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Dear Editor, 

We thank the reviewers for a comprehensive review of our manuscript. We are pleased to note that all 

three reviewers found this to be an excellent study, describing an important neurobiological mechanism in 

rabies. We have now fully reviewed the concerns raised by reviewers and we are confident that the revised 

manuscripts along with the responses provided below addresses all the concerns raised by the reviewers. 

We request you to reconsider this revised manuscript for publication in PLOS Pathogens. 

Comments from editorial decision  

Reviewer #1 raised an important point that unequivocal discrimination between axons and dendrites is 

critical for the authors' underlying mechanistic interpretation; as is stands, the MAP2 staining alone is 

insufficient to make this discrimination for the reasons stated by the reviewer.  

Response: We agree with reviewer#1 that MAP2 staining alone cannot identify axons, as MAP2 is specific to 

dendrites [1, 2]. For this reason, in the study, we have specifically stained for axons using pan-axonal 

neurofilament antibody/SMI-312 (BioLegend, Cat#837904), in addition to MAP2. This data is shown in 

figures 1F, 1H, 1D, 3C, 3E, 3G, suppl. Fig 2A, suppl. Fig 3, suppl. Fig 4A, suppl. Fig 5B, suppl. Fig 5C (revised 

figure#). Neurofilament is highly abundant in the axons [3, 4]. The antibody (SMI-312) used in this study is a 

combination of monoclonal antibodies targeted against different neurofilament epitopes, which was shown 

to identify mature axons [5, 6, 7]. As demonstrated in many previous studies, this SMI-312 antibody along 

with MAP2 antibody could be specifically used to distinguish between axons and dendrites of neurons [8, 9, 

10, 11]. In addition, we have used a microfluidic chamber system to isolate axons of neurons (suppl. Fig 3, 

revised figure#). These chambers with 450 µM long microchannels have been previously shown to effectively 

separate the axonal and the cell body-dendrite culture compartments [12]. We have performed our analysis 

specifically on the axons separated using this microfluidic chamber by staining for axonal neurofilament, 

ensuring an explicit identification of axons. While we only show the loss of MAP2-stained dendrites in Fig 4, 

in the lead up to this data, we have clearly demonstrated that both MAP2-positive and neurofilament-

positive axons degenerate in response to rabies infection. In Figure 4, we have chosen MAP2 staining for 

representation and comparison of SARM1-mediated pathology in the rabies-infected panels of WT and 

SARM1 knockout neurons cultured in microfluidic chambers. MAP2 antibody is a superior stain for this 

purpose, being able to identify cell bodies and associated dendrites of neurons in the specific panels. 

However, the mechanistic interpretation of the data presented in Figure 4, is led by a clear demonstration of 

degeneration of both axons and dendrites in Figures 1 and 3 (including supplementary figures). We do 

acknowledge that axonal degeneration is not specifically shown in Figure 4 with only MAP2 staining, and 

hence we have now removed a direct reference to axonal degeneration in this Figure (page 9 line 224 and 

line 231).  

To further highlight the distinction between axons and dendrites we have now repeated infections in 

primary cortical neurons and co-stained using MAP2 and neurofilament antibodies to enable parallel 

identification of dendrites and axons. This new figure (suppl. Fig 2A) clearly shows the distinction of shorter 

dendrites closer to the cell body by MAP2 staining and much longer axons identified by neurofilament 

staining on the same neurons. This image is shown below for reference. In addition, we show the 
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degeneration of both MAP2-positive dendrites and neurofilament-positive axons upon infection with rabies 

in the same neurons (suppl. Fig 2A, revised figure#), which is consistent with all other data described in the 

original manuscript.  

 

 

 

 

  

   

 

 

Reviewer #2 had some concerns with the utilized RABV strain - you should consider confirming some of 

your results with another RABV strain to ensure it's not specific to the one used RABV strain. Many of 

Reviewer #2's other concerns could also be addressed by further explication or toning down the 

conclusions.    

