receive damage early in the development of 

glucose metabolism deficits (Levy et al., 1989).  

In both CIPN and DPN, peripheral sensory fibers suffer axonal damage that can 

result in symptoms such as ataxia, poor balance, pain, loss of sensation, numbness, and 

paresthesias (Mendell et al., 2001). Diagnosis of PSNs in the clinical setting is based on a 

patient’s history, symptoms, and test results. Electrodiagnostic tests such as sensory 

nerve conduction studies can detect functional abnormalities in sensory nerves by 

measuring conduction velocity and amplitude of the evoked response. Conduction 

velocity is the speed at which the impulse travels, and a decline in conduction velocity 

can be used to indicate the presence of damaged axons in conjunction with 

morphological analysis through nerve biopsies. Amplitude refers to the size of the 

response to stimulation of the nerve, which corresponds in strength with the number of 

intact, healthy axons that can carry the impulse. Behavioral examinations rely on 

functional examination of intraepidermal nerve fibers (IENFs) through thermal 
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stimulation. Thermal hypoalgesia is a common symptom of PSN that refers to a 

reduction in sensitivity that can be measured through reaction time to a heat stimulus 

applied to the palmar surface of the hand or foot (Hargreaves et al., 1988). This can be 

complemented by a pathological measure of PSN by taking a biopsy of the palmar 

surface of the hand or foot to examine IENF density (McCarthy et al., 1995; Obrosova et 

al., 2007). 

However, these tests only provide information about the type and severity of the 

disease – not the molecular pathology. While a few therapies exist that deal with the 

painful symptoms of PSNs, they are not effective in some patients. In addition, there are 

currently no treatments that target the underlying pathogenic mechanisms of axonal 

degeneration, because they are not well understood. Thus, there is a significant need to 

develop mechanism-based effective treatments that stop and/or reverse axonal 

degeneration. The best way to identify a treatment is to gain a better understanding of 

the molecular pathways regulating axon degeneration. 

Studying Peripheral Neuropathy & Wallerian Degeneration 
 

In many neurodegenerative diseases, axons are lost before neuronal cell bodies. 

Axon degeneration is the primary pathology in the majority of peripheral neuropathies, 

but it is difficult to study the precise site and nature of injury that causes the commonly 

observed pattern of dying back degeneration. The onset of degeneration in neurologic 

disorders is gradual and uneven within a population of axons, which is further 

complicated since multiple neurotoxic stresses can lead to similar pathologies in CIPN 

(Grisold et al., 2012; Höke & Ray, 2014) and DPN (Mendell et al., 2001; O’Brien et al., 
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2014). On the other hand, Wallerian degeneration, an injury-induced form of axon 

degeneration that was first described over 150 years ago (Waller, 1850), is a well-

studied molecular mechanism that is significantly simpler to study than 

neurodegenerative disease. In Wallerian degeneration, a distinct pattern of axon 

fragmentation distal to an initial lesion occurs within a short time window after injury 

(Beirowski et al., 2005). The ability to control the exact site and timing of the onset of 

degeneration in addition to the considerable morphological similarity Wallerian 

degeneration shares with axonal degeneration observed in neurodegenerative diseases 

(Stoll et al., 2002) makes this mechanism incredibly useful for studying signaling 

pathways involved in axonal degeneration. 

Slow Wallerian Degneration (WldS) Mutant Mouse 
 

Much of what is known today about axon degeneration is thanks to the 

discovery of the slow Wallerian degeneration (WldS) mutant mouse. In wild type mice, 

the distal segment of a transected sciatic nerve is unable to conduct an induced action 

potential 24 hours after injury, and the structural polymers (microtubules and 

neurofilaments) in axons break down. Distal portions of these injured axons then 

undergo Wallerian degeneration, fragmenting after a predictable phase of 36-44 hours 

(Beirowski et al., 2005). By contrast, the distal nerves of WldS mice remain structurally 

and functionally intact, delaying Wallerian degeneration by more than two weeks after 

axotomy (Mack et al., 2001; Osterloh et al., 2012). These findings challenged the 

traditionally held notion that Wallerian degeneration of axons resulted from a lack of 
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cell body-derived nutrients, supporting the idea that Wallerian degeneration might be 

driven by an active molecular program like apoptotic cell death (Raff et al., 2002).  

