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Abstract

Axon degeneration is a prominent feature of the injured nervous system, occurs across
neurological diseases, and drives functional loss in neural circuits. We have seen a paradigm
shift in the last decade with the realization that injured axons are capable of actively driving
their own destruction through the sterile-alpha and TIR motif containing 1 (SARM1) protein.
Early studies of Wallerian degeneration highlighted a central role for NAD* metabolites in axon
survival, and this association has grown even stronger in recent years with a deeper understanding
of SARML1 biology. Here we review our current knowledge of SARM1 function /in vivo, and our
evolving understanding of its complex architecture and regulation by injury-dependent changes
in the local metabolic environment. The field is converging on a model whereby SARM1 acts as
a sensor for metabolic changes that occur after injury, and then drives catastrophic NAD* loss
to promote degeneration. However, a number of observations suggest that SARM1 biology is
more complicated, and there remains much to learn about how SARM1 governs nervous system
responses to injury or disease.

Introduction

Axon degeneration occurs after neural injury and is a common feature of several acute

and chronic, sporadic and familial neurological disorders including multiple sclerosis (MS)
[1], spinal muscular atrophy (SMA) [2], amyotrophic lateral sclerosis (ALS), Parkinson’s
disease (PD), Traumatic Brain Injury (TBI), stroke and myelin disorders [3]. It also

occurs in peripheral neuropathies associated with chemotherapeutic regimens and in
diabetes and genetic peripheral neuropathies (e.g. Charcot-Marie Tooth disease). Axonal
degeneration drives the progressive loss of neurological function in patients suffering

from neurodegenerative conditions [4—6], with functional loss in part resulting from the
breakdown of circuit integrity. Despite its broad association with several diseases, we are
only beginning to understand the molecular mechanisms that drive axon degeneration in any
context. A comprehensive elucidation of molecules/pathways that drive axon degeneration,
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and, ultimately, therapeutic blockade of these pathways to preserve axon integrity in patients
are central goals for the field.

The characterization of the Wallerian degeneration (WD) pathway as axon-intrinsic, injury
activated molecular pathway has re-invigorated an interest in targeting axon degeneration in
human disease. Central to the pathway is mammalian SARM1 (dSarm in Drosophila, TIR-1
in C. elegans), a primary regulator of axon auto-destruction [7¢, 8¢, 9¢]. Significant progress
has been made over the last decade in defining the phenotypic consequences of SARM1
loss, SARM1 enzymology and signaling, and how NAD* metabolites regulate SARM1
activation. This review will discuss new roles for SARML in the injured nervous system,
how new molecular knowledge about SARM1 enzymology and structure can be reconciled
with /n vivo function and highlight key questions for the future. The role of SARML1 in
neurological diseases was recently reviewed [6], and will not be covered here.

How does Sarml signal in vivo?

Axotomy separates a distal axon stump from its cell body. After a latent phase, distal stumps
undergo sudden and explosive fragmentation (WD). Two factors that likely drive WD are
increases in axonal calcium [10] and depletion of NAD*/ATP [11]. In many experimental
systems, axonal calcium levels increase dramatically immediately prior to degeneration, and
blockade of calcium entry can significantly extend axon survival [12], but precise role(s) for
calcium in driving axon degeneration remain elusive [13].

The role for SARML in axon degeneration was first discovered in a screen for Drosophila
mutants that blocked WD [7¢]: null alleles of Sarm1 blocked WD for the lifespan of the fly.
Initial models for SARML signaling were built from elegant studies of TIR-1 (C. elegans
Sarm1) [14]. TIR-1 (and dSarm/ SARM1) has three primary structural features: an N-
terminal ARM, two SAM, and a C-terminal TIR domain. TIR-1-mediated signaling occurs
via activation of the upstream UNC-2 Ca?* channel, which leads to activated CamK-11
binding the N-terminal auto-inhibitory ARM domain of TIR1, resulting in the re-localization
of the TIR-1 to the post-synapse via its SAM domains, where the TIR domains promotes
MAPK signaling (Figure 1).

