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Context-Specific Stress Causes Compartmentalized SARM1
Activation and Local Degeneration in Cortical Neurons
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Sterile alpha and TIR motif containing 1 (SARM1) is an inducible NADase that localizes to mitochondria throughout neurons and
senses metabolic changes that occur after injury. Minimal proteomic changes are observed upon either SARM1 depletion or activa-
tion, suggesting that SARM1 does not exert broad effects on neuronal protein homeostasis. However, whether SARM1 activation
occurs throughout the neuron in response to injury and cell stress remains largely unknown. Using a semiautomated imaging
pipeline and a custom-built deep learning scoring algorithm, we studied degeneration in both mixed-sex mouse primary cortical
neurons and male human-induced pluripotent stem cell-derived cortical neurons in response to a number of different stressors.
We show that SARM1 activation is differentially restricted to specific neuronal compartments depending on the stressor.
Cortical neurons undergo SARMI1-dependent axon degeneration after mechanical transection, and SARM1 activation is limited
to the axonal compartment distal to the injury site. However, global SARM1 activation following vacor treatment causes both
cell body and axon degeneration. Context-specific stressors, such as microtubule dysfunction and mitochondrial stress, induce
axonal SARM1 activation leading to SARM1-dependent axon degeneration and SARM1-independent cell body death. Our data reveal
that compartment-specific SARM1-mediated death signaling is dependent on the type of injury and cellular stressor.

Key words: axon; cell death; neurodegeneration; SARM1

Significance Statement

Sterile alpha and TIR motif containing 1 (SARMI) is an important regulator of active axon degeneration after injury in the
peripheral nervous system. Here we show that SARM1 can also be activated by a number of different cellular stressors in
cortical neurons of the central nervous system. Loss or activation of SARMI1 does not cause large-scale changes in global
protein homeostasis. However, context-dependent SARMI activation is localized to specific neuronal compartments and
results in localized degeneration of axons. Understanding which cell stress pathways are responsible for driving the degen-
eration of distinct neuronal compartments under what cellular stress conditions and in which neuronal subtypes will inform
the development of neurodegenerative disease therapeutics.
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processes may lead to various neurological disorders and,
depending on the neuronal population affected, specific aphasias,
dementias, or motor disorders. Surprisingly, recent studies have
shown that axonal degeneration and cell body death, which
together underlie neuronal death, appear to be separate and
active processes that may be regulated independently in response

Introduction
Neuronal death occurs during both neurodevelopment and
neurodegenerative diseases. Dysregulation of the neuronal death
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to different types of stressors and the localization of those stress
signals (Pemberton et al., 2021). It is currently unclear whether
these processes occur in parallel or sequentially during disease
progression, whether inhibiting one may delay the other, and
whether this has implications for future therapeutic development
(Dadon-Nachum et al., 2011).

While we are still far from understanding how and in what
contexts cell bodies and axons execute their own disassembly,
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critical components of these pathways have been identified in
the last decade. Specifically, anti- and proapoptotic B-cell
lymphoma-2 protein family members are now widely recog-
nized to play key roles in the regulation of neuronal cell body
death (Moujalled et al., 2021). Furthermore, mitogen-activated
protein kinase signaling pathways, among them the dual leu-
cine zipper kinase (DLK) stress-response pathway, have been
shown to play key roles in neuronal cell death during develop-
ment and neurodegeneration (Kim and Choi, 2015). Activation
of DLK induces stress-specific JNK signaling and generates a
broad transcriptional response in neurons through the regula-
tion of transcription factors, such as c-Jun, which leads to apo-
ptosis (Farley and Watkins, 2018; Siu et al., 2018; Jin and
Zheng, 2019).

More recently, the central role of sterile alpha and TIR motif
containing 1 (SARM1) and its regulation by nicotinamide
nucleotide adenylyltransferase 2 (NMNAT2) in injury-induced
axon degeneration of peripheral neurons, an active process also
known as Wallerian degeneration, has been identified
(Coleman and Hoke, 2020; Loring and Thompson, 2020).
SARMI1 is an autoinhibited NADase (Gerdts et al., 2015;
Essuman et al., 2017; Loring et al., 2020; Sporny et al., 2020),
which acts as a metabolic sensor (Figley et al., 2021). It can
be activated by an endogenous change in the relative concen-
trations of nicotinamide mononucleotide (NMN) to nicotin-
amide adenine dinucleotide (NAD™) which in axons is
regulated by NMNAT?2 or exogenously by metabolic deriva-
tives of the rodenticide vacor (Loreto et al., 2021). Work
from a number of labs over the last years has shown that in dor-
sal root ganglion (DRG) sensory neurons of the peripheral ner-
vous system, SARMI activation leads to dramatic loss of NAD"
and ATP levels, mitochondrial membrane potential loss, cal-
cium influx, and subsequent calpain activation and morpholog-
ical axon dissociation (Coleman and Hoke, 2020; Ko et al.,
2021). SARM1, via the N-terminal 25 amino acids, is localized
to the outer mitochondrial membrane (Panneerselvam et al.,
2012; Gerdsts et al., 2013; Miyamoto et al., 2024) and is present
on mitochondria throughout both the neuronal cell body and
axon. It remains unclear which types of cellular stress result
in SARMI-dependent neurodegeneration, whether this is
neuronal cell type dependent, whether SARMI activation
occurs in a localized manner in response to these stressors,
and whether that results in localized axon degeneration, cell
body death, or both.

In this study, we show that SARMI activation is restricted to
specific neuronal compartments depending on the stressor.
Using the fluorescent SARMI activity probe, AD-1a (K. Huang
etal,, 2023), we demonstrate that SARMI is activated by a variety
of cell stress mechanisms, including injury and microtubule and
mitochondrial dysfunction in cortical neurons. While SARM1
activation occurs throughout the cell body and axon in response
to global SARMI activation by vacor and results in both SARM1-
dependent cell body death and axon degeneration, mechanical
injury and microtubule dysregulation result in SARM1 activation
specifically in the axonal compartment. SARMI1 inhibition can
delay axon degeneration caused by these stressors but has little
effect on cell body death. Furthermore, we confirm that
SARM1 in cortical neurons exerts its function by reducing
NAD" levels and does not alter global protein homeostasis.
Taken together, we found that SARMI activation is localized to
distinct subcellular compartments in response to specific stress-
ors and plays a crucial role in axon degeneration in neurons of
the central nervous system.
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Materials and Methods

Reagents

Vincristine (V8879), taxol (T7191), rotenone (CRM38703), NAD"
(10127965001), and nicotinamide (N0636) were purchased from Sigma-
Aldrich. CZ-48 (HY-129522) was purchased from MedChemExpress.
8-Br-cADPR (18442) was purchased from Cayman Chemical. AD-1a
was synthesized as described in K. Huang et al. (2023).

Synthesis of vacor

A 250 ml round-bottom flask equipped with a stir bar was charged with
4-nitrophenyl isocyanate (15.33 g, 1 equiv, 93 mmol) and diluted with
dichloromethane (120 ml). The reaction was cooled to 0°C using an ice-
water bath, after which 3-(aminomethyl)pyridine (10g, 1 equiv,
93 mmol) was added slowly to the reaction (caution, exotherm). The
reaction was warmed to room temperature at which point a light-yellow
product started precipitating. The reaction was stirred overnight at room
temperature. The solid was filtered and further dried under high vac to
yield vacor as a light-yellow solid (23 g, 91% yield):

LCMS: (ESL, m/z) [M +H]*=273.0

1H NMR (400 MHz, DMSO) § 9.44 (s, 1H), 8.54 (d, J=2.2 Hz, 1H),
8.46 (dd, J=4.8, 1.6 Hz, 1H), 8.18-8.10 (m, 2H), 7.72 (dt, J=7.9, 2.0 Hz,
1H), 7.68-7.60 (m, 2H), 7.36 (ddd, J=7.8, 4.8, 0.8 Hz, 1H), 7.02
(t, ] = 6.0 Hz, 1H), 4.35 (d, J=5.9 Hz, 2H)

Animals
Transient receptor potential cation channel, subfamily M, member 2
(TRPM2) KO mice were generated by Genentech as described in Tang
et al. (2010). B6.129 x 1-SarmItm1Aidi/] (RRID:IMSR_JAX:018069) was
obtained from The Jackson Laboratory. The B6.129 x 1-Sarm1tmIAidi/]
mice were generated so that Sarm1 exons 3-6 were replaced with a neomy-
cin resistance gene in reverse orientation (Kim et al.,, 2007). To generate
experimental mice (SARMI wt/wt; neoR neg and SARMI ko/ko; neoR
pos), we bred SARMI1 mice as an in-house colony. Each mouse had tail
snips genotyped in-house to detect SARM1 and the neomycin cassette.
To prepare primary embryonic cortical cultures, we obtained both
male and female embryos from timed pregnant C57BL/6N mice from
Charles River Laboratories as well as timed pregnant SARMI wt/wt;
neoR neg mice and SARM1 ko/ko; and neoR pos mice, TRPM2 wt/wt
mice, and TRPM2 ko/ko mice. Mice were housed on a regular light/
dark cycle (14:10 h) with ad libitum access to food (LabDiet 5010) and
water. All animal care/handling procedures were reviewed and approved
by Genentech’s Institutional Animal Care and Use Committee and were
conducted in full compliance with regulatory statutes, Institutional
Animal Care and Use Committee policies, and National Institutes of
Health guidelines.