The WldS phenotype is due to a spontaneous mutation resulting in a chimeric 

protein comprised of the N-terminal end of the ubiquitination factor E4b (UbE4b) fused 

in frame with the mouse homolog of the human nicotinamide adenine dinucleotide 

(NAD+) biosynthetic enzyme, nuclear nicotinamide mononucleotide adenylyltransferase 

1 (Nmnat1) (Emanuelli et al., 2001; Mack et al., 2001). This fusion protein, WldS, confers 

a gain of function phenotype that has full Nmnat1 activity and seemingly lacks 

receptivity for multiubiquitination within the ubiquitin-proteasome system of protein 

degradation (Mack et al., 2001; Coleman & Perry, 2002), increasing the protein’s 

stability. The precise mechanism of how WldS actually interferes with Wallerian 

degeneration is not yet well understood, but it is speculated to replace a loss of NAD+ 

synthesis or Nmnat activity resulting from environmental or genetic stressors (Conforti 

et al., 2014). 

dSarm/Sarm1 
 

Despite the ability of WldS to inhibit axonal degeneration, the gain of function 

nature of this mutant phenotype has led researchers to seek out other mutants that 

possess loss of function mutations with WldS-like neuroprotection against Wallerian 

degeneration. Genetic screens for such loss of function mutations following antennal 

ablation in Drosophila led to the discovery of three nonsense alleles of a single gene, 

dSarm (Drosophila sterile alpha and Armadillo motif), each of which conferred robust 

axon protection (Osterloh et al., 2012). dSarm and its murine orthologue, Sarm1, were 
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shown to be necessary for normal Wallerian degeneration in both species. Like WldS 

axons, Sarm1-/- axons survive for over two weeks following nerve or axon injury both in 

vitro in primary culture as well as in vivo (Osterloh et al., 2012). Sarm1-/- animals also 

appear to be developmentally normal, as Sarm1-/- protection appears to be specific to 

injury-induced axon degeneration with no observable effect in models of normal 

developmental axon pruning (MacInnis & Campenot, 2005; Osterloh et al., 2012). 

dSarm and Sarm1 encode a protein with a Toll/interleukin-1 receptor (TIR) 

homology domain, an Armadillo/HEAT (ARM) domain, and two sterile alpha motifs 

(SAM) (Osterloh et al., 2012). Initial structure-function studies suggest that Sarm1 

dimerizes through its SAM domains in order to promote interaction of its TIR signaling 

domains, and both of these domains appear to be necessary for normal axonal 

degeneration following injury (Gerdts et al., 2013). It remains unclear how the functions 

of Sarm1 can lead to Wallerian degeneration, and how this role relates to its functions in 

promoting neuronal death after oxygen-glucose deprivation (Kim et al., 2007) and 

cytokine regulation (Lin et al., 2014), but it is an intriguing target for study in the context 

of neurodegenerative diseases. 
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Animal Models of CIPN & DPN 

Previous studies in Sarm1-/- mice have shown that the phenotype of the Sarm1-/- 

mouse confers neuroprotection in models of axon injury (Osterloh et al., 2012) and CIPN 

resulting from another chemotherapy drug, vincristine (Gerdts et al., 2013). Taxol has 

also been used in studies of WldS neuroprotection: peripheral axons in WldS mice with 

taxol-induced CIPN demonstrate significant resistance to neurotoxic PSN compared to 

wild-type (Wang et al., 2002). Given the similarities between Sarm1-/- and WldS 

phenotypes in delaying Wallerian degeneration and some neuropathies, we decided to 

explore Sarm1-/--mediated neuroprotection in additional mouse models of peripheral 

neuropathy.  

Mouse models of taxol-induced CIPN have been well characterized both by strain 

(Smith et al., 2004) and by dose scheduling (Mimura et al., 2000). The preferred method 

for taxol administration is via tail vein injection instead of intraperitoneal injections, as 

this induces a harsher, more clinically relevant form of CIPN at lower doses of the drug 

(Cliffer et al., 1998). Primary measures of outcome vary between studies based on drug 

dose and scheduling, mouse strain used, and methods used to evaluate neuropathic 

hallmarks (Höke & Ray, 2014), but the most well-established early abnormality seems to 

be a reduction in IENF density (Melli et al., 2006; Höke & Ray, 2014). We decided to use 

the same method of CIPN induction as Melli et al. 

Diet-based mouse models of type II diabetes or pre-diabetes tend to mimic the 

human condition quite well, exhibiting varying intensities of features like obesity, 

hyperglycemia, and hyperlipidemia following high fat diet (HFD) feeding. Mice that have 
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developed pre-diabetes do not appear to exhibit major pathological changes in proximal 

nerves, but they do display distal axonal degeneration as evidenced by reduction in 

intraepidermal nerve fiber density and behavioral characteristics like thermal 

hypoalgesia, which are useful measures for gauging the severity of neuropathy (Höke, 

2012).  

We hypothesized that Sarm1-/- protects distal axons in mutant animals by 

delaying the onset or reducing the severity of structural and functional axon 

degeneration caused by CIPN and DPN. If loss of Sarm1 is capable of protecting against 

PSN, we should be able to observe some degree of structural and functional axon 

preservation in sensory fibers. 

