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Abstract

Optic neuropathies such as glaucoma are characterized by the degeneration of retinal ganglion 

cells (RGCs) and the irreversible loss of vision. In these diseases, focal axon injury triggers a 

propagating axon degeneration and, eventually, cell death. Previous work by us and others 

identified dual leucine zipper kinase (DLK) and JUN N-terminal kinase (JNK) as key mediators of 

somal cell death signaling in RGCs following axonal injury. Moreover, others have shown that 

activation of the DLK/JNK pathway contributes to distal axonal degeneration in some neuronal 

subtypes and that this activation is dependent on the adaptor protein, sterile alpha and TIR motif 

containing 1 (SARM1). Given that SARM1 acts upstream of DLK/JNK signaling in axon 

degeneration, we tested whether SARM1 plays a similar role in RGC somal apoptosis in response 

to optic nerve injury. Using the mouse optic nerve crush (ONC) model, our results show that 
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SARM1 is critical for RGC axonal degeneration and that axons rescued by SARM1 deficiency are 

electrophysiologically active. Genetic deletion of SARM1 did not, however, prevent DLK/JNK 

pathway activation in RGC somas nor did it prevent or delay RGC cell death. These results 

highlight the importance of SARM1 in RGC axon degeneration and suggest that somal activation 

of the DLK/JNK pathway is activated by an as-yet-unidentified SARM1-independent signal.

Keywords

sterile alpha and TIR motif containing 1 (SARM1); dual leucine zipper kinase (DLK); axon 
degeneration; retinal ganglion cell (RGC); neurodegenerative disease

1. Introduction

Glaucoma is an optic neuropathy characterized by the degeneration of retinal ganglion cells 

(RGCs), projection neurons that are responsible for processing and transmitting visual 

information to the brain. A key early pathophysiological event is the injury of RGC axons at 

the lamina cribrosa of the optic nerve head. In order to study axon injury signaling, RGC 

axons can be experimentally severed in the optic nerve crush (ONC) model. In response to 

axotomy, RGC axons degenerate and cell death ensues. It is known that this cell death 

program uses a multi-tiered somal signaling cascade involving dual leucine zipper kinase 

(DLK) and leucine zipper kinase (LZK), mitogen-activated protein kinase (MAPK) kinases 

4 and 7 (MKK4/MKK7), JUN N-terminal kinases 1-3 (JNK1-3), JUN and activating 

transcription factor 2 (ATF2) and, ultimately, BAX (Fernandes et al., 2012; Fernandes et al., 

2014; Li et al., 2000; Libby et al., 2005; Watkins et al., 2013; Welsbie et al., 2017; Welsbie 

et al., 2013). Interestingly, the role of other BH3 family members like PUMA/BBC3 is more 

enigmatic with in vitro data supporting a role for PUMA downstream of DLK signaling but 

with Puma-null RGCs showing little protection from ONC in vivo (Harder and Libby, 

2011b, 2013; Simon et al., 2016).

The pathways responsible for cell death partially overlap with those signaling cascades 

responsible for axonal degeneration. For example, inhibition of MAPK signaling or BH3 

proteins like BAX and PUMA delays axon degeneration in various neuronal cell types 

(Howell et al., 2007; Libby et al., 2005; Nikolaev et al., 2009; Simon et al., 2016; Yang et 

al., 2015). DLK may also play a minor role in axon degeneration in some models of axon 

injury (Ghosh et al., 2011; Miller et al., 2009), although we have previously shown that 

targeted disruption of Dlk did not affect distal axon degeneration in the ONC model 

(Fernandes et al., 2014). Two of the most robust mediators of axon degeneration appear to 

be sterile alpha and TIR motif containing 1 (SARM1), a toll-like receptor adaptor family 

member, and death receptor 6 (DR6), a tumor necrosis factor receptor superfamily member 

(Gamage et al., 2017; Gerdts et al., 2013; Nikolaev et al., 2009; Osterloh et al., 2012)

SARM1 was initially identified in a forward genetic screen for Drosophila mutants that 

showed long-term axon survival after axotomy (Osterloh et al., 2012), suggesting SARM1 

has a role in axonal degeneration. SARM1 is found in axons and is necessary for axonal 

degeneration in multiple neuronal cell types and in response to a wide range of axonal 

insults (Geisler et al., 2016; Osterloh et al., 2012; Turkiew et al., 2017). Forcing SARM1 
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multimerization is sufficient to activate MAPK signaling and induce axonal degeneration, 

suggesting that SARM1 functions upstream of the MAPK pathway (Gerdts et al., 2013; 

Yang et al., 2015). Consistent with this hypothesis, inhibition of MAPK signaling reverses 

the SARM1-dependent effect on hippocampal neuron dendritic complexity (Chen et al., 

