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Introduction: The degeneration of injured axons is driven by conserved molecules, including the sterile armadillo TIR domain-containing protein SARM1, the cJun N-terminal kinase JNK, and regulators of these proteins. These molecules are also implicated in the regulation of synapse development though the mechanistic relationship of their functions in degeneration vs. development is poorly understood.

Results and discussion: Here, we uncover disparate functional relationships between SARM1 and the transmembrane protein Raw in the regulation of Wallerian degeneration and synaptic growth in motoneurons of Drosophila melanogaster. Our genetic data suggest that Raw antagonizes the downstream output MAP kinase signaling mediated by Drosophila SARM1 (dSarm). This relationship is revealed by dramatic synaptic overgrowth phenotypes at the larval neuromuscular junction when motoneurons are depleted for Raw or overexpress dSarm. While Raw antagonizes the downstream output of dSarm to regulate synaptic growth, it shows an opposite functional relationship with dSarm for axonal degeneration. Loss of Raw leads to decreased levels of dSarm in axons and delayed axonal degeneration that is rescued by overexpression of dSarm, supporting a model that Raw promotes the activation of dSarm in axons. However, inhibiting Fos also decreases dSarm levels in axons but has the opposite outcome of enabling Wallerian degeneration. The combined genetic data suggest that Raw, dSarm, and Fos influence each other's functions through multiple points of regulation to control the structure of synaptic terminals and the resilience of axons to degeneration.
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Introduction

Axons are extensive, vulnerable components of neuronal circuits. When an axon is severed from its cell body, it undergoes a self-destruction process known as Wallerian degeneration (Waller, 1850), akin to apoptosis, but invoking distinct molecular machinery. Exciting discoveries over the past 15 years have revealed key elements of this machinery (Gerdts et al., 2016; Coleman and Höke, 2020), whose biochemical functions have been linked to the synthesis and breakdown of the electron carrier nicotinamide adenine dinucleotide (NAD+). SARM1 (sterile alpha and TIR motif containing 1) is a key enzyme whose TIR domains catalyze the breakdown of NAD+. Unmitigated activation of these TIR domains leads to NAD+ loss and metabolic catastrophe (Gerdts et al., 2015). A potent negative regulator of SARM1 is the NAD+ biosynthetic enzyme NMNAT (Figley et al., 2021). NMNAT levels are tightly regulated in axons, and the loss of NMNAT leads to the activation of SARM1′s NADase activity, which then drives axonal degeneration (Gilley and Coleman, 2010; Gerdts et al., 2015; Gilley et al., 2015).

In contrast to the enzymatic activities of SARM1 and NMNAT, several studies have suggested that axonal degeneration may also be influenced by transcriptional mechanisms (Xiong and Collins, 2012; Farley et al., 2018; Hao et al., 2019). In this case, gene expression programs may influence the composition of axons making them more or less resilient to degeneration. Transcriptional mechanisms are not expected to function in acutely injured axons since severed axons are disconnected from the nucleus but are expected to be important for adaptive responses to chronic stressors, such as the presence of chemotherapeutic agents, neuropathies, or neurodegenerative disease.

Our previous study discovered a transcriptional pathway in Drosophila neurons that delays the rate at which injured axons degenerate (Hao et al., 2019). This pathway is restrained by the transmembrane protein Raw and is dependent on the Fos transcription factor. The mechanism by which this pathway protects axons is not known but appears to be independent of the levels of NMNAT (Hao et al., 2019); this contrasts the mechanism of Raw with other known regulators of axonal degeneration (Xiong et al., 2012; Walker et al., 2017).

Here, we probe the mechanism of Raw with respect to the SARM1 enzyme. For this, it is important to consider that in addition to its highly studied function in driving axonal degeneration as a NADase enzyme, SARM1 also functions as a regulator of MAP kinase signaling (Waller and Collins, 2022). SARM1′s ortholog in C. elegans, TIR-1, functions as part of a MAP kinase signaling pathway that controls a cell fate choice, neural communication, and innate immunity (Couillault et al., 2004; Chuang and Bargmann, 2005; Inoue et al., 2013). Similarly, in Drosophila and mammalian nervous systems, SARM1′s orthologs have been shown to function within MAP kinase signaling cascades that control presynaptic structure (McLaughlin et al., 2016), glial phagocytosis (McLaughlin et al., 2019), and cytokine expression (Wang et al., 2018).

Raw is known to antagonize JNK signaling in Drosophila, and its C. elegans ortholog OLRN-1 antagonizes the MAP kinase pathway engaged by TIR1 (Bauer Huang et al., 2007). A key mediator of this pathway is the MAPKKK ASK1, which is also engaged by dSarm in Drosophila (Brace et al., 2022; Herrmann et al., 2022). We therefore hypothesized that Raw functionally intersects with dSarm to regulate axonal degeneration. Here, we studied the relationship of Raw with dSarm in the regulation of axonal degeneration and nuclear signaling downstream of dSarm. We found that loss of Raw and overexpression of dSarm cause similar synaptic overgrowth phenotypes that are dependent on the Fos transcription factor, suggesting that Raw restrains a nuclear pathway engaged by dSarm. However, Raw shows a different relationship with dSarm in the regulation of axonal degeneration. Our genetic data suggest that Raw promotes dSarm function in degenerating axons while antagonizing dSarm-induced signaling to regulate synaptic growth. We propose that Raw and dSarm functionally intersect at multiple junctures to control the resilience and growth of axons and synaptic terminals.