Dissociated primary mouse cortical neuron cultures

Cortices from both male and female Day 15 embryos (E15) were dissected,
stripped of meninges, washed 3x with cold HBSS (Invitrogen, 14170-112),
and incubated for 10 min at 37°C in HBSS supplemented with 0.25% tryp-
sin (Invitrogen, 15090-046) and DNase I (Roche Holding, 104159). The
tissue was washed 3x with HBSS and triturated in plating media contain-
ing DNase I [Neurobasal medium (Thermo Fisher Scientific, 21103-049),
20% heat-inactivated horse serum (Thermo Fisher Scientific, 26050-088),
25mM sucrose, and 0.25% Invitrogen GlutaMAX (Thermo Fisher
Scientific, 35050-061)]. Dissociated cells were centrifuged at 125 g for
5 min at 4°C, resuspended in a plating medium, and plated in poly-L-
lysine-coated (MilliporeSigma, P1274) plates. After 24 h, the plating
medium was replaced with NBActiv4 (BrainBits, NB4500). Cells were
maintained at 37°C with 5% CO,, and the medium was renewed using
50% exchange every 3-4 d.

For “spot cultures” used for axon degeneration assays and axon imag-
ing, ~40,000 cells in a volume of 1.25 pl were plated on the center of a
48-well plate and incubated at 37°C with 5% CO, for 20 min, after which
the well was flooded with plating media. For cytotoxicity dye uptake and
biochemical assays, cells were plated in 96-well plates at a density of
30,000 cells per well. For scratch wound assays, cells were plated in
Incucyte ImageLock plates at a density of 50,000 cells per well. For
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proteomics experiments, cells were plated in 10 cm tissue culture plates
at a cell density of five million cells per plate. All experiments were per-
formed between DIV7-10.

Dissociated primary mouse microglia and astrocyte cultures

Microglia and astrocytes were isolated from both male and female mouse
pups between 1 and 3 d old as described in Byrnes et al. (2024). Briefly,
cortices were isolated, and meninges were removed; the tissue was washed
in cold HBSS (Invitrogen, 14170-112), then trypsinized (Invitrogen,
15090-046), and filtered through 70 pm filters. Homogenate was incu-
bated in DMEM media supplemented with GlutaMAX (Thermo Fisher
Scientific, 35050-061) and 10% fetal bovine serum. Microglia were shaken
off after 10-14 d of culture when cells were observed to be floating freely,
and astrocytes were then shaken overnight to remove any remaining
microglia and trypsinized and replated the following day. Both microglia
and astrocytes were plated at 250,000 cells/ml.

Human iPSC-derived cortical cultures

The human-induced pluripotent stem cell (hiPSC) line, iP1IN (male),
stably expressing a doxycycline-inducible Neurogenin-2 (NGN2) cas-
sette (ALSTEM, catalog #iP11N), was used for all differentiations. The
NGN2-iNeuron differentiation and maturation were performed follow-
ing the protocol previously published (Shan et al, submitted) with
some modifications. In brief, hiPSCs were maintained in mTeSR Plus
media (100-0276; STEMCELL Technologies) using the substrate
iMatrix-511 (NP892-01; REPROCELL). When iPSC cultures reached
~75% confluency, they were passaged using ReLeSR (100-0483;
STEMCELL Technologies). Cultures underwent a minimum of three
passages after thawing before initiating differentiations. On Day 0,
~75% confluent iPSC cultures were dissociated into single cells using
Accutase (07920; STEMCELL Technologies) and seeded at a density of
40,000 cells/cm® on iMatrix-511 substrate in induction media
[DMEM/F-12 (2133-020; Thermo Fisher Scientific), B27, N-2 Max
(AR009; R&D Systems), GlutaMAX (35050061; Thermo Fisher
Scientific), NEAA, 10 uM SB431542, 2 uM XAV939, 10 uM DAPT,
100 ng/ml Noggin] containing Y27632 (51049; Selleck Chemicals).
Neural induction was achieved by supplementing induction media
with 3 ug/ml doxycycline and performing daily media changes for 5 con-
secutive days. On Day 5, the media was changed to maturation media
[Neurobasal medium (21103-049; Thermo Fisher Scientific), B27,
GlutaMAX (35050061; Thermo Fisher Scientific), 20 ng/ml BDNF,
20 ng/ml GDNF, 1 ng/ml TGFf3, 500 uM cAMP, 10 uM DAPT] with
doxycycline concentrations reduced to 2 pg/ml. Maturation media
were also supplemented with cytosine P-D-arabinofuranoside hydro-
chloride (Ara-C, C6645-100MG; Sigma-Aldrich) at 5 uM (to eliminate
any remaining dividing cells) and left in the culture medium for 2 d.
On Day 7, cultures were treated with Accutase for 20 min followed by
the addition of maturation media containing deoxyribonuclease I
(LK003172; Worthington Biochemical). Cultures were gently triturated
using a serological pipette, passed through a 40 um cell strainer, and cen-
trifuged. After resuspension in CryoStor (100-1061; STEMCELL
Technologies) cryopreservation media, banks of Day 7 induced NGN2
(iNGN2) neurons were created. Day 7 iNGN2 neurons were then thawed
and seeded in maturation media supplemented with 2 pg/ml doxycycline
on poly-D-lysine (P7280; Sigma-Aldrich) and iMatrix-511-coated tissue
culture plates. At the time of seeding, “spot cultures” were achieved by
resuspending 50,000 cells into a 2 pl droplet and localizing it to the center
of each well of a dry, substrate-treated 48-well plate. The iINGN2
iNeurons in the droplets were incubated and allowed to attach for
20 min, at which time the wells were slowly flooded with maturation
media. Doxycycline treatment was continued for the next 7 d with
one-third of media exchanges being performed three times per week.
Following the 7 d doxycycline treatment, one-third of media exchanges,
using maturation media, were performed three times per week for
2 weeks (28 d in culture).

Axon degeneration assays
Spot culture axon injury was performed manually under a dissection
microscope using a crescent blade microknife (Fine Science Tools).
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Axon stress treatment and SARM1 inhibitor addition were performed
as part of a 50% media change.

Immediately after treatment or injury, plates were placed into an
Incucyte Live-Cell Analysis System, and phase contrast images were
automatically captured every 2h for 72-96 h. Two images per well
were selected and exported for analysis.

For the scratch wound assay, the scratch was made using the Incucyte
Wound Maker 96 Tool. Subsequently, the cells were imaged and scratch
area detected using the Incucyte Live-Cell Analysis System over a 72 h period.

Development of an automated algorithm for quantification of axon
degeneration

Algorithm design. We developed an automatic scoring algorithm
based on two convolutional neural networks: a unary model and a tran-
sition model. The unary model takes as input a single image containing a
field of axons and outputs a probability for each of the four possible
degeneration scores (Extended Data Figure 1-2a). The transition model
takes as input a pair of images from the same field of neurons at consec-
utive time points and predicts the probability of the score change
between the two images (Extended Data Figure 1-2b). Both the unary
and transition models leverage an EfficientNet-BO backbone that was
pretrained on ImageNet. Finally, the unary and transition models are
combined as shown in Extended Data Figure 1-2c, where gray boxes rep-
resent the predicted score probabilities for each individual image from
the unary model and arrows represent the predicted score transition
probabilities for a pair of consecutive images from the transition model.
Given the predicted probabilities from the unary and transition models,
we infer a globally optimal score sequence (shown in cyan) using
dynamic programming (Viterbi algorithm).