2011). However, others have recently shown that MAPK signaling modulates SARM1 

activity by degrading the SARM1 inhibitor, nicotinamide mononucleotide 

adenylyltransferase 2 (NMNAT2), potentially placing SARM1 downstream of MAPK 

signaling. Moreover, SARM1 can directly consume the axon survival-promoting molecule, 

nicotinamide adenine dinucleotide (NAD+) (Gerdts et al., 2015 and Essuman et al., 2017), 

further supporting a role for SARM1 as a downstream effector. In retina, SARM1 mRNA 

and protein are selectively expressed by RGCs and genetic disruption of Sarm1 delays the 

degeneration of RGCs axons following direct axotomy or an excitotoxic challenge (Yang et 

al., 2015, Massoll et al., 2013). Interestingly, several studies have also demonstrated a role 

for SARM1 in promoting neuronal cell death. SARM1 deficiency has been shown to reduce 

neuronal cell death induced by oxygen-glucose deprivation (Kim et al., 2007) and viral 

infection (Mukherjee et al., 2013). Additionally, SARM1 gain of function mutants have been 

shown to cause neuronal cell death (Gerdts et al., 2013; Yang et al., 2015). Recently, 

SARM1 was shown to be critical for Sarmaptosis, a novel form of cell death induced by 

mitochondrial dysfunction (Summers et al., 2014). Given the overlap between axon 

degeneration and cell death pathways, the unclear relationship between MAPK signaling and 

SARM1 and the known role of SARM1 in RGC axon degeneration, it is important to 

investigate whether SARM1 is necessary for the MAPK activation and cell death that follow 

axon injury.

DR6 (TNFRSF21) is another molecule that has been shown to be involved in axonal 

degeneration. It was initially identified to be critical for axonal degeneration of dorsal root 

ganglion neurons following trophic-factor deprivation (Nikolaev et al., 2009). Cleaved β-

amyloid precursor protein (APP) was shown to activate DR6 and trigger axonal degeneration 

by activating a downstream caspase signaling cascade (Nikolaev et al., 2009). Collectively, 

these previous studies provide strong support for SARM1 and DR6 as critical regulators of 

axon degeneration, making them attractive targets to assess in the context of glaucomatous 

axonal degeneration. In this report, we use Sarm1 and DR6 knockout animals to explore the 

role of these genes in RGC somal and axonal degeneration.

2. Materials and Methods

2.1 Mice

Mice carrying a null allele of Sarm1 (B6.129X1-Sarm1tm1Aidi/J) were obtained from the 

Jackson Laboratories (Stock Number: 018069). The Wallerian Degeneration Slow (WldS) 

allele (Lunn et al., 1989; Mack et al., 2001) was backcrossed into C57BL/6J > 20 

generations. DR6−/− mice (Tnfrsf21tm2Gne) were obtained from Genentech (Zhao et al., 

2001). To genetically label RGC axons for histological assessment of morphological signs of 

axon degeneration, Thy1-CFP mice (B6.Cg-Tg(Thy1-CFP)23Jrs/J, Stock Number: 003710) 

which express CFP in ~80% of RGCs(Bernstein et al., 2007) were crossed to Sarm1−/− and 

WldS mice. Sarm1−/− and WldS mice were crossed to generate Sarm1−/− WldS double 
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mutants. SpCas9 knockin mice (Rosa26 locus) were obtained from Jackson labs (stock 

026179). Either littermate controls that did not carry any deleted allele or the WldS allele or 

C57BL6/J mice were used as experimental wildtype (WT) controls. Mice were housed in a 

12-hour light dark cycle and were fed chow and water ad libitum. All experiments were 

conducted in accordance with the Association for Research in Vision and Ophthalmology’s 

statement on the use of animals in ophthalmic research and were approved by the University 

of Rochester’s Committee on Animal Resources and the Johns Hopkins University School 

of Medicine Institutional Animal Care and Use Committee.

2.2 Optic nerve injury

ONC was performed as previously described (Harder and Libby, 2011b). Briefly, mice were 

anaesthetized and the optic nerve was exposed. The optic nerve was crushed for 

approximately 5 seconds about 0.5 mm from the globe using a pair of self-closing forceps 

(Roboz RS-5027). Contralateral eyes that were unmanipulated or had a sham surgery 

performed (where the optic nerve was exposed but not crushed) were used as controls. Mice 

were harvested at the indicated time-points (5, 7, 14 or 35 days) following ONC.

2.3 Histology

Following fixation in 4% paraformaldehyde (PFA), eyes or optic nerves were stored in 1X 

PBS at 4 °C until processing. For cryosectioning, the anterior segment of each eye was 

removed and the posterior eye cup was cryoprotected by consecutive immersion in sucrose 

(10%, 20%, 30%). 14 μm retinal sections or 10 μm longitudinal optic nerve sections were 

obtained on a cryostat.

