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Sterile alpha and toll/interleukin receptor motif-containing
1 (SARM1) is a critical regulator of axon degeneration that acts
through hydrolysis of NAD+ following injury. Recent work has
defined the mechanisms underlying SARM1’s catalytic activity
and advanced our understanding of SARM1 function in axons,
yet the role of SARM1 signaling in other compartments of
neurons is still not well understood. Here, we show in cultured
hippocampal neurons that endogenous SARM1 is present in
axons, dendrites, and cell bodies and that direct activation of
SARM1 by the neurotoxin Vacor causes not just axon degen-
eration, but degeneration of all neuronal compartments. In
contrast to the axon degeneration pathway defined in dorsal
root ganglia, SARM1-dependent hippocampal axon degenera-
tion in vitro is not sensitive to inhibition of calpain proteases.
Dendrite degeneration downstream of SARM1 in hippocampal
neurons is dependent on calpain 2, a calpain protease isotype
enriched in dendrites in this cell type. In summary, these data
indicate SARM1 plays a critical role in neurodegeneration
outside of axons and elucidates divergent pathways leading to
degeneration in hippocampal axons and dendrites.

Distal axon degeneration following injury follows a pattern
that was originally termed Wallerian degeneration (1, 2). It was
initially believed that this degeneration was passive, but this
changed after the identification of the Wallerian degeneration
slow (WLDS) mouse strain that displayed significantly delayed
axon degeneration following injury (3). The WLDS mutation
was subsequently shown to be a fusion of ubiquitination factor
E4B (UBE4B) and nicotinamide mononucleotide adenylyl-
transferase 1 (NMNAT1) (4). This fusion protein persists in
damaged axons and has been shown to be protective in injury
models of cultured dorsal root ganglion (DRG) or superior
cervical ganglion (SCG) neurons and mouse sciatic nerves
(5–7). NMNAT1 is an enzyme that converts nicotinamide
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mononucleotide (NMN) into NAD+ that is usually localized to
the nucleus, but the UBE4B-NMNAT1 fusion protein is
diffusely localized and stabilized. This results in active enzyme
that persists in damaged axons and preserves NAD+ levels
following injury (8). Further studies in SCG neurons revealed
that the endogenous protein responsible for maintaining
NAD+ levels in axons is another NMNAT isoform, NMNAT2,
which is rapidly lost upon axon injury (9).

A subsequent forward genetic screen in Drosophila mela-
nogaster led to the discovery of the first mutations that slowed
Wallerian degeneration (10). This study identified sterile alpha
and Armadillo motif (dSarm) and its mouse ortholog sterile
alpha and toll/interleukin receptor (TIR) motif-containing
protein 1 (Sarm1) as a novel regulator of axon degeneration.
Deletion of dSarm/Sarm1 in flies, primary mouse cortical, SCG,
DRG neurons, and mouse sciatic nerve delayed axon degener-
ation following injury. The mechanism by which SARM1 reg-
ulates axon degeneration became clearer upon the discovery of a
noncanonical NAD+ hydrolase function of its TIR domain (11).
Isolated recombinant or cellular SARM1 hydrolyzes NAD+ into
nicotinamide, adenosine diphosphate ribose (ADPR), and
cyclic-ADPR (cADPR) (11–14). SARM1’s intrinsic NAD+ hy-
drolase activity, along with the known roles of WLDS and
NMNAT2 in NAD+ metabolism, solidified SARM1-dependent
NAD+ hydrolysis as a critical step in the axon degeneration
pathway (1, 2). Taken together, these data have led to a model in
which degradation of NMNAT2 lowers NAD+ and increases
NMN following axonal injury (15–17). NMN then directly ac-
tivates SARM1, leading to a further reduction of NAD+ (2, 14,
18–25). Structural investigations confirmed an allosteric bind-
ing pocket in SARM1, normally occupied byNAD+ but replaced
by NMN to induce hydrolase activity (2, 14, 18, 21, 22, 24, 26,
27). It has been hypothesized that other prodegenerative stimuli
may similarly alter the NAD+/NMN ratio to favor activation of
SARM1 (15, 18, 24, 27).

Research on SARM1 has focused on its role in axon
degeneration following axotomy or treatment with chemo-
therapeutics (1, 2, 28) and therefore our understanding of
mammalian SARM1 function comes predominantly from
studies in DRG/SCG neurons as a model system (1, 28, 29).
This specialized population of sensory neurons have a single
axon that bifurcates into two branches, which has limited our
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SARM1 is responsible for dendrite degeneration in neurons
understanding of SARM1 function in other neuronal com-
partments. Wallerian degeneration of dendrites has been re-
ported in Drosophila (30, 31), but there is limited evidence for
the pathway in dendrites of mammalian neurons. In this study,
we outline the degenerative properties of SARM1 in mouse
primary hippocampal neurons that have complex morphology
and processes. Using these neurons we show the presence of
SARM1 protein and activity outside of axons and define a role
for SARM1 in dendrite degeneration through activation of
calpain proteases.
Results

SARM1 is present and functional in all neuronal
compartments

To better define the role of SARM1 in central nervous
system (CNS) neurons, we began by determining the SARM1
localization in cultured primary hippocampal neurons. Im-
munostaining for endogenous SARM1 in wildtype neurons
revealed punctate, but specific signal throughout the cells
(Fig. 1A – Top row) which was absent in neurons from Sarm1-
knockout (Sarm1KO) mice (Fig. 1A – Middle row). We next
examined a 1:1 ratio mixed culture of wildtype and Sarm1KO
neurons which allowed us to both confirm the specificity of the
SARM1 antibody by observing cells with (Fig. 1A – Bottom
row, arrow) and without (Fig. 1A – Bottom row, arrowhead)
signal and to better observe morphological details of each
SARM1-positive neuron. Using super-resolution microscopy,
we then investigated the presence of SARM1 in neuronal
compartments marked by axonal (SMI312) and dendrite
(MAP2) markers and found that endogenous SARM1 is pre-
sent in axons, dendrites, and cell bodies (Fig. 1B – zoomed in
image and line graph).