Response: In this study, we have studied the pathogenesis of not one but four different strains of lyssavirus, 

which are field isolates from infected dog, bat or horse. While quantification data from experiments using all 

the rabies strains are shown in the main figures, representative images from three additional rabies strain 

infections are shown in supplementary images. We agree with reviewer#2 that subjecting these rabies strains 

to even few rounds of passaging in suckling mouse brain and Neuro-2a cells may influence the pathogenicity 

or generate viral subpopulation. While we would have liked to use stock virus from original brains, this was 

not possible due to limited quantities, and therefore it was necessary to passage the viruses to build up our 

stocks. To address this concern, we have repeated the experiment with lowest-pass parental stocks of two of 

our rabies virus strains. These stocks are either directly prepared from the brain homogenates of infected dog 

(Thai Dog P0) or from the sucking mouse brain after first passaging of viral stocks (Zimbabwe dog P1).  In this 

experiment, we show that these original viral stocks induce axonal and dendrite degeneration in primary 

neurons similar to the viral stocks which are minimally passaged and used in the main parts of this study. 

Hence, we now show that the pathogenic mechanism identified in this study is not influenced by minimal 

passaging of viral strains.  This new data is now added to the revised manuscript (suppl. Fig 2A). 

Comments from reviewers 

Reviewer #1: In this paper, Sundaramoorthy et al., show that cultures of primary cortical and peripheral 

neurons infected with different lyssavirus strains (rabies virus, RABV) lose structural proteins and 

demonstrate neurite degeneration. This is a striking phenotype resulting in near complete loss of neurite 

structures by 24 hours after infection, supported by MAP2, NF and tubulin antibody staining. They also 

show that SARM1 knockout mouse neurons, when infected with RABV, show delayed neurite degeneration 

with subsequent enhanced transneuronal RABV spread in cortical neurons cultured in connected 

microfluidic chambers. This is an important finding hinting at an intrinsic neuronal defense mechanism 

against viral spread possibly leading to RABV related neuropathologies. Although, the paper was written 

clearly and results were supported by clean images and quantitation, some critical data was missing. 

One of the critical points missing is the discrimination between axons and dendrites. The authors claim in 

many experiments that the neurites referred to are axons (particularly in the last figure), however, only 

MAP2 staining is shown. MAP is abundant in somatodendritic regions, but not axons. This point is 
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important because RABV is known to spread retrogradely between connected neurons after entering axons 

of motor neurons from neuromuscular junctions. That fact means that the endocytosed particles are 

transported in the axons, the genomes are released and replicate in the neuronal soma, and progeny 

spread from dendrites to connected axons. If the infected cell axon degenerates, it will not reduce the 

somatodendritic spread in the infected neuron. If all neurites (both axons and dendrites) are degenerating 

due to a loss of MAP2, then SARM1 mediated axon degeneration is not the predominant mechanism 

blocking transneuronal viral spread. As an alternative hypothesis, recall that Sarm1 was originally identified 

as a negative regulator of TLR3 and TLR4 pathways in innate immunity (Carty et al., 2006, Nat. Immunol.). 

This negative regulation might be responsible for the virus yield phenotype in Sarm1 knock out neurons. 

This alternative hypothesis is important particularly for interpreting the last figure (F4). It appears that 

there is more viral antigen staining in the inoculated chamber of SARM1 knock out neurons. However, in 

figure 3, it appears that there is less viral antibody staining 24 hours after infection, but staining catches up 

after 4 days. Virus yields should be compared at high MOI between wild type and knock out conditions. 

In general, the authors have a solid observation of the loss of cytoskeletal proteins after RABV infection, but 

the role of SARM1 might not be limited to the delayed spread (due to delayed axon degeneration). Instead, 

SARM1 effects might involve innate immunity as well. More detailed characterization of axons vs dendrites 

is required to make that distinction. 

Response: We acknowledge the reviewer’s concern to discriminate between axons and dendrites. However, 

our data clearly demonstrates the identification and distinction of axons using neurofilament antibody (SMI-

312) and dendrites using MAP2 antibody. For reasons stated above and as demonstrated in many previous 

studies, this staining is highly appropriate and adequate to make the distinction between axons and 

dendrites. For further clarity, we have now added additional data, showing the identification of axons and 

dendrites on the same neurons and degeneration of both structures in response to rabies infection (suppl. 

Fig 2A, results page 6; line 138). Throughout the manuscript, we have described degeneration of both 

dendrites and axons, not just by the loss of MAP2, but also by the specific loss of neurofilament axonal 

staining. This is to be expected, as SARM1-mediated axonal degeneration in axonal injury has been shown 

to induce degeneration of both MAP2 positive-dendrites [13, 14, 15] and neurofilament positive-axons [16, 

17, 18]. To inform the readers, this information with citations is now added to the revised manuscript (page 

4; line 89). Additionally, we acknowledge that use of the term “axonal degeneration” may not infer both 

axonal and dendrite degeneration to the readers. In this manuscript, we use the term to describe neurite 

degeneration, in line with generally used terminology. For clarity, we have now added additional text in the 

introduction to explain our use of this term (page 4; line 92).  