2.4 Immunohistochemistry and Cell Counts

Eyes were processed as previously described (Fernandes et al., 2012; Harder and Libby, 

2011a; Libby et al., 2005). For retinal section staining, the primary antibodies used were 

rabbit anti-pJNK (Cell Signaling; 4668, 1:200) and rabbit anti-pJUN (Abcam, ab40766, 

1:200). For whole mount immunostaining, the primary antibodies used were rabbit anti-

cCASP3 (RD AF835: 1:1000) and mouse anti-βIII tubulin (TUJ1; Biolegend; 801202; 

1:1000). Since RGC density varies with retinal location, for cell counts images were 

obtained from eight 20× fields (for cCASP3+ cell counts) or eight 40× fields (for TUJ1+ cell 

counts) around the peripheral retina (two from each quadrant) for each whole mounted 

retina. Each field was approximately 220 μm from the peripheral edge of the retina. The 

numbers of cCASP3+ or TUJ1+ cells in each image were quantified using the cell-counter 

tool in ImageJ.

2.5 Electrophysiology

Electrophysiology recordings were performed as previously described (Fernandes et al., 

2014). Briefly, optic nerves were harvested on the day of the electrophysiology recordings at 

the indicated time points after ONC. Optic nerve segments used in the recordings were 

obtained by transecting the nerve close to the eye and just anterior to the optic chiasm. 

Immediately following their dissection, optic nerves were allowed to incubate for at least 1 

hour in artificial cerebrospinal fluid (ACSF) aerated with 95% oxygen/5% CO2 at room 
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temperature. Suction capillary electrodes filled with ACSF were used to draw the optic nerve 

in at the retinal (stimulating) and chiasm (recording) ends. The nerve was stimulated with a 

2 mA / 50 μsec pulse from a stimulus isolation unit driven by a computer. Prior to recording 

from the nerve, the resistance of the seal made between the recording pipette and the chiasm 

end of the nerve was determined. To do this, the optic nerve was first drawn in the 

stimulating pipette, following which the resistance of the recording pipette both before (R1) 

and after (R2) the optic nerve was inserted at the chiasm end was determined (Stys et al., 

1991). By altering the level of suction, R2 could be varied, which in turn altered the 

electrical seal of the nerve in the pipette. As a way to normalize data across optic nerves, and 

to ensure that the amplitude of the signal was independent of the specific glass pipette used, 

all compound action potential (CAP) measurements were made with R2/R1 =1.7. 

Recordings were performed at 25 °C, following which records were digitized and analyzed 

off-line.

2.6 Primary RGCs

Retinas were isolated from postnatal day 0–3 mice and dissociated with papain. Microglia 

were immunodepleted with CELLection Dynabeads (Invitrogen) conjugated to anti-CD11b 

(BD Pharmingen, 554859). The suspension of retinal cells was immunopanned on plates 

pre-conjugated with anti-Thy1.2 antibodies (BioRad, MCA02R) and goat anti-mouse IgM 

(Jackson Immunoresearch, 115-001-020) at room temperature (RT). After washing, retinal 

ganglion cells (RGCs) were released from the plate with trypsin (Sigma T9201), counted, 

and seeded at a density of 3500 cells per well in 384-well plates (Nunclon plates, Poly-D-

lysine and laminin coated). Growth medium was composed of Neurobasal (Life 

Technologies) supplemented with NS21, Sato, L-glutamine, penicillin/streptomycin, N-

acetyl-cysteine, insulin, sodium pyruvate, triiodothyronine (T3), forskolin, BDNF, CNTF, 

and GDNF (Chen et al., 2008). Transfection of sgRNAs was performed at the time of 

isolation, using NeuroMag magnetic nanoparticles (OZ Biosciences, Marseille).

2.7 Statistical Analyses

For all experiments involving quantitation, the experimenter was masked to genotype and/or 

experimental group. At least three retinas/optic nerves were assessed for each genotype and 

experimental conditions. Experiments with two groups were analyzed for statistical 

differences using the unpaired Student’s t-test. Experiments with three or more groups were 

compared using a one-way ANOVA followed by the Tukey post-hoc test. Experiments with 

two or more genotypes and experimental conditions were subjected to statistical analyses 

using two-way ANOVA with significance determined at P values < 0.05, followed by the 

Tukey post hoc test for group comparisons.

3. Results

3.1 SARM1 is not required for RGC somal degeneration after axonal injury

In order to explore whether SARM1 has a role in RGC cell death, we first tested whether 

targeted deletion of Sarm1 increased the survival of primary RGCs isolated from Sarm1-null 

mice as compared to WT controls. We have previously demonstrated that the activity of 

RGC-intrinsic genes in this model is highly correlated with activity in vivo in the mouse 
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ONC model (Welsbie et al., 2017; Welsbie et al., 2013). Primary RGCs were isolated from 

P0-P3 WT or Sarm1-null mice, challenged with 1 μM colchicine at 48 hours and then 

survival was measured after an additional 48 hours with CellTiter Glo, an ATP-based 

luminescent assay (Fig. 1A). While combined DLK/LZK inhibition with 1 μM tozasertib 

was robustly survival-promoting, the loss of SARM1 activity did not increase RGC survival. 