We next sought to test SARM1 activity in each neuronal
compartment following direct activation byCZ-48 or Vacor, two
cell permeable compounds that have been reported to mimic
NMN, an endogenous SARM1 activator (20, 23, 32). CZ-48 is an
inhibitor ofCD38, anotherNADase thatwas unexpectedly found
to activate SARM1 (20), and Vacor was used as a rodenticide and
its accidental ingestion can cause peripheral and central neu-
ropathy and/or diabetes mellitus in humans (33, 34). While CZ-
48 is anNMNanalog, Vacor requires processing by nicotinamide
phosphoribosyltransferase to produce the NMN analog Vacor
mononucleotide,which directly activates SARM1 (20, 23, 32). To
directly observe SARM1 activity, we employed PC6/PAD6, a
live-cell SARM1 activity probe. PAD6 is formed as an adduct of
PC6 and ADPR generated by SARM1 upon NAD+ hydrolysis
that causes a red shift in fluorescence and allows for the direct
measurement of SARM1 activity in live cells (35). Neurons were
preloaded with PC6, treated with a wide concentration range of
SARM1 activators, and then imaged for PAD6 signal at two time
points – 1, and 2 h after the addition of SARM1 agonists.
Following SARM1 activation with CZ-48 (Fig. 1, C and D) or
Vacor (Fig. 1, E and F), wildtype, but not Sarm1KO, neurons
displayed diffuse fluorescent signal throughout cell bodies and
neurites, indicating the signal was induced by SARM1-
dependent PAD6 formation across all the neuronal
2 J. Biol. Chem. (2024) 300(2) 105630
compartments. The PAD6 signal was also ablated by cotreat-
mentwith a SARM1 inhibitor (36) inwildtypeneurons (Fig. S1,A
and B). PC6-loaded wildtype and Sarm1KO neurons both dis-
played some punctate background signal in the control condi-
tions that overlapped with lysosomes (Fig. S1C), suggesting
protonation of PC6 in acidic lysosomes that was independent of
SARM1 activity. However, this background punctate signal
could be readily separated from the widespread PAD6 signal
observed throughout neurons by measuring the increase in total
PAD6-positive area (Fig. 1, C and E). Following activation of
SARM1 in hippocampal neurons by either CZ-48 or Vacor, total
cellular NAD(H) was lost in a SARM1-dependent manner
(Fig. 1G). This ubiquitous PAD6 signal and complete loss of
cellular NAD(H) indicates that SARM1 is functional and can be
activated both inside and outside of axons in hippocampal
neurons.

Direct SARM1 activation results in degeneration of multiple
neuronal compartments

To gain a better understanding of the consequences of
SARM1 activation in distinct subcellular compartments, we
directly activated SARM1 using a wide concentration range of
CZ-48 or Vacor and then assessed the extent of degeneration at
a single time point (16 h) by immunostaining for markers of
axons (SMI312) and dendrites (MAP2), as well as quantifying
nuclear condensation (40,6-diamidino-2-phenylindole [DAPI]).
Both compounds resulted in a dose-dependent degeneration of
both axons and dendrites in wildtype, but not Sarm1KO, neu-
rons (Fig. 2, A–D). Neurons treated with very high (≥50 μM)
concentrations of Vacor also showed SARM1-independent
degeneration, presumably a result of off-target toxicity
(Fig. 2D). Degeneration of neuronal processes following CZ-48/
Vacor treatment was similarly attenuated by pharmacological
inhibition of SARM1 activity (Fig. S2A). Vacor and CZ-48 also
caused a SARM1-dependent increase in condensed nuclei,
suggesting that in this setting SARM1 activation can be suffi-
cient to drive cell death in addition to neurite degeneration
(Fig. 2, A–D).

All neuronal compartments (axons, dendrites, and cell
bodies) had the same relative sensitivity to CZ-48 and Vacor,
indicating that no one compartment is more sensitive to
SARM1 activation. Vacor was a more potent activator with
maximal degeneration occurring at 6.25 μM, while CZ-48 did
not reach maximal levels even at 1 mM (Fig. 2, B and D).
However, simultaneous addition of the nicotinamide phos-
phoribosyltransferase inhibitor FK866 potentiated the degener-
ation of all neuronal compartments observed following CZ-48
treatment (Fig. S2B), presumably a result of more robust
lowering of NAD+ levels (14, 18, 22). The addition of FK866
sensitized axons, dendrites, and cell bodies to CZ-48 to the same
degree with degeneration evident at concentrations ≥0.25 mM
and maximal degeneration occurring at 0.5 mM (Fig. S2B).

SARM1-mediated dendrite degeneration is calpain-dependent

Calcium (Ca2+) influx and activity of calpains (Ca2+-
dependent proteases), are known contributors to axon
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Figure 1. SARM1 is present and can be activated in all neuronal compartments. A, representative images of the primary cultured hippocampal neurons
(“neurons”) from wildtype and Sarm1KO mice, and the mixed culture of the two genotypes that were immunostained for endogenous SARM1 (grayscale),
axonal (SMI312, magenta), and dendritic (MAP2, green) marker proteins. In the mixed neuron culture, blue arrows and arrowheads point at wildtype and
Sarm1KO neurons, respectively, that were identified based on the SARM1 immunostaining. B, a zoomed-in image of the wildtype neurons in (A)—the area
defined by the blue dashed box in the merged image of wildtype neurons (top), and the line graph that indicates the relative intensity of SARM1, MAP2, and
SMI312 immunostaining along the yellow arrow indicated in the zoomed-in image (bottom). C–F, SARM1 activity in wildtype and Sarm1KO neurons treated
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Figure 2. SARM1 activation degenerates all neuronal compartments. Representative images and relative levels of immunostained axons and dendrites,
and proportion of condensed nuclei in wildtype and Sarm1KO neurons that were treated with increasing concentrations of (A and B) CZ-48 or (C and D)
Vacor for 16 h. All representative images from the same group were taken in the same field of the same neuronal culture. Statistical significance of dif-
ferences among groups was determined by two-way ANOVA using genotype and toxin doses as two independent variables. When the effect of genotype
was significant (p < 0.05), Tukey’s post hoc test was performed and p values that are less than 0.05 for comparisons between the two genotypes at the
specific toxin doses are shown. Number of biologically independent experiments (n) are (B) 5, and (D) 4. Data are represented as the mean ± standard
deviation by vertical lines with individual data points shown by small circles. *p < 0.05, **p < 0.01, ***p < 0.001, ns p ≥ 0.05. SARM1, sterile alpha and toll/
interleukin receptor motif-containing 1.