Algorithm training. The unary model and transition model were
both trained on 33,990 manually scored images from 61 axon degenera-
tion time-lapse experiments (images were collected every 2 h for 72 h).
The models were trained to minimize cross-entropy between the algo-
rithm prediction and the manually annotated ground truth, using the
Adam optimizer, a learning rate of 0.0001, and a batch size of 16. Data
augmentation, including random rotation, random crop, random hori-
zontal, and vertical flips, was applied to increase the diversity of the train-
ing images and thereby improve the model’s invariance to confounders.

Performance evaluation. The performance of the algorithm was eval-
uated on a test set containing 7,399 scored images from 13 held-out
experiments. Experiments were held out based on timestamp (most
recent experiments were used for testing), to create a challenging test
set that is representative of real-world deployment. The algorithm
achieves an overall accuracy of 80% on the held-out test set.

Due to the subjective nature of the annotation process, we also col-
lected a multiannotator test set, consisting of 1,477 images from 17
experiments independently scored by two annotators. We compared
the agreement between the algorithm’s predictions and the scores from
the two annotators and found that the algorithm achieves the same inter-
rater variability as the human annotators (Extended Data Figure 1-3).
Thus, the algorithm is interchangeable with the manual annotation
process. See Extended Data Figure 1-3¢ for representative examples of
time-lapse scoring curves from two human annotators and our algorithm.

Fluorescent and luminescence assays

NAD" and ATP levels were measured using the Promega NAD/
NADH-Glo (G9072) and CellTiter-Glo (G7572) kits following manufac-
turer’s recommendations, respectively. Dead cell puncta were measured
by adding IncuCyte Cytotox Red Reagent (4632) to the cell culture
medium at a final dilution of 1:4,000, capturing both phase and red fluor-
escence images using the IncuCyte Live-Cell Analysis System every 2 h
over a period of 72 h and quantifying red puncta using the built-in anal-
ysis modules. The mitochondrial membrane potential was measured
using the Image-iT TMRM Reagent (Invitrogen, 134361) according to
the manufacturer’s instruction and imaged using the IncuCyte
Live-Cell Analysis System. To measure neurofilament light (NfL) levels
released by cortical neurons into the media, we used the supernatant
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from neurons in NF-L ELISA (UmanDiagnostics, 10-7002) according to
the manufacturer’s instructions.

AD-1a fluorescence imaging

A Rigaku Wizard pH buffer block (Rigaku, catalog #1008654) was used
to test the effect of pH on 1a fluorescence. This kit contains 96 buffers
spanning a pH range from 2.4 to 11.6. The stock buffers were first diluted
1:10 in water. Then 1a was mixed with each of these buffers at a final con-
centration of 10 uM. Fluorescence (in arbitrary fluorescence units) was
measured using the M1000 plate reader (Tecan Trading) with excitation
at 445 nm and emission detection at 595 nm.

Spot cultures were treated with stressors and 1a (25 uM final concen-
tration) as part of a 50% media change. Confocal images were acquired
on a 3i Marianas spinning disk confocal microscope (Intelligent Imaging
Innovations), built on a Axio Observer with 20x Plan Apo 0.8 NA, 40x
Plan Apo 1.4 NA, and 63x Plan Apo 1.4 NA objectives (Carl Zeiss) and a
CSU-W 50 um spinning disk (Yokogawa Electric). In addition, the
microscope is equipped with a Mesa Light homogenizer and four-line
LaserStack (Intelligent Imaging Innovations), Definite Focus 2 (Carl
Zeiss), a stage-top incubator (Okolab), and Prime95B cMOS cameras
(Photometrics). Data acquisition was done through the SlideBook 6 soft-
ware (Intelligent Imaging Innovations). To acquire AD-1a signal, we
used 488 nm excitation and collected emission light with a 620-40 nm
filter (Semrock). Images were analyzed using Image]2 (2.3.0).

Proteomic sample preparation

Five hundred microgram of protein lysate in denaturing buffer (8 M urea,
20 mM HEPES, pH 8.0) was reduced [5 mM dithiothreitol (DTT), 45 min
at 37°C], alkylated (15 mM iodoacetamide, 20 min at room temperature in
the dark), and quenched (5 mM DTT, 15 min at room temperature in the
dark). Proteins were pelleted by chloroform-methanol precipitation. The
resulting pellet was resuspended in a denaturing buffer, diluted to 4 M
urea, and digested for 4 h at 37°C with lysyl endopeptidase (FUJIFILM
Wako Chemicals) at an enzyme:protein ratio of 1:100. The sample was fur-
ther diluted to 1.3 M urea and subjected to overnight enzymatic digestion
at 37°C with sequencing grade trypsin (Promega; enzyme:protein ratio,
1:50). Resultant peptides were acidified with 20% trifluoroacetic acid
(TFA, 1% final concentration), centrifuged at 18,000 x g for 15 min, and
desalted using a Sep-Pak C18 column (Waters).

For global proteome samples, 100 pg of peptides from each sample was
dissolved in 100 mM HEPES, pH 8.0 (1 mg/ml). Isobaric labeling was per-
formed using TMTprol6-plex reagents (Thermo Fisher Scientific). Each
unit (0.5 mg) of TMT reagent was allowed to reach room temperature
immediately before use, spun down on a benchtop centrifuge, and resus-
pended with occasional vortexing in 20 ul anhydrous acetonitrile (ACN)
prior to mixing with peptides (18% final ACN concentration). After incu-
bation at room temperature for 1 h, the reaction was quenched for 15 min
with 20 ul of 5% hydroxylamine. Labeled peptides were combined in equi-
molar ratios and dried. The TMTpro-labeled sample was redissolved in
80 pl 0.1% TFA and centrifuged at 16,000 x g, and the supernatant was pro-
cessed further. Off-line high-pH reversed-phase fractionation was per-
formed on a 1100 HPLC system (Agilent) using an ammonium
formate-based buffer system. Peptides (400 pg) were loaded onto a 2.1 x
150 mm 3.5 um 300 Extend-C18 Zorbax column (Agilent) and separated
over a 75 min gradient from 5 to 85% ACN into 96 fractions (flowrate,
200 pl/min). The fractions were concatenated into 24 fractions, mixing
different parts of the gradient to produce samples that would be orthogonal
to downstream low-pH reversed—phase liquid chromatography-tandem
mass spectrometry (LC-MS/MS). Fractions were dried and desalted using
C18 stage tips as previously described (Rappsilber et al., 2007). Peptides
were lyophilized and resuspended in 10 ul buffer A (2% ACN, 0.1% formic
acid) for LC-MS/MS analysis.

MS analysis

For global proteome, LC-MS/MS analysis was performed by injecting
~1 pg (proteome) of each fraction on an Orbitrap Eclipse mass spectro-
meter (Thermo Fisher Scientific) coupled to a Dionex Ultimate 3000
RSLC (Thermo Fisher Scientific) employing a 25cm IonOpticks
Aurora series column (IonOpticks) with a gradient of 2-30% Buffer B
(98% ACN; 2% H,O with 0.1% FA; flow rate, 300 nl/min). Global
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proteome samples were analyzed with a total run time of 95 min. The
samples on Orbitrap Eclipse were collected with FTMSI scans at
120,000 resolution with an AGC target of 1 x 10° and a maximum injec-
tion time of 50 ms. FTMS2 scans on precursors with charge states of 3-6
were collected at 15,000 resolution with collision-induced dissociation
fragmentation at a normalized collision energy of 30%, an AGC target
of 2x10% and a max injection time of 100 ms (proteome).

Real-time database search (RTS) was performed prior to acquisition
of MS3 spectra using the InSeqAPI software (Budayeva et al., preprint),
which operated similarly to previously published approaches (Erickson
et al., 2019; Schweppe et al.,, 2020). The following RTS parameters
were used for global proteome analysis: UniProt human database
August 2021 version, including 218,136 Swiss-Prot sequences of canon-
ical and protein isoforms, plus common contaminants and decoys; static
modifications including Cys carbamidomethylation (+57.0215), Lys, and
n-term TMTpro (+304.207146); and variable modifications including
Met oxidation (+15.9949) and Tyr TMTpro (+304.207146). Off-line
search was performed using comet v.2019.01 with parameters matched
to the RTS search. Peptide false discovery rate was filtered to <1% using
a linear discriminant algorithm. TMT reporter ions produced by the
TMT tags were quantified with the Mojave in-house software package
by calculating the highest peak within 20 ppm of theoretical reporter
mass windows and correcting for isotope purities.

Quantification and statistical testing of global proteome proteomics
data were performed by the MSstatsTMT_2.0.1 R package (T. Huang
et al,, 2020) Multiple fractions from the same TMT mixture were com-
bined in MSstatsTMT v2.0.1 (T. Huang et al., 2020). In particular, if
the same peptide ion was identified in multiple fractions, only the single
fraction with the highest maximal reporter ion intensity was kept. Global
median normalization was carried out to reduce the systematic bias
between channels.

