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Autophagy is a cellular catabolic pathway generally thought to be neuroprotective.
However, autophagy and in particular its upstream regulator, the ULK1 kinase, can
also promote axonal degeneration. We examined the role and the mechanisms of
autophagy in axonal degeneration using a mouse model of contusive spinal cord injury
(SCI). Consistent with activation of autophagy during axonal degeneration following
SCI, autophagosome marker LC3, ULK1 kinase, and ULK1 target, phospho-ATG13,
accumulated in the axonal bulbs and injured axons. SARM1, a TIR NADase with a piv-
otal role in axonal degeneration, colocalized with ULK1 within 1 h after SCI, suggest-
ing possible interaction between autophagy and SARM1-mediated axonal degeneration.
In our in vitro experiments, inhibition of autophagy, including Ulk1 knockdown and
ULK1 inhibitor, attenuated neurite fragmentation and reduced accumulation of
SARM1 puncta in neurites of primary cortical neurons subjected to glutamate excito-
toxicity. Immunoprecipitation data demonstrated that ULK1 physically interacted with
SARM1 in vitro and in vivo and that SAM domains of SARM1 were necessary for
ULK1–SARM1 complex formation. Consistent with a role in regulation of axonal
degeneration, in primary cortical neurons ULK1–SARM1 interaction increased upon
neurite damage. Supporting a role for autophagy and ULK1 in regulation of SARM1 in
axonal degeneration in vivo, axonal ULK1 activation and accumulation of SARM1
were both decreased after SCI in Becn1+/2 autophagy hypomorph mice compared to
wild-type (WT) controls. These findings suggest a regulatory crosstalk between autoph-
agy and axonal degeneration pathways, which is mediated through ULK1–SARM1
interaction and contributes to the ability of SARM1 to accumulate in injured axons.
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Axonal degeneration contributes to irreversible neuronal dysfunction in neurodegenera-
tive diseases and neurotrauma, but the underlying mechanisms are not fully under-
stood. Recent data demonstrate that the sterile alpha and TIR motif containing 1
(SARM1), the TIR NAD+ nucleotidase (NADase) (1–3), translocates to injured axons
and plays an indispensable role in the mediation of acute axonal degeneration (4–6).
Consistently, knocking out Sarm1 in mouse models of axonal injury attenuated struc-
tural and behavioral deficits (7, 8). However, how SARM1 is regulated in the context
of axonal degeneration is not fully understood.
In addition to SARM1, recent data implicate a role for macroautophagy (hereafter

autophagy) in the mediation of axonal degeneration. Autophagy is a lysosome-
dependent catabolic pathway important for cellular homeostasis. Initiation of autoph-
agy requires interaction between the unc-51 like autophagy activating kinase 1 (ULK1)
protein kinase and the class III PI3K complex including BECN1 (9). Generally,
autophagy is considered to be neuroprotective, and its inhibition is implicated in both
neurodegenerative diseases and neurotrauma. However, studies specifically examining
acute axonal degeneration indicate that autophagy and particularly ULK1 activity is
involved in the mediation of axonal injury. Wakatsuki et al. (10) demonstrated that
inhibition of autophagy could delay axonal degeneration in vitro and suggested that
autophagy might provide local adenosine 50-triphosphate/energy for the active axonal
degeneration process. In vivo inhibition of autophagy could attenuate axonal degenera-
tion in optic nerve crush (11) and spinal cord injury (SCI) models (12). Furthermore,
Vahsen et al. (12) elegantly demonstrated specific involvement of ULK1 in axonal
degeneration in vitro and in vivo through its influence on mammalian target of rapa-
mycin (mTOR) activity, translation, and splicing. However, it remains unknown
whether and how autophagy may interact with the SARM1-dependent axonal degener-
ation pathway.
In the current study, we demonstrate that autophagy markers including activated

ULK1 colocalize with SARM1 in injured axons in vivo after SCI in mice. Inhibition of
ULK1 in primary cortical neurons attenuated SARM1 accumulation in the neurites and
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neurite degeneration. ULK1 and SARM1 physically interacted in
HEK293T cells, primary neurons and mouse spinal cord, and
the ULK1–SARM1 interaction was enhanced following neurite
injury in primary neurons. SCI in autophagy hypomorph
Becn1+/� mice led to decreased activation of ULK1 and attenu-
ated accumulation of SARM1 in the injured axons. These find-
ings implicate autophagy and ULK1–SARM1 interaction in the
regulation of SARM1 axonal localization after injury and its abil-
ity to promote axonal degeneration.