As a complementary approach that obviates the need for comparing RGCs from different 

isolations, we turned to a clustered regularly interspaced short palindromic repeat (CRISPR) 

model using S. pyogenes Cas9 (SpCas9)-expressing knockin animals (Cong et al., 2013; 

Platt et al., 2014). RGCs were isolated from SpCas9 mice and transfected with guide RNAs 

(gRNAs) targeting Dlk/Lzk or two independent sequences targeting Sarm1 (Fig. 1B). Again, 

while inhibition of DLK/LZK increased survival, acute disruption of SARM1 had no effect. 

Taken together, these results suggested that, unlike the case with DLK/LZK, inhibition of 

SARM1 was unable to prevent RGC cell death in vitro.

We next sought to confirm the hypothesis that SARM1 was not necessary for RGC cell 

death in a rodent model of RGC axon injury. Using the ONC model, we assayed the 

numbers of cleaved caspase3 (cCASP3) labeled dying RGCs and the numbers of surviving 

RGCs labeled with the monoclonal β-III-tubulin antibody, TUJ1 (Cui et al., 2003). In the 

ganglion cell layer of the mouse, TUJ1 has previously been shown to specifically label the 

vast majority of RGCs (Robinson and Madison, 2004). To confirm TUJ1’s specificity, 

retinas from C57BL/6J mice were double labeled with TUJ1 and antibodies against RPBMS. 

RPBMS has been shown to specifically label the vast majority of RGCs in the ganglion cell 

layer of the rodent retina, including in the mouse (Kwong et al., 2010; Rodriguez et al., 

2014). TUJ1 and RPBMS had a large overlap with 96.0% of TUJ1+ cells colabeled with 

RBPMS and 93.9% of RBPMS+ cells colabeled with TUJ1 (N=3). Consistent with the in 

vitro data, SARM1 deficiency did not reduce RGC death five days after ONC (Fig. 2A). The 

number of TUJ1-labeled surviving RGCs 14 days after ONC was also not significantly 

reduced by SARM1 deficiency (Fig. 2B-C).

As a complementary approach to test the role of SARM1 cascade in cell death, we turned to 

the WldS mouse. WldS is an autosomal dominant mutation and WldS nerves express an in-

frame chimeric fusion protein consisting of the first 70 amino acids of Ube4b, a ubiquitin 

ligase, and NMNAT1, an NAD+ synthesizing enzyme (Mack et al., 2001). WldS activity is 

required locally in the axon following injury to prevent axon degeneration (Cohen et al., 

2012; Wang et al., 2015a). Multiple mechanisms have been proposed for how axonal 

NMNATs antagonize SARM1 and prevent axonal degeneration, including the production of 

NAD+, consumption of nicotinamide mononucleotide (NMN) and a direct effect on SARM1 

(Di Stefano et al., 2015; Gerdts et al., 2015; Sasaki et al., 2016). As with the SARM1 

experiment, WldS mice or WT controls were subjected to ONC and the number of cCASP3-

positive RGCs at day five (Fig. 2A) or the number of surviving TUJ-labeled RGCs at day 14 

(Fig. 2C) was assayed. Consistent with previous findings, WldS did not alter RGC death 

after ONC (Beirowski et al., 2008). Collectively, these data indicate that SARM1 signaling 

does not play a major role in the proximal axon injury response that drives RGC death after 

ONC.
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3.2 Activation of JNK signaling in retinal ganglion cell somas is not altered by SARM1 
deficiency

Given that SARM1 has been shown to function upstream of MAPK signaling in some 

models of neuronal injury and our previous work showing the importance of DLK/JNK 

signaling proximal in the RGC somal response to axonal injury (Fernandes et al., 2012; 

Fernandes et al., 2014), we sought to determine if SARM1 inhibition affects proximal JNK 

signaling. JNK activation was characterized in WT and Sarm1−/− retinas five days after axon 

injury. In WT retinas, accumulation of activated, phosphorylated JNK (pJNK) was observed 

in RGC somas five days after ONC, but not in sham-injured retinas (Fig. 3A). Similarly, 

robust accumulation of pJNK was observed in RGCs somas in Sarm1−/− retinas 5 days after 

ONC. Additionally, the canonical JNK substrate, JUN was phosphorylated in both WT and 

Sarm1−/− retinas 5 days after ONC (Fig. 3B). Collectively these data show that SARM1 

deficiency does not prevent DLK/JNK activation after ONC.