SARM1 is responsible for dendrite degeneration in neurons
degeneration following injury or SARM1 activation in DRG/
SCG neurons (37–42). Based on these findings, we investigated
the involvement of calpains in SARM1-dependent degenera-
tion of hippocampal neuron compartments by cotreating
neurons with Vacor and several commonly used calpain in-
hibitors (Fig. S3, A and B). Calpain inhibitor III, calpeptin, and
PD150606 are relatively selective to calpain1 and calpain2,
compared to (2S,3S)-trans-Epoxysuccinyl-L-leucylamido-3-
methylbutane ethyl ester and leupeptin that also inhibit other
types of proteases (43–45). Surprisingly, none of the calpain
inhibitors prevented Vacor-dependent degeneration of
SMI312-positive axons even when used at high concentrations
(30 μM) (Figs. 3, A and B and S3, A and B). In contrast, calpain
inhibitor III and calpeptin robustly prevented Vacor-
dependent degeneration of MAP2-positive dendrites (Figs. 3,
A and B and S3, A and B). Calpain inhibition also protected
dendrites against direct activation of SARM1 by CZ-48/FK866,
with CZ-48 (C and D) or Vacor (E and F) shown by both representative images a
quantification of PAD6-positive area for 1 or 2 h (D and F). G, cellular NAD(H)
concentrations of CZ-48 or Vacor for 16 h. Statistical significance of difference
toxin doses as two independent variables. When the effect of genotype was sig
less than 0.05 for comparisons between the two genotypes at the specific toxi
(D and F) three and (G) three (CZ-48) and six (Vacor). Data are represented as
shown by small circles. *p < 0.05, **p < 0.01, ***p < 0.001, ns p ≥ 0.05. SARM
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further supporting the notion that calpains act downstream of
SARM1 (Fig. S3, C and D).

To determine whether calpain activation and dendrite
degeneration is dependent on caspases as was observed in
DRG axons following lesion or trophic factor withdrawal (46,
47), we next tested the pan-caspase inhibitor Q-VD-OPh.
Caspase inhibition had no effect on SARM1-dependent
dendrite degeneration, demonstrating specificity of calpain
proteases in this process and suggesting distinct upstream
signals lead to calpain activation in this context (Fig. S4).
Interestingly, Q-VD-OPh also failed to protect axons of hip-
pocampal neurons from SARM1-dependent degeneration
(Fig. S4). To confirm that the loss of MAP2 immunostaining
represents degeneration of dendrites, we immunostained
drebrin, another dendritic marker protein that is enriched in
dendritic spines (48) as opposed to MAP2 that is enriched in
dendritic shafts (Fig. S5A). The correlation of MAP2 and
t 1 h (C and E, grayscale (left) and overlaid with CellMask staining (right)) and
levels of wildtype and Sarm1KO neurons that were treated with increasing
s among groups was determined by two-way ANOVA using genotype and
nificant (p< 0.05), Tukey’s post hoc test was performed and p values that are
n doses are shown. Number of biologically independent experiments (n) are
the mean ± standard deviation by vertical lines with individual data points
1, sterile alpha and toll/interleukin receptor motif-containing 1.
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Figure 3. SARM1-induced dendrite degeneration depends on calpains. A, representative images and (B) relative levels of immunostained axons and
dendrites, and proportion of condensed nuclei in wildtype and Sarm1KO neurons that were treated with various concentrations of Vacor for 16 h. Some
neurons were cotreated with calpain inhibitor III (30 μM). C, representative immunofluorescent images and a line graph of primary mouse hippocampal
neurons from wildtype mice. Neurons were immunostained for calpain2 along with axonal (SMI312) and dendritic (MAP2) marker proteins. To validate the
specificity of the calpain2 antibody, neurons that were transduced with lentivirus encoding shRNA against calpain2 were also immunostained. The line
graph on the right indicates the relative intensity of the immunostaining along the yellow arrow indicated in the merged images. D, calpain1 and calpain2
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SARM1 is responsible for dendrite degeneration in neurons
drebrin immunostaining indicates SARM1- and calpain-
dependent dendrite degeneration (Fig. S5).

To confirm a role for calpains in this process and determine
the specific calpain isoform that is required for SARM1-
dependent dendrite degeneration, we more closely investi-
gated calpain1 and 2, two major calpain isotypes found in
neurons (49). We first examined the subcellular localization of
calpain1 and calpain2 by immunostaining. Although both
isotypes were present in our hippocampal neuron cultures,
calpain2 appeared to be enriched in dendrites compared to
axons (Figs. 3C and S6). We next used shRNA to specifically
knock down either calpain1 or calpain2. Only calpain2
knockdown specifically protected against Vacor-induced
dendrite degeneration (Fig. 3, C–F), indicating that it is the
primary calpain isoform responsible for SARM1-dependent
degeneration in hippocampal neurons. The dendrite enriched
expression of calpain2 suggests that the differential impact of
calpain inhibition or knock down in dendrites as compared to
axons may result from the localization of calpain2 protein.

To confirm that calpain activation occurs downstream of
SARM1, we delayed the addition of either a SARM1 or calpain
inhibitor until after activating SARM1 (Fig. 4A for experi-
mental design). Based on the robust protection of dendrites
(Figs. 3 and S3) and known selectivity and potency, calpain
inhibitor III was chosen for subsequent experiments. Delayed
addition of an SARM1 inhibitor protected dendrites when
added within two hours of Vacor treatment (Fig. 4, B and C,
orange shading), whereas calpain inhibitor III protected den-
drites if added up to three hours after Vacor treatment (Fig. 4,
B and C, blue shading). The window of 1 h where calpain
inhibition was still protective beyond SARM1 inhibition sug-
gests that calpains are activated downstream of SARM1 and,
once active, are not reversable by SARM1 inhibition. Exami-
nation of SARM1 activity following treatment with a calpain
inhibitor provided additional evidence that SARM1 acts up-
stream of calpain activation, as PAD6 fluorescence following
cotreatment of hippocampal neurons with CZ-48 or Vacor and
calpain inhibitor III was not significantly different than treat-
ment with SARM1 activators alone (Fig. 4, D and E).