Results

Autophagosomes Accumulate in Axons and Axonal Bulbs after
SCI. To explore the involvement of autophagy in axonal damage
after SCI, we inflicted moderate contusive SCI at the T10 level
in GFP-LC3 transgenic autophagy reporter mice (13). Under
autophagy-promoting conditions, LC3 protein is lipidated and
translocates to autophagosomes; an increase in intracellular
green fluorescent protein (GFP)-LC3 puncta reflects accumula-
tion of autophagosomes (14). One day after SCI, the GFP-LC3
signal increased dramatically in the white matter of the spinal
cord and especially in spherical bulb-like structures around the
injury site (Fig. 1A). To investigate the spatiotemporal charac-
teristics of the LC3+ bulb structures, we quantified their abun-
dance and size over time from 1 h to 7 d (168 h) after injury
(Fig. 1 B and C and SI Appendix, Fig. S1 A and B). The LC3+

bulb structures started to accumulate by 6 h and peaked in
both number and size at 1 d after injury. They were most
abundant in the dorsal column rostral to the injury (RD area;
Fig. 1B and SI Appendix, Fig. S1).
The dorsal column of the spinal cord includes both ascend-

ing and descending tracts. The ascending tract, fasciculus graci-
lis (Gr), would be expected to have proximal stumps of axons
from the dorsal root ganglion caudal and distal stumps rostral
to the injury site. Conversely, the descending corticospinal tract
(CST) would be expected to have proximal stumps from the
cortical neurons rostral and distal stumps caudal to the injury
(SI Appendix, Fig. S2A). To determine whether LC3+ bulbs
may preferentially form at the distal or proximal stumps of the
severed axons, we stained sections with antibodies against
PKCγ, which is expressed in CST but not Gr neurons. For
both tracts, the density of the LC3+ bulb structures was signifi-
cantly higher in the area rostral to the injury, which includes
proximal stumps of CST but distal stumps of Gr (SI Appendix,
Fig. S2B). This suggests that bulb formation is affected more
by the location in respect to the injury site (rostral) rather than
by the direction of the axonal tract.
Apart from the larger bulb structures (up to 40 μm in diame-

ter), the GFP-LC3 signal was also found to accumulate in
TUBB3+ injured axons (typically <5 μm in diameter) in the
dorsal column after SCI (Fig. 1 C and D and SI Appendix, Fig.
S3A). Accumulation of autophagy markers has been reported in
injured axons and axonal bulbs at severed axonal endings in rat
optic nerve crush and SCI models (11, 12, 15). To confirm
that the LC3+ bulb structures in SCI mice correspond to axo-
nal bulbs, we examined their colocalization with different cellu-
lar markers. The LC3+ bulb structures did not colocalize with
DAPI or the glial fibrillary acidic protein (GFAP), indicating
that they were not cell bodies or astrocytes (SI Appendix, Fig.
S3 B, C, and E). There was also little overlap between LC3
staining on sections from mice expressing microglial marker
CX3CR1-GFP (SI Appendix, Fig. S3 D and E). Colocalization
between LC3 and the neurite injury marker SMI32 confirmed
that LC3+ bulb structures are swollen axonal bulbs at the

stumps of damaged axons (Fig. 1 E and F and SI Appendix,
Fig. S3E).

We used correlative light/electron microscopy (EM) to visualize
the ultrastructure of the LC3+ axonal bulbs. Using the surround-
ing nuclei as reference (SI Appendix, Fig. S4A), we aligned fluores-
cent GFP-LC3+ bulb images with EM images (SI Appendix, Fig.
S4B). The representative LC3+ bulb had an axonal ultrastructure
of cytoplasm surrounded by myelin but was very swollen com-
pared to the intact axons in the dorsal white matter of a naive
mouse (Fig. 1G) and was filled with multilamellar autophagic
vacuoles containing mitochondria and ribosomes (Fig. 1H).
Additionally, electron-dense lysosomes/autolysosomes were clearly
apparent. These data confirm that the LC3+ bulb structures in
the white matter of injured spinal cord are axonal bulbs filled with
accumulating autophagic vacuoles.