The potent neuroprotective effects of Sarm1 null mutations are well conserved in mouse
[7+,8¢], and deletion of the auto-inhibitory ARM domain of SARML in flies [9¢] or mice
[8¢] results in spontaneous axon degeneration, demonstrating that SARML is necessary

and in some cases sufficient for axon destruction. In fact, all components of the TIR-1
pathway are well conserved from worms to mammals (Figure 1). Given the role of calcium
in axon degeneration, it is intriguing that TIR-1 is genetically downstream of the UNC-2
voltage-gated calcium channel. However, in contrast to the TIR-1mediated signaling events
studied in C. elegans (left-right asymmetry), null alleles of the Drosophila orthologs of
TIR-1 signaling pathway components fail to block WD in vivo [7¢,9,15¢¢]. In mammals,
blockade of MAPK signaling or downstream targets partially suppresses axon degeneration
[16,17], but this level of protection does not approach that in SARMI null animals, and WD
phenotypes of other components of the TIR-1 pathway have not been reported.
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The precise role of MAPK signaling in SARM1-mediated axon degeneration is not

fully understood. Components of the MAPK signaling cascade (MKK4 and MKK?7) are
phosphorylated within 15 minutes after axotomy, and this is SARM1-dependent [16],
demonstrating a role for SARM1 upstream of MAPK early in axonal responses to injury.
MAPK phosphorylation then decreases a few hours after axotomy, and remains low,
although axon degeneration occurs much later in the same cells [16]. Loss of MKK4 and
MKK7 delays axotomy-induced axon degeneration [16] and depletion of NAD™ and ATP
in axons [18]. However, while activation of a gain-of function SARM1 molecule led to
phosphorylation of MAPK components [18,16], loss of MKK4 and MKK?7 inhibited axon
degeneration only partially [16] or not at all [18]. The latter observation has been used to
argue that MAPK signaling is, instead, upstream of Sarm1.

Significant progress has been made in exploring the upstream regulator of the WD pathway,
Nmnat2, an NAD* biosynthetic enzyme that is a survival factor normally transported down
the axon (Figure 2). Nmnat2 generates NAD™ from NMN [19]. Nmnat2 is labile, so
axotomy results in the eventual depletion of existing Nmnat2 pools in distal axon stumps
— potentially explaining the latent phase between axotomy and degeneration. Nmnat?2

loss results in both decreased axonal NAD* and increased NMN [20]. NAD* depletion is
potentially energetically catastrophic for axons, and NMN is in fact toxic to axons [20,21].
The exciting recent discoveries that SARM1 itself can rapidly drive NAD" depletion
[22¢,23¢¢] through an intrinsic NAD* hydrolase activity in its TIR domain [23ee], revealed
an unexpected and important direct link between SARM1 and NAD* loss. Current models
now propose SARM1 NADase activity drives an already sick (i.e. high NMN, low NAD™)
axon over the edge to final auto-destruction (Figure 2). Additional central roles of NAD*,
NMN, and Nmnat molecules in axon survival have been highlighted by extensive studies of
the WIdS molecule, and are discussed in detail elsewhere [6].

dSarm signals in two phases —early with MAPK and late with Axundead

Some clarity on the complex interaction between Sarm1 and MAPK signaling recently came
from work in Drosophila [15¢]. In the Drosophila L1 wing nerve it is possible to injure

a subset of neurons, then examine the responses of both distal severed axon stumps and
intact neighboring neurons (termed “bystanders”), with single cell/axon resolution. Within
hours after injury of even a small number of axons, the transport of autophagosomes,
lysosomes, and synaptic vesicles along axons are strongly suppressed in severed distal axons
stumps. Surprisingly, transport is also blocked in neighboring, uninjured bystander neurons,
as is their mechano- or chemosensory function. This observation revealed that partial nerve
injury not only affects injured axons, but also neighboring intact bystander neurons. This
raises an important point regarding how functional loss occurs in the nervous system. We
generally envision functional loss to result from the breakdown of physical connections

in circuits. This “bystander effect” indicates suppression of neuronal function after injury
extends beyond injured neurons. If similar effects occur in neurodegenerative disease, this
should force us to reconsider the cellular basis of functional loss in patients. This bystander
effect can be observed in mammals after partial sciatic nerve injury [24] or mouse models
of traumatic brain injury (TBI) [25]. Whether this occurs in Sarm1 knockout animals is an
exciting, unanswered question. Interestingly, support for this idea comes from studies of

Curr Opin Neurobiol. Author manuscript; available in PMC 2022 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sambashivan and Freeman Page 4

TBI: while wild type mice show behavioral defects within hours after mild closed-head TBI,
Sarm1 null animals behaved like pre-injury controls almost immediately after TBI [26].