Materials and methods


Fly stocks

The following fly lines were used: W118 (WT), UAS-Luciferase (Control Protein) (BDSC 35788), UAS-lexA-RNAi (Control RNAi 1) (BDSC 67947), UAS-luciferase-RNAi (Control RNAi 2) (BDSC 31603), QUAS-gRNA (Control gRNA) (BDSC 67539), UAS-Homo-TIR (gift from DiAntonio lab), UAS-GFP-Raw (Lee et al., 2015), UAS-raw-RNAi (VDRC 101255), rawdcp−1 (Hao et al., 2019), raw134.47 (Jemc et al., 2012), UAS-GFP-Raw (Lee et al., 2015), UAS-dNMNAT (Zhai et al., 2006), UAS-dSarm (BDSC 17144), UAS-dSarm::GFP (II and III) (Osterloh et al., 2012). UAS-FosDN (II) [BDSC 7214, (Eresh et al., 1997)], UAS-FosDN (III) [BDSC 7215, (Eresh et al., 1997)], UAS-BskDN (BDSC 9311), UAS-Bsk-HA (F003890), puc-LacZ (Martín-Blanco et al., 1998), dSarmΔTIR [known as dSarm-ARM-SAM in (Herrmann et al., 2022)], BG380-Gal4 (Budnik et al., 1996), D42-Gal4 (Sanyal, 2009), M12-Gal4 (Ritzenthaler et al., 2000), UAS-Dcr2 (BDSC 24650), and UAS-Cas9 (BDSC 58985). dSarm-3x-guide RNA was provided by Dion Dickman.



Dominant-negative constructs

The FosDN fly line (Eresh et al., 1997) (contains the bZIP (basic Leucine Zipper) domain of Fos (Kay) required for DNA binding and dimerization with other transcription factors (including Jun and TATA box-binding protein) (Ransone et al., 1993) but missing the rest of the protein required for activating transcription (Lloyd et al., 1991). The BskDN transgene contains the K53R mutation in the ATP binding site of Bsk, which is shown to inhibit JNK signaling in Drosophila (Weber et al., 2000).



dSarm-3x-gRNA construction

Three single guide RNAs (sgRNAs) against dSarm, each targeting a different exon, were cloned into the pU63 vector (#49410; Addgene) with the following sequences: (sgRNA1: 5′GAAGTCCATGTCGGAAATCA 3′; sgRNA2: 5′ ATCAGGCACCCTGGCCCGTT 3′; and sgRNA3: 5′ GAAGCCCTCTCACTCCGCAC 3′). This multiplexed construct was sent to BestGene Inc. (Chino Hill, CA) for targeted insertion into the attp2 site on the third chromosome. These constructs and flies were generated and shared by Dion Dickman's lab.



CRISPR/Cas9 gene editing for dSarm

dSarm-3x-gRNA flies were crossed to either M12-GAL4 (expressed in two motoneurons per hemisegment for injuries), D42-GAL4 (pan-motoneuron expression for NMJ measurements), or BG380-Gal4 (pan-motoneuron expression for puc-LacZ reporter) with UAS-Cas9 to induce active somatic CRISPR mutagenesis.



Larvae rearing

All larvae were reared on yeast-agar food at 29°C.



Nerve crush injury

To study degeneration, we made use of a previously described nerve crush assay (Xiong et al., 2010). Early third instar larvae were anesthetized in a PBS ice bath for 20 min before being placed on an inverted petri dish. Dumostar number 5 forceps were used to pinch the larval nerves through the cuticle to damage the axons. Injured larvae were placed in a petri dish with yeast-agar food and incubated at 29°C for the indicated time lengths.



Dissections and staining

Larva were placed in 1xPBS on ice 20 min prior to dissection. After dissections, larval filets were fixed with 4% paraformaldehyde at RT for 20 min and then washed three times with 1xPBS. Fixed filets were then blocked with 5% normal goat serum (NGS) diluted in 1xPBS with 0.25% Triton X (1xPBST) at room temperature (22C) for 1 h and then were stained with antibodies in 5% NGS in 1xPBST. Samples were incubated with primary antibodies overnight at 4°C, while secondary antibody staining was done at room temperature for 2 h (with three 10 min 1xPBST washes between antibodies). Following three 10-min washes with 1xPBST, all samples were then mounted using Prolong Diamond mounting media and were given at least 24 h to set before imaging. Primary antibodies used in this study were as follows: Rat anti-mCD8 (Invitrogen MCD0800), Mouse anti-β-Galactosidase (DSHB 40-1A), Mouse anti-GFP (Invitrogen 3E6), Mouse anti-CSP (DSHB AB49), Mouse anti-Futsch (DSHB 22C10), and Rabbit anti-HA (Cell Signaling 3724s). Secondary (including conjugated) antibodies used in this study were as follows: 488 Rabbit anti-GFP (Fisher), Cy3 anti-Rat (Fisher), 568 anti-Mouse (Fisher), 488 anti-Mouse (Fisher), and 647 anti-Rabbit (Jackson).



Microscopy

All images were taken on a spinning disk confocal microscope (Improvision) with a C9100-50 EMCCD camera (Hamamatsu), a Nipkow CSU scanner (Yokogawa), and an Axio Observer (Zeiss). All conditions/genotypes within a repeat of an experiment were imaged at the same time with the same laser and capture settings to limit signal variation due to equipment. Volocity software (Quorum Technologies) was used for all imaging and quantification.