ULK1 Is Activated and Colocalizes with SARM1 in Axons and
Axonal Bulbs after SCI. To determine whether autophagy may
be activated in injured axons, we examined the expression of
autophagy mediators in the RD white matter after injury. Con-
sistent with the EM data showing cargo-containing autophagic
vacuoles accumulating in the axonal bulbs (Fig. 1 G and H),
many LC3+ axonal bulbs colocalized with the autophagy cargo
adaptor protein p62/SQSTM (Fig. 2 A and B and SI Appendix,
Fig. S5A). Both the regulator of autophagy initiation ULK1
and its phosphorylation target ATG13 p-S318 (16) also accu-
mulated in LC3+ axonal bulbs with a peak between 6 and 24 h
after injury and colocalized with each other (Fig. 2 C–H and SI
Appendix, Fig. S5 B–D). The colocalization suggests that ULK1
is likely responsible for ATG13 phosphorylation and autophagy
initiation in the axonal bulbs. In addition to the swollen axonal
bulbs, we also observed colocalization of GFP-LC3 and ULK1
in injured but nonswollen axons after SCI. Interestingly, in the
injured axons ULK1 accumulated at a much earlier time point,
with a peak between 1 and 6 h after injury (Fig. 2 I and J and
SI Appendix, Fig. S5E).

To investigate the interaction between autophagy and axonal
degeneration pathways, we examined localization of SARM1, a
key mediator of axonal degeneration (2, 17–19) in injured
axons and axonal bulbs. SARM1 colocalized to the LC3+ and
ULK1+ axonal bulbs with a peak between 6 and 24 h after
injury (Fig. 3 A–D and SI Appendix, Fig. S5 F and G). Several
other molecules involved in axonal degeneration and implicated
in the SARM1 pathway, including MAP3K12 (2, 18, 20–24)
and MYCBP2 (24–26), also colocalized to LC3+ and ULK1+

axonal bulbs (SI Appendix, Fig. S6). SARM1 also accumulated
in injured but nonswollen axons. In axons, SARM1 expression
peaked at 1 d after SCI (Fig. 3 E and F and SI Appendix, Fig.
S5H). Interestingly, colocalization between ULK1 and SARM1
in axons started within 1 h after injury (Fig. 3 G and H and SI
Appendix, Fig. S5I), suggesting the possibility that interaction
between the two pathways may represent an apical event in
axonal degeneration after SCI. These findings demonstrate that
autophagy and axonal degeneration pathways are activated in
the injured axons and axonal bulbs and suggest the possibility
that autophagy may interact with the SARM1-mediated axonal
injury and degeneration pathway.

Inhibition of Autophagy Attenuates Neurite Degeneration and
SARM1 Accumulation in Neurites. Glutamate excitotoxicity is
one of the mechanisms contributing to neuronal injury after SCI
(27). To further investigate the interaction between autophagy
and axonal degeneration pathways, we treated mouse primary
cortical neurons with glutamate as a model of SCI-relevant axonal
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Fig. 1. Autophagosomes accumulate in the injured axons and axonal bulbs after SCI. (A) Accumulation of GFP-LC3 (green) 24 h after a thoracic T10 contu-
sion SCI in the spinal cord of GFP-LC3 transgenic autophagy reporter mice. Sagittal sections across the injury site are shown; R, rostral; C, caudal; D, dorsal;
V, ventral; RD, rostro-dorsal; RV, rostro-ventral; CD, caudo-dorsal; CV, caudo-ventral. Scale bar, 500 μm. (B) Quantification of data from A and SI Appendix, Fig.
S1 A and B (magnified images of RD, RV, CD, and CV areas over time). The number, density, and size of LC3+ bulbs peaked at 24 h after SCI preferentially in
the RD area. #P < 0.05, ##P < 0.01, ###P < 0.001 versus naive for the same area (RD, RV, CD, CV); *P < 0.05, ***P < 0.001 versus RD at the same time point
after SCI (two-way ANOVA, n = 5 to 8). (C and D) Coronal sections from GFP-LC3 mice 24 h after SCI demonstrating accumulation of GFP-LC3 in TUBB3+