Multiple waves of calcium influx have been described in
axon lesion studies, a first transient wave that occurs rapidly
after injury and a second prolonged one that occurs hours after
injury and is immediately followed by axon fragmentation (39,
40). Given the requirement for calcium influx in calpain acti-
vation, we hypothesized that SARM1 activity contributes to
calcium influx in hippocampal neurons. To test this, we
monitored intracellular calcium levels by Fluo4 intensity
transcript levels in neurons that were transduced with lentivirus encoding shRN
neurons that were not transduced with lentivirus in each biological replicate
levels of immunostained axons and dendrites, and proportion of condensed
Vacor for 16 h. Neurons were treated with DMEM (Ctrl) or transduced with len
significance of effects by pharmacological treatment or lentiviral transduction
lentiviral transduction, and Vacor doses as two independent variables. When t
(p < 0.05), Tukey’s post hoc test was performed and p values that are less than
to the control group at the specific toxin doses are shown in figure panels. D
individual data points shown by small circles. In (D), Statistical significance was
represented by boxplots with individual points. Number of biologically indepen
0.001, ns p ≥ 0.05. DMEM, Dulbecco’s modified Eagle’s medium; SARM1, steril
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following Vacor treatment. Vacor had no effect on calcium
influx at early time points (≤1 h) but resulted in a significant
increase in Fluo4 signal in wildtype neurons at later time
points (≥2 h) (Figs. 5, A and B and S7A for all time points and
treatments). Interestingly, Fluo4 signal did not increase at any
time point in either Sarm1KO neurons or wildtype neurons
treated with either EGTA or a SARM1 inhibitor, indicating
that it is both extracellular calcium and SARM1 activity-
dependent (Figs. 5, A and B and S7A for all time points and
treatments). We next sought to determine the calcium chan-
nels acting downstream of SARM1 activation. Among several
voltage-gated calcium channels (Cav) blockers, cilnidipine
prevented a large portion of calcium influx induced by Vacor
(Fig. 5, C and D), whereas the other blockers, including
nifedipine, had no effect on calcium influx (Fig. S7B). This
suggests that Cav2.2 channels conduct calcium influx induced
by SARM1 activity in neurons as cilnidipine and nifedipine
block Cav1/2.2 and Cav1 channels respectively (50).

Calpains are downstream executors of SARM1 degeneration in
dendrites, but not axons

Several axon-specific calpain substrates have been identified
including neurofilament light (Nf-L) and stathmin 2 in axon
degeneration in DRG neurons (37, 41, 51, 52). Consistent with
previous reports, we observed Nf-L cleavage and loss of
stathmin 2 upon SARM1 activation by Vacor treatment in
cultured mouse DRG neurons, which was prevented following
addition of calpain inhibitor III (Fig. 6, A and B). EGTA also
prevented SARM1-dependent cleavage of Nf-L but depleted
stathmin 2 independently of SARM1 (Fig. 6, A and B), which
could be caused by altered microtubule dynamics that rapidly
depleted stathmin 2 (52). Although drebrin is enriched in
dendrites of hippocampal neurons (Fig. S5), drebrin was
expressed also in DRG neurons that do not have dendrites and
depleted in SARM1-and calpain-dependent manner, showing
the same profile as full-length Nf-L and stathmin 2 (Fig. 6, A
and B).

We next tested whether similar processing of axonal pro-
teins - Nf-L and stathmin 2—occurred in hippocampal neu-
rons. Surprisingly, despite robust axon degeneration following
Vacor treatment in hippocampal neurons (Fig. 2), no calpain-
dependent processing of Nf-L nor depletion of stathmin 2
occurred (Fig. 6, C and D). Calpain inhibitor III moderately
increased stathmin 2 levels independently of SARM1 activa-
tion, suggesting constant calpain-mediated stathmin 2 prote-
olysis occurs in these neurons (Fig. 6, C and D). EGTA slightly
depleted stathmin 2 independently of SARM1 activation,
A against calpain1 and calpain2. The transcript levels were normalized to the
(the levels of control neurons = 1). E, representative images and (F) relative
nuclei in wildtype neurons that were treated with various concentrations of
tivirus encoding shRNA against calpain1 or calpain2. In (B and F), statistical
was determined by two-way ANOVA using pharmacological treatment or

he effect of the inhibitor treatment or lentiviral transduction was significant
0.05 for the effect of inhibitor treatment or lentiviral transduction compared
ata are represented as the mean ± standard deviation by vertical lines with
determined by one sample t test using the theoretical mean of 1. Data are
dent experiments (n) are (B) 4, (D) 2, and (F) 3. *p < 0.05, **p < 0.01, ***p <
e alpha and toll/interleukin receptor motif-containing 1.
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Figure 4. Calpain activation is downstream of SARM1. A, schematic diagram of experiment in which inhibitors were applied at multiple time points after
beginning Vacor treatment. B, representative images and (C) relative levels of immunostained dendrites in wildtype neurons that were treated with Vacor for
8 h with either calpain inhibitor III or SARM1 inhibitor added at increasing durations after Vacor treatment as indicated in the panel (A). D, representative
images at 1 h and (E) relative PAD6 fluorescence levels of PC6-loaded neurons that were treated with increasing concentrations of CZ-48 or Vacor for one or
2 h with or without calpain inhibitor III (30 μM). Statistical significance of effects by inhibitors was determined by two-way ANOVA using (C) inhibitor
treatment and the timing of inhibitor addition, or (E) calpain inhibitor III treatment and Vacor doses as two independent variables. When the effect of the
timing of inhibitor addition or inhibitor treatment was significant (p < 0.05), Tukey’s post hoc test was performed and p values that are less than 0.05 for the
effect of inhibitor treatment at the specific toxin doses are shown in a color-matched manner in figure panels. Number of biologically independent ex-
periments (n) are (C) four or (E) 5. Data are represented as the mean ± standard deviation by vertical lines with individual data points shown by small circles.
*p < 0.05, **p < 0.01, ***p < 0.001, ns p ≥ 0.05. SARM1, sterile alpha and toll/interleukin receptor motif-containing 1.
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similarly to DRG neurons. Robust and specific expression of
Nf-L in axons and axonal enrichment of stathmin 2 were
confirmed by immunostaining in these neurons, indicating
that this discrepancy was not a result of changes in subcellular
localization (Fig. S8, A and B). This lack of Nf-L processing or
stathmin 2 depletion by calpains is consistent with the lack of
axonal protection afforded by calpain inhibition in this
paradigm.

As dendrites were specifically protected by calpain inhibi-
tion following Vacor we moved on to measure the cleavage of
αII-spectrin, α-internexin, and drebrin, three calpain sub-
strates that are present primarily in dendrites of hippocampal
neurons (48, 53, 54) (Fig. S8, C–E). All three proteins were
substantially degraded by treatment with 30 μM Vacor for 3 h
(Fig. 6, E and F). This processing was completely blocked by
cotreatment with a SARM1 or calpain inhibitor, confirming
that calpain proteolytic activity occurs following Vacor treat-
ment (Fig. 6, E and F). Since the processing is specific to
proteins found in dendrites, calpains appear to only be acti-
vated downstream of SARM1 in dendrites and not in axons
where an alternative degeneration pathway may exist down-
stream of SARM1 (see model in Fig. 7).
Discussion