 

Materials & Methods 
 

Animal Acquisition, Use, & Care 
 

Sarm1-/- mice were obtained from Robert H. Brown (University of Massachusetts 

Medical School), and C57Bl/6 mice were purchased from The Jackson Laboratory (Bar 

Harbor, ME). Six-week-old male mice were used to study taxol-induced CIPN. Male and 

female mice between three and five months old were used to study high fat diet (HFD)-

induced DPN. All procedures were approved by the Animal Care and Use Committee, 

which is recognized by the American Association of the Accreditation of Laboratory 

Animal Care.  
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Genotyping 
 

DNA Extraction & Purification 
 

Animals were genotyped to ensure that only Sarm1-/- and wild type mice were 

used in experimental conditions. Tail tips were clipped under isofluorane anesthesia, 

and tissue lysis and DNA extraction/purification were conducted using a DNeasy® Blood 

& Tissue Kit purchased from Qiagen. DNA was eluted using PCR qualified water. 

PCR 
 

DNA samples were prepared for PCR using illustra™ PuReTaq™ Ready-To-Go™ 

PCR beads purchased from GE Healthcare (#27-9557-01). Sarm1 primers (Forward: 5’-

CAGGTAGCCGGATCAAGCGTATGC-3’ #86643157, Reverse: 

5’CCTGTCCGGTGCCCTGAATGAACT-3’ #86643157) were ordered from Integrated DNA 

Technologies. 1 μL of 1x Working primer (25 nmole) was combined with 20 μL PCR 

qualified water and 4 μL DNA sample 0.5 mL tubes. Amplification was carried out using a 

PCR Thermal Cycler programmed with a standard Sarm1 cycling protocol (94°C [5 min] 

 94°C [45 sec]/66°C [40 sec]/72°C [1 min]  72°C [7 min]; 35 cycles) (Brown, 

University of Massachusetts). 

Gel Electrophoresis 
 

Amplified DNA was compared to Sarm1-/-, Sarm1+/-, and wild type DNA controls 

run on 2% Ultrapure Agarose (Invitrogen) gels stained with ethidium bromide. 
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Inducing Peripheral Neuropathy 
 

We induced CIPN or DPN in Sarm1-/- and C57Bl/6 mice and examined behavioral, 

electrophysiological, and pathological measures to determine the severity of PSN 

symptoms. 

Chemotherapy-Induced Peripheral Neuropathy (CIPN) 
 

Paclitaxel was purchased from Sigma-Aldrich (St Louis, MO), dissolved in 

Cremophor EL/ethanol (50/50 v/v) for a final concentration of 7.5 mg/ml and stored at 

4°C (Wang et al., 2002). Paclitaxel was administered by tail vein injection to both  

Sarm1-/- and C57Bl/6 mice at a dose of 25 mg/kg, as previously described (Melli et al., 

2006). Control Sarm1-/- and C57Bl/6 mice were given injections of saline only. Injections 

were administered three times, once every other day at the same time. Standard rodent 

injection techniques were employed. 

Type II Diabetic Peripheral Neuropathy (DPN) 

Rodent Diet with 60 kcal % fat content (High Fat Diet, HFD) was purchased from 

Research Diets Inc. (Open Source Diets, #D12492, New Brunswick, NJ). Sarm1-/- mice 

were fed HFD for eight weeks. Control mice were fed a normal diet (ND) purchased from 

Harlan Laboratories, Madison, WI (Teklad Global 18% Protein Extruded Rodent Diet 

#2018SX) for the same timeframe. Food was replaced with fresh pellets once a week. 

Monitoring the development of pre-diabetes and diabetes was done by testing weight 

and fasting blood glucose levels every seven days. Animals were deprived of food and 

bedding, but not water, for six hours prior to glucose testing. Using a plastic mouse 

restrainer, the tip of the tail was cleaned with an alcohol swab and pricked with a sterile 
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needle. The second drop of blood was applied to the glucometer strip and glucose levels 

were measured by OneTouch® Ultra2 Blood Glucose Monitoring System. The average of 

two reading was taken per animal each week. Animal body weight was monitored each 

week using a scale. 

Thermal Sensation Testing 
 

Thermal sensation was measured using the IITC Plantar Analgesia Meter 400 

(Woodland Hills, CA) using the Hargreaves method of evaluating thermal nociception 

(Hargreaves et al., 1988). Measurements were made two days prior to the start of 

treatment and repeated two days before euthanasia. Each subject was placed inside a 

containment box and allowed to acclimate to its surroundings for fifteen minutes. The 

light source was then switched on to shine a beam of light at a constant 40% intensity to 

heat the plantar surface of the subject’s right hind foot. The time taken for each rodent 

to lift its paw or flinch was measured six times with a ten minute rest period between 

each reading. The average of the four middle values was recorded for each animal on 

each testing date. The performance data from before and after treatment were 

compared. All statistical analysis was carried out using GraphPad Prism. 