Injury-induced degeneration scoring

Axon motoneuron pairs were labeled by M12 GAL4-expressed mCD8-GFP (or RFP), and scoring was done on fixed and stained larval filets. Conditions were scored blind using the following scale: completely intact (0%), continuous with varicosities (33%), partially fragmented and partially continuous (66%), and fully degenerated (100%). Sample sizes reported are the total number of axon pairs scored (M12-Gal4 labels two neurons per nerve, whose are scored together) from at least five animals per condition.



Sarm1-TIR-induced degeneration and clearance scoring

UAS-Sarm1-TIR was co-expressed with UAS-mCD8-RFP in pairs of motoneuron axons using the m12-Gal4 driver. Axon pairs from the ten nerves innervating segments A3–A7 of the larva were scored (20 axons total) on the following scale: continuous or mostly continuous (0%), fully degenerated (50%), and cleared (100%). A single average value was calculated for each larva.



puc-LacZ JNK reporter

Third instar larvae containing the puc-LacZ reporter (Ring and Arias, 1993) were dissected, fixed, and stained for β-galactosidase. Only male larvae were used due to the driver (BG380-GAL4) being on the X chromosome. Midline nuclei in the ventral nerve cord (VNC) corresponding to motoneurons that innervate segments 4–7 of the larvae were quantified, with 8–10 nuclei being summed within each section. Background readings were taken on either side of each midline motoneuron cluster, avoiding other stained nuclei (3 values per section, 12 total per animal). Values are relative to the mean of the control animals (normalized).



Neuromuscular junction quantifications

Between one to three Muscle 4, NMJs per larva in abdominal segments 3–5 were imaged at 40x using confocal microscopy and analyzed using Volocity software (Quorum Technologies). Each NMJ was manually outlined, and the region of interest was copied to a nearby empty area of muscle to obtain a background reading. The total intensity of membrane maker and CSP staining within each ROI and equivalent background were summed and subtracted. All reported values are relative to the membrane marker/synaptic staining intensity of the control condition. NMJs are plotted individually from at least five total animals per condition.



Tagged protein quantifications (nerves)

The intensity of dSarm-GFP in the axons/nerves was measured by imaging immediately posterior of the nerve cord in fixed and stained larva. Three nerves corresponding to segments 5–7 of the larvae were stamped with five 50 μm diameter ROI cylinders (for 15 total readings per animal, averaged into a single value). Nine background readings were taken from around the nerves and were averaged and subtracted from the mean nerve reading, and then the ratio of the tagged protein to the membrane marker was calculated. All reported values are relative to the level of the normalized control condition. Each data point is the average from a single larva.



Quantification of dSarm-GFP

UAS-dSarm-GFP was coexpressed with UAS-mCD8-RFP in MNSNc motoneurons using the m12-Gal4 driver. Images of the ventral nerve cord and exiting segmental nerves were imaged at 40x magnification by confocal microscopy. Cell bodies were quantified by manually outlining ROIs around motoneuron soma pairs from sections of the VNC that innervate segments 5–7 of the larval body. Background readings were made by dragging the ROIs to empty areas around the VNC. Measurements of the axons corresponding to these neurons were done by stamping axon pairs with five 20 μm circular ROIs (15 readings total) with three background readings around each axon pair (nine total). Each data point represents the averaged measurements acquired from three motoneuron pairs in a single larva.




Results


dSarm is downstream of Raw in regulating axonal degeneration

We previously discovered that Raw promotes the degeneration of injured axons in Drosophila. When Raw is mutated or knocked down, Wallerian degeneration of both motor and sensory neuron axons is strongly inhibited (Hao et al., 2019). To investigate the relationship between Raw and dSarm, we first considered the possibility that Raw regulates axonal degeneration downstream of dSarm's catalytic activity. We expressed the self-dimerizing catalytic TIR domain from human Sarm1 (Gerdts et al., 2015) in Drosophila motoneuron pairs using the M12-Gal4 driver. Larval axons and NMJ nerve terminals in TIR-expressing MNs underwent spontaneous degeneration, which was visible in third-instar larvae (Figures 1A, B). Consistent with previous findings (Gerdts et al., 2015), the degeneration induced by the catalytic Sarm1 TIR domain could be inhibited by co-expression of a UAS-dNMNAT transgene [encoding the Drosophila nicotinamide mononucleotide adenylyltransferase enzyme (Zhai et al., 2006)] (Figures 1A, B). While mutations in raw (rawdcp−1/raw134.47) cause a significant delay in the degeneration of injured axons (Hao et al., 2019), raw mutations had no impact on the degeneration of TIR-expressing MN axons (Figures 1C, D). These observations suggest that Raw is unlikely to influence degeneration at a step downstream of the catalytic activity of dSarm. Instead, these data favor a role for Raw either upstream or in parallel to the action of dSarm in promoting axonal degeneration.


[image: Figure 1]
FIGURE 1
 dSarm acts downstream of Raw in regulating axon degeneration. Drosophila motoneuron axons are visualized in the segmental nerves of third instar larvae by expression of the membrane-targeted UAS-mCD8::GFP reporter with the m12-Gal4 driver, which drives expression in the MNSNc neurons (Ritzenthaler et al., 2000). To control the number of UAS elements, animals expressed either UAS-luciferase (control) or UAS-Sarm1-TIR, and UAS-lexA RNAi (ctrl) or UAS-NMNAT. (A, B) Expression of the Sarm1 catalytic TIR domain leads to spontaneous degeneration of MNSNc axons in the third instar larvae; this is rescued in neurons that co-express the UAS-dNMNAT transgene. (C, D) In contrast, mutations in raw, (rawdcp−1/raw134.47), which inhibit Wallerian degeneration similarly to raw-RNAi (Hao et al., 2019), have no effect on the degeneration caused by the expression of Sarm1-TIR. (E, F) Expression of UAS-dSarm alone did not enhance the rate of Wallerian degeneration but instead caused a mild delay in degeneration. In contrast, co-expression of dSarm partially restores degeneration to raw-RNAi axons. (F) Quantification of axonal degeneration was scored blinded using visual scales described in Materials and Methods. Scale bars are 20 μm. The one-way ANOVA statistical test with Tukey correction for multiple comparisons was used for statistical comparisons. Error bars show 95% confidence interval.