The rapid blockade of axon transport observed in Drosophila (termed “Phase 1”) (Figure

3) is driven cell autonomously in all axons by dSarm: dsarm null mutants maintain

axon transport in severed axon stumps and (unexpectedly) in intact bystanders. However,
the BTB/Back domain molecule Axundead (Axed) is not involved, despite the absolute
requirement later in dSarm-mediated axon degeneration (termed “Phase 11”). Interestingly,
components of the TIR-1-like MAPK signaling cascade are also required cell-autonomously
for all blockade of neural function during Phase I. Given the fact null alleles of components
of the TIR-1 MAPK cascade fail to block WD in Drosophila [7+,9,15¢¢], this argues

that TIR-1-like MAPK signaling predominates early in axonal responses to injury, rather
than driving axon death itself, and that dSarm drives axon degeneration later via NAD*
hydrolysis and Axundead [15¢¢] (Figure 3).

Insights into SARM1 activation from structural biology

Emerging data on the structure, enzymatic function, and regulation of SARML1 are also
growing our understanding of this complex metabolic sensor and axon death executioner.

As discussed above, SARML is a structurally complex, multi-domain protein with an
auto-inhibitory ARM domain, tandem oligomerization SAM domains and a catalytic

TIR domain [8,14,27]. The multi-domain architecture of the full-length protein with

flexible inter-domain interactions has made elucidation of high-resolution x-ray structures
challenging. Crystal structures of single domains in isolation while important, have fallen
short in informing the overall architecture of the inactive and active states of SARM1

and the molecular transitions from the inactive to active state [28e,29¢]. Several lines of
evidence strongly support the hypothesis that the oligomerization of the TIR domains is

a pre-requisite for catalytic activity [8,22,23,30,31¢¢]. In the absence of high-resolution
structures of full-length SARM1, the initial hypothesis was that full-length SARM1 exists as
a monomer in solution with the auto-inhibitory ARM domain preventing the oligomerization
of the tandem SAM domains which in turn prevents the oligomerization of the catalytic

TIR domain. The first high-resolution cryo-EM structure of full-length, inactive SARM1
revealed that to the contrary, full-length SARML1 is a pre-assembled octamer in its inactive
state [31e¢]. As in the x-ray structure of the SAM domains alone [29+,32], the tandem

SAM domains in the full-length structure also assume a closed ring architecture forming a
do-octameric stacked core. Decorating the periphery of this complex are ARM-TIR units.
This novel structure instantly clarified many aspects of SARM1 activity. While the assembly
of the SAM domains is likely an important step en route to assembly of an active complex
and disrupting the SAM domain assembly by mutating several key residues in the SAM-
SAM and SAM-ARM interaction interfaces results in the loss of SARM1 catalytic activity
[29¢,319¢,32], it is clearly not the rate-limiting step. Instead, the pre-assembled octameric
inactive state ensures that enzyme is primed to rapidly transition from an inactive to active
state upon injury. What then is the key driver of retaining SARML1 in an inactive state?

The overall high-resolution of the cryo-EM structure led to the identification of a critical
ARM-TIR lock that traps SARML1 in inactive state. The ARM-TIR lock ensures that the
TIR domains stay spatially separate (~25A apart), disfavoring the formation of productive
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active sites that likely require the TIR domains to come into proximity. The release of this
lock by mutating key residues in the ARM domain is sufficient to allow this pre-assembled
oligomeric complex to switch from inactive to catalytically active and cause extensive
axon destruction. Thus, the first cryo-EM structure of full-length SARM1 explained some
important aspects of SARM1 biology and identified important regulatory elements in the
protein.

The identification of the ARM-TIR lock was followed by the identification of an allosteric
pocket in SARM1 distant from the ARM-TIR lock site, but still in the ARM domain, that
was shown to bind NAD* and NMN [28¢,33¢]. While both NAD* and NMN appear to

bind in the same allosteric pocket, there are notable differences in the interactions between
each of the metabolites and key residues in the ARM domain of SARM1. NMN has been
previously identified as a potential endogenous activator of SARML1 [34]. The identification
of the allosteric pocket that binds to both NAD* and NMN leads to the logical hypothesis
that under normal physiological conditions, when NAD™ is present at much higher levels
compared to NMN, NAD™ binds to the allosteric pocket and stabilizes the inactive state.
Upon injury, NMNAT2 depletion results in a reduction in NAD™ and a local/transient
increase in NMN. This increase in the NMN/NAD? ratio along with the higher affinity of
NMN for SARM1 compared to NAD™* can result in replacement of the NAD* with NMN in
the ARM allosteric pocket and subsequent activation of enzymes by potentially breaking the
ARM-TIR lock.