3.3 SARM1 deficiency is as protective as WldS expression in reducing axon degeneration 
after optic nerve crush

Using morphological assessment of axon degeneration, Yang et. al. previously showed that 

AAV delivered Sarm1 shRNA reduced RGC axon degeneration after optic nerve crush 

(Yang et al., 2015). Since we did not see an effect of Sarm1 disruption on somal survival, we 

next tested whether Sarm1 knockout would phenocopy the shRNA results and delay axonal 

degeneration. Thy1-CFP animals, in which RGC axons are easily visualized by their 

fluorescent protein expression were crossed with Sarm1-null and WldS animals to produce 

Thy1-CFP23.Sarm1−/− and Thy1-CFP23.WldS mice and the control Thy1-CFP.WT mice. 

Mice were then subjected to ONC and optic nerves were harvested after five days. 

Morphological signs of axon degeneration such as axon beading and axon fragmentation 

were readily detected in WT (Fig. 4A). In contrast, fewer signs of axon degeneration were 

observed in Sarm1−/− and WldS optic nerves after crush (Fig. 4A). To test whether these 

remaining axons were functional, compound action potentials (CAPs) were recorded from 

optic nerves from WT, WldS and Sarm1-null animals five days after ONC. As previously 

reported with WldS mice (Fernandes et al., 2014), CAP amplitude recorded five days after 

ONC was significantly higher than control animals (Fig. 4B-C, P=0.0008, n ≥ 5 for each 

genotype). The maximal amplitude of the CAP was also significantly higher in Sarm1-null 

optic nerves compared to WT nerves (Fig. 4B-C, P=0.0061, n ≥ 5 for each genotype), 

validating that SARM1 inhibition was able to delay the loss of function in injured axons. No 

significant differences were observed in the CAPs recorded from Sarm1−/− or WldS optic 

nerves five days after crush (Figure 1B), suggesting that Sarm1 deficiency and WldS 

expression provide similar levels of protection. Collectively these data show that loss of 

SARM1 activity is as protective as WldS in reducing axon degeneration after ONC and that 

the remaining axons are capable of propagating action potentials.

3.4 SARM1 and WldS function in same pathway

We next questioned whether there might be any additive benefit to targeting the axon 

degeneration pathway with combined SARM1 deficiency and WldS expression. To test this 

hypothesis, we generated mice with both alleles and assayed for improved 
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electrophysiological integrity of the optic nerves two weeks after ONC. The CAP recorded 

from Sarm1−/−WldS double mutants 14 days after crush did not, however, appear higher than 

the CAP recorded from either Sarm1−/− or WldS optic nerves (Fig. 5). The failure to observe 

any complementation in the Sarm1−/− WldS double mutants suggest that Sarm1−/− and WldS 

ultimately converge on the same axon degeneration pathway.

3.5 DR6 is not necessary for RGC somal or axonal degeneration after axonal injury

DR6 has been shown to promote neuronal cell death in several different animal models of 

neurodegeneration. Antagonizing DR6 function has been shown to promote motor neuron 

survival in ALS models (Huang et al., 2013) and attenuate Aβ-induced cortical neuronal 

death (Hu et al., 2013). Interestingly, DR6 has also been shown to activate JNK signaling 

after a variety of insults (Hu et al., 2014; Pan et al., 1998; Zhao et al., 2001), suggesting that 

DR6 could function in the proximal axon injury signaling cascade that leads to RGC death 

after axon injury. To test the involvement of DR6 in axonal injury induced RGC death, the 

numbers of cleaved caspase-3 positive cells was assessed in WT and DR6−/− retinas. DR6 

deficiency did not significantly reduce RGC death 5 days after ONC (Fig. 6A-B; P=0.1403), 

indicating that DR6 is not a major regulator of axonal injury induced RGC death. DR6 has 

also been shown to regulate axon degeneration during developmental axon pruning 

(Nikolaev et al., 2009; Olsen et al., 2014) as well as axon degeneration induced by various 

pathological insults (Wang et al., 2015b). The ligand for DR6, APP, was shown to 

accumulate both proximally and distally to the site of insult in RGCs in ocular hypertensive 

models of glaucoma (Chidlow et al., 2012). Interestingly, APP accumulates near the lamina 

(Chidlow et al., 2011; Chidlow et al., 2012), a region where morphological signs of axon 

damage are first observed in ocular hypertensive models of glaucoma (Howell et al., 2007). 

Thus, it appears that DR6 could play a role in RGC axon degeneration after axon injury. To 

test this possibility, CAP amplitudes were measured from DR6−/− or WT optic nerves 5 days 

after ONC. Surprisingly, DR6 deficiency did not lessen the decline of CAPs compared to 

WT mice (Fig. 6C-D). Collectively, these results indicate that DR6 does not play a major 

role in the somal or axonal degeneration pathways controlling RGC degeneration after 

axonal injury.