Raw proteomics data are publicly available within MassIVE (a mem-
ber of the ProteomeXchange consortium) and can be found with the
identifier MSV000093524.

Immunoblot

Cortical, astrocyte, and microglial cultures were washed in PBS, dissociated
in 0.25% prewarmed trypsin, washed in PBS, and pelleted by centrifugation
at 5,000 x g for 1 min at room temperature. Cell pellets were resuspended in
40-50 pl TNT buffer (150 mM NaCl, 1 mM EDTA, 50 mM Tris, pH 7.4,
1% Triton X-100) supplemented with protease and phosphatase inhibitors
(Roche Holding, 4693159001 and 4906845001). Lysates were incubated at
4°C for 30 min with constant agitation and centrifuged at 13,000 x g for
5 min at 4°C. The supernatant was transferred to a new tube, and equal vol-
umes of Laemmli sample buffer (Bio-Rad Laboratories, 161-0737) supple-
mented with B-mercaptoethanol were added to the lysate. Lysates were
briefly heated to 95°C, loaded onto NuPAGE 4-12% Bis-Tris Midi Gels
(Invitrogen, WG1403BOX), and run at 140 V for ~1.5 h. Samples were
transferred to nitrocellulose membranes (Bio-Rad Laboratories, 1704159),
blocked with 3% BSA in PBST for 1 h at room temperature, probed with
primary antibody overnight at 4°C, washed with PBS with Tween
20 (PBST), and probed with secondary antibody for 1 h at room tempera-
ture. Primary antibodies used are as follows: ring finger protein 167
(RNF167; 1:1000; Invitrogen, PA5-103821), SARMI (1:1000; Invitrogen,
MA5-42379), IBA1 (1:1000; FUJIFILM Wako Chemicals, 019-1974),
GFAP (1:1000; Invitrogen, 13-0300), 8-III-tubulin (1:1000; Abcam,
ab18207), and B-actin (1:2000; Sigma-Aldrich, A1978).

Immunocytochemistry

Cortical cultures were fixed in 4% PFA, washed in PBS, blocked in 5%
normal donkey serum (Jackson ImmunoResearch, 017-000-121) +0.1%
Triton X-100 in PBS (blocking buffer), and probed with primary anti-
bodies in blocking buffer overnight at 4°C. Subsequently, cultures were
washed in PBS, probed with secondary antibodies in 5% normal donkey
serum in PBS for 1 h at room temperature, washed in PBS, and incubated
with Hoechst 33342 (BD PharMingen, 561906) for 20 min at room tem-
perature. Confocal images were acquired on a 3i Marianas spinning disk
confocal microscope (Intelligent Imaging Innovations), built on a Axio
Observer with a 63x Plan Apo 1.4 NA objective (Carl Zeiss) and a
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CSU-W 50 pm spinning disk (Yokogawa Electric). Primary antibodies
used are as follows: NeuN (1:1000; EMD Millipore, ABN90) and
GFAP (1:500; Invitrogen, 13-0300).

Statistical analysis
Data plotting and statistical analyses were performed using Prism 9.5.1
(GraphPad Software).

Results are presented as mean + SEM, and all experiments were com-
pleted at least in biological triplicate, unless otherwise noted. Statistical
tests used are noted in the figure legends and in Extended Data Table 1-1.
Unless otherwise noted, statistical significance was defined as p <0.05.

Results

Cortical neurons undergo SARM1-dependent axon
degeneration after injury

To study the role of SARMI in axon degeneration of cortical neu-
rons, we adapted a spot plating procedure previously developed for
DRG cultures (Miller et al., 2009; Gerdts et al., 2015; Avraham
et al,, 2022) in which ~40,000 dissociated embryonic mouse corti-
cal neurons from either WT or SARM1 KO mice are plated onto a
small, central area of a 48-well plate. These cells are allowed to
attach to the plate before the wells are flooded with media. Over
the next 7-9 d, the cell bodies remain in their original location,
while both dendrites and axons grow outward, enabling mechan-
ical separation of the cell bodies and neurites (Fig. 1a). As den-
drites only grow a few tens of micrometers, the neuronal
transections that are made ~50 pm from the edge of the cell
body field affect mainly axons. The axon field distal to the injury
is monitored continually using phase imaging over the next
72 h. While axons of WT cortical neurons degenerate within
12 h of injury, blebbing, and then fragmenting, SARM1 KO neu-
rons remain morphologically intact for over 72 h (Fig. 1b).

To quantify axon degeneration, we scored the resulting
images on a scale of 1-4, where a score of 1 denotes completely
healthy, continuous axons, a score of 4 denotes completely
degenerated and fragmented axons, and scores of 2 and 3 repre-
sent intermediate stages of degeneration (Extended Data
Figure 1-1). Using this manually annotated data set, we devel-
oped a custom deep learning algorithm for scoring axon degen-
eration in time-lapse microscopy images (see Materials and
Methods, Algorithm training, for detailed description;
Extended Data Figures 1-2-1-3). The algorithm is deployed in
a high-performance computing environment and automatically
scores axon degeneration experiments within a few hours with-
out the need to crop images to exclude sites of injury or cell bod-
ies. It was used to score all phase microscopy images of axon
degeneration in this study. Using this combination of spot cul-
tures, automatic imaging, and Al-assisted scoring of morpholog-
ical axon degeneration, our platform is capable of quantifying
axon degeneration in a semihigh-throughput manner.

As previously described for neurons of the peripheral nervous
system (Gerdts et al., 2013, 2015), the loss of SARM1 resulted in
almost complete absence of morphological signs of axon degen-
eration in response to injury for over 72 h (Fig. 1¢). The addition
of a SARM1 small-molecule inhibitor to the media at the time of
injury in WT neurons resulted in axon protection after injury for
over 48h (Fig. 1d). Similarly, SARMI1 inhibition almost
completely abolished axon degeneration in response to axonal
injury in human iPSC-derived cortical neurons over a period
of 72 h (Fig. le). Taken together, we find that similar to mouse
sensory DRG neurons, both mouse and human cortical neurons
undergo SARM1-dependent axon degeneration in response to
mechanical injury.
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Neurite outgrowth is not affected by the loss of SARM1
While the importance of SARM1 as the central executioner of
axon degeneration has been well established (Coleman and
Hoke, 2020), the physiological benefit of active SARM1-mediated
axon degeneration in response to injury still remains unclear.
One hypothesis proposes that active axon degeneration enables
more rapid outgrowth of new axons after injury (Shin et al,
2014) and SARMI, like DLK (Tedeschi and Bradke, 2013),
may also be involved in regulating axon outgrowth after injury.
To test this hypothesis, we used dissociated mouse cortical cul-
tures seeded in a 96-well format. Cells were injured using a pin
tool, and neurite regrowth into the injury site was monitored
over time. Using this approach, we could not detect a significant
difference in neurite outgrowth between WT and SARM1 KO
neurons (Fig. 1f,¢). Furthermore, the inhibition of neurite out-
growth using low concentrations of the microtubule stabilizer
taxol resulted in a similar delay, suggesting that neurite out-
growth mechanisms do not differ between WT and SARM1
KO neurons. Therefore, while SARMI1 plays a clear role in
axon degeneration after injury in mouse cortical neurons, we
find no evidence that SARM1 plays a role in neurite outgrowth
in this cell type.