injured but nonswollen axons (arrowheads) in the RD area of the spinal cord. Scale bar, 10 μm; *P < 0.05, **P < 0.01 versus naive (one-way ANOVA, n = 5 to
10). (E and F) Time course of GFP-LC3 accumulation in swollen axonal bulbs marked with SMI32 in the RD area after SCI. Scale bar, 30 μm;
*P < 0.05, ***P < 0.001 versus naive (one-way ANOVA, n = 4 to 6). (G) EM images comparing normal axons in naive mice and axons in the RD area swollen
to form axonal bulbs 24 h after SCI. Scale bar, 5 μm. a, axon; m, myelin. (H) Higher resolution images from the same area as in G showing one naive axon
without obvious autophagic vacuoles (Left) and accumulated autophagic vacuoles containing mitochondria (arrowhead) and ribosomes (arrow) present in an
axonal bulb 24 h after SCI (Right). Scale bar, 0.5 μm. Each data point represents an individual mouse; boxplots show median and IQR measures.
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Fig. 2. ULK1 is activated in injured axons and axonal bulbs after SCI. (A and B) Colocalization between GFP-LC3 and p62 in swollen axonal bulbs in the RD area
of the spinal cord 24 h after SCI. Scale bar, 30 μm; **P < 0.01 versus naive (one-way ANOVA, n = 5 to 7). (C and D) Accumulation of ULK1 and its target phospho-
S318 ATG13 in GFP-LC3+ axonal bulbs at 24 h after SCI. Scale bar, 30 μm. (E) Colocalization of ULK1 and ATG13 phospho-S318 in axonal bulbs (arrowheads) at
24 h after SCI. Scale bar, 20 μm. (F–H) Quantification of colocalization data from C–E. *P < 0.05, **P < 0.01, ***P < 0.001 versus naive (one-way ANOVA, n = 5
to 7). (I and J) Time course of colocalization between ULK1 and GFP-LC3 in injured but nonswollen axons (arrowheads) after SCI. Scale bar, 10 μm. Brightness
and contrast of the image marked with ! were decreased to allow better visualization of all channels in the overlay image. *P < 0.05, ***P < 0.001 versus naive
(one-way ANOVA, n = 5 to 9). Each data point represents an individual mouse; boxplots show median and IQR measures.
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injury (28). Glutamate caused significant neurite fragmentation
starting at 1 h and continuing at 2- and 4-h time points (Fig. 4
A and B) but did not affect autophagy flux (SI Appendix, Fig. S7

A and B). Treatment with 3-methyladenine (3MA), which inhib-
its class III PI3K essential for autophagy initiation (SI Appendix,
Fig. S7C), chloroquine (CHQ), which neutralizes lysosomal pH

A

C D
E

F
G

H

B

Fig. 3. ULK1 and SARM1 colocalize in injured axons and axonal bulbs after SCI. (A and B) Colocalization of autophagy markers GFP-LC3 and ULK1 with
SARM1 in swollen axonal bulbs in the RD area of the spinal cord 24 h after SCI. Scale bars, 30 μm (A), 20 μm (B). (C and D) Quantification of colocalization
data from A and B. *P < 0.05, **P < 0.01, ***P < 0.001 versus naive (one-way ANOVA, n = 5 to 16). (E and F) Accumulation of SARM1 in injured but nonswol-
len TUBB3+ axons (arrowheads) 24 h after SCI. Scale bar, 10 μm. *P < 0.05 versus naive (one-way ANOVA, n = 5 to 10). (G and H) Time course of colocaliza-
tion between ULK1 and SARM1 in injured axons (arrowheads) after SCI. Scale bar, 10 μm. Brightness and contrast of the image marked with ! were
decreased to allow better visualization of all channels in the overlay images. *P < 0.05, ***P < 0.001 versus naive (one-way ANOVA, n = 5 to 7). Each data
point represents an individual mouse; boxplots show median and IQR measures.
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Fig. 4. Inhibition of autophagy and ULK1 activity attenuates neurite fragmentation and SARM1 accumulation in neurites in vitro. (A) Primary mouse cortical
neurons were treated with glutamate (Glu; 12.5 μM) in the presence of vehicle (phosphate-buffered saline [PBS]), 3MA (10 mM), or CHQ (100 μM). Neurite
fragmentation was visualized by TUBB3 staining. Both 3MA and CHQ significantly attenuated glutamate-induced neurite fragmentation at 4 h. Scale bar,
30 μm. #P < 0.05, ##P < 0.01, ###P < 0.001 versus no glutamate (PBS) controls treated with the same drugs (PBS, 3MA, or CHQ); ***P < 0.001 versus PBS
vehicle (veh) at the same time point (two-way ANOVA). (B) Neurons were treated with glutamate in the presence of vehicle (dimethyl sulfoxide [DMSO]) or
ULK1 inhibitor SBI (10 μM). SBI significantly attenuated glutamate-induced neurite fragmentation at 4 h. Scale bar, 30 μm; ###P < 0.001 versus no glutamate
(PBS) controls treated with the same drugs (DMSO or SBI); ***P < 0.001 versus vehicle (DMSO) at the same time point (two-way ANOVA). (C) Neurons pre-
treated with either nt siRNA or siRNA against Ulk1 were treated with glutamate. Ulk1 knockdown significantly reduced neurite fragmentation at 4 h. Scale
bar, 30 μm. ###P < 0.001 versus no glutamate (PBS) controls with same siRNA (nt or Ulk1); *P < 0.05 versus nt siRNA at the same time point (two-way
ANOVA). (D–F) Glutamate treatment led to accumulation of SARM1 in neuronal cell bodies and of SARM1 puncta in neurites (arrowheads and insets). Treat-
ment with ULK1 inhibitor SBI (D and E) or autophagy inhibitors 3MA and CHQ (F; data shown in SI Appendix, Fig. S8A) attenuated SARM1 puncta accumulation
in neurites but not in cell bodies. Scale bar, 30 μm. #P < 0.05, ##P < 0.01, ###P < 0.001 versus no glutamate (PBS) treated with the same drug (PBS, 3MA,
CHQ, DMSO, or SBI); *P < 0.05 versus vehicle (PBS or DMSO) at the same time point (two-way ANOVA). (G) siRNA-mediated Ulk1 knockdown significantly
reduced SARM1 puncta accumulation in neurites after 4-h glutamate treatment. Scale bar, 30 μm. #P < 0.05, ##P < 0.01 versus no glutamate (PBS) controls
with the same siRNA (nt or Ulk1); *P < 0.05 versus nt siRNA at the same time point (two-way ANOVA). At least n = 3 independent preparations of mouse cor-
tical neurons were used for each experiment. Data are presented as mean ± SEM.
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and prevents autophagosome-lysosome fusion, or SBI0206965
(SBI), an ULK1 kinase inhibitor (SI Appendix, Fig. S7D), attenu-
ated glutamate-induced neurite fragmentation (Fig. 4 A and B
and SI Appendix, Fig. S8A). To further examine the role of
autophagy in neurite degeneration using genetic rather than phar-
macological manipulation, we treated neurons with control non-
targeting (nt) small interfering RNA (siRNA) or siRNA against
Ulk1. siRNA-mediated knockdown of Ulk1 (SI Appendix, Fig.
S8B) was able to significantly reduce neurite fragmentation 4 h
after glutamate treatment (Fig. 4C).
To investigate the effects of inhibition of autophagy on