4. Discussion

4.1 Distinct signaling cascades for somal and axonal degeneration

Our data support previous findings by Osterloh et. al., and showed that SARM1 deficiency 

was as protective as WldS in preventing axon degeneration. However, sarmaptosis does not 

contribute to RGC death after mechanical axon injury. Collectively, these data show that 

SARM1 is critical for axonal but not somal degeneration of RGCs after ONC. These results 

are consistent with previous studies that suggest that distinct signaling pathways control the 

degeneration of different cellular compartments of RGCs (Fernandes et al., 2012; Fernandes 

et al., 2014; Howell et al., 2007; Whitmore et al., 2005). Interestingly, while SARM1 has 

been shown to be upstream of JNK activation in other neuronal systems, our data show that 

SARM1 deficiency does not prevent JNK activation in RGC somas after ONC. The finding 

that SARM1 is not critical for JNK activation proximal to the site of axon injury suggests 

that axon injury signaling in the somal and axonal compartments utilize different 
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mechanisms. Consistent with this, while DLK disruption prevented JNK activation in RGC 

somas proximal to the site of insult (Watkins et al., 2013; Welsbie et al., 2013), it was not a 

major regulator of axon degeneration of RGCs after ONC (Fernandes et al., 2014). 

Interestingly, it may be that DLK cooperates with different combinations of MAP3Ks to 

promote axonal versus somal degeneration. For instance, we have shown that LZK 

synergizes with DLK to trigger somal degeneration, while Yang et al. have shown that DLK 

interacts with mixed lineage kinase 2 (MLK2) and MAPK/ERK kinase kinase 4 (MEKK4) 

to promote axonal degeneration (Welsbie et al., 2017; Yang et al., 2015). These data 

highlight the complexity and both the specificity and redundancy at the level of the MAP3Ks 

regulating somal and axonal degeneration. Moreover, as the signaling response may vary 

depending on the nature of the axonal injury, it underscores the need to determine which 

MAP3Ks are responsible for somal and axonal degeneration after an ocular hypertensive 

insult.

4.2 Degenerative pathways differ in development and disease

It is interesting to note the differences between developmental and pathological cell death 

and axon degeneration. For instance, we have shown that DLK and JUN are critical for 

somal degeneration after ONC while both Jun- and Dlk-null animals have normal levels of 

RGC programmed cell death during development (Fernandes et al., 2012; Fernandes et al., 

2014; Herzog et al., 1999; Syc-Mazurek et al., 2017a; Syc-Mazurek et al., 2017b; Watkins et 

al., 2013; Welsbie et al., 2017; Welsbie et al., 2013). Conversely, apoptotic mediators like 

PUMA play a role in developmental, but not pathological, RGC cell death (Harder and 

Libby, 2011b). A similar story seems to exist for developmental versus pathological axon 

degeneration. Both Sarm1−/− and WldS protect axons from axon injury-induced 

degeneration following a variety of insults, but neither are required for axon degeneration in 

models of developmental axon pruning (Hoopfer et al., 2006; Osterloh et al., 2012). 

Conversely, DR6 deficiency has previously been shown to impair developmental axonal 

pruning of RGC axons (Nikolaev et al., 2009) (Olsen et al., 2014), while our data show that 

DR6 is not critical for adult axonal degeneration after ONC. This is consistent with previous 

studies showing that distinct molecular mechanisms regulate developmental axon pruning 

versus adult axon degeneration (Cusack et al., 2013). Though, for both somal and axonal 

degeneration experiments, there was a trend towards protection, so we cannot exclude the 

possibility that DR6 might have a minor role in RGC degeneration after axonal injury.

4.3 Axon degeneration pathways as a target for glaucoma

Using Sarm1−/− WldS double mutants, we show that there is no additional functional 

protection from axon degeneration in comparison to the single mutants (Sarm1−/− or WldS 

alone) indicating that SARM1 and WldS ultimately participate in the same RGC axon 

degeneration pathway. Supporting this, SARM1-mediated NAD+ depletion has been shown 

to contribute to axon degeneration (Sasaki et al., 2016), while several studies have shown 

that WldS expression compensates for NAD+ depletion after axon injury (Araki et al., 2004; 

Wang et al., 2005). Collectively, these studies point to a convergence of SARM1- and WldS-

dependent pathways at the point of regulating NAD+ levels in axons after mechanical axonal 

injury. It remains to be seen, however, whether interventions which target this pathway will 

be protective in glaucoma models. For instance, in the DBA/2J mouse model of ocular 

Fernandes et al. Page 9

Exp Eye Res. Author manuscript; available in PMC 2019 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



hypertension-induced RGC degeneration, expression of WldS reduced the frequency of optic 

nerves with severe axon damage (Howell et al., 2007) and increased somal survival in those 

eyes with axon protection. However, 40% of optic nerves from 12-month old DBA/2J mice 

expressing WldS had axonal damage, suggesting that endogenous axon degeneration 

pathway(s) could still be activated in these mice (Howell et al., 2007). Moreover, in the rat 

laser glaucoma model, axonal degeneration occurs (albeit modestly delayed) despite the 

presence of the WldS allele (Beirowski et al., 2008). These data highlight the importance of 

better characterizing the endogenous axon degeneration pathways that are critical for 

glaucomatous axon degeneration.