The loss of both dendrites and axons demonstrated in this study implies that both somadendritic and trans-

neuronal spread of rabies could be inhibited by SARM1-mediated mechanism. This is demonstrated in Figure 

4, where we have used a specialized microfluidic system. In this model system, we show that trans-neuronal 

rabies virus transmission is impaired in WT neurons but not in SARM1 knockdown neurons. The viral 

transmission between the neuronal populations in this model system relies on longer axonal projections for 

trafficking through microchannels. Hence, while we acknowledge the reviewer’s point that the stain does 

not specifically visualize axons, we believe we are justified in claiming that transmission across the 

chambers is impaired due specifically to axonal degeneration. 

We disagree with the reviewer that this impairment of trans-neuronal spread could simply be due to a role 

of SARM1 in negative regulation of immune signaling resulting in increased viral replication in knockout 

neurons. We are able to say this because the spread of rabies virus is measured by a viral titre assay, as 

shown in Figure 4, where the viral titre ratio between the inoculated and non-inoculated panels is used to 

account for any such potential difference in viral replication between WT and SARM1 Knockout neurons (Fig 

4C, original figure#). We observed no significant difference in virus yield between WT and SARM1 Knockout 

neurons at 24 hours timepoint, by analyzing the viral titre from the inoculated panel alone. To make the 
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readers aware of this data, we have added additional graph in Figure 4 to include comparison of individual 

viral titre values in the inoculated and non-inoculated panels. In this new graph (4C, revised figure#), it can 

be observed that while there is no significant difference in viral yield in the inoculated panel between WT 

and SARM1 knockout neurons, it is significantly reduced (~3-fold) in the non-inoculated panel implying an 

impaired spread of virus.  

Therefore, the observed increase in transneuronal spread of rabies virus in SARM1 knockout neurons is not 

simply due to increased viral replication, but instead due to the delayed loss of axons and dendrites at 24 

hours post-infection. We agree with the reviewer that SARM1 has a well-known role in negative regulation 

of TLR3 and TLR4 mediated immune signaling. However, we did not observe significant increase in viral 

replication in the SARM1 knockout neurons during or prior to the onset of axonal degeneration in this study. 

A previous study on West Nile virus has also shown that SARM1 knockout does not influence viral replication 

in primary neurons [19].  In addition, SARM1 also has a role in activation of neuronal apoptosis in response 

to viral infection [20]. In this study, we have identified a novel role of SARM1 in anti-viral defense, which 

appears to be independent of its role in apoptosis and viral replication. However, the interplay between 

these different functions of SARM1 in anti-viral defense remains to be identified in future studies, 

particularly at later timepoints. Hence, we have now added the following text to the discussion (page 11; 

line 265), to describe these additional roles of SARM1.  

“This study describes a new anti-viral defense mechanism mediated by SARM1 in response to rabies 

infection. This adds on to previously established roles of SARM1 in innate immune response such as negative 

regulation of toll-like receptor (TLR3) signaling [21] and induction of neuronal apoptosis in response to viral 

infection [20]. SARM1 is also shown to regulate intrinsic neuronal chemokine and cytokine response in 

traumatic axonal injuries [22]. The functional relationship between these multifaceted roles of SARM1 in 

innate immunity remains to be investigated.” 

 

Reviewer #3: Using rabies virus field isolates, this report shows that, in response to infection, neurons 

activate selective degeneration of processes, mediated by the loss of NAD and digestion of cytostructural 

proteins. The authors then show that SARM1, known to be associated with axonal degeneration, is key to 

this process, likely restricting the ability of the virus to spread trans-synaptically. This is a beautifully done 

study: the images are compelling, the data are definitive, and the “story” is simple but powerful. Two minor 

comments: 

 

1. It is difficult to ascertain, even from the high res file, but it appears that the nuclei in infected mice in 

Figure 1B are smaller and more fragmented than in the mock control. This is also seen in other images 

presented, but not always consistently. Is this the case? If samples are collected later, do the nuclei remain 

apparent, or is this a “stepwise” process in which neurites are lost followed by neuronal loss? TUNEL may 

not capture other forms of cell death. 