In contrast to the TIR domain alone, ectopic overexpression full-length dSarm-GFP (using the same expression system) does not lead to spontaneous degeneration (Figures 1E, F). However, this method of elevating dSarm levels led to partial rescue of the delayed degeneration caused by loss of Raw (Figures 1E, F). This suggests that at least part of Raw's actions in promoting Wallerian degeneration may occur upstream of dSarm, potentially by influencing its levels, localization, and/or catalytic activity.



Raw promotes axon localization of dSarm

Therefore, we next asked whether manipulations to Raw had any effect on the levels or localization of a transgenically expressed dSarm-GFP. We imaged dSarm-GFP coexpressed with mCD8-RFP in MNSNc axons and cell bodies in parallel for different genetic conditions by confocal microscopy (Figures 2A–E). Compared to MNs in animals expressing UAS-control (lexA) RNAi, we observed that MNs depleted of Raw had reduced intensity of dSarm-GFP in their axons (Figures 2A, B). The levels of dSarm-GFP in cell bodies were similar in all genotypes (Figures 2D, E); hence, the ratio of axonal/cell body localized dSarm was reduced in raw-RNAi depleted MNs (Figure 2C).


[image: Figure 2]
FIGURE 2
 Raw promotes axon localization of dSarm. UAS-dSarm-GFP was coexpressed with the membrane-targeted UAS-mCD8-RFP reporter to label neuronal membrane. In this background, UAS-Raw RNAi was compared to UAS-lexA RNAi (control-RNAi), together with either UAS-Fos-DN or UAS-luciferase (ctl), using the M12-Gal4 driver. UAS-Dcr2 was included to enhance RNAi efficiency; hence, all compared animals contained five UAS transgenes. (A) Representative images of segmental nerves showing the axonal localization of dSarm-GFP. (B) Mean intensity of dSarm-GFP measured in axons. (C) Intensity of axonal dSarm-GFP relative to dSarm-GFP measured in cell bodies [from (D, E)]. (D) Example images of MNSNc cell bodies within the ventral nerve cord. (E) Quantification of mean dSarm-GFP within cell bodies. (F) Representative images of MNSNc axons undergoing Wallerian degeneration at 20 h postinjury (HPI). Axons that express raw RNAi show a delay in Wallerian degeneration compared to control RNAi. Co-expression of Fos-DN [which contains the DNA binding domain of Fos but lacks the transcription activating region and acts as a dominant-negative inhibitor of Fos (Eresh et al., 1997)], partially restores the degeneration of raw-RNAi axons. (G) Axonal degeneration was scored blinded using visual scales described in Materials and Methods. Scale bars are 20 μm. A one-way ANOVA statistical test with Tukey correction for multiple comparisons was used for statistical comparisons. Error bars show 95% confidence interval.


The regulation of dSarm localization is an attractive potential mechanism for Raw's role in axonal degeneration. However, a simple model that Raw promotes degeneration by promoting dSarm localization is not consistent with other genetic data. We previously found that the delay in degeneration in raw-deficient neurons was rescued by the expression of a dominant negative inhibitor of Fos, FosDN [(Hao et al., 2019), Figures 2F, G]. Counter-intuitively, expression of FosDN led to a decrease in axonal dSarm-GFP levels (Figures 2A, C). Therefore, the localization of dSarm-GFP in axons does not consistently predict the rate of axonal degeneration. Taken together, these data imply the existence of multiple points of regulation for dSarm: both Raw and Fos regulate the levels of dSarm in axons, but signaling downstream of Fos influences axonal degeneration independently of dSarm localization. This is consistent with both dSarm overexpression (Figures 1E, F) and Fos inhibition (Figures 2F, G), each only partially restoring degeneration in raw deficient axons.



Raw and dSarm regulate synaptic structure

In addition to promoting axonal degeneration, dSarm is known to participate in intracellular signaling pathways [reviewed in (Waller and Collins, 2022)]. In Drosophila motoneurons, dSarm regulates a signaling pathway that controls the structure of presynaptic terminals (McLaughlin et al., 2016; Brace et al., 2022). We therefore asked whether Raw modulates the presynaptic defects caused by misregulated dSarm. RNAi-knockdown of raw in motoneurons (using D42-Gal4) results in altered NMJ morphology that is Fos-dependent (Figure 3A). NMJ terminals formed by raw-depleted neurons showed extensive filopodia-like branches that lacked Futch (Supplementary Figure 1), a marker of stable microtubules (Chang and Balice-Gordon, 2000). Since boutons could not be clearly defined and counted, we measured the total intensity of membrane-targeted UAS-mCD8-GFP (Figures 3A, B); this was greatly increased at raw-RNAi NMJs but suppressed in raw-RNAi; FosDN co-expressing neurons. Concomitant with filopodial structures, raw-RNAi NMJs showed a Fos-dependent reduction in levels of synaptic vesicle proteins, shown with cysteine-string-protein (CSP) in Figures 3A, C. These observations imply that Raw controls a Fos-dependent signaling pathway that regulates the growth and structure of the presynaptic nerve terminal.
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FIGURE 3
 Raw and dSarm regulate NMJ structure and synaptic protein levels. (A–C) Knockdown of raw results in overgrowth and altered structure at the Muscle 4 neuromuscular junction (NMJ) as well as a reduction in the relative levels of cysteine-string protein (CSP); the overgrowth (measured as total membrane marker intensity at the NMJ) shows a strong dependence on Fos. (D–F) Overexpression of dSarm results in overgrowth at the NMJ [matching similar previous findings (McLaughlin et al., 2016; Brace et al., 2022)] and relative reduction in CSP. Both show a strong dependence on Fos. The driver for all panels is D42-Gal4, with Dcr2 expressed for RNAi efficiency. All scale bars are 20 μm. One-way ANOVA statistical test with Tukey correction for multiple comparisons was used for panels (B, C, E, F). Error bars show 95% confidence interval.