SARMI activation is localized to the axonal compartment
distal of the injury site
SARM1 is a NAD'-consuming enzyme that catalyzes the
exchange of nicotinamide (NAM) moiety with water or its own
adenine moiety to form ADP-ribose (ADPR) or cyclic ADPR
(cADPR), respectively (Gerdts et al, 2015; Essuman et al,
2017). However, in the presence of other basic heterocycles,
SARM1 can catalyze a base-exchange reaction to form
NAM-substituted synthetic NAD" analogs (Hughes et al., 2021;
Bratkowski et al., 2022). Huang and colleagues utilized this
mechanism to develop fluorescent probes such as PC6 and
AD-1a to monitor SARMI activity (W. H. Li et al, 2021; K.
Huang et al,, 2023). When the cell membrane-permeable com-
pound la is added to live cells with active SARM], it is converted
by SARM1 into a membrane-impermeable fluorescent molecule,
AD-1a, which accumulates in the cells (Fig. 2a). While this base-
exchange reaction is specifically catalyzed by SARM1 (Angeletti
et al,, 2022; K. Huang et al., 2023), we found that even in SARM1
KO neurons, we could detect background signals, reminiscent of
cellular vesicles. As the large spectral shift and concomitant gain
in fluorescence of the 1a probe is driven by the SARM1-catalyzed
addition of a positive charge that delocalizes over the conjugated
ni-system of AD-1a, we hypothesized that the fluorescence of la
may be directly modulated by its ionization state. To investigate
this ionization-dependent behavior, the fluorescence of la was
measured across a wide range of pH values (Fig. 2b). The fluor-
escence of la displayed a clear pH dependence, with increases of
up to 1,000-fold under lower pH conditions. Notably, the fluor-
escence of 1a at pH levels below 5 was similar to that of AD-1a in
SARMI-catalyzed biochemical reactions. Therefore, the
SARM1-independent background signals likely result from 1la
uptake into low-pH vesicles, such as lysosomes and endosomes,
which have pH values as low as 4.5 (Casey et al., 2010).
SARMI activity can be measured by the loss of NAD" or pro-
duction of ADPR and cADPR (Sasaki et al., 2020). Detection of
these metabolites relies on biochemical endpoint assays such as
NAD/NADH-Glo or LC-MS, which do not allow easy investiga-
tion of the kinetics and subcellular localization of SARM1 activa-
tion. Utilizing the newly developed fluorescent probe AD-1a, we
show that AD-1a fluorescence increases in WT mouse cortical
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SARM1-dependent axon degeneration in cortical neurons. a, Schematic of spot culture used for axon degeneration imaging after injury. b, Sample images and () quantification of

axon degeneration in WT and SARM1 KO mouse cortical neurons after injury (n = 49-79 images/condition; Mann—Whitney test; ***p < 0.001 for all time points after 2 h). See Extended Data
Figures 1-1-1-3 for additional information on the axon degeneration scoring algorithm. Quantification of axon degeneration after treatment with 10 uM SARM1 inhibitor or DMSO in either
mouse (n = 14-20 images/condition; Mann—Whitney test, **p < 0.01, ***p < 0.001; d) or human (n = 10-16 images/condition; Mann—Whitney test; ***p < 0.001; e) cortical neurons.
Sample images (f) and quantification (g) of neurite regrowth after injury in WT or SARM1 KO cortical neurons treated with DMSO or 10 nM taxol (n = 50—62 images/condition; two-way ANOVA,

multiple comparisons; ***p < 0.001). Scale bars, 100 um. See Extended

Data Table 1-1 for further statistical analysis.
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Figure 2.  SARM1 is activated in axons distal, but not proximal, to injury site. a, Schematic of hydrolysis of NAD* to NAM and ADPR/cADPR or base-exchange reaction of NAD* and 1a to NAM
and fluorescent probe AD-Ta catalyzed by SARM1. b, AD-1a autofluorescence with pH in different buffer conditions. ¢, Sample images and (d) quantification of AD-1a fluorescent in axons distal to
the injury site 4 h after injury in WT or SARM1 KO mouse cortical neurons (n = 44-75 images/condition; Tukey’s multiple-comparison test; ****p < 0.0001). Scale bar, 20 pm. Sample images
(e) and quantification (n = 30 images/condition; Mann—Whitney test; ***p < 0.001 for all time points after 60 min; f) of time course of AD-1a fluorescence in axons after injury (top) or control
(bottom) in WT mouse cortical neurons. Scale bar, 20 pm. g, AD-1a fluorescence proximal and distal to the injury site in WT mouse cortical neurons 4 h after injury. Scale bar, 50 pm. See
Extended Data Figure 2-1 for uncropped images.

axons after injury but is not detected in injured SARM1 KO  resulted from la pH-dependent fluorescence in acidic vesicular
axons (Fig. 2¢,d). Some AD-la background signal could be  compartments. Interestingly, SARMI1 activation, as visualized
detected in both WT and SARM1 KO neurons, which most likely by AD-1a fluorescence, is first detected in mouse cortical axons
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~60 min after injury and then increases in intensity and preva-
lence until ~4 h after injury (Fig. 2e,f). In line with previous
results showing that axons undergo morphological degeneration
and fragmentation before 6 h after injury, AD-1a fluorescence
begins to decrease at a similar time point, likely as a result of
membrane rupture and release of the membrane-impermeable
fluorescent probe into the media.

Next, we investigated the subcellular localization of SARM1
activation upon injury. As can be observed by AD-1a fluorescence
4 h after injury, SARM1 activation is restricted specifically to the
axonal compartment distal to the injury site, with an almost com-
plete absence of any AD-1a fluorescence in the axons proximal to
the site of injury (Fig. 2¢, Extended Data Figure 2-1). This is in line
with the observation that there is no morphological axon degen-
eration proximal to the injury site and cell bodies of injured corti-
cal neurons do not undergo degeneration in response to this type
of mechanical injury. Therefore, AD-1a is a powerful tool to visu-
alize SARMI activity in subcellular compartments over time. In
addition, these experiments show that SARM1 activation is initi-
ated as early as 1 h after injury and is restricted to axonal compart-
ments distal to the injury site in cortical neurons.

Vacor derivative VMN is a SARM1-specific agonist

SARM1 has been shown to be a metabolic sensor and is activated by
a change in the ratio of NMN to NAD", which both bind to the
same allosteric site on the ARM domain of SARMI1 (Bratkowski
et al,, 2020; Jiang et al., 2020; Sporny et al,, 2020; Figley et al,
2021). When NMN levels increase, NMN can displace NAD" to
induce a conformational change in SARM1 and thereby activate
the enzyme (Fig. 3a). In mouse cortical neurons, we find that
CZ-48, a cell membrane-permeable mimetic of NMN (Zhao
etal,, 2019), in combination with FK866, a nicotinamide phosphor-
ibosyltransferase (NAMPT) inhibitor, which leads to decreased
NAD" levels, will lead to SARM1-dependent axon degeneration
(Fig. 3b). In contrast to other cell types (Zhao et al,, 2019; Figley
et al, 2021), even high concentrations of CZ-48 by itself do
not cause degeneration in WT cortical neurons. However, high
concentrations or prolonged exposure of FK866 can cause
SARMI1-independent axon degeneration and cell death, as NAD"
biosynthesis is inhibited and NAD™ stores are depleted (Extended
Data Figure 3-1e).

Previous work has indicated that treatment with the rodenticide
vacor activates SARMI1 (Loreto et al, 2021). Specifically, the
NAMPT-generated vacor metabolite VMN, which is structurally
similar to NMN, activates SARM1. Consistent with previous results
in sensory neurons and retinal ganglion cells (Loreto et al., 2021),
treatment with the rodenticide vacor leads to SARM1-dependent
axon degeneration in both mouse and human cortical neurons
(Fig. 3¢,d and Extended Data Figure 3-1f,¢), making it a reliable
tool to study the downstream effects of SARM1 activation. When
cotreating vacor with the NAMPT inhibitor FK866, we see the inhi-
bition of axon degeneration in WT cortical neurons in a dose-
dependent manner (Extended Data Figure 3-1a—e). These results
confirm that SARMI-dependent axon degeneration induced by
vacor in cortical neurons requires NAMPT activity.

Global SARM1 activation in mouse cortical neurons causes
NAD?Y, ATP, and mitochondrial membrane potential loss,
followed by cell body and axon degeneration and NfL release
SARMLI is localized to the outer mitochondrial membrane (Gerdts
et al,, 2013; Miyamoto et al., 2024) and is present in both axons and
cell bodies of cortical neurons. Using vacor as a noncell
compartment-specific SARM1 activator, we next investigate the
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downstream effects of global SARMI signaling in cortical neurons.
In contrast to axonal injury, the addition of 5 uM vacor causes rapid
SARM]1 activation, as indicated by AD-1a fluorescence at 4 h after
treatment, in both the cell body and the axonal compartments
(Fig. 3ef). Vacor-induced AD-la fluorescence gain is
SARM1-dependent, again confirming both that AD-la is a
SARM1-specific probe and that vacor is a SARM1 agonist. In mouse
primary cortical cultures, not all cell bodies appear to show AD-1a
fluorescence upon vacor stimulation (Fig. 3e). As these cultures also
contain a small subset of glial cells, in particular astrocytes, and nei-
ther astrocytes nor microglia express SARMI1 or show AD-1a fluor-
escence after vacor treatment, it is likely that the nonresponsive cell
bodies correspond to glial cells (Extended Data Figure 3-2).