5. Conclusion

After mechanical axonal injury (ONC) the degeneration pathways controlling somal and 

axonal degeneration appear to be molecularly distinct (Fig. 7). Proximal to the site of injury, 

DLK/LZK, JNK2/3 and JUN dependent MAPK signaling have been shown to be important 

for a BAX-dependent RGC somal degeneration after ONC (Fernandes et al., 2012; 

Fernandes et al., 2014; Li et al., 2000; Libby et al., 2005; Watkins et al., 2013; Welsbie et al., 

2017; Welsbie et al., 2013). Moreover, ER stress and other factors are also important 

mediators of RGC somal degeneration (Fernandes et al., 2015; Hu, 2016; Hu et al., 2012; 

Syc-Mazurek et al., 2017b; Yang et al., 2016), although it is generally unclear how the 

activation of these pathways relates to MAPK axon injury signaling. Here we show that 

SARM1 does not appear to be important in somal degeneration after ONC. In contrast, 

SARM1 does have a major role in axonal degeneration distal to the site of ONC injury. And 

while MAPK signaling has been implicated in axon degeneration, the precise contributors to 

this appear to be different than in the soma as neither DLK nor JNK2/3 appear to play a 

major role in RGC axonal degeneration after ONC injury (Fernandes et al., 2012; Fernandes 

et al., 2014). We cannot rule out, however, that more complete inhibition (e.g. combined 

DLK/LZK or JNK1-3 inhibition) is required to see a protective phenotype. Interestingly, 

MAPK signaling has been shown to be both upstream and downstream of SARM1 (Geden 

and Deshmukh, 2016; Walker et al., 2017; Yang et al., 2015). Thus, the importance of 

MAPK signaling in axonal degeneration in RGCs remains to be determined. A 

comprehensive neuroprotective strategy may need to target members of both degenerative 

cascades for sustained, functional protection of RGCs after axonal injury. It is important to 

note that ONC was used to induce axonal injury in RGCs to study axonal injury signaling 

and the resultant degeneration. In the future, it will be necessary to test the importance of 

these molecules in an ocular hypertensive model of glaucoma which may vary in terms of 

magnitude and types of insults that trigger axonal and somal degeneration. Furthermore, 

ocular hypertension may very well have different signaling pathways controlling RGC death 

compared to mechanical axonal injury.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

1. SARM1, but not DR6, deficiency delays distal axonal degeneration in RGCs

2. Neither SARM1 nor DR6 deficiency increases RGC survival following optic 

nerve crush

3. DLK/JNK signaling in RGC somas is unaffected by genetic disruption of 

SARM1
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Figure 1. Targeted disruption of SARM1 does not prevent primary RGC cell death
A. CellTiter Glo assay (±SD; n = 4 per sample) of primary RGCs isolated from WT and 

Sarm1-null mice, treated with either vehicle or the DLK/LZK inhibitor tozasertib (1 μM), 48 

hours after a challenge with 1 μM colchicine. As opposed to DLK/LZK inhibition, loss of 

SARM1 activity did not increase survival of RGCs in vitro. RLU, relative luciferase units. 

B. CellTiter Glo assay (±SD; n = 4 per sample) of primary RGCs isolated from SpCas9-

expressing mice and transfected with either of two gRNAs targeting Sarm1, a 50:50 mix of 

gRNAs targeting Dlk/Lzk or a non-targeting control, 48 hours after a challenge with 1 μM 

colchicine.
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Figure 2. Neither SARM1 deficiency or WldS expression alter RGC death after ONC
A. Cell counts of cleaved caspase 3+ (cCASP3+) cells 5 days after ONC. Neither Sarm1 
deficiency (Sarm1+/− or Sarm1−/−) nor WldS expression altered the number of dying RGCs 

compared to WT mice (n ≥ 6, All genotypes; P>0.05 for all comparisons). Note, cCasp3+ 

cells were not found in uninjured mice of any genotype (n ≥ 4 for each genotype). B. 
Representative images of flat mounted retinas labeled with TUJ1 from WT, Sarm1−/− and 

WldS mice. C. Cell counts of the number of TUJ1+ RGCs in sham-injured and ONC-injured 

conditions. Long-term RGC survival 14 days after ONC was not altered by SARM1 

deficiency (n ≥ 5 for each genotype; P>0.05 for all comparisons; error bars, SEM).