SARM1 has been studied primarily in axons since its iden-
tification as a critical mediator of Wallerian degeneration (1, 28,
29). In this study, we sought to understand the localization and
function of SARM1 in CNS neurons with more complex
cellular morphology. We demonstrated that SARM1 is
expressed throughout the neuron and can contribute not only
to axon degeneration but also to programmed degeneration of
J. Biol. Chem. (2024) 300(2) 105630 7
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Figure 5. SARM1 activation increases intracellular calcium. A, representative images of Fluo4 intensity (intracellular calcium) in wildtype or Sarm1KO
neurons treated with 25 μM of Vacor at 1, 2, and 4 h with or without SARM1 inhibitor (10 μM). B, quantification of relative Fluo4 intensity at 1, 2, and 4 h
following treatment with increasing concentrations of Vacor with or without SARM1 inhibitor (10 μM) or EGTA (3 mM, Fig. S7A for EGTA images). C,
representative images of Fluo4 intensity in wildtype neurons with or without cilnidipine (10 μM). D, quantification of relative Fluo4 intensity at 1, 2, and 4 h
following treatment with increasing concentrations of Vacor with or without the indicated calcium channel blockers (Fig. S7B for other representative
images). Statistical significance of effects by inhibitors was determined by two-way ANOVA using inhibitor treatment (including calpain inhibitor III, EGTA,
SARM1 inhibitor, or cilnidipine treatment and others) and Vacor doses as two independent variables. When the effect of the inhibitor treatment was
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the dendrite and the cell body in response to direct activation.
Recently identified SARM1 agonists, CZ-48 and Vacor/Vacor
mononucleotide (20, 23) allowed us to directly activate SARM1
in the absence of other injury or stress and more specifically
dissect SARM1-dependent downstream signaling events in
distinct subcellular compartments. Treatment of hippocampal
neurons with these compounds resulted in SARM1-dependent
degeneration of axons, dendrites, and cell bodies (Fig. 2). Sur-
prisingly, SARM1 degeneration in the axons of hippocampal
neurons was calpain independent, while degeneration of den-
drites required Ca2+ influx and calpain activity. Taken together,
these observations demonstrate that activation of SARM1 is
sufficient to cause destruction of the entire CNS neuron,
though the pathways that mediate degeneration downstream of
SARM1 are distinct in axons and dendrites.

Previous studies have implicated calpain proteases in the
degeneration of DRG axons following lesion or nerve growth
factor withdrawal, where calpain inhibition robustly prevents
axon degeneration (37, 41, 51). In our primary hippocampal
neuron models, we also observed a requirement for calpain
activity, but this was specific to dendrites and did not impact
axon degeneration (Fig. 3, A and B). Our data show that a
canonical axon-specific calpain substrate Nf-L is not processed
following SARM1 activation, unlike the well-processed sub-
strates found in both axons and dendrites (Fig. 6). This
observation suggests that calpains are not activated in the
axonal compartment downstream of SARM1 as is observed in
DRG neurons. It is therefore possible that SARM1’s down-
stream pathways may depend on neuron subtype and the
expression or localization of specific factors. Indeed, our ex-
amination of specific calpains revealed that the dendrite-
enriched calpain2 is the primary driver of degeneration in
this cellular compartment. In contrast, the observation that
hippocampal axons still degenerate in the absence of calpain
activity suggests that distinct pathways drive this process. This
dendrite selective role for calpains is distinct from what has
been previously observed in sensory neurons and suggests that
expression of calpains and other downstream effectors may
result in a differential impact of SARM1 activation across
neuronal subtypes.

Calpain inhibitor III and calpeptin, but not other calpain
inhibitors including (2S,3S)-trans-Epoxysuccinyl-L-leucyla-
mido-3-methylbutane ethyl ester, PD150606, and leupeptin,
robustly protected dendrites from SARM1-dependent degen-
eration (Fig. S3). Potency, selectivity, and/or inhibition
mechanism could underlie the difference. Although it is
challenging to compare Ki and/or IC50 values across studies
that used different assays, the two effective calpain inhibitors
are reported to be most potent against calpain1 and 2 with
reported Ki/IC50 of 50 nM or lower, compared to those that
showed no protection whose Ki/IC50 are higher than 200 nM
(43). Indeed, calpain2 knockdown partially protected dendrites
from SARM1-induced degeneration (Fig. 3, C–F), suggesting
significant (p < 0.05), either (B) Tukey’s or (D) Dunnett’s post hoc test was perfo
at the specific Vacor doses are shown in a color-matched manner in figure pan
three. Data are represented as the mean ± standard deviation by vertical line
***p < 0.001, ns p ≥ 0.05. SARM1, sterile alpha and toll/interleukin receptor m
that the potency against calpain2 is the primary driver of ef-
ficacy of calpain inhibitors in our study.

Our finding that calcium influx in dendrites via Cav2.2
channel can be regulated by SARM1 activity provides new
insight into the pathways downstream of this NADase that
drive degeneration. The impact of calcium influx has been
extensively studied in models of axonal lesion, where diverse
models such as mouse DRG/SCGs, zebrafish, and flies have
revealed two distinct phases of calcium influx in Wallerian
degeneration (39, 40, 42, 55–57). The first phase is transient
and proximal to the axon injury site, while the second is a
more widespread terminal phase of calcium influx that shortly
precedes degeneration. There is evidence that the WLDS
mutant protein (39) or SARM1 deletion (40, 42) can prevent
the second phase of calcium influx, but their impact on the
first phase remains to be resolved (39, 40, 55–57). We
observed a SARM1-dependent calcium influx in response to
Vacor activation that only occurred after two hours and was
more pronounced at four hours after SARM1 activation
(Fig. 5). This indicates that SARM1 activity does not
contribute to an early influx of calcium in this experimental
setup and supports the earlier findings that SARM1 deletion
can specifically impact late-phase calcium influx. In Wallerian
degeneration of DRG or SCG neurons, various calcium
channels have been implicated in this calcium influx (40, 58,
59), where our data indicate that in primary hippocampal
neurons the SARM1-dependent calcium influx is mediated by
Cav2.2 as cilnidipine, but not nifedipine, blunted SARM1-
dependent calcium influx (Figs. 5 and S7B). Although the
specific mechanisms by which SARM1 regulates Cav2.2 ac-
tivity remains unclear, it is possibly mediated directly by
cADPR generated by SARM1 (20, 60, 61), or indirectly by
NAD+ loss. cADPR is involved in mobilizing downstream
calcium fluxes as this metabolite has many roles in TIR/
cADPR/calcium signaling defined in other pathways (62–64).