While the identification of the allosteric metabolite binding pocket is important, the exact
conformational changes that result in the breaking of the ARM-TIR lock upon NMN binding
remains unclear. Despite efforts by several groups, the structures of NMN-activated, full-
length SARM1 have not been resolved to date. It also remains to be seen if the structural
observations can be reconciled with the /77 vivo levels of these key metabolites in normal
and disease states. For instance, are NAD™ levels in cells normally high enough to stabilize
the ARM domain? Levels of NAD* found in living cells range from 200 nM to 500

UM. If correct, it is unclear how the allosteric pocket is inhibited by NAD* under these
conditions. Likewise, NMN levels appear to be in the 10-20 nM range in axons even 6
hours after axotomy (just prior to degeneration)[35] while 2-6 UM of NMN is required
for activation of Sarm1 NADase activity [28¢,31¢¢]. It is possible that local concentrations
of NAD* or NMN can reach levels necessary for inhibition or activation in cells and

in vivo [11]. It is also conceivable that additional upstream signaling elements including
the MAPK pathway might play an important role in activating SARM1. For instance, it

is curious that NMN activation of full-length SARML1 in vitroresults in lower hydrolase
activity compared to ARM-deleted SARML1. Do other components in the MAPK pathway
cause additional structural changes in SARML1 that are necessary for activity [36]? Does
phosphorylation of SARM1 by the MAPK pathway in the first wave prime the enzyme for
activity whereby when local NMN levels increase in the second wave, the enzyme may
become fully active? In addition, mutations that release the ARM-TIR lock in full-length
SARM1 are not as active as ARM-deleted, constitutively active SARM1, again suggesting
that additional structural changes may be necessary to confer complete hydrolase activity.
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The tight regulation of SARML1 by the local metabolic environment is further supported

by the observation that high concentrations of Nicotinamide (NAM), one of the products

of the NAD™ hydrolysis reaction, inhibits SARM1 [23,31¢]. Product inhibition has been
observed for several other NAD* hydrolases including CD38, the NAD™ hydrolase most
closely related to SARM1, as well as some members of the PARP and SIRTuin families [37-
39]. Thus, SARM1 is a potent axon death factor whose death function is tightly regulated

by changes in the local metabolite milieu. This now leads to the next question - is just

a depletion of NAD™* adequate to drive catastrophic axon fragmentation or is the NAD*
hydrolysis merely the first event in the assembly of a larger death complex? Is cADPR,
another product of the NAD* hydrolysis reaction functioning as a second messenger
triggering downstream signaling changes that contribute to greater calcium influx and
activation of Phase Il Sarm1 signaling, ultimately resulting in catastrophic axon destruction?
Previous work has shown a drop in NAD* and ATP beginning ~4 hours after axotomy in
cultured mouse DRG neurons, with levels approaching zero by 6 hours, the time of axon
degeneration [11]. This is also accompanied by an increase in CADPR [40]. This tight
temporal association between axon degeneration and a drop in NAD*/ATP was identified
almost two decades ago and implies that axon degeneration and energetic catastrophe are
indeed tightly linked.

Despite significant advances in elucidating the inactive structure of SARM1 summarized
above, the active state(s) of SARM1 have remained surprisingly elusive. If the active state
of SARML1 results in the oligomerization of the TIR domains, one could argue that this

may improve the likelihood of resolving cryo-EM structures of active, full-length SARM1.
However, the opposite has been true. Cryo-EM structures of ARM-deleted SARM1 and
NMN-activated SARM1 have revealed that while the SAM domains continue to be well-
resolved, the TIR domains cannot be assigned unambiguously [31e¢]. This lack of resolvable
high-quality density for TIRs in the active structure is surprising. Further, the active forms
of the protein appear to remain octameric in solution. Hence, it is unclear if the TIRs

come together in a higher-order oligomeric assembly upon removal of the auto-inhibitory
ARM domain and if this were the case, would these interactions be transient and reversible/
irreversible? The structure of the TIR domain alone has also not resulted in a better
understanding of the active site or why an oligomeric state is active where a monomeric
state is not [29+]. Finally, it is tempting to hypothesize that the TIR domains can both
homo-oligomerize and hetero-oligomerize where the first order oligomerization involves
homo-oligomerization resulting in the initial NAD* hydrolysis event which then drives

a second-order oligomerization event involving the re-arrangement of the complex and
recruitment of other TIR containing proteins ultimately resulting in the formation of a death
complex. Other mammalian TIRs such as Myd88 and TLR4 have been known to hetero-
oligomerize and form larger functional complexes and signalosomes, impacting multiple
signaling pathways including MAPK signaling. While little is known or understood about
what happens following NAD* hydrolysis leading up to catastrophic axon degeneration,
what is clear is that the NAD* hydrolysis aspect of SARM1 functioning is only one part of
the SARM1 axon degeneration story and what happens downstream of the NAD* hydrolysis
event is yet to be uncovered.
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Reconciling current models with structural and enzymology data, and in vivo biology?