Fernandes et al. Page 17

Exp Eye Res. Author manuscript; available in PMC 2019 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. SARM1 disruption does not prevent JNK activation in RGC somas after axon injury
A. 5 days after ONC, JNK is active (phosphorylated, pJNK) in RGCs. SARM1 deficiency 

does not prevent activation of JNK after ONC. B. Similarly, the canonical target of JNKs, 

JUN, accumulates in RGCs 5 days after ONC and SARM1 deficiency does not prevent JUN 

accumulation. These data suggest, unlike in other systems, SARM1 is not required for JNK 

signaling. At least 3 sections from 3 different eyes were assessed for each genotype.
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Figure 4. SARM1 deficiency protects RGCs from axon degeneration after ONC
A. Representative images of longitudinal optic nerve sections from mice of the indicated 

genotypes in which RGC axons were labeled with CFP by crossing the Thy-CFP transgene 

into the strain (CFP+). Histological signs of axon degeneration such as axon beading and 

fragmentation were evident in WT optic nerves 5 days after ONC. However, fewer 

morphological signs of axon degeneration were observed in Sarm1−/−.CFP+ and WldS.CFP+ 

optic nerves 5 days after ONC (n = 3 for each genotype). B. Representative traces of the 

CAP recorded from WT, Sarm1−/− and WldS optic nerves 5 days after crush. C. SARM1 

deficiency significantly reduced RGC axon degeneration 5 days after crush. The CAP 
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amplitude recorded from Sarm1−/− and WldS nerves was significantly higher than WT 

nerves 5 days after ONC. Interestingly, the CAP amplitude was not significantly different in 

Sarm1−/− and WldS nerves 5 days after ONC (n ≥ 5 for each genotype and condition; error 

bars, SEM). Note, Sarm1+/+ and WldS littermate controls that did not carry the mutation 

were grouped together in the WT group.
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Figure 5. SARM1 loss and WldS function in the same axon degeneration pathway
To determine if SARM1 and WLDS function in the same axon degeneration pathway, mice 

expressing WldS in a Sarm1-null background were generated. Axon degeneration was 

assessed by quantifying the maximal amplitude of the CAP 14 days after ONC. The data for 

Sarm1−/− and WldS mice are the same as from Figure 1. The CAP amplitude of all 

genotypes was significantly reduced 14 days after ONC, however, and Sarm1−/−, WldS, and 

Sarm1−/−;WldS mice all had significantly higher CAPs compared to WT controls. There was 

no difference in CAPs from Sarm1−/−;WldS mice compared to WldS or Sarm1−/− mice (n ≥ 

5 for each genotype and condition).
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Figure 6. DR6 deficiency does not protect RGCs from somal or axonal degeneration after axonal 
injury
A. Representative images from WT and DR6−/− flat-mounted retinas stained with anti-

cleaved caspase 3 (cCASP3) 5 days after ONC. B. Cell counts of the number of cCASP3 

positive cells 5 days after crush (n ≥ 5 for each genotype) showed no significant difference 

between WT and DR6−/− mice (P>0.05). C. Representative traces of the compound action 

potential (CAP) recorded from WT and DR6−/− optic nerves 5 days after crush. D. The CAP 

amplitude was significantly reduced in both WT and DR6−/− optic nerves 5 days after crush. 

However, the reduction of CAP amplitude observed in DR6 deficient mice was similar to 

that observed in control mice (P>0.05; (n ≥ 5 for each genotype and condition), suggesting 

DR6 is not an important component of the axonal degeneration pathway in adult RGCs. 

Scale bar: A, 50 m; error bars, SEM).
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Figure 7. Summary diagram of somal and axonal degeneration pathways controlling RGC somal 
and axonal degeneration after mechanical optic nerve injury
After mechanical optic nerve injury (ONC) distinct injury signaling pathways appear to 

control somal (proximal to the site of injury) and axonal (distal to the site of injury) 

degeneration. Proximal to the site of injury a MAPK pathway that includes DLK/LZK and 

JNK2/3 activation activates the transcription factor JUN. JUN activation, presumably 

through altering the transcription of injured RGCs, leads to BAX activation and somal 

apoptosis. Also, an ER stress pathway and other factors have been shown to regulate RGC 

death after axonal injury. Axonal degeneration distal to the site of axonal injury is less well 

defined. After ONC injury, SARM1 deficiency lessons axonal degeneration; thus, the 

presence of SARM1 facilitates axonal degeneration presumably by consuming NAD+. The 
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MAPK pathway, particularly the MAP2Ks (MKK4 and MKK7) and DLK have also been 

implicated in axonal degeneration. It is unclear (gray arrows) how important these molecules 

are for axonal degeneration in RGCs and whether they are upstream or downstream of 

SARM1 dependent events. “?” represents a presumed step(s) in the pathway that involve an 

unknown molecule(s).
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