In line with SARMI activation in the cell body and in contrast
to mechanical axonal injury, vacor treatment leads to
SARM1-dependent cell body death, as measured by the uptake
of a cell membrane-impermeable nuclear dye (Fig. 3g). SARM1
activation by vacor treatment in cortical neurons results in rapid
loss of mitochondrial membrane potential (Fig. 3h,i), NAD"
(Fig. 3j), and ATP levels (Fig. 3k). By 16 h after vacor treatment
and shortly after onset of morphological axon degeneration, we
detect an increase of the biomarker NfL in the media (Fig. 3I).
Taken together, we show that SARMI activation in mouse corti-
cal neurons leads to rapid loss of NAD" and ATP levels, as well as
mitochondrial membrane potential, followed by axon degenera-
tion, cell body death, and NfL release.

cADPR, a Ca®*-mobilizing messenger, stimulates the release of
Ca*" from internal stores (Guse, 2004). This in turn may activate
calpains, calcium-dependent proteases, and initiate the final steps
in the axon degeneration cascade (Extended Data Figure 3-3a).
Whether NAD" loss by itself or in combination with increased lev-
els of cCADPR is the mechanism by which SARMI causes axon
degeneration remains unclear. We find that in mouse cortical neu-
rons, supplementation with NAD* or the NAD" precursor nico-
tinamide delays injury-induced axon degeneration and prevents
vacor-induced cell body death (Extended Data Figure 3-3b,c).
However, treatment with the cADPR antagonist 8-Br-cADPR,
which was used by Y. Li et al. (2022) to reduce paclitaxel-induced
axon degeneration in mouse sensory neurons, has no effect on
either (Extended Data Figure 3-3d,e) under our experimental
conditions.

Furthermore, ADPR and cADPR are both agonists of the
Ca®*-permeable nonselective cation channel, TRPM2 (Okada
et al,, 2023). Therefore, we hypothesized that TRPM2 may play
an important role downstream of SARM1 activation, again con-
tributing to Ca** influx and calpain activation, and that loss of
TRPM2 may slow morphological axon degeneration. However,
we find that loss of TRPM2 delays neither axon degeneration
to a variety of different SARMI1-activating cell stressors nor
vacor-induced cell body death (Extended Data Figure 3-3f-k)
in mouse cortical neurons. Therefore, it seems likely that in cor-
tical neurons, the loss of NAD" level is the predominant cause of
SARMI-dependent axon degeneration and subsequent loss of
ATP levels lead to channel failure, calcium influx, calpain activa-
tion, and axon degeneration.

Neither SARM1 loss nor activation results in global proteomic
changes

The effects of SARM1 on NAD" levels and the downstream con-
sequences on cellular metabolism have been established (Ko et al.,
2021). However, whether SARM1 loss or activation alters protein
levels in neurons has so far not been described. WT or SARM1 KO
mouse cortical neurons were cultured for 9 d and treated with
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Figure 3.

Vacor selectively activates SARM1 to induce axon degeneration in mouse cortical neurons. a, Schematic of SARM1 activation and downstream events. Quantification of axon degen-

eration after treatment of WT or SARM1 KO mouse cortical neurons with (b) 100 yM (Z-48 and 2.5 nM FK866 (n = 21-22 images/condition; Mann—Whitney test; **p < 0.01; ***p < 0.001) or
(€) 5 uM vacor (n = 18 images/condition; Mann—Whitney test; ***p < 0.001 for all time points after 6 h). See Extended Data Figure 3-1 for data on cotreatment of mouse cortical cultures with
vacor and FK866. d, Quantification of axon degeneration after treatment of WT mouse cortical neurons with 5 M vacor in the presence of 10 M SARM1 inhibitor (n = 12—18 images/condition;
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either DMSO or 5 uM vacor for 4 h. Cell pellets were collected, and
samples were analyzed by a MS-based quantitative proteomics
method employing multiplexed isobaric labeling and real-time
search—directed quantification. The resulting data were further
analyzed by MSstats to determine differentially regulated proteins.

When comparing WT to SARM1 KO proteome, we detect
only a handful of proteins that are significantly changed
(Fig. 4a). Specifically, we confirmed the loss of SARMI in
SARM1 KO neurons and detected decreased levels of RNF167,
Schlafen Family Member 9 (SLFN9), the homolog of human
Schlafen Family Member 13 (SLFN13), and Kinesin Family
Member 1C (KIF1C; Fig. 4c-f). However, known downstream
targets of RNF167, such as ADP ribosylation factor like
GTPase 8 (ARLS8) and Vesicle-Associated Membrane Protein 3
(VAMP3; Yamazaki et al, 2013), are not altered (Extended
Data Figure 4-1c-e), and other members of the Kinesin Family
are also wunchanged (Extended Data Figure 4-1f-h).
Furthermore, Rap Guanine Nucleotide Exchange Factor 4
(RPGF4) protein levels are increased in SARM1 KO cortical neu-
rons specifically (Fig. 4g). Differences in hemoglobin E and
hemoglobin Y (Q9CR49) are driven mainly by one outlier and
may therefore not represent true biological differences (Fig. 4h,i).
These findings confirm that constitutive loss of SARM1 does not
lead to global proteomic changes in cortical neurons.

Activation of SARM1 by vacor treatment resulted in even
fewer proteomic changes (Fig. 4b). Tankyrase 2 (TNKS2), the
poly-ADP-ribosyltransferase also known as PARP5b, was spe-
cifically upregulated with SARM1 activation in WT neurons,
while Zinc Finger Protein 607B (G3X9H3) was upregulated
with vacor treatment in both WT and SARM1 KO neurons
(Fig. 4j,k). Interestingly, Tankyrase 1 shows similar, though not
proteome-wide significant, changes with SARMI activation in
WT neurons (Fig. 4]), while other PARPs do not (Fig. 4m,n).

Of the proteomic changes detected by MS, only decreased
levels of RNF167 in SARM1 KO cortical neurons were validated
using immunoblotting (Extended Data Figure 4-1a,b).
Interestingly, the RNF167, SLFN9, and KIF1C are all located
close to the gene locus of SARM1 on chromosome 11, and the
decrease of these proteins may therefore be a result of passenger
mutations in this genetic model (Uccellini et al., 2020; Doran
et al., 2021). Other known passenger mutations in this mouse
line, such as XIAP-Associated Factor 1 (XAF1), were not iden-
tified, likely due to low expression in neurons. Furthermore,
members of the NAD" biosynthetic pathway, such as NAMPT
and NMNATSs, or NAD"-consuming proteins, such as Sirtuins,
were not altered in these experiments (Fig. 40-q; Extended
Data Figure 4-1i-m). Overall, very few proteomic changes were
detected with either SARMI loss or activation, further confi-
rming that SARM1 acts mainly by effecting axon degeneration
at the metabolite level and does not have broad effects on protein
homeostasis before onset of cell death.

<«
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Microtubule and mitochondrial dysfunction cause
SARMI1-dependent axon degeneration and
SARM1-independent cell body death

To investigate whether other types of cell stress lead to global or
local SARM1-dependent axon degeneration, we treated mouse
cortical neurons with vincristine, taxol, or rotenone. Vincristine
is a microtubule-destabilizing agent which acts by binding to
both free and microtubule-associated tubulin. In contrast, taxol
is a microtubule-stabilizing agent suppressing microtubule
dynamics. Both vincristine and taxol likely alter axon transport
and thereby levels of NMNAT?2, which in turn has been shown
to regulate SARM1 activity (Figley et al., 2021). While treatment
with 100 nM vincristine induced rapid and complete axon degen-
eration in WT mouse cortical neurons, this was significantly
reduced in SARM1 KO neuron (Fig. 5a,b). Treatment with
100 nM taxol, in contrast, led to slow axon degeneration in WT
neurons, which was only delayed but not prevented with
SARMI KO (Fig. 5¢,d), indicating that taxol-induced axon degen-
eration may depend on additional cell stress-response pathways.

Rotenone disrupts the electron transport chain complex I in
mitochondria, causing mitochondrial dysfunction (Chan et al,
2005), and likely activates SARM1 by altering NMN:NAD" ratios.
Like vincristine treatment, treatment with 250 nM rotenone caused
swift axon degeneration in WT neurons, which was significantly
reduced in SARM1 KO neurons (Fig. 5¢,f). SARM1 small-molecule
inhibition results in similar delays in axon degeneration in response
to these stressors (Fig. 5¢-i) during the first 48 h after stress.
However, after ~40-48 h, axon degeneration in response to vincris-
tine and rotenone is not inhibited by SARMI small-molecule inhi-
bition to the same extent as SARM1 KO, possibly due to incomplete
inhibition of SARM1 with the tested inhibitor concentrations.