The dramatic NMJ phenotypes caused by RNAi knockdown of Raw are strikingly different from our prior observations with raw hypomorph mutants, for which we observed no defect in synaptic structure or physiology (Hao et al., 2019). We therefore tested whether they are indeed due to Raw function by asking whether they could be rescued by co-expression of Raw-GFP cDNA. Co-expression of Raw-GFP but not of a control UAS line successfully rescued the synaptic overgrowth and increased CSP expression (Supplementary Figure 2). We infer that Raw functions to control the structure of the NMJ terminal.

Similarly to raw knockdown, overexpression of dSarm also led to a Fos-dependent synaptic overgrowth phenotype (McLaughlin et al., 2016; Brace et al., 2022). We observed that this dSarm overexpression phenotype includes increased mCD8-GFP levels and reduced levels of CSP (Figures 3D–F). In addition, both manipulations lead to elevations in the expression of the puc-lacZ reporter for JNK signaling (Hao et al., 2019; Brace et al., 2022, and Figure 4). For both raw-RNAi (Figures 4A–D) and dSarm overexpression (Figures 4E–H), puc-lacZ elevation is inhibited by co-expression of BskDN, a dominant-negative inhibitor of JNK signaling (Weber et al., 2000) (Figures 4A, B, E, F), and by FosDN, a dominant-negative inhibitor of Fos-dependent transcription (Eresh et al., 1997) (Figures 4C, D, G, H). Therefore, both Raw and dSarm regulate the structure of the presynaptic terminal, JNK MAP kinase signaling, and Fos-regulated changes in gene expression.
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FIGURE 4
 Raw and dSarm have opposing influences on a kinase signaling pathway. Beta-galactosidase expression in motoneuron cell bodies in the dorsal midline of the ventral nerve cord of larvae containing the puc-lacZ reporter for JNK signaling (Martín-Blanco et al., 1998). In all conditions, BG380-Gal4 was used to drive the expression of a similar number of control and experimental UAS lines together with UAS-Dcr2 to aid RNAi efficiency. All compared animals are male hemizygous for BG380-Gal4 on X. (A, B) To evaluate the effect of inhibiting JNK on puc-lacZ expression, UAS-Raw-RNAi or UAS-LexA-RNAi (control-RNAi) was coexpressed with either UAS-BsKDN or UAS-Luciferase (ctrl). (C, D) To evaluate the effect of Fos inhibition, UAS-Raw-RNAi or UAS-LexA-RNAi (control-RNAi), was coexpressed with either UAS-FosDN or UAS-Luciferase (ctrl). (E, F) The requirement for JNK in puc-lacZ induction was evaluated in UAS-dSarm-GFP vs. UAS-lexA-RNAi (control), coexpressed with either UAS-BsKDN or UAS luciferase-RNAi (ctrl). (G, H) The requirement for Fos was evaluated for UAS-dSarm-GFP vs. UAS-Luciferase (control), coexpressed with either UAS-FosDN or UAS-lexA-RNAi (ctrl). Scale bars are 20 μm. The one-way ANOVA statistical test with Tukey correction for multiple comparisons was used for statistical comparisons. Error bars show 95% confidence interval.