Sensory Nerve Conduction Studies 
 

Nerve conduction studies using PowerLab (ADI Instruments, CO) were carried 

out under isofluorane anesthesia one day prior to the start of treatment and repeated 

one day before euthanasia. Sensory measurements taken from the caudal nerve in the 

tail included true amplitude and conduction velocity. The stimulating electrode was 

inserted subcutaneously 5 cm proximal to the recording electrode, which was placed in 
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the distal section of the tail. Each tail was warmed to a standard 37°C to prevent 

waveforms from being affected by fluctuations in temperature. Multiple waveforms 

were recorded for each animal (n≥5). Sensory nerve action potential (SNAP) was 

calculated by measuring the baseline to peak amplitude. Conduction velocity was 

calculated using the distal latency (the time of amplitude takeoff) and the 5 cm distance 

between electrodes. The electrophysiological readings were compared before and after 

the treatment in each animal (n=5-8 animals per CIPN group, n=8 animals per DPN 

group). All statistical analysis was carried out using GraphPad Prism. 

Intraepidermal Nerve Fiber (IENF) Density 
 

All mice were euthanized by isofluorane inhalation. In the CIPN experiment, mice 

were euthanized two weeks following the end of injections. In the DPN experiment, 

mice were euthanized at the end of the eighth week of feeding. Right hind feet were 

harvested and fixed in paraformaldehyde/lysine/periodate solution (McLean & Nakane, 

1974). Punch biopsies (2 mm diameter) were taken from the plantar surface of the right 

hind footpad and sectioned using a freezing sliding microtome. 

Evaluation of intraepidermal innervation was performed using 

immunohistochemical staining for protein gene product 9.5 (pgp 9.5), an axonal marker, 

according to standard protocols (Griffin et al., 2001). The number of IENFs was recorded 

for multiple footpad sections (n=3) from each mouse, and used to calculate the IENF 

density based on the length of each section (Höke et al., 2003). Pictures were taken at 

20x or 40x magnification using a Nikon Labophot-2 scope and a Canon EOS Rebel T2i 

camera through EOS Utility software. Length measurements were taken in ImageJ 1.6r.  
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Sural Nerve Harvest & Analysis 
 

Sural nerves were harvested and postfixed in 4% paraformaldehyde-3% 

gluteraldehyde. Sural nerve cross-sections were cut, stained with toluidine blue, and 

embedded in plastic for imaging by light microscopy. 

Images of sural nerve cross-sections were captured using a Zeiss-Axiophot 

Microscope and a Hamamatsu Orca-ER C4742-95 digital camera, and analyzed with 

OpenLab and/or ImageJ 1.46r software. Images for cross-sectional area measurements 

and axon counts were taken at 20/40x + 1.6x magnification depending on the size of 

each section. Images were taken, calibrated to the correct magnification, and measured 

for cross-sectional area using OpenLab software. Images for G-ratio calculation were 

taken at 63x + 1.25x magnification. The inner and outer perimeters of the myelin layer 

were measured in ImageJ 1.46r software. Inner perimeter divided by outer perimeter 

yields G-ratio. Axon density was calculated by dividing the number of axons counted by 

the cross-sectional area. Axon density reflects the number of intact axons per µm2, and 

is a measure of overall nerve health that corresponds with TA and CV. G-ratio is the ratio 

of the inner perimeter of an axon to the outer perimeter, and provides information 

about both myelin and axon health. All statistical analysis was carried out using 

GraphPad Prism.
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Chemotherapy-Induced Peripheral Neuropathy 
 

Results: 
 

Sarm1-/- Mice Are Protected against Loss of Small Fiber Structure and 
Function in Taxol-Induced CIPN 
 

We first asked whether the loss of Sarm1 protects small unmyelinated fibers 

from functional damage. Intraepidermal nerve fibers (IENFs) are the most distal portions 

of efferent sensory nerves that protrude into the epidermis. We assayed for functional 

IENF damage by conducting thermal testing (Hargreaves et al., 1988), in which we 

recorded footpad withdrawal latencies for each animal; a measure of thermal sensitivity 

(Figure 1a). There was no difference between wild-type and Sarm1-/- mice treated with 

vehicle alone. However, we observed significant differences between wild-type and 

Sarm1-/- mice in assays for distal axon function following taxol treatment for two weeks. 

C57Bl/6 animals treated with taxol display a large delay in reaction time to a noxious 

heat stimulus compared to littermates treated with vehicle, indicating thermal 

hypoalgesia. This increase in reaction time was reduced significantly, although not 

completely, in Sarm1-/- animals treated with taxol (Figure 1a). 