Response:  It should be noted that Fig 1B shows stitched tile confocal images covering a large area to show 

the clear loss of MAP2-positive structures. A higher magnification images of nuclei staining in mock-infected 

and Thai dog rabies infected neurons from the same Figure 1B is shown below. This image shows no 

significant difference in nuclei fragmentation or condensation between mock-infected and rabies-infected 

cultures at 24 hours. This is consistent with our data using TUNEL staining. Hence while degeneration of 

neurites is observed at 24 hours post-infection, the cell bodies remained healthy without any nuclei 

fragmentation. This shows that neurite degeneration in rabies infection occurs early before the induction of 

apoptosis.  

 

https://www.quora.com/unanswered/What-does-this-symbol-mean-30


CSIRO  
Australia’s National Science Agency  

 

 

 

 

 

 

 

 

 

2. This is, exclusively, an ex vivo study using primary neurons. While I do not believe it is compulsory to 

perform experiments in mice, I am curious if RV-infected, SARM KO mice differ from wild type mice in 

terms of pathogenesis. Addition of in vivo data (if it is even possible to obtain) would add merit to the 

significance of the work. 

Response: We agree with the reviewer on the value of studying this novel neurobiological mechanism in 

animal models. However as stated in the manuscript, this will require well defined wildtype mice models of 

rabies infection, which consistently and more accurately represent the two clinical forms of rabies. This is 

essential to conclusively determine the effect of SARM1 knockdown on the clinical pathogenesis of rabies. 

We are currently working towards establishing such model systems, which however requires a huge volume 

of work, lying beyond the scope of this manuscript.  

 

 Part II – Major Issues: Key Experiments Required for Acceptance 

Reviewer #1: The identification of neuritis as axons is critical. The MAP2 staining is not convince proof that 

they are imaging axons. 

Response: We are led to believe that the reviewer may have overlooked the existing data in the manuscript 

showing clear identification of axons by physically separation using microfluidics and specifically staining for 

axons using SMI-312 antibody. We have now added additional text and changed wording at multiple places 

in the manuscript to better infer our identification of axons and dendrites. This study shows that both 

MAP2-postive dendrites and neurofilament-positive axons degenerate in rabies infection, causing an 

impairment of transneuronal trafficking of rabies virus. We have now added additional data (Suppl. Fig 2A), 

confirming this mechanism. 

 

The alternative hypothesis that the effect of SARM1 is to negatively regulate TLR3 and 4 pathways must be 

considered/discussed. 

Response: The role of SARM1 in negative regulation of TLR3 and neuronal apoptosis is now added to 

discussion (page 11; line 265). 

 

Virus yields should be compared at high MOI between wild type and SARM1 knock out infections. 

Response: As stated earlier, there is no significant difference in viral yield between WT and SARM1 knock 

out neurons after 24 hours infection at MOI of 1.  Hence, difference in viral replication could not be the 

primary mechanism behind the difference in axonal transmission of rabies virus reported in this study.  
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Reviewer #2: Although this work is extremely interesting and paves the way for further understanding how 

RABV can kill its host, I have several concerns. 

The choice of the virus strains: The authors claimed they have chosen field strain lyssaviruses in order to 

limit or avoid any artefact regarding the original pathogenicity. This is a very good statement but, as 

described in the material and methods, the viruses have been amplified in suckling mouse brain and 

passaged in Neuro-2a cells (<3 passages). The viruses are then mouse adapted. Therefore, the authors 

should provide NGS sequencing of the field isolates before, during and after selection and passages in order 

to show the consensus sequence and the viral population diversity. 

On the other hands and on the contrary of the authors, I think a highly virulent laboratory fixed strain, 

which exhibits Rabies encephalitis in mice, would be extremely informative and should be included in this 

study. 

Response: We are pleased to see reviewer’s agreement to our approach of using field strain lyssavirus to 

study the original pathogenicity. We also agree with the reviewer that it is essential to eliminate influence 

on pathogenicity due to possible mouse adaptation during the amplification procedure of our viral strains. 

Hence, as stated earlier, we have now repeated the experiment with parental field strains before passaging 

in suckling mouse brain or Neuro-2a cell line. These original field strain infections induced complete 

degeneration of axons and dendrites at 24 hours post-infection like other viral strains used in this study. 