dSarm is not downstream of Raw in the regulation of synaptic growth

To better understand the opposing relationship of Raw and dSarm in synapse regulation, we asked whether dSarm is required for the synaptic overgrowth phenotype of raw knockdown in motoneurons. We used two different genetic reagents to inhibit dSarm function. First, we used a dominant-negative allele of dSarm (Herrmann et al., 2022), referred to here as dSarm-DeltaTIR. This Crispr/Cas9 engineered mutation replaces endogenous dSarm with dSarm-Delta-TIR, which retains dSarm's ARM and SAM domains but lacks the catalytic TIR domain. dSarm-DeltaTIR homozygous animals die as third-instar larvae (Herrmann et al., 2022). However, since the ARM and SAM domains facilitate oligomerization and regulation of the holoenzyme (Gerdts et al., 2013; Sporny et al., 2019, 2020; Bratkowski et al., 2020; Jiang et al., 2020; Shen et al., 2021), dSarm-DeltaTIR can dominantly inhibit endogenous dSarm function; dSarm-DeltaTIR/+ heterozygotes show a delay in Wallerian degeneration of injured olfactory neuron axons (Herrmann et al., 2022) and motoneuron axons (Supplementary Figure 3A). The second reagent was a dSarm-targeted guide RNA; co-expression of dSarm-gRNA with UAS-Cas9 (driven by M12-Gal4) led to the expected phenotype for somatic knockout of dSarm of delayed Wallerian degeneration (Supplementary Figure 3B). We then introduced dSarm-DeltaTIR and dSarm gRNA into the background of raw-RNAi expressing motoneurons (Figure 5). Neither manipulation to inhibit dSarm altered the NMJ defects caused by raw knockdown (Figure 5). Similarly, the elevated puc-lacZ expression in raw-RNAi neurons was also not affected by knockout or heterozygous mutations in dSarm (Figure 6). Therefore, the regulation of synaptic structure by Raw does not require dSarm and hence may occur downstream or independently of dSarm.
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FIGURE 5
 dSarm is not downstream of Raw in regulating the NMJ. Presynaptic membranes of neuromuscular junctions are visualized by expression of UAS-mCD8-GFP using D42-Gal4, with co-staining of cysteine string protein (CSP) for visualization and quantification of synaptic vesicles. Dcr2 co-expressed for RNAi efficiency. (A–C) UAS-raw-RNAi is used to knockdown raw in comparison to UAS-lexA-RNAi (control-RNAi) in either a wildtype (WT) or dSarm LOF mutant heterozygote background [which is sufficient for delaying degeneration, (Herrmann et al., 2022)] and Supplementary Figure 2A]. (D–F) UAS-raw-RNAi or UAS–lexA-RNAi (control) was expressed via D42-Gal4 in either WT motoneurons or in motoneurons with cell-specific Cas9-mediated knockout of the dSarm locus using the dSarm-3x-guide RNA. Cas9 is expressed in panels D-F for gRNA-mediated gene knockout. All scale bars are 20 μm. The one-way ANOVA statistical test with Tukey correction for multiple comparisons was used for panels (B, C, E, F). Error bars show 95% confidence interval.



[image: Figure 6]
FIGURE 6
 Raw-regulated nuclear JNK signaling persists following disruption of dSarm. Beta-galactosidase expression in motoneuron cell bodies in the dorsal midline of the ventral nerve cord for beta-galactosidase in larvae containing the puc-lacZ reporter for JNK signaling. The BG380-Gal4 driver was used in hemizygous males to drive an equal number of UAS-transgenes in all conditions, together with UAS-Dcr2 for RNAi efficiency. Cas9 is expressed in panels (C, D) for gRNA knockout. (A, B) dSarm function was inhibited in dSarmΔTIR heterozygous mutants, which inhibit Wallerian degeneration (Herrmann et al., 2022) raw-RNAi vs. lexA-RNAi (control-RNAi) animals. (C, D) CRISPR/Cas9 knockdown of dSarm, which inhibits Wallerian degeneration (Supplementary Figure 3B), was evaluated for its effect on puc-lacZ expression in Raw-RNAi vs. lexA-RNAi (control-RNAi) animals. Scale bars are 20 μm. The one-way ANOVA statistical test with Tukey correction for multiple comparisons was used for statistical tests. Error bars show 95% confidence interval.




Raw regulates synaptic growth independently of the Ask1 kinase

Previous studies of dSarm and its C. elegans homolog TIR-1 have identified the MAPKKK Ask1 as an important mediator of downstream signaling (Chuang and Bargmann, 2005; Brace et al., 2022; Ding et al., 2022). To further understand the relationship between Raw and dSarm, we asked whether the axonal and synaptic phenotypes of Raw were also dependent upon Ask1. To inhibit Ask1, we used a UAS-Ask1 RNAi line that has been previously shown to strongly suppress synaptic overgrowth in dSarm over-expressing animals (Brace et al., 2022). This RNAi line showed a mild inhibition to axonal degeneration on its own but failed to alter the axonal degeneration or synaptic phenotypes caused by loss of Raw (Figure 7). These observations further suggest that Raw regulates synaptic growth independently (and potentially downstream) of dSarm/Ask1 signaling (Figure 8).


[image: Figure 7]
FIGURE 7
 Raw acts independently of Ask1 in regulating degeneration and NMJ structure. (A–C) NMJ measurements taken from Muscle 4 within segments 3–5 of the larval body wall. UAS-raw-RNAi or UAS-lexA-RNAi (control-RNAi) was expressed with either UAS-ask1-RNAi or UAS-luciferase-RNAi (ctrl) along with UAS-Dcr2 and UAS-mCD8-GFP using D42-Gal4 as the driver. Larvae were co-stained for cysteine string protein (CSP) to label synaptic vesicles. The ask1 RNAi line was used previously to show that Ask1 acts downstream of dSarm in regulating NMJ growth (Brace et al., 2022). (D, E) Distal severed axons 20 h post-injury (HPI) in third instar larvae expressing UAS-raw-RNAi or UAS-lexA-RNAi (control-RNAi) with either UAS-ask1-RNAi or UAS-luciferase-RNAi (ctrl) along with UAS-Dcr2 and UAS-mCD8-GFP using M12-Gal4 as the driver. Scale bars are 20 μm. The one-way ANOVA statistical test with Tukey correction for multiple comparisons was used for panels (B, C, E). Error bars show 95% confidence interval.



[image: Figure 8]
FIGURE 8
 Raw and dSarm have distinct functional relationships in the regulation of synaptic growth and axonal degeneration. First, Raw opposes a signaling function of dSarm (in purple), which promotes Fos-dependent expression of genes that influence the resiliency of axons to degeneration and synaptic growth (turquoise). This pathway is restrained under normal conditions (in wild-type uninjured neurons); however, the loss of Raw or over-expression of dSarm leads to its activation. The Fos-dependent genes are thus far not known but are inferred to be co-regulated with the puc-lacZ reporter. In the middle panel, Raw has a contrasting relationship with dSarm in promoting (not opposing) axonal degeneration, shown in orange. In this case, Raw promotes the localization of dSarm to axons where its catalytic activity leads to metabolic rundown and Wallerian degeneration.