SARM1, we performed SARM1 immunostaining in cortical neu-
rons treated with glutamate and 3MA, CHQ, or SBI. Following
glutamate treatment, SARM1 levels increased in both cell bodies
and neurites (Fig. 4 D–F and SI Appendix, Fig. S8A). In the neu-
rites, SARM1 accumulated in distinct puncta. Autophagy inhibi-
tion by 3MA, CHQ, or SBI decreased accumulation of SARM1
in the neurites but not in the neuronal cell bodies (Fig. 4 D–F
and SI Appendix, Fig. S8A). Similarly, siRNA-mediated knock-
down of Ulk1 was able to attenuate formation of SARM1 puncta
in neurites after glutamate treatment (Fig. 4G). These data sug-
gest that autophagy, and particularly ULK1, may affect neurite
degeneration by regulating SARM1 accumulation in the injured
neurites.
Some of the autophagy proteins, including ULK1, are known

to have additional autophagy-independent functions (29). To
examine whether regulation of neurite degeneration by ULK1 is
autophagy dependent, we applied CHQ to block autophagy in
control and Ulk1 knockdown neurons. As expected, CHQ was
able to suppress glutamate-induced neurite fragmentation in con-
trol neurons. However, CHQ treatment did not further inhibit
neurite fragmentation in Ulk1 knockdown neurons (SI Appendix,
Fig. S8C). This suggests that ULK1 and CXQ are part of the
same pathway and that the ability of ULK1 to regulate neurite
degeneration is at least partly mediated through autophagy.

ULK1 Physically Interacts with SARM1. As ULK1 specifically
colocalized with SARM1 in damaged axons after SCI, we examined
the potential physical interaction between ULK1 and SARM1. In
HEK293T cells transfected with exogenous HA-ULK1 and Myc-
SARM1, immunoprecipitation (IP) of HA-ULK1 with either HA
or ULK1 antibodies but not control immunoglobulin G (IgG)
resulted in co-IP of Myc-SARM1 (Fig. 5 A–C). Similarly, IP of
Myc-SARM1 resulted in co-IP of HA-ULK1 (Fig. 5 D and E).
Both ULK1 (30) and SARM1 (6) have been reported to interact
with TRAF6. However, the observed ULK1–SARM1 co-IP was
independent of the transfection of exogenous FLAG-TRAF6 (Fig.
5 A–E). Therefore, either TRAF6 is not required or the endogenous
levels of TRAF6 are sufficient for ULK1–SARM1 complex forma-
tion. These data suggest that the effects of autophagy on axonal
degeneration could be mediated by physical interaction between
ULK1 and SARM1.
In addition to the TIR domain mediating its NADase func-