It is not clear how SARML gets activated at each phase of signaling. In the context of axon
degeneration, the substrates of both Nmnat (NMN) and Sarm1 (NAD™) have been proposed
as regulators of SARML1. At least /in vitro, NAD* stabilizes the ARM domain to repress
SARM1 NADase activity [32,33¢], and NMN destabilizes the ARM domain to potentially
promote it [28¢,31¢¢]. A simple model is that Nmnat turnover in severed axons increases
NMN and decreases NAD*, and SARML1 is activated. This two-trigger model (high NMN,
low NAD*) depending on Nmnat is consistent with the observations in multiple species that
Nmnat loss drives SARM1-dependent axon degeneration [9e, 41], while NMN deamidase
(which breaks down NMN) suppresses WD [15¢¢,20,21]. If increases in NMN and a drop
in NAD™ are required simultaneously, this might also explain why dramatically increasing
NMN levels is not sufficient to induce axon degeneration [35].

There is a complex interaction between Nmnat, SARM1, and MAPK immediately

after injury during Phase I. SARM1-mediated MAPK signaling is activated within 15
minutes after axotomy [16], although neither Nmnat depletion nor a drop in NAD™ have
been observed by this early time point [15¢¢][11,19]. So what is activating SARM1

and MAPK? /n vivo Phase | signaling in Drosophila does not require dSarm NAD*
hydrolase activity or Axed [15¢¢], both of which are absolutely essential for Phase |1

axon degeneration [15e¢,23¢¢]. Instead, it requires the TIR-1-like MAPK signaling cascade,
including transduction through the voltage gated calcium channel (VGCC) Cacophony
[15¢¢]. Based on timing and genetic data, it seems reasonable to assume that dSarm and
SARM1 interact with MAPK components in Phase | responses to axotomy in a manner
analogous to TIR-1 signaling in worms—the VGCC Cacophony signals through CamK-11 to
activate dSarm, and ultimately MAPK.

How do glia spread injury signals to bystander neurons? This requires glia sensing the
injury, which somehow involves Draper/MEGF10 and JNK (Figure 3). This is puzzling

as Draper primarily functions as an engulfment receptor [42,43], although non-phagocytic
roles for Draper and MEGF10 have been described [44,45]. Drosophila dSarm can signal
downstream of a Toll-like receptor to promote inflammatory-like signaling in glia [46], and
such a signaling cascade could be utilized to activate early MAPK signaling in axons. More
puzzling is the observation that glial cells can potently suppress axon transport and sensory
function in uninjured bystanders—how does a glial cell tell a neuron to stop functioning?
If dSarm NAD™* hydrolase activity is not driving early Sarm1-mediated MAPK signaling
events, what is? (It remains to be determined if mammalian SARM1 promotes early
suppression of neurophysiology, and if so, whether that depends on the NAD™ hydrolase
function.) Could SARM1 act as a scaffold for MAPKs? To our knowledge direct binding
of MAPK components to SARM1 has not been demonstrated in any system, so thus far

it appears their interactions are likely indirect. The direct connection between SARM1

and MAPK signaling remains poorly defined. Finally, it is notable that dSarm signaling
during Phase | is reversible. Bystander neurons, although they use dSarm to signal, recover
eventually, so /n vivo activation of dSarm is not necessarily a death sentence.

Does the NADase-mediated NAD* depletion model explain SARM1 function satisfactorily?
It seems that things must be more complicated at both early and late phases of SARM1
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signaling. Several molecules that can potently block Phase 11 SARM1-mediated axon
degeneration can also block early Phase | dSarm-MAPK interactions, including expression
of dNmnat, WIdS, or loss of Highwire/Phr1 [15e¢]. Our thinking has been that these keep
Nmnat levels high enough to make NAD* in axons to block degeneration, but how do we
explain the protective effects of these molecules at Phase | where dNmnat and NAD*/ATP
have not apparently dropped? In addition, dNmnat, unexpectedly, appears to be required
for dSarm-mediated signaling during Phase I. Loss of dNmnat in fly neurons leads to axon
death, but this can be suppressed by axed mutations, and Axed does not play a role early
in Phase I signaling, which allowed for an exploration of the role of dNmnat in Phase I.