Discussion

In a previous study, we discovered that the transmembrane protein Raw regulates axonal degeneration by regulating a nuclear signaling pathway (Hao et al., 2019). In this study, we considered the potential mechanistic relationship between Raw and dSarm, the Drosophila ortholog of the SARM1 (sterile alpha and TIR motif-containing protein 1) enzyme. In addition to its central role in driving metabolic catastrophe and degeneration in axons by breaking down NAD+, SARM1 functions as an evolutionarily conserved scaffold of MAP kinase signaling (Waller and Collins, 2022). In C. elegans, the Raw ortholog OLRN-1, functionally antagonizes the UNC-43–TIR-1–ASK1–NSY-1 MAP kinase signaling pathway, engaged by the SARM1 ortholog TIR-1 (Chuang and Bargmann, 2005; Bauer Huang et al., 2007; Inoue et al., 2013; Foster et al., 2020).


Raw antagonizes a dSarm-mediated signaling pathway that regulates synaptic growth

Here, we found that Raw antagonizes a functional output of dSarm-triggered signaling at the Drosophila larval NMJ. Specifically, both RNAi knockdown of Raw and overexpression of dSarm lead to synaptic overgrowth phenotypes that require the JNK MAP kinase and Fos transcription factor and coincide with the induction of a transcriptional reporter for JNK signaling (puc-lacZ). These observations imply the existence of a transcriptional state that is induced by dSARM-mediated signaling and restrained by the action of Raw.

This state is associated with the growth of the synaptic terminal at the expense of synaptic organization. In Raw-RNAi-depleted neurons, synaptic boutons and synaptic vesicle-associated proteins are barely detectable, while the labeled axonal membrane is strongly increased. The total membrane surface area of the NMJ terminus is increased, suggesting a state of membrane growth. dSarm over-expression induces similar, though milder, synaptic phenotypes; this may be due to strong restraint by Raw under normal conditions. While this state is normally restrained in larval motoneurons, we speculate that it may be engaged in a developmental context since the growth of the axon and maturation of synaptic structures are tightly orchestrated during circuit development. In support of this idea, a recent study found that restraint of dSarm/SARM1 function by Wnk kinases (in both Drosophila and mammalian neurons) influences the branching and stability of axons (Izadifar et al., 2021), suggesting an instructive role for SARM1 and its regulation during development. Whether these functions are also mediated by the ASK1 kinase, Fos transcription factor, and/or inhibited by Raw is a topic for future study.

Synaptic growth and axonal degeneration may be mechanistically coupled at the level of cell adhesion. It is interesting that developmental pruning of Drosophila axons requires destabilization of adhesion regulated by JNK signaling (Bornstein et al., 2015), while a previous study has shown that Raw regulates adhesion (together with JNK signaling) during gonad morphogenesis (Jemc et al., 2012). A functional target of Raw and JNK during gonad development, DE-cadherin, did not modify the axonal degeneration or synaptic overgrowth phenotypes for raw (TJ Waller and CA Collins, unpublished observations); however, JNK may regulate different adhesion proteins in axons [including Fas II, (Bornstein et al., 2015)].

How might Raw mechanistically antagonize dSarm-mediated signaling? Inhibition or knockdown of dSarm did not restrict synaptic overgrowth or transcriptional reporter activation induced by loss of Raw. Similarly, RNAi knockdown of Ask1, which inhibits synaptic overgrowth caused by dSarm overexpression (Brace et al., 2022), fails to inhibit synaptic phenotypes caused by raw knockdown. These genetic data imply that Raw is not an upstream regulator of dSarm/Ask1-mediated signaling. Following the genetic interactions between OLRN-1 and TIR-1 in C. elegans (Bauer Huang et al., 2007; Foster et al., 2020), we propose that Raw restrains a separate event that is required for the execution of dSarm/Ask1 mediated signaling (Figure 8). This event would involve Fos-dependent transcription, consistent with the well-known role of Raw in antagonizing the transcriptional activity of AP-1, a downstream regulator target of JNK signaling (Bates et al., 2008; Jemc et al., 2012; Zhou et al., 2017; Luong et al., 2018; Hao et al., 2019).

The mechanism(s) by which Raw, a transmembrane protein (Lee et al., 2015) achieves these cellular functions remains a challenging question. Some structure/function studies have been undertaken for Raw and its C. elegans homolog OLRN-1 (Bauer Huang et al., 2007; Lee et al., 2015; Rui et al., 2020). Interestingly, the Raw-homology domain of OLRN-1 is required for its role in regulating left-right asymmetric cell fate (Bauer Huang et al., 2007), and this domain is structurally predicted to contain a TIR domain. While TIR domains mediate interactions with other TIR domains (Nimma et al., 2017), we do not see colocalization of Raw and dSarm (data not shown). Moreover, the genetic interactions observed in this study and others can be achieved by a function for Raw downstream of dSarm in the absence of any direct physical interaction. While expression of a UAS-Raw transgene can rescue raw loss-of-function phenotypes for axonal degeneration (Hao et al., 2019) and synaptic overgrowth (this study), we also failed to detect any apparent gain-of-function phenotypes for Raw in either the regulation of synaptic growth or axonal degeneration (TJ Waller and Yan Hao, unpublished communication). This adds further challenge to understanding the role of individual domains of Raw in these functions.