tion, SARM1 protein includes autoinhibitory ARM domain and
SAM domains important for oligomerization (SI Appendix, Fig.
S9). To further characterize the interaction between ULK1 and
SARM1, we created a series of Sarm1 deletion mutants. Deletion
of either ARM or TIR domains did not affect the ability of Myc-
SARM1 to interact with HA-ULK1. However, deletion of the
SAM region largely prevented the interaction, suggesting that the
SAM domains participate in ULK1–SARM1 complex formation
(Fig. 5F and SI Appendix, Fig. S9).
We investigated the interaction between endogenous ULK1

and SARM1 in primary cortical neurons. IP with antibody

against either ULK1 or SARM1 but not the control IgG was
able to bring down the ULK1–SARM1–containing complex
(Fig. 5G). The interaction between endogenous SARM1 and
ULK1 was increased in neurons after 1-h glutamate treatment
(Fig. 5H). These data demonstrate that the physical interaction
between endogenous ULK1 and SARM1 is related to glutamate
excitotoxicity in neurons. Glutamate treatment also signifi-
cantly increased the S555 phosphorylation of ULK1, consistent
with its activation. ULK1 kinase inhibitor SBI significantly
reduced phosphorylation of ULK1 (Fig. 5 G, Left [input] and
I) and attenuated levels of ATG13pS318 in glutamate-treated
neurons (SI Appendix, Fig. S7D). However, it did not signifi-
cantly alter the extent of ULK1–SARM1 interaction (Fig. 5H).
Together with data from Fig. 4 demonstrating the ability of
SBI to attenuate the accumulation of SARM1 in neurites and
the extent of glutamate-induced neurite fragmentation (Fig. 4
B, D, and F and SI Appendix, Fig. S8A), these data suggest
that while ULK1 kinase activity may not be required for
ULK1–SARM1 complex formation, it influences the ability of
ULK1 to regulate SARM1 localization and function.

To investigate the ULK1–SARM1 interaction in vivo, we
immunoprecipitated ULK1 from mouse sham and SCI spinal
cord tissue. IP with antibodies against endogenous ULK1 was
able to bring down SARM1 protein, demonstrating that
ULK1–SARM1–containing complexes can form in the spinal
cord tissue (Fig. 5J). The interaction was absent when control
IgG was used.

Axonal Accumulation of ULK1 and SARM1 after SCI Is Attenuated
in Becn1+/� Mice. To investigate the functional relevance of the
interaction between ULK1 and SARM1 in vivo after SCI, we
evaluated the expression and localization of SARM1 in GFP-
LC3 transgenic Becn1+/� autophagy hypomorph mice (31).
One hour after SCI, SARM1 protein levels as well as phosphor-
ylation of ULK1 significantly increased in wild-type (WT)
microdissected dorsal column tissue, which contains CST and
Gr tract axons but no neuronal cell bodies (Fig. 6A). Becn1+/�

mice showed reduced phosphorylation of ULK1 in the dorsal
column, confirming attenuated autophagy levels and ULK1
activation after SCI (Fig. 6A). Supporting involvement of
ULK1 in the regulation of SARM1 during axonal degeneration,
Becn1+/� mice also showed significant reduction in SARM1
accumulation in the dissected dorsal column tissue after SCI.
Consistent with our in vitro data demonstrating that ULK1
affects SARM1 in neurites but not neuronal cell bodies, we did
not observe significant differences in SARM1 levels between
WT and Becn1+/� mice in the whole spinal cord, which con-
tains both neuronal cell bodies and axons.