We then wanted to test for structural damage to IENFs. Punch biopsies of the 

right hind footpads of all animals were sectioned, stained, imaged, and examined for 

IENF density. A decrease in IENF density often accompanies thermal hypoalgesia. Wild-

type animals treated with taxol experienced a significant decrease in IENF density 

compared to vehicle-treated wild-type and Sarm1-/- animals. However, Sarm1-/- animals 

treated with taxol retained normal IENF density comparable to vehicle-treated Sarm1-/- 
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and wild-type mice (Figures 1b,c). These data suggest that the loss of Sarm1 can both 

prevent structural and functional damage to the most distal sensory nerve fibers in 

taxol-induced CIPN. 

Fig 1: Thermal sensitivity testing and intraepidermal nerve fiber (IENF) density measurements in taxol-
treated Sarm1

-/-
 mice. a) Quantification of withdrawal latency (reaction time to a heat stimulus) during 

Hargreaves thermal sensitivity testing after taxol treatment. b) Quantification of IENF density after 
treatment with 25 mg/kg taxol. c) Anti-pgp 9.5-stained sections of plantar footpad punch biopsies 
following treatment with 25 mg/kg taxol or saline. Representative light microscopy pictures were taken at 
40x magnification. Scale bars are 20 μm. *p < 0.05. Error bars show standard error of the mean (SEM). 
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Sarm1-/- Mice Are Not Protected against Loss of Large Myelinated Fiber 
Structure or Function in Distal Sensory Nerves in Taxol-Induced CIPN 
 

To test the extent of Sarm1-/- neuroprotection, distal sensory nerves were 

examined for evidence of taxol-induced functional and/or structural damage. Sensory 

nerve action potential waveforms were recorded in the caudal nerve, which is 

commonly one of the first nerves affected in rodent models of autoimmune 

neuropathies (Meyer zu Hörste et al., 2007). There were no significant differences in 

conduction velocity or amplitude between wild type and Sarm1-/- mice treated with 

vehicle (Figures 2a,b). However, while both conduction velocity and amplitude dropped 

significantly in taxol-treated C57Bl/6 animals and Sarm1-/- animals, these decreases 

were approximately equal in magnitude in both the wild-type and Sarm1-/- experimental 

groups. These results suggest that the loss of Sarm1 is not sufficient to prevent taxol-

induced functional damage to large myelinated fibers. 

 
 
Fig 2: Sensory nerve conduction studies in the caudal nerve. a) Quantification of conduction velocity in 
Sarm1

-/-
 mice after taxol treatment. b) Quantification of amplitude in Sarm1

-/-
 mice after taxol treatment. 

Error bars show standard error of the mean (SEM). 
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To complement sensory nerve conduction studies (functional assays), nerve 

pathology was examined in sural nerves. We analyzed G-ratio and axon density as 

predictors of large myelinated nerve fiber health across all four experimental groups. 

We saw no reduction in axon density or increase in G-ratio in taxol-treated C57Bl/6 mice 

compared to vehicle-treated C57Bl/6 mice and Sarm1-/- mice (Figures 3a,b). Taxol-

treated Sarm1-/- mice also exhibited no significant change in either measurement 

compared to the other three groups. 

 
 
Fig 3: Measures of sensory nerve pathology in the sural nerve. a) Quantification of G-ratio in Sarm1

-/-
 mice 

after taxol treatment. b) Quantification of axon density in Sarm1
-/-

 mice after taxol treatment. Error bars 
show standard error of the mean (SEM). 
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Discussion: 
 

Taxol is a microtubule stabilizing agent, and its neurotoxicity is likely related to 

its effects on microtubule function and axonal transport (Nakata & Yorifuji 1999; Theiss 

& Meller 2000). While taxol and other chemotherapy drugs are commonly used to 

model CIPN in rodents, there are discrepancies in behavioral, electrophysiological, and 

pathological abnormalities observed that can be caused by genetic background, 

intravenous versus intraperitoneal drug injections, dose and duration of drug 

administration, and the measures used to evaluate CIPN (Höke, 2012). In our 

experiment, we gave animals intravenous taxol injections three times at a dose of 25 

mg/kg once every other day in order to model a reproducible CIPN that comes close to 

mimicking the human condition. However, since we observed neuropathic pain behavior 

without finding any change in measurements from sensory nerve conduction studies, it 

is possible that the neuroprotective phenotype of Sarm1-/- is limited to distal small 

unmyelinated fibers like IENFs. Further study will be necessary to verify the extent of 

effects associated with loss of Sarm1 in models of CIPN. 

Here we show that the Sarm1-/- mouse is resistant to taxol-induced PSN, 

measurable through behavioral, electrophysiological, and pathological methods. Our 

results extend the neuroprotective Sarm1-/- phenotype to taxol-induced PSN, identifying 

Sarm1 as a key regulator of axonal damage in multiple models of CIPN. This suggests 

that Sarm1 is likely to be involved in the axon damage-related signaling pathways 

underlying other PSNs. Additional analysis of the structure and function of Sarm1 is 
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necessary and important, as such work may lead to the development of novel 

therapeutic treatments targeting Sarm1 activity in patients with CIPN. 