Therefore, the minimal adaptation of viral strains has not influenced the ability of these strains to induce 

axonal degeneration described in this manuscript. We have added this new data in suppl. Fig 2A. Text 

describing this data is added to the results section (page 6; line 135). 

The use of field isolates of lyssavirus has enabled us to identify a common pathogenic mechanism between 

different lyssavirus and rabies strains. In the last decades, various fixed laboratory strains of rabies have 

been established, while some are highly virulent, many vary in their ability to induce specific pathogenic 

mechanisms. For this reason, we have deliberately avoided using laboratory-adapted or fixed rabies strains 

in this study. While it will be beneficial to investigate how laboratory fixation affects the virus ability to 

induce SARM1-mediated axonal degeneration, this additional line of research does not impact the findings 

of this study. We have described an important pathogenic mechanism common among different field 

lyssavirus strains which could lead to neurological dysfunction in the host. These findings are likely to be 

more relevant to natural rabies infection than using laboratory fixed strains.   

 

The choice of the cellular models: All the experiments are undertaken either with primary cortical neurons 

(embryonic day 15) and primary DRG neurons (embryonic day 13 or 14). Therefore, the study is carried out 

on immature neurons. Since neuron survival can be neuron type-specific and/or development stage-

specific (see for example AJ Kole et al-2013, Ulrich Pfisterer et al-2017), the authors have to establish that 

their conclusions are still relevant in mature neurons. 

Although, I would suggest they show at least some data in iPS derived human neurons in order to extend 

their findings to other species. 

Response: The neuronal cultures used in this study have mature neurons as evidenced by staining for 

widely-accepted mature neuronal markers such as MAP2 and neurofilament. However, we do acknowledge 

that these neurons are developmentally young, and are not aged neurons. Mouse primary neuronal cultures 

are a well-established model system to study molecular mechanisms of axonal degeneration. This model 

system has been used to identify several genes associated with axonal self-destruction including SARM1, 

which have been further validated in adult mouse models [16, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32]. 

Therefore, we believe that findings from our neuron model in relation to axonal self-destruction are relevant 

and applicable to mature neurons. Due to practical and technical constraints, it is not feasible to study 

rabies pathogenesis at a cellular and molecular level directly in aged neurons in living animals. Hence, we 

have chosen the primary neuronal model system, which has enabled us to identify a key cellular mechanism 
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in rabies. Since we have now identified the signaling mechanism at a cellular level, publishing these findings 

could lead to the investigation of this mechanism in nervous systems using animal models in future studies. 

While the iPS or ES derived neural culture system could provide an alternate model to mouse primary 

neurons and extend these findings in human neurons, this culture system also does not generate aged 

neurons. In addition, it is not yet clear whether stem cell-derived human neural cultures could develop the 

complete signaling mechanisms necessary to initiate axonal self-destruction. This needs to be established 

first before our findings can be extended to stem cell-derived human neurons and lies out of the scope of 

this study.  

Statement: The authors claimed that: “this presents the first identification of a direct mechanism for rabies 

induced dysfunction of neurons”. It looks to me that is a bit overstated. The authors may want to cite other 

articles such as (not exclusive): Alan C. Jackson et al et al-2010, Jeison Monroy-Gomez et al-2018 and so on. 

Response:  While the previous studies have shown axonal and dendritic abnormalities in rabies infection, 

the key signaling mechanism behind this pathology has been unknown until now. In agreement with the 

reviewer, we have toned down the statement to one below (page 12; line 304).: 

“To our knowledge, this presents the first identification of the role of SARM1 pathway in evoking axonal 

degeneration in rabies infection. This describes a novel signaling mechanism responsible for dysfunction of 

neurons in rabies infection.” 

We have also cited the two studies indicated by the reviewer in introduction, adding to other studies cited in 

the original manuscript to describe previously established axonal pathology in rabies (page 5; line 115). 

We hope you find our manuscript is now suitable for publication and look forward to hearing from you. We 

confirm that this work is original and has not been previously published, nor is it currently under 

consideration for publication elsewhere.  

 
Yours sincerely, 

 
Vinod Sundaramoorthy PhD 
Research Scientist-Neurovirology 
CSIRO Australian Animal Health Laboratory 
vinod.sundaramoorthy@csiro.au 
+61 (03) 5227 5210 
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