Using immunostaining, at 1 d after SCI, we observed a simi-
lar number of LC3+ swollen axonal bulbs in Becn1+/� mice
compared to WT controls (SI Appendix, Fig. S10A). However,
in Becn1+/� animals, the bulbs tended to have lower SARM1
intensity (SI Appendix, Fig. S10B). In the injured but nonswol-
len axons, LC3 significantly accumulated in WT mice but not
Becn1+/� mice after SCI (Fig. 6B). Accumulation of both
ULK1 and SARM1 in the injured axons was also decreased in
the Becn1+/� mice compared to the WT mice (Fig. 6 C and
D). We also observed a trend toward decrease in colocalization
between ULK1 and SARM1, although this failed to reach sta-
tistical significance (SI Appendix, Fig. S10C). These data indi-
cate that Becn1+/� mice are deficient in ULK1 and LC3
recruitment to the injured axons and that inhibition of axonal
autophagy and ULK1 activity results in decreased SARM1
accumulation.
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Fig. 5. ULK1 and SARM1 physically interact in vitro and in mouse spinal cord. (A-E) HA-ULK1, Myc-SARM1, and FLAG-TRAF6 were transfected into HEK293T
cells as indicated. (A-C) ULK1 was immunoprecipitated using either HA or ULK1 antibodies. Myc-SARM1 was detected in the complexes immunoprecipitated
from cells expressing HA-ULK1 but not from controls lacking HA-ULK1 or when control rabbit IgG was used, demonstrating physical interaction between
ULK1 and SARM1. (D and E) SARM1 was immunoprecipitated using SARM1 antibodies. HA-ULK1 was detected in the complexes immunoprecipitated from
cells expressing Myc-SARM1 but not from controls lacking Myc-SARM1, demonstrating physical interaction between ULK1 and SARM1. FLAG-TRAF6 did not
cause obvious changes to the ULK1–SARM1 interaction in either experiment. (F) HEK293T cells were transfected with HA-ULK1 and either full-length (fl) Myc-
SARM1 or indicated Myc-SARM1 truncation mutants. ULK1 was immunoprecipitated using antibody against HA; the presence of SARM1 in the complex was
detected using Myc antibody. (G) Primary mouse cortical neurons were treated with glutamate (12.5 μM) in the presence of vehicle (dimethyl sulfoxide
[DMSO]) or ULK1 inhibitor SBI (10 μM) for 1 h, followed by IP of endogenous ULK1 or SARM1. Rabbit IgG was used as control. (H) Quantification of SARM1 IP
from G. Amount of ULK1 detected in SARM1 complexes increased significantly after 1-h glutamate (Glu) treatment but was not affected by SBI. #P < 0.05
versus no glutamate (phosphate-buffered saline [PBS]) controls treated with the same drug (DMSO or SBI). (I) Quantification of Western blot (input) data
from G. Glutamate treatment significantly increased the phosphorylation of ULK1 at S555 while SBI significantly reduced ULK1 expression and phosphoryla-
tion. #P < 0.05, ###P < 0.001 versus no glutamate (PBS) controls treated with the same drug (DMSO or SBI). **P < 0.01 versus DMSO (vehicle) at the same
time point (two-way ANOVA). At least three independent sets of experiments were included. Data are presented as mean ± SEM. (J) Endogenous ULK1 was
immunoprecipitated from naive or SCI (1 h) mouse spinal cord tissue. SARM1 was detected in complexes with ULK1 but not in control IPs using rabbit IgG.
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Fig. 6. Becn1+/� mice show attenuated activation of ULK1 and decreased SARM1 accumulation in injured axons after SCI. (A) SARM1 and ULK1 protein levels
and ULK1 activation (S555 phosphorylation) in spinal cord segments around the injury site and in microdissected dorsal column tissue of WT and Benc1+/�

mice 1 h after SCI. Total ULK1, p-S555 ULK1, and SARM1 levels increased in WT mice following injury, particularly in the dorsal column. All changes
were attenuated in injured Becn1+/� mice. #P < 0.05, ##P < 0.01, ###P<0.001 versus naive of the same genotype; *P < 0.05, **P < 0.01 versus WT at the
same time point (two-way ANOVA, n = 5 to 9). Data are presented as mean ± SEM. (B) GFP-LC3 levels in coronal spinal cord sections (RD area) from GFP-LC3
(WT) and Becn1+/�;GFP-LC3 (Becn1+/�) mice 24 h after SCI. GFP-LC3 accumulated in TUBB3+ injured axons of the RD area spinal cords from WT but not
Becn1+/� mice. Scale bar, 10 μm. #P < 0.05 versus naive of the same genotype (two-way ANOVA, n = 5 to 8). (C and D) Attenuated accumulation of ULK1 (C)
and SARM1 (D) in TUBB3+ axons of Becn1+/� mice compared to WT 24 h after SCI. Scale bar, 10 μm. **P < 0.01, ***P < 0.001 versus WT at the same time
point (two-way ANOVA, n = 5 to 7). Each data point represents an individual mouse; boxplots show median and IQR measures.
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Discussion