In response to axon injury distal to the axon initiation site, we
did not observe cell body degeneration, while in response to
direct SARMI1 activation by vacor, we observed
SARMI-dependent cell body death. In contrast, both WT and
SARM1 KO neurons showed similar kinetics and degree of cell
body death in response to vincristine, taxol, and rotenone treat-
ment (Fig. 5j-1). This is especially interesting as previous work by
Summers et al. (2014) found that mitochondrial stress-induced
cell body death in DRG neurons is SARM1-dependent, further
highlighting differences in degeneration in neurons of the central
and peripheral nervous system and the need to study these fun-
damental degenerative mechanisms in a variety of neuronal sub-
types. Therefore, these experiments reveal that cell body death in
mouse cortical neurons in response to microtubule and mito-
chondrial dysfunction is SARM1-independent.

SARMI activation occurs predominantly in axons, not cell
bodies, in response to injury and cell stress

While vincristine and rotenone treatments cause fast axon
degeneration in WT cortical neurons which is greatly inhibited

Mann—Whitney test; ***p < 0.001 for all time points after 6 h). See Extended Data Figure 3-1 for data on vacor treatment of human iPSC-derived neurons. e, Sample images of AD-Ta
fluorescence after 4 h of 5 yM vacor treatment in WT or SARM1 KO mouse cortical neurons in either the cell body (left) or axon (right) compartment. Scale bar, 20 pym. See Extended
Data Figure 3-2 for characterization of mouse cortical culture cell-type composition and glial culture AD-Ta fluorescence after vacor treatment. f, Quantification of AD-1a fluorescence after
4 h of 5 uM vacor treatment in WT or SARM1 KO mouse cortical neurons in the axon compartment (n=44-75 images/condition; Tukey’s multiple-comparison test; ****p < 0.0001).
Experiments were run in parallel with axotomy conditions (Fig. 2d), and the same control was used for both conditions. g, Quantification of cytotox dye-labeled puncta in dissociated WT
or SARM1 KO cortical neurons after treatment with 5 pM vacor (n =20 images/condition; Mann—Whitney test; ***p < 0.001 for all time points after 4 h). Quantification (h) and sample
images (i) of TMRM fluorescence in axons after 5 M vacor treatment (n = 5-8 images/condition; Mann—Whitney test; ***p < 0.001 for all time points after 4 h for WT + vacor compared
with SARM1 KO + vacor). Scale bar, 100 um. Time course of normalized NAD™ (j), ATP (k), and NfL (I) levels after 5 uM vacor treatment in WT mouse cortical neurons (n = 4-8, 6-20, and 4
measurements/condition, respectively; Sidak’s multiple-comparison test; ****p < 0.0001). See Extended Data Figure 3-3 for data on axon degeneration and cell body death after stress in
mouse cortical cultures treated with NAD™, nicotinamide, and 8-Br-cADPR or in mouse cortical cultures from TRPM2 KO animals. See Extended Data Table 1-1 for further statistical analysis.
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Figure 4.  SARM1 KO or activation in mouse cortical neurons results in only minor proteomic changes. a, MS analysis of peptide fragment abundance in lysates of WT or SARM1 KO mouse
cortical neurons. b, MS analysis of peptide fragment abundance in lysates of WT mouse cortical neurons treated for 4 h with 5 pM vacor or DMSO. Quantification of peptide abundance as
measured by MS of proteins altered in SARM1 KO (c—i), or with SARM1 activation in WT (jk), or related to SARM1 or SARM1 proteomic hit biology (I~q) in WT or SARM1 KO+/— 5 uM
vacor treatment. n = 4 replicates/condition. See Extended Data Figure 4-1 for immunoblot quantification of RNF167 levels in WT and SARM1 KO cortical cultures and quantification of peptide
abundance as measured by MS of other proteins of interest.
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Figure 5.  Microtubule dysregulation and mitochondrial stress cause SARM1-dependent axon degeneration and SARM1-independent cell body death. Sample images and quantification of

axon degeneration in WT or SARM1 KO mouse cortical neurons after treatment with 100 nM vincristine (a,b), 100 nM taxol (¢,d), or 250 nM rotenone (e,f; scale bar, 100 pm; n = 40-60, 51-58,
and 80-86 images/condition, respectively; Mann—Whitney test; ***p < 0.001). Quantification of axon degeneration in WT mouse cortical neurons treated with 10 yM SARM1 inhibitor and
100 nM vinristine (g), 100 nM taxol (h), or 250 nM rotenone (i; n = 12-15, 16—32, 20 images/condition, respectively; Mann—Whitney test; ***p < 0.001). Quantification of cytotox dye puncta
in WT mouse cortical neurons treated with 10 uyM SARM1 inhibitor and 100 nM vincristine (f), 100 nM taxol (k), or 250 nM rotenone (/). n =32, 32, and 10 images/condition, respectively.

by SARM1 loss, taxol mediates slower axon degeneration which
is only partially rescued by SARMI loss. Using AD-1a, we inves-
tigate SARMI activation in axons following vincristine, taxol,
and rotenone treatment. Similar to axonal injury and direct
SARMI activation in response to vacor treatment, all three stress
treatments lead to significant increases in AD-1a fluorescence in
the axonal compartment of WT, but not SARM1 KO cortical
neurons (Fig. 6a-d). However, while axonal injury and vacor

treatment cause an approximately twofold increase in AD-la
fluorescence in mouse cortical neurons, AD-1a fluorescence is
only elevated ~30% in response to vincristine and rotenone treat-
ment and ~10% in response to taxol treatment. In human corti-
cal neurons, these different cell stressors similarly result in axonal
SARMI activation (Extended Data Figure 6-1a,b). While vacor
treatment leads to high levels of AD-1a fluorescence within 4 h
of treatment, vincristine and rotenone cause intermediate
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Figure 6. Localization of SARM1 activation is dependent on the type of cellular stressor. Sample images (a—c) and quantification (d) of AD-1a fluorescence in WT or SARM1 KO mouse cortical

neurons after 4 h treatment with 100 nM vincristine, 100 nM taxol, or 250 nM rotenone. Scale bar, 20 ym; n = 44-75 images/condition. Sample images (e) and quantification (f) of AD-Ta
fluorescence in cell bodies of WT mouse cortical neurons after stress treatment. Arrowheads denote cell bodies; scale bar, 20 pm; n = 80—88 images/condition. Two-way ANOVA, multiple
comparisons; **p < 0.01; ***%*p < 0.0001. See Extended Data Figure 6-1 for sample images adjusted to equal brightness and contrast and AD-1a fluorescence in human iPSC-derived cortical

neurons after stress.

AD-1a fluorescence, and taxol causes only sparse SARM1 activa-
tion in axons after 24 h.

We have previously shown that global SARM1 activation by
vacor treatment causes AD-1a fluorescence in cell bodies and
cell body degeneration, while axon injury distal to the axon ini-
tiation site does not. Next, we characterize SARMI activation

in response to microtubule and mitochondrial dysfunction
induced by vincristine, taxol, and rotenone treatment in the
cell body compartment. To be able to show AD-1a signal across
all conditions, we decreased the brightness and contrast of the
vacor condition in comparison with all other conditions, which
were kept constant (Fig. 6e). Sample images of equal brightness
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and contrast are shown in Extended Data Figure 6-1b.
Interestingly, vincristine and rotenone treatments cause only
minor AD-1a fluorescence in cell bodies, while taxol treatment
does not result in any AD-1a fluorescence in cell bodies (Fig. 6e,
/). This is in line with our previous finding that cell body death
in response to these stressors is SARM1-independent and indicates
that other cell stress-response pathways drive this phenotype. The
background signal observed is SARM1-independent and, as men-
tioned previously, likely AD-1a autofluorescence from low pH cel-
lular vesicles. Together, these experiments show that SARMI1
activation can be localized to specific neuronal compartments
depending on the type of stressor.

Discussion

SARM1 is the central executioner of Wallerian degeneration, orig-
inally defined as the process of organized axon self-destruction dis-
tal to the injury site. The term is typically used to describe axon
degeneration in neurons of the peripheral nervous system, and
SARMI1 function has mainly been studied in mouse DRG sensory
neurons (Summers et al., 2014; Bosanac et al., 2021). We demon-
strate directly that in both mouse and human cortical neurons,
SARMI is activated in response to a number of different stress sti-
muli not previously investigated in this neuronal subtype. As a first,
this study finds that the localization of SARM1 activation is depen-
dent on the type of stressor and leads to SARM1-dependent axon
degeneration and, in the case of microtubule and mitochondrial
dysfunction, SARM1-independent cell body degeneration.