In this study, we defined a degenerative role for SARM1 in
hippocampal neurons that is localization dependent, with
calpains playing a critical role only in dendrites (Fig. 7). A key
question remains regarding what pathway(s) execute axon
degeneration downstream of SARM1 in hippocampal neurons.
Our observation that SARM1-dependent axon degeneration in
hippocampal neurons is independent of both calpain and
caspase proteases indicates that it is driven by distinct path-
ways that have yet to be defined. In addition, this result sug-
gests that the contribution of calpains to degeneration of
specific cellular processes is not uniformly conserved across
neuronal subtypes, and the previously observed role in DRG/
SCGs may be specific to these sensory neurons given their
unique morphology characterized by a single bifurcating axon.
It will also be important to understand the contribution of
SARM1 to degeneration of CNS neurons in vivo following the
complex cellular insults that occur in neurodegenerative dis-
ease or following acute injury. Further studies will be needed
rmed and p values that are less than 0.05 for the effect of inhibitor treatment
els. Number of biologically independent experiments (n) are (B) four and (D)
s with individual data points shown by small circles. *p < 0.05, **p < 0.01,
otif-containing 1.
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Figure 6. Calpains are downstream executors of SARM1 degeneration in dendrites, but not axons. Analysis of calpain substrate proteins that are
known to be enriched in axons or dendrites in (A and B) mouse DRG neurons and (C–F) mouse hippocampal neurons treated with increasing concentrations
of Vacor for 3 h with or without SARM1 inhibitor (10 μM), calpain inhibitor III (30 μM), and/or EGTA (3 mM). A, C, and E representative western blot images
and (B, D, and F) quantification of relative levels are shown. A and B, levels of full-length and cleaved neurofilament light (Nf-L), stathmin2, and drebrin in
mouse DRG neurons. C and D, levels of calpain substrates that are enriched in axons of cultured mouse hippocampal neurons. Full-length and cleaved
neurofilament light (Nf-L) and stathmin 2. E and F, levels of calpain substrates that are enriched in dendrites of cultured mouse hippocampal neurons. Full-

SARM1 is responsible for dendrite degeneration in neurons

10 J. Biol. Chem. (2024) 300(2) 105630



Figure 7. A model showing distinct degenerative pathways in different
neuronal compartments in cultured mouse hippocampal neurons.

SARM1 is responsible for dendrite degeneration in neurons
to fully understand the impact of SARM1 activity and down-
stream pathway interactions in axons, dendrites, and cell
bodies of CNS neurons following diverse insults.

Experimental procedures

Table S1 lists all antibodies and Table S2 lists key reagents
use in the Supporting Information.

Primary hippocampal neurons

Hippocampi were dissected from E16-E18 embryos of
C57BL/6, CD-1 (Charles River Laboratories), or Sarm1-
deficient mice (B6. 129X1-Sarm1tm1Aidi/J, 018069, The Jack-
son Laboratory) in ice-cold Hibernate E solution. Dissected
hippocampi were digested with �0.1 unit/hippocampus of
papain in 1× PBS at 37 �C for 10 min and then incubated with
DNAseI (3000 unit/ml) and heat inactivated-fetal bovine
serum (HI-FBS) (half the volume of papain solution) at room
temperature (RT) for 5 min. Hippocampi were dissociated by
gentle pipetting (�20 strokes) in the complete NbActiv4 me-
dium (50 μl medium per hippocampus). The complete
NbActiv4 medium consists of NbActiv4 (500 ml) supple-
mented with penicillin-streptomycin (5 ml, the final concen-
tration at 100U/ml), glutamax (5 ml), and 5-floro-2-
length α-internexin, full-length, and cleaved αII-spectrin, and drebrin under the
inhibitors were determined by two-way ANOVA using inhibitor and Vacor t
treatment was significant (p < 0.05), Tukey’s post hoc test was performed and
Ctrl (no pharmacological treatment) condition and of pharmacological treatme
color-matched manner in figure panels. Number of biologically independent
boxplots with individual data points shown by small circles. *p < 0.05, **p < 0.
and toll/interleukin receptor motif-containing 1.
deoxyuridine (final concentration 1 μM). Dissociated hippo-
campi were spun down at 500rcf at 4 �C for 3 min, and the
pellet was dissociated in the complete NbActiv4. Live cells
were counted using a Cellometer Auto 2000 Cell Viability
Counter (Nexcelom Bioscience), and the cells were plated on
poly-D-lysine (PDL)-coated 96-well or 384-well plates at the
density of 25,000 or 12,500 cells/well in 100 μl or 50 μl of the
complete NbActiv4. Hippocampal neurons were grown for 8
to 12 days with half-medium changes every 7 days. Embryonic
dates and neuronal culture duration (days in vitro (DIV))
within this range did not impact SARM1-dependent degen-
eration of neuronal compartments (Fig. S9). In Figures 3, C–F
and S6, neurons were transduced with lentivirus on the day of
plating (DIV0) at the concentration of 1 multiplicity of infec-
tion/cell and were used for experiments at DIV12. Primary
hippocampal neurons from wildtype or Sarm1-deficient mice
are hereafter referred to as wildtype or Sarm1KO neurons.

Primary DRG neuron

DRG were dissected from E12-E14 embryos of CD-1
(Charles River Laboratories) in ice-cold L15 medium.
Dissected DRG were trypsinized by resuspending them in
Trypsin-EDTA solution with shaking at 300 rpm at 37 �C for
15 min. After trypsinization, DRG were spun down at 1500rcf
at RT for 2 min, rinsed once with L15 with 10% HI-FBS,
dissociated in L15 with 10% HI-FBS, and triturated by slow
pipetting (�20 strokes). Triturated DRG neurons were spun
down at 2000rcf at RT for 2 min and resuspended in 1 ml of
the complete DRG medium. The complete DRG medium
consists of neurobasal medium (500 ml) supplemented with
B27 supplement (10 ml), 1M glucose (20 ml), glutamax (5 ml),
penicillin-streptomycin (10 ml, the final concentration: 200U/
ml), nerve growth factor (the final concentration at 25 ng/ml),
and 5-floro-2-deoxyuridine (the final concentration at 1 μM).
The number of viable cells were counted using Cellometer
Auto 2000 Cell Viability Counter (Nexcelom Bioscience). DRG
neurons were spun down again at 2000rcf for 2 min at RT.
Pellet of DRG neurons were resuspended in the appropriate
volume of the complete DRG medium so that the concentra-
tion of viable cells is 100000/μl. A total of 1.5 μl of dissociated
DRG neurons were spotted in the middle of wells on 96w
plates that are PDL- and laminin-coated. Plates were kept in
the tissue-culture incubator (37 �C with 5% CO2 and 95%
humidity) for 10 min, and then the complete DRG medium
was slowly added to each well (50 μl/well).