 

Diabetic Polyneuropathy 

 
Results: 
 

Sarm1-/- Mice fed a High Fat Diet Develop Typical Symptoms of Pre-diabetes 
and Impaired Glucose Tolerance 
 

We investigated the ability of Sarm1 loss to prevent DPN in a diet-based model 

of type II diabetes. Although we did not have our own wild-type controls in this 

experiment, there is a substantial amount of published literature that contains useful 

and relevant data on diabetes and DPN in C57Bl/6 mice (Guilford et al., 2011; Obrosova 

et al., 2007; Vincent et al., 2009).  While comparing our data in Sarm1-/- mice to studies 

of C57Bl/6 mice is not ideal, the results that other researchers have found represent 

fairly standard results that we would expect to acquire testing control animals of our 

own. Here, we present our initial data from our work in high fat diet (HFD) and normal 

diet (ND)-fed Sarm1-/- mice. 

Before evaluating hallmarks of DPN, we first had to confirm that the Sarm1-/- 

mice developed pre-diabetes over the eight weeks of HFD feeding, which can be 

evaluated based on an increase in fasting blood glucose levels and an increase in body 

weight.  HFD-fed Sarm1-/- animals experience a significant increase in weight, and an 

upward trend in fasting blood glucose levels compared to ND-fed Sarm1-/- mice, which 

indicates the onset of pre-diabetes over the eight week feeding period (Figure 4a,b). 
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This conclusion is consistent with a previous 8 week study of C57Bl/6 mice fed normal 

versus high fat diets (Guilford et al., 2011), and follows the same trend towards the 

development of pre-diabetes and dietary obesity observed in HFD fed C57Bl/6 mice for 

shorter and longer time periods (Höke, unpublished data; Obrosova et al., 2007; Vincent 

et al., 2009). 

 

Fig 4: Development of pre-diabetic symptoms over 8 weeks of HFD or ND feeding. a) Average fasting 
blood glucose levels measured in HFD-fed and ND-fed Sarm1

-/-
mice. b) Average body weight each week 

measured in HFD-fed and ND-fed Sarm1
-/-

groups. Error bars show standard error of the mean (SEM). 

 

Sarm1-/- Mice Are Protected against Loss of Small Fiber Function in DPN 
 

As in our CIPN model, we tested whether the neuroprotective effects of Sarm1 

loss can prevent or delay early symptoms of DPN caused by abnormalities in small 

unmyelinated fibers. We looked at IENF function by measuring thermal sensitivity in 

Sarm1-/- and wild-type mice. Hargreaves testing yielded no significant differences 

between experimental groups (Figure 5a). The baseline measurements for ND and HFD-

fed groups were slightly different due to our efforts to balance the mice in both groups 

to account for discrepancies in PSN severity due to age and gender. The groups’ average 
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withdrawal latency measures converged at the eight week mark, suggesting that this 

initial difference had little effect on the interpretation of our results. HFD-fed C57Bl/6 

mice consistently display a significant delay in withdrawal latency compared to ND-fed 

wild-type animals (Obrosova et al., 2007; Vincent et al., 2009), although these findings 

were based on longer feeding timeframes than the eight week period used in our study. 

In concert, our data and the results found in these other studies suggest that the loss of 

Sarm1 plays a role in preserving IENF function, but it will be important to replicate these 

studies with C57Bl/6 controls before concluding this definitively. 

We observed no significant differences in measures of IENF density of the 

footpad between Sarm1-/- ND and HFD-fed groups after eight weeks of feeding (Figures 

5b,c). Quantifications of IENF density in other studies using C57Bl/6 mice following HFD 

versus ND feeding have yielded mixed results. Vincent et al. demonstrated that HFD-fed 

wild-type mice develop a slight, but significant decrease in IENF density in plantar 

footpads (Vincent et al., 2009), while other studies show no major structural differences 

between HFD and ND-fed C57Bl/6 mice in these small sensory nerve fibers (Guilford et. 

al., 2011; Obrosova et al., 2007). It will be necessary to determine whether the 

metabolic stress associated with pre-diabetes and impaired glucose tolerance resulting 

in DPN causes structural axon degeneration, or if the damage is limited to small 

unmyelinated nerve fiber function. These studies will be repeated with wild-type 

controls for confirmation and consistency. 
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Fig 5: Intraepidermal nerve fiber (IENF) density and thermal sensitivity testing in HFD and ND-fed Sarm1

-/-
 

mice. a) Quantification of withdrawal latency during Hargreaves thermal sensitivity testing after HFD or 
ND feeding. b) Quantification of IENF density in sectioned biopsies of plantar footpad after HFD or ND 
feeding. c) Anti-pgp 9.5-stained sections of plantar footpad punch biopsies following feeding from which 
IENF densities were calculated. Representative light microscopy pictures were taken at 40x magnification. 
Scale bars are 20 μm. Error bars show standard error of the mean (SEM). 
 