Relationship of Raw and dSarm in the regulation of axonal degeneration

While Raw antagonizes dSarm-mediated signaling to restrain synaptic growth, it shows a puzzlingly opposite relationship with dSarm in the regulation of axonal degeneration. One aspect of this complexity may stem from the dual functions of the dSarm enzyme in regulating both acute NAD+ rundown in axons and nuclear signaling via Ask1/MAP kinase signaling. Nuclear signaling downstream of dSarm may not be sufficient to influence Wallerian degeneration of acutely injured axons, which are by default separated from the nucleus. However, recent studies in C. elegans have shown a protective role for TIR-1/ASK1 mediated signaling in axons (Ding et al., 2022; Czech et al., 2023). We propose that transcriptional targets of this signaling pathway, restrained by Raw/olrn-1 and activated by TIR-1/ASK1 signaling, may be functionally relevant for organizing adaptive responses to stressors in axons such as energy depletion or impairments in axonal transport. If this is the case in mammalian axons, it would be an important consideration for therapeutic strategies that target the SARM1 enzyme, particularly since the therapeutic potential of SARM1 inhibitors is aimed at inhibiting axonal loss in the context of chronic stresses rather than acutely injured axons. Identification of the downstream targets of dSARM signaling and Raw regulation that mediate axonal protection and synaptic overgrowth is an important future endeavor.

The role of Fos in the protection of injured axons complicates our understanding of additional genetic relationships between Raw and dSarm. Notably, we observed that Raw depletion leads to a reduction in the levels of dSarm-GFP localized to axons. While this could in theory provide an attractive explanation for Raw's role in promoting degeneration, we also observed that inhibiting Fos, which partially inhibits Raw's protective phenotype also leads to reduced levels of dSarm-GFP in axons. We infer that the protective state regulated by Fos in Raw-depleted neurons works independently of dSarm localization in axons. Moreover, the sheer levels of dSARM in axons per se are not predictive of its degenerative activity. This is consistent with recent findings that SARM1 accumulates within injured proximal axons (which do not undergo Wallerian degeneration) following spinal cord injury (Choi et al., 2022).

We note that while the synaptic overgrowth defects of raw RNAi-depleted neurons are fully rescued by inhibition of Fos, the protection from degeneration is only partially rescued. This leaves room for the regulation of dSarm localization, or some other yet unknown cellular action of Raw, to function additively with the Fos-dependent signaling that is restrained by Raw. In addition to counteracting MAPK signaling and restraint of AP-1, JNK and Fos-independent functions have been identified for Raw in the regulation of dendrite morphogenesis and pruning (Lee et al., 2015; Rui et al., 2020), suggesting candidate Fos-independent mechanisms for dSarm localization and/or axonal degeneration by Raw.

In summary, we found that Raw regulates at least two functional outputs of dSarm: the degeneration of injured axons and the regulation of synaptic growth. This regulation appears to involve at least two independent mechanisms. One mechanism is by antagonizing a Fos-dependent transcriptional response that is induced by dSarm and ASK1-mediated signaling (Figure 8). This relationship is saliently illustrated in the synaptic overgrowth phenotypes caused by the loss of Raw or overexpression of dSarm. In contrast, axonal degeneration may be regulated by the combined actions of dSarm's enzymatic NADase activity and its signaling functions in addition to the regulation of dSarm localization. Together, these observations suggest that Raw, dSarm, and Fos influence each other's functions through multiple points of regulation. This multiplicity may enable flexible mechanisms for neurons to orchestrate development and stress response to control the structure and resilience of axons.
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SUPPLEMENTARY FIGURE 1.
Effect of raw knockdown on NMJ structure and Futsch. Representative images of Muscle 4 NMJs from third instar larvae. UAS-mCD8-GFP was expressed in all motoneurons by D42-GAL4. Larvae were co-stained for Futsch (22C10, DHSB). Arrows indicate filopodia-like structures. Dcr2 was expressed in all panels for RNAi efficiency. The scale bar is 20 μm. Error bars show 95% confidence interval.

SUPPLEMENTARY FIGURE 2.
Overexpression of Raw rescues NMJ phenotypes of Raw RNAi. Co-expression of UAS-GFP-Raw rescues overgrowth and relative CSP decrease of Raw RNAi. (A) UAS-Raw-RNAi is co-expressed with UAS-mCD8-RFP and UAS-Dcr2 (for RNAi efficiency), together with UAS-GFP-Raw or UAS-Luciferase (control) via the D42-Gal4 driver. The scale bar is 20 μm. The two-tailed unpaired t-test was used for panels (B, C). Error bars show 95% confidence interval.

SUPPLEMENTARY FIGURE 3.
Validation of loss-of-function manipulations in dSarm. MNSNc axons are visualized using the mCD8 membrane marker transgene (tagged with either RFP or GFP) driven by m12-Gal4 and assayed for Wallerian degeneration at 20 h postinjury. (A, B) Heterozygous dominant negative mutations of dSarm's catalytic TIR domain, dSarmDeltaTIR/+, were compared to the control (w118) background. (C, D) CRISPR/Cas9 knockdown of dSarm was carried out by co-expression of dSarm-3x-gRNA with UAS-Cas9 using the m12-Gal4 driver. Control flies express a gRNA that targets the QUAS sequence (not present in these flies). The scale bars are 20 μm. The two-tailed unpaired t-test was used for panels (B, D). Error bars show 95% confidence interval.
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