Immunocytochemistry

Primary hippocampal neurons were treated with CZ-48,
Vacor, and/or other pharmacological tools in the complete
NbActiv4 medium at 37 �C and 5% CO2 for 8-16h. After
same conditions as (C and D). Statistical significance of effects by Vacor and
reatment as two independent variables. When the effect of the inhibitor
p values that are less than 0.05 for the effect of Vacor treatment under the
nt compared to the control group at the specific Vacor doses are shown in a
experiments (n) are (B) 3 to 4, and (D, and F) 4 to 5. Data are presented by
01, ***p < 0.001, ns p ≥ 0.05. DRG, dorsal root ganglia; SARM1, sterile alpha
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treatment, neurons were fixed with 4% paraformaldehyde with
4% sucrose (Sigma-Aldrich, S0389) in 1× PBS at RT for 15 min.
Fixed neurons were washed with 1× PBS once and then blocked
in the blocking buffer at RT for at least 1h. The blocking buffer
consists of 5% bovine serum albumin, 0.5% Triton X100 in 1×
PBS. After blocking, neurons were incubated with primary an-
tibodies diluted in the blocking buffer at 4 �C for at least 16 h.
Neurons were then washed 3 times with 1× PBS, incubated with
secondary antibodies diluted in the blocking buffer at RT for 1 h,
and then washed again 3 times with 1× PBS.

Super resolution confocal imaging and quantification of
axonal and dendritic localization

Neurons were plated on PDL-coated 96-well plate (Greiner
Bio-One, 655946) for super resolution confocal imaging.
Immunocytochemistry was done essentially in the same way as
described above, except for fixation. For super resolution
confocal imaging, cells were fixed with 4% paraformaldehyde
with 4% sucrose in 1× PBS at RT for 10 min and then 100%
MeOH at 4�C for an additional 5 min for mitochondrial
staining. Immunostained cells were imaged with a laser scan-
ning confocal microscope (Leica SP8; Leica Microsystems,
Inc), acquired with a 63×/1.4 numerical aperture (NA) oil
objective in LIGHTNING super-resolution mode with a pixel
size of 40 nm. Images were then processed using an adaptive
processing algorithm. The representative images were gener-
ated by three-dimensional reconstruction using Imaris (Bit-
plane; https://imaris.oxinst.com/). To obtain accurate
mitochondrial 3D structures, we used surface rendering and
fluorescence thresholding. Quantification of axonal and den-
dritic localization was performed using ImageJ2 (National In-
stitutes of Health; https://imagej.net/software/imagej2/), by
profiling the fluorescence intensity of each channel by Plot_-
Multicolor4.3 (65).

Liquid handling (plating, feeding, fixing, and immunostaining
neurons on 384-well plates)

Neurons were resuspended in the complete NbActiv4 media
at a density of 250,000 cells/ml. A Dynamic Devices Lynx
liquid handler in a sterile cabinet was used to plate cells
(12,500 cells/well in 50 μl media) into PDL-coated 384-well
clear-bottom optical plates, with gentle resuspension of cells
in the source reservoir prior to transfer to promote even
plating density. Cell feeding was performed in the Lynx by
removing 50% of the media and gently adding the complete
media slowly to avoid cell disruption every 7 days. Immuno-
staining was performed as described in the “Immunocyto-
chemistry” section, using a BioTek EL406 plate washer and
Agilent Bravo liquid handler, integrated by HighRes Bio-
solutions, to gently transfer 1× PBS or reagents to neurons at
each step.

Quantification of axon/dendrite degeneration and nuclear
condensation

Immunostained neurons were imaged using the Opera
Phenix High-Content Screening System (PerkinElmer) and
12 J. Biol. Chem. (2024) 300(2) 105630
images were quantified using the Harmony software (Perki-
nElmer; https://www.revvity.com/product/harmony-5-2-
office-hh17000016). To acquire fluorescent images, we used
built-in acquisition protocols for DAPI (excitation/emission at
375 nm/435–480 nm), Alexa488 (488 nm/500–550 nm),
Alexa568 (561 nm/570–630 nm), and Alexa647 (640 nm/
650–760 nm), and water-immersion 40× objective (NA = 1.1)
using the confocal mode acquiring two z-slice images spaced
1 μm apart. Areas of axons or dendrites were quantified by
applying the built-in spot analysis on images of respective
channels. Total areas of axons or dendrites were quantified per
well and per plate and normalized to the respective control
values (e.g. mean of untreated wildtype wells) per plate. All the
nuclei were detected by applying the built-in nucleus detection
protocol on DAPI images and further classified into condensed
or normal nuclei by applying a manual linear classifier that was
trained using at least 50 nuclei per group.

Quantification of PAD6 signal

Cultured neurons were incubated with PC6 (50 μM) and
CellMask deep red (Thermo Fisher Scientific C10046, 1:5000)
for 2 h prior to imaging, in the complete NbActiv4 in the
humidified incubator at 37 �C with 5% CO2. One hour prior to
imaging, SARM1 agonist and inhibitors were added by D300e
digital dispenser (Tecan) and further incubated in the incu-
bator. PAD6 signal was imaged using the Opera Phenix Plus
High-Content Screening System (PerkinElmer) and images
were quantified using the Harmony software (PerkinElmer).
To acquire PAD6 and CellMask signal, we used built-in
acquisition protocols for mTurquoise2-extended (excitation/
emission at 405 nm/435–550 nm) and Alexa647 (640 nm/
650–760 nm), respectively, and water immersion 63× (NA =
1.15) under the confocal mode acquiring two z-slice images
spaced 0.5 μm apart, at 37 �C and with 5% CO2. PAD6-positive
area was quantified first by applying an intensity threshold for
mTurquoise2-extended channel to select pixels with PAD6
signal above the background, and then by measuring the total
numbers of pixels per well. The PAD6-positive area was
normalized to the respective control values (mean of untreated
wildtype wells) per plate. This way, we separated SARM1-
specific activity that induced the widespread PAD6 signal
throughout the cytoplasm from the background punctate
signal that is likely caused by protonation of PC6 in the lyso-
somes and thus is independent of SARM1 activity.

Calcium imaging using Fluo4

Wildtype or Sarm1KO neurons were incubated with Fluo4
(1 μM) for 30 min prior to the compound addition, in the
complete NbActiv4 in the humidified incubator at 37 �C with
5% CO2. SARM1 agonist and inhibitors were added by D300e
digital dispenser (Tecan) and imaging was started immediately.
Fluo4 signal was imaged using the Opera Phenix Plus High-
Content Screening System (PerkinElmer), and images were
quantified using the Harmony software (PerkinElmer). To
acquire Fluo4 signal, we used built-in acquisition protocol for
Fluo4 (excitation/emission at 488 nm/500–550 nm) and water

https://imaris.oxinst.com/
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immersion 20× (NA = 1.0) under the confocal mode at 37 �C
with 5% CO2. Fluo4 signal intensity was quantified first by
applying the built-in spot analysis to define Fluo4-positive
puncta. Secondly, corrected spot intensity of Fluo4 signal
was integrated per each spot and then summarized per well at
each time point. The summarized Fluo4 intensity was
normalized to the mean intensity of the vehicle-treated well at
the first time point (t = 0 min after addition of toxins and
inhibitors) in each genotype per biological replicate.