Sarm1-/- Mice Do Not Exhibit Any Loss of Large Myelinated Fiber Structure or 
Function in Distal Sensory Nerves in DPN 
 

To test the extent of Sarm1-/- neuroprotection in large myelinated fibers, sensory 

nerves were examined for evidence of glucose-related or oxidative stress-induced 

functional and/or structural damage. Nerve conduction studies in the caudal nerve 

revealed no significant functional differences in conduction velocity or amplitude 

between HFD and ND-fed Sarm1-/- mice (Figure 6a,b). C57Bl/6 mice fed HFD tend to 
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exhibit significant decreases in conduction velocity primarily in the sciatic nerve in early 

DPN compared to ND-fed controls (Obrosova et al., 2007; Vincent et al., 2009), although 

as previously mentioned, these studies fed mice for longer than eight weeks. It is 

possible that our model of DPN was too mild to damage large myelinated fibers, which 

could also account for our findings. While it is tempting to suggest that loss of Sarm1 

can protect against a loss of nerve function based on our results, it would be necessary 

to perform this study with wild-type controls to solidify this claim.  

 
 
Fig 6: Sensory nerve conduction studies in the caudal nerve. a) Quantification of conduction velocity in 
Sarm1

-/-
 mice over the course of eight weeks of HFD or ND feeding. b) Quantification of amplitude in 

Sarm1
-/-

 mice over the course of eight weeks of HFD or ND feeding. Error bars show standard error of the 
mean (SEM). 

 

We looked for large myelinated fiber pathology in mouse sural nerves by 

measuring axon density and G-ratio. Axons in the sural nerve appeared to possess 

normal morphology and health in both groups, as indicated by G-ratio measurement 

(Figure 7a). HFD-fed Sarm1-/- animals did not have reduced axon density compared to 

ND-fed mice (Figure 7b). Neither of these measurements showed a significant difference 



24 
 

between groups, indicating that there has been no structural damage to large 

myelinated fibers such as those in sensory nerve bundles. While it is possible that the 

lack of damage is due to loss of Sarm1, it seems more likely that our model of DPN was 

not harsh enough to affect large myelinated fibers in a proximal sensory nerve in the 

first place. 

 
 
Fig 7: Sensory nerve pathology shows no structural damage to large myelinated sensory fibers of the sural 
nerve. a) Quantification of G-ratio in Sarm1

-/-
 mice after eight weeks of HFD or ND feeding. b) 

Quantification of axon density in Sarm1
-/-

 mice after eight weeks of HFD or ND feeding. Error bars show 
standard error of the mean (SEM). 

 
Discussion: 

 

The Sarm1-/- mouse appears to possess resistance to the early symptoms of diet-

based DPN. It is interesting that we observed no significant differences between groups 

in behavioral, electrophysiological, and pathological measurements, as this strongly 

suggests that Sarm1-/- confers protection against DPN, especially when compared with 

the results of previous studies that show significant thermal hypoalgesia and decreased 

conduction velocity resulting from HFD administration in C57Bl/6 animals (Guilford et 

al., 2011; Obrosova et al., 2007; Vincent et al., 2009). Some of these studies examined 

mice at later time points (Obrosova et al. at sixteen weeks, and Vincent et al., at both 
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twelve and thirty-four weeks) following HFD feeding than we did in this study. A longer 

duration of HFD feeding is likely to exacerbate pre-diabetic symptoms and increase the 

severity of DPN, but eight weeks appears to be sufficient to damage both small and 

large fibers as indicated by decreased thermal sensitivity and sensory nerve conduction 

velocity in C57Bl/6 mice (Guilford et al., 2011). This supports our findings, which suggest 

that Sarm1-/- protects against loss of axonal function in DPN. 

It is important to address possible shortcomings of this experiment aside from 

the lack of wild-type controls in our study of DPN. We did not limit our experimental 

groups to a single gender, nor to one age. Although the role of gender in PSN 

development is not well studied, there are certainly metabolic and hormone-based 

differences between male and female mice that can affect the modeling of pre-diabetes. 

It has been shown that female mice experience some protection against obesity and 

type II diabetes through estrogen-regulated gene expression (Stubbins et al., 2012). 