SARMI functions as an autoinhibited NADase that once acti-
vated initiates axon degeneration by hydrolyzing NAD", which
in turn results in metabolic catastrophe, setting off a cascade of
downstream processes ending in morphological axon degenera-
tion. It has been shown that germline loss of SARM1 causes ele-
vation of NAD™ levels in the brain (Sasaki et al., 2020). However,
whether this increase in NAD™ levels results in changes in protein
homeostasis or whether SARM1 has other functions that may
affect the global neuronal proteome has not been investigated.
Here we find that the expression levels of very few proteins are
altered in mouse cortical neurons with constitutive SARMI1
loss, which is in stark contrast to other neuronal stress pathways
that induce broad transcriptional and translational responses
(Watkins et al., 2013; Tortosa et al., 2022).

While it is known that SARM1 activation rapidly decreases
NAD" levels, we were also interested in whether SARM1 activa-
tion leads to concomitant proteomic changes. As we wanted to
avoid characterizing the proteomic signature of late-stage neuron
degeneration or SARMI1 activation-independent changes, we
used vacor to directly activate SARMI1 and collected lysates
before onset of significant morphological changes. As in the
case of SARMI loss, SARMI1 activation causes very few protein
expression changes, confirming that SARMI1 exerts its effect
mainly at the metabolic level. Only TNKS2, also known as
Parp5b, was significantly increased with SARMI activation in
WT neurons specifically, while TNKS1, also known as Parp5a,
trended in the same direction. Tankyrases consume NAD" to cat-
alyze the ADP ribosylation of a number of different target pro-
teins, thereby regulating various cellular processes such as
DNA damage response and Wnt and Notch signaling (Sagathia
et al.,, 2023). How SARMI1 activation results in TNKS2 increases,
and whether this contributes to axon degeneration, is unclear and
requires further investigation.

To study axon degeneration in cortical neurons, we developed
a medium-throughput experimental pipeline. Neuron “spots” are

Hinzetal. ® Localized SARM1 Activation in Cortical Neurons

plated in a 48-well tissue culture plate, which allows for injury of
axons and separate imaging of cell bodies and axons. We find that
the axon degeneration state can be reliably captured using phase
imaging only. Restricting axon degeneration imaging to phase
eliminates the need for overexpression of fluorescent markers,
which may artificially perturb the cell or fixation and immu-
nofluorescence staining, which would prevent live, time-lapse
imaging. Using an automated imaging system housed in a tissue
culture incubator, multiple images per well are acquired auto-
matically every 2 h over a period of 3 d. This allows for tracking
of axon morphology over time with minimal experimenter effort.

To quantify axon degeneration, we developed a custom deep
learning algorithm based on two convolutional neural networks:
a unary model, which takes as input a single image and outputs a
probability for each of the four possible axon degeneration
scores, as well as a transition model, which takes as input a
pair of images from the same field of neurons at consecutive
time points and predicts the probability of the score change
between the two images. Using both of these measures, we
then generate the optimal score sequence over time. The algo-
rithm is robust and works well on images that also contain
fields of cell bodies and artifacts of axonal injury, such as grooves
in the tissue culture plastic created by the microblade. This elim-
inated the need to manually set fields of view before imaging or
crop images during image postprocessing to contain only fields of
axons. Combining the use of an abundant neuronal cell type,
automated imaging, and Al-assisted scoring, a single automated
imaging instrument can reliably test over 500 different condi-
tions on primary neurons within a week with minimal experi-
menter time.

Using this semiautomated pipeline, we studied axon degenera-
tion in both mouse primary cortical neurons and human
iPSC-derived cortical neurons in response to a number of different
stressors. While Osterloh et al. (2012) have previously shown that
mouse cortical neurons undergo SARM1-dependent axon degen-
eration after mechanical injury, we demonstrate in this study that
injury also results in rapid axon degeneration in human culture
systems. However, in mouse cortical neurons, initial signs of mor-
phological degeneration occur between 2 and 6 h, and axons are
completely degenerated within 24 h, while in human cortical neu-
rons, morphological axon degeneration is initiated between 6 and
12 h, and axon degeneration proceeds more slowly, reaching com-
pletion by 3 d. Furthermore, while only 5 uM vacor is needed to
induce rapid and complete axon degeneration in mouse cortical
neurons, 10-fold higher concentrations are required in human
cortical neurons. The differences in axon degeneration kinetics,
not previously characterized, may be due to differences in media
composition, which for the human culture system were optimized
to enable the study of these neurons for weeks and months and
were supplemented with neurotrophic factors such as BDNF to
support culture longevity. Independently, there may be differences
in endogenous levels of NMN and NAD", NMNAT?2 and its reg-
ulation, and SARM1 expression and activity between neurons
from different species, as well as between different neuronal sub-
types within a species. It will be critical to understand the cross-
species and cross-neuronal subtype differences, as this will impact
which neuronal populations may be vulnerable to SARMI activa-
tion in different disease or stress conditions and which model
organisms can be used to accurately model therapeutic SARM1
inhibition approaches.

We show here that the kinetics of axon degeneration and the
subcellular localization of SARMI1 activation are stressor depen-
dent. Axon injury results in localized SARMI activation in the
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axon segments distal to the injury site and rapid degeneration of
only the axonal compartment, not the cell body. In contrast, after
vacor treatment, SARM1 activation occurs in both axons and cell
bodies causing fast, SARM1-dependent degeneration of both com-
partments. Vincristine, which destabilizes microtubules, and rote-
none, which causes mitochondrial dysfunction, both induce
strong SARMI activation in axonal compartments and only sparse
SARMI activation in cell bodies and result in rapid, SARM1-
dependant axon degeneration. Taxol, which stabilizes microtu-
bules, only results in weak SARMI activation in axons and causes
slow axon degeneration, which is only partially inhibited by the loss
of SARMI. Taxol treatment does not result in any SARMI activa-
tion in cell bodies at the time points we investigated. While micro-
tubule and mitochondrial dysfunction cause cell body death, as
measured by the uptake of a cell membrane-impermeable nuclear
dye, this is not SARM1-dependent. Therefore, we demonstrate here
for the first time that SARMI1 activation correlates with axon
degeneration kinetics, where SARM1 can cause rapid axon degen-
eration, but activation of other cell stress pathways may result in
slow, SARM1-independent degeneration. Furthermore, we demon-
strate that SARM1, which is present on mitochondria throughout
the neurons (Miyamoto et al., 2024), can be activated in specific
subcellular compartments depending on the stress signal.

How do these different stressors cause localized SARM1 activa-
tion? Injury has been shown to affect NMNAT? levels distal to the
injury site in axons (Gilley and Coleman, 2010). NMNAT?2 regu-
lates NMN:NAD" ratios, which in turn affect SARM1 activation.
Therefore, the finding that SARM1 activation after injury is local-
ized to axonal segments distal to the injury site is expected. In con-
trast, the vacor metabolite VMN directly binds to an allosteric site
on SARMI to cause a conformational change and activation
(Loreto et al., 2021). Vacor treatment leads to global SARM1 acti-
vation throughout the neuron and SARMI-dependent axon and
cell body degeneration. Vincristine and taxol, which cause micro-
tubule dysfunction and impact axon trafficking, likely affect
NMNAT? levels and therefore NMN:NAD" in axon compartment
specifically, resulting in SARMI activation in these compartments,
but not in the cell body. In contrast, rotenone-induced mitochon-
drial dysfunction may directly affect NMN:NAD™ ratios. However,
it does not lead to robust SARM1 activation in cell bodies. Possibly,
the concentrations of NMN and NAD" differ in the axon and cell
body compartments, and therefore the level of mitochondrial dys-
function required to activate SARM1 may also differ. Alternatively,
it has been suggested that mitochondrial dysfunction can affect
NMNAT? trafficking (Loreto et al., 2020), which would explain
the similar SARM1 activation pattern as observed with microtu-
bule dysfunction.

Microtubule and mitochondrial dysfunction both result in
SARM1-independent cell death, suggesting that other cell death
pathways, such as JNK signaling, may play an important role. A
great deal of excitement is currently being generated around ther-
apeutic approaches that regulate NAD™ levels, either by NAD"
supplementation, NMNAT2 activation, or SARM1 inhibition.
However, our study shows that while these strategies may be ben-
eficial in clinical indications where axon degeneration is the driv-
ing force of disease pathology, they may be less successful in
instances where other cell stress pathways are concomitantly acti-
vated to cause SARM1-independent cell death. Understanding the
neurodegenerative diseases in which SARMI activation plays a
major role and exploring combination therapy approaches which
protect both the cell body and the axon compartment will be crit-
ical to develop successful NAD"-regulating therapies.
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