Western blot

Equal numbers of cultured neurons underwent treatment,
were lysed in equal volumes of lysis buffer (1× NuPAGE
lithium dodecyl sulfate sample buffer and 1× NuPAGE Sample
Reducing Agent), were denatured at 95 �C for 10 min, and
were loaded per gel lane. Protein samples were electro-
phoresed on NuPAGE Novex 4 to 12% Bis-Tris Midi protein
gels in 1× NuPAGE MOPS or MES SDS running buffer at
200V for 1 h at RT. Gels were transferred to nitrocellulose
membranes with Tran-Blot Turbo Transfer System (Bio-Rad).
Membranes were blocked with Odyssey blocking buffer (Li-
Cor 927–40000) at RT for at least 1 h, incubated with primary
antibodies overnight at 4 �C followed by 4× washes with TRIS-
buffered saline with Tween at RT, and then incubated with
secondary antibodies at RT for 1 h, followed by 4× washes with
TRIS-buffered saline with Tween at RT. Li-Cor odyssey system
was used for Western blot detection and quantification. The
band intensities of proteins of interest were quantified using
Image Studio Lite software (Li-Cor; https://www.licor.com/
bio/image-studio-lite/) and normalized to those of loading
control protein (e.g. Tuj1) per each lane. To quantify the cal-
pain activity (Fig. 6), the signal intensities of full-length and
cleaved substrates were separately quantified. Images of the
full uncropped Western blot images can be found in the online
Supporting Information.

NAD(H) quantification

Equal numbers of wildtype or Sarm1KO neurons plated on
96-well plates were treated with various concentrations of CZ-
48, or Vacor for 16 h. Cellular NAD(H) levels were measured
using NAD/NADH-Glo assay (Promega). Briefly, neuron
plates were cooled to RT for 30 min, and the medium volumes
were normalized to 50 μl per well. The NAD/NADH-Glo
detection reagent was prepared while neuron plates were at
RT and applied to neuron plates (50 μl/well). Plates were
incubated at RT for 1 h with gentle horizontal shake at
300 rpm. Luminescence of each well was measured using
EnVision Multimode Plate Reader (PerkinElmer).

mRNA quantification by real time quantitative PCR (RT-qPCR)

Total RNA was extracted from 50,000 neurons that were
treated with DMEM (Ctrl) or transduced with lentivirus
encoding shRNA against calpain1 or calpain2 (calpain1-
shRNA or calpain2-shRNA) using RNeasy Plus micro kit
(Qiagen), according to the manufacturer’s instructions.
Complementary DNA was generated from 60 ng of the total
RNA using the SuperScript IV VILO Master Mix (Thermo
Fisher Scientific), by incubating the reaction at 25 �C for 10
min, followed by 50 �C for 10 min and 85 �C for 5m. RT-
qPCR was performed using Taqman Fast Advanced Master
Mix (Thermo Fisher Scientific) with the following probes:
calpain1 (Thermo Fisher Scientific Mm00482964), calpain2
(Thermo Fisher Scientific Mm00486669), and actin (Thermo
Fisher Scientific, Mm02619580). The RT-qPCR reaction was
performed with a QuantStudio 6 Flex system (Applied Bio-
systems) using the following thermal cycles: 50 �C for 15 min,
95 �C for 2 min, and then 40 cycles of 95 �C for 15 s, 60 �C for
1 min. The calpain1 and 2 mRNA levels were normalized to
the actin mRNA levels within each sample. The actin-
normalized calpain1 and 2 mRNA levels were then normal-
ized to their levels in the control neurons (neurons that were
treated with DMEM without lentivirus) per each biological
replicate.

Synthesis of CZ-48, PC6, and SARM1 inhibitor

CZ-48 (66), PC6 (35), and SARM1 inhibitor 3-iodo-1H-
pyrrolo[2,3-c]pyridine (36) were synthesized by following the
methods described previously.

Mouse handling

All mouse procedures adhered to regulations and protocols
approved by Denali Therapeutics Institutional Animal Care
and Use Committee. Mice were housed under a 12-h light/
dark cycle and had access to water and standard rodent diet ad
libitum.

Experimental design, data collection, and statistical analysis

Each experiment consists of all the conditions that were
directly compared, including genotype, variable doses of toxin
treatment, and the presence of pharmacological treatment.
Each condition consists of 1 to 3 technical replicates, such as
wells in western blot and immunocytochemistry. Bulk of data
were acquired and analyzed by automated systems in an un-
biased manner. Super-resolution microscopy (Figs. 1A, S6, and
S8) and western blot (Fig. 6) experiments were performed and
analyzed in a nonblinded manner. Acquired data were aver-
aged and/or normalized to the control condition (e.g. dimethyl
sulfoxide-treated wildtype neurons) in each experiment. We
then repeated experiments using biologically distinct samples,
which indicate neurons prepared from different mice on a
different day (typically one to several weeks apart). Averaged
and/or normalized values from each biologically independent
replicate was treated as independent unit (n), plotted, and
reported in each Figure legend.

Statistical tests were performed by ANOVA using stats::aov
function in R (Version 4.3.0; https://cran.r-project.org/) and
independent variables were reported in Figure legend. An
interaction effect between two independent variables was also
assessed when running two-way ANOVA. When ANOVA
indicated a significant (p < 0.05) effect of an independent
variable of interest (e.g. genotype and pharmacological treat-
ment), either Tukey’s (if numbers of groups were three or less)
J. Biol. Chem. (2024) 300(2) 105630 13
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or Dunnett’s (4 or more) post hoc test was further performed
to compare specific points (e.g. the difference between two
genotypes at a specific toxin dose) using pairs or contrast
function from the emmeans R package (https://cran.r-project.
org/web/packages/emmeans/index.html) (67). In Figure 3D,
one-sample t test was performed using stats::t.test function in
R, against the theoretical mean of 1 (mu = 1). p values that are
less than 0.05 are reported in Figure panels using asterisks that
represent the ranges of p values – ns, *, **, and *** indicate p ≥
0.05, p < 0.05, p < 0.01, and p < 0.001, respectively.
Data availability

The data described in the manuscript are contained within
the manuscript as graphs. Raw data can be shared upon
request—please contact the corresponding authors.
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information.
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