Studies in humans suggest that symptoms of DPN occur earlier (Aaberg et al., 2007), 

more frequently (Booya et al., 2005; Brown et al., 2004), and more severely (Albers et 

al., 1996) in males than in females. In our study, both experimental groups consisted of 

balanced numbers of male (n=2 per group) and female (n=6 per group) Sarm1-/- mice, 

which could bias our findings toward a female Sarm1-/- DPN phenotype. Additional 

studies would be necessary to confirm how significant an effect gender could have on 

our results. The precise role of age as a contributing factor to PSN severity is not well 

understood, despite the common knowledge that older human patients or animal 

subjects are more susceptible to the development of diabetes and DPN. The animals 
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used in our experiment were between three and five months old, balanced between 

groups. Other studies have used younger mice to study HFD-based models of pre-

diabetes and diabetes with success (Guilford et al., 2011; Vincent et al., 2009), but 

further work exploring how age affects animal models of DPN as well as other PSNs is 

important in order to establish truly reliable standards. Repeating this study with gender 

and/or age-normalized control groups may shed some light on the extent to which these 

variables can modulate the severity of DPN. 

The exact molecular action of Sarm1 in pre-diabetic and diabetic neuropathy 

remains uncertain. However, many groups are working to elucidate this mechanism. In 

mouse models of cerebral ischemia, Sarm1-/- has been shown to protect against 

neuronal death in response to oxygen-glucose deprivation (Kim et al., 2007). In this 

model of ischemic injury, levels of reactive oxygen species (ROS) are elevated due to the 

disruption of mitochondrial metabolic function (Tuttolomondo et al., 2009), which can 

cause oxidative damage to cellular proteins and lipids (Gandhi & Abramov, 2012). 

Mitochondrial depolarization can result in axon degeneration that resembles Wallerian 

degeneration followed by neuronal death, and since Sarm1 associates with the outer 

mitochondrial membrane (Kim et al., 2007), it is worth considering the possibility that 

the neuroprotection conferred by Sarm1-/- in this model is directly related to 

preservation of mitochondrial function. However, this is not quite the case; Summers et 

al. demonstrated that while loss of Sarm1 does not directly prevent mitochondrial 

dysfunction nor ROS accumulation, it does bestow a robust resistance to axonal and 
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neuronal damage resulting from oxidative stress, suggesting that Sarm1 normally acts 

downstream of these triggers (Summers et al., 2014). 

These findings are directly relevant to this study since oxidative stress is also a 

common microvascular complication of diabetes. Models of HFD-induced pre-diabetes 

and diabetes with IGT or hyperglycemia often display mitochondrial dysfunction leading 

to oxidative stress and damage in sensory neurons (Low et al., 1997; Tomlinson & 

Gardiner, 2008; Vincent et al., 2005). In the diabetic condition, higher levels of oxidative 

glucose metabolism in neurons result in an increased production of ROS and cellular 

damage, including DNA strand breakage (Nishikawa et al., 2000), which can lead to the 

activation of the repair enzyme poly(ADP-ribose) polymerase (PARP). Activation of PARP 

slows the rate of ROS production by lowering the intracellular concentration of NAD+, 

which is a key contributing factor during pre-diabetes to the onset of PDN (Obrosova et 

al., 2005; Obrosova et al., 2007). 

Since a loss of NAD+ is closely related to axonal degeneration, it would be 

interesting to explore whether the loss of Sarm1 prevents this intracellular depletion 

either through the upregulation of NAD+ synthesis or the inhibition of PARP and other 

related enzymes. WldS, for example, rescues forms of axon degeneration caused by 

reduction of NMNATs (Conforti et al., 2014), which are responsible for NAD+ upkeep. 

This makes sense given the highly active NAD+ biosynthetic activity of this fusion protein 

(Mack et al., 2001). Wild-type Sarm1 is necessary for regulation of degeneration, but 

knocking out Sarm1 does not result in a gain of NAD+ synthesis; similarly, overexpression 

of wild-type Sarm1 in neurons does not result in axon degeneration in the absence of 
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injury (Gerdts et al., 2013). This suggests that under normal conditions, Sarm1 requires 

an additional signal to promote degeneration (Gerdts et al., 2013). The loss of NMNAT 

activity or a depletion of NAD+ might result in such a signal (Conforti et al., 2014), which 

would identify a fascinating molecular link between a trigger for axon degeneration and 

the cellular machinery that regulates the process. 

 

Conclusion 

 
Here, we provide evidence that identifies Sarm1 as an important molecular 

player in disease models of paclitaxel and pre-diabetes-induced axon degeneration. 

However, much work remains to be done to discover precisely how Sarm1 regulates the 

degeneration of axonal function and structure. Additionally, it will be of interest to 

observe whether knocking out Sarm1 confers a similar neuroprotective phenotype in 

peripheral neuropathies such as type I diabetic polyneuropathy, CIPN induced by other 

chemotherapy drugs, human immunodeficiency virus-associated sensory neuropathy 

(HIV-SN), and genetic disorders such as Charcot-Marie-Tooth disease (CMT). If so, Sarm1 

may represent a sorely needed potential target for clinical therapeutics that treats the 

mechanisms underlying peripheral neuropathies. 
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