In axed, dnmnat null mutants, Phase | signaling was blocked [15¢¢]. Since Axed is not
involved, this points to a positive role for dANmnat in promoting Phase I, dSarm-mediated
signaling. In all other cases, loss of Nmnat activity activates SARM1. How would dNmnat
promote SARM1 function? The dNmnat-MAPK relationship is emerging as complex in
other contexts as well. In some cases, loss of Nmnat suppresses MAPK signaling [47], and
in others, overexpression of Nmnat can potently suppress MAPK signaling [16]. It appears
that dNmnat activity must be precisely tuned at each phase of Sarm1 signaling, as early it
promotes Sarm1 signaling but later it inhibits SARM1. Finally, if SARML is the hydrolase
driving NAD* depletion, why can loss of Axed (a BTB and BACK domain molecule)
completely suppress dSarm-mediated cell destruction [9]? Given that the NAD™ hydrolase
function is intrinsic to SARM1/dSarm, it is hard to imagine how Axed could block its ability
to degrade NAD™.

What role does calcium play in axon destruction, and is it upstream or downstream of
SARM1? Beautiful imaging studies in zebrafish of the entire process of WD in vivo
demonstrate that after axotomy calcium remains low, but immediately prior to degeneration
it becomes pathologically high [13,48]. What is driving that increase, and what does the
calcium increase do? Sarm1 NAD* hydrolase activity leads to the production of cADPR,
which can gate intracellular calcium stores [49]. Perhaps this helps drive the response, but
entry of extracellular calcium is also important [12]. Part of the activity of increased calcium
appears to be calpain activation, but blockade of these calcium activated proteases only has
weak effects on axon degeneration [50]. This is the critical phase of axon degeneration

that we understand very poorly from a cell biological perspective. Future studies aimed at
identifying links between SARML1 signaling and pathological calcium rise will be essential.

In closing, while recent structural, biochemical and /n vivo functional studies have propelled
forward our understanding of SARM1 signaling mechanisms, there are still several
questions to explore with respect to how SARM1 mediates neuronal responses to injury

or disease. Determining precisely how SARML is activated in different contexts, and how

it executes axon degeneration, top the list of most important questions for the future. The
answers are likely to be complex and context dependent. The ability of SARMI mutants

to potently suppress a number of mouse models of neurological disease [6] highlight the
promise of therapeutic blockade of SARML1 in saving axons in the context human disease.
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Figure 1.
Components of the TIR-1 MAPK signaling cascade in worms, flies and mammals
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Figure 2. Nmnat2/NAD™* depletion model for axon degeneration
Nmnat2 is a survival factor transported down axons from the cell body that generates NAD*

from NMN. After axotomy, the labile Nmnat2 molecule is depleted from distal severed
axons, NAD™ drops, NMN rises, and Sarm1 is activated. In mammalian neurons MAPK
signaling (based on MKK4/7 phosphorylation) in axons peaks early, NAD* drops hours
later, and axon fragmentation begins. Time reflects events in DRG primary cultures, /n vivo
times are much longer. (see text for details)
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Figure 3. SARML signals in two distinct phases
Within 2 hours after axotomy the TIR-1-like MAPK cascade is activated in both injured

axons and uninjured adjacent bystander neurons. Phase | leads to a broad suppression of
neurophysiology in both severed and intact bystander neurons, with injury signals being
spread to bystander neurons through glial Draper/MEGF10 signaling. Phase | does not
require Axundead or dSarm NAD™* hydrolase function. During Phase Il, bystanders recover
functionally and severed axons activate dSarm/SARM1-mediated axon degeneration through
dSarm NAD™* hydrolase activity and Axundead.
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Figure 4. Model for SARM1 activation
SARM1 exists in an autoinhibited conformation where the ARM domains lock the TIR

domains in an inactive conformation (top left). Hiding the ARM domains (top right) reveals
that the TIR domains are connected to the SAM2 domains via a flexible (and unresolved)
linker. A transient high concentration of NMN triggers a conformation change, releasing
the ARM domains and likely causing the TIR domains to dimerize (possibly on top of the
SAM2 domains), resulting in the formation of catalytically active TIRs (bottom). Note, this
is a hypothetical model, and although active TIR domains are displayed as dimers, other
oligomerization states are possible.
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