Previous studies demonstrated that autophagy and particularly
the ULK1 kinase participate in mediation of axonal degeneration
(12). However, the mechanisms of how autophagy may contrib-
ute to axonal degeneration are not fully understood. Recent
studies suggest that autophagy may be required to provide
energy for the active processes of axonal degeneration (10).
ULK1 activation after neurotrauma was also demonstrated to
promote axonal degeneration by regulating messenger RNA
splicing and translation through the mTOR pathway (12). These
mechanisms suggest that autophagy is necessary to provide meta-
bolic and proteomic conditions favoring axonal degeneration.
Our data demonstrate that the ULK1 kinase can also physically
interact with and regulate the TIR NADase SARM1 required
for mediation of axonal degeneration, suggesting an additional
and more direct link between autophagy and the axonal degener-
ation machinery.
Despite recent progress, the mechanisms of how SARM1 is

regulated in the context of axonal degeneration are not fully
understood. Structural data demonstrate that SARM1 oligo-
merizes to form multimeric complexes bound to either oxidized
nicotinamide-adenine dinucleotide (NAD+; when inactive)
or its precursor nicotinamide mononucleotide (NMN; when
active) (32, 33). While replacement of NAD+ with NMN
is necessary for SARM1 activation, it is not sufficient for
full activity. Phosphorylation, conformational changes, and
transportation/translocation have all been suggested to partici-
pate in SARM1 activation (4, 32, 34–37). Our data demon-
strating colocalization between activated ULK1 and SARM1 in
axons within 1 h after SCI suggest that ULK1–SARM1 interac-
tion may be one of the early events involved in the regulation
of SARM1. Since pharmacological inhibition of ULK1 kinase
or Ulk1 knockdown in vitro as well as reduced ULK1 activity
in Becn1+/� mice after SCI in vivo were associated with
reduced accumulation of SARM1 only in neurites, but not in
the neuronal cell bodies, we expect that ULK1 may specifically
affect translocation of SARM1 from cell body to neurites.
These data also indicate that ULK1 kinase activity is required
for its effects on SARM1 localization. However, further studies
will be necessary to define the biochemical mechanisms of how
ULK1 may participate in the regulation of SARM1.
While ULK1 is primarily known for its role in the regulation

of autophagy, more recently it has been shown to also play
autophagy-independent functions, including in the regulation of
intracellular trafficking, stress granule dynamics, and axonal path-
finding (29, 38–40). Therefore, it will be important to ascertain
whether ULK1 function in the regulation of SARM1 during axo-
nal degeneration is dependent or independent of autophagy. The
ability of not only ULK1 but also the class III PI3 kinase and
lysosomal inhibition to attenuate neurite degeneration and the
accumulation of SARM1 in neurites supports the involvement of
an autophagy-dependent pathway. The inability of autophagy
inhibition by CHQ to provide further protection against neurite
degeneration in Ulk1 knockdown neurons also suggests that, in
this context, ULK1 and autophagy are part of the same pathway.
In vivo, ULK1 and SARM1 colocalized in injured axons and axo-
nal bulbs with other autophagy proteins including LC3 and
phospho-ATG13, supporting activation of autophagy. Further-
more, attenuation of both ULK1 activation and SARM1 accu-
mulation was observed in dorsal column axons of Becn1+/� mice
following SCI. These data are consistent with the role of ULK1
in the regulation of SARM1 and axonal degeneration being at
least in part dependent on autophagy. One possibility is that

ULK1 could recruit autophagy machinery to the SARM1 com-
plex, providing the local energy required for its translocation to
neurites. A similar role for autophagy as a local energy source has
been suggested as necessary to promote exposure of phosphatidyl-
serine as a phagocytic signal on the plasma membrane of trans-
ected axons (10).

Our data do not exclude the possibility of additional
autophagy-independent function of ULK1 in the regulation of
SARM1 during axonal degeneration, as has been observed in
neurodevelopment (38). Since kinase activity of ULK1 is
required, one possibility is that ULK1 could be involved in
SARM1 phosphorylation, as has been previously reported for
other nonautophagy-related proteins (38, 40). Another possibil-
ity is that the interaction between ULK1 and SARM1 could
promote either stability of SARM1 in neurites or translocation
of the complex to intracellular membranes such as the
mitochondria (6). Alternatively, the proteins themselves may
become less soluble after activation and/or interaction, as it has
been suggested that the ULK1–ATG13 complex undergoes
liquid-liquid phase separation upon activation (41). Future
mechanistic studies, including comparisons between Becn1- and
Ulk1-deficient cells and mice, will be necessary to further define
the relationships between autophagy, ULK1, and SARM1
activity during axonal degeneration.

Dysregulation of autophagy and axonal degeneration are
both implicated in neurotrauma and neurodegenerative diseases
(42–45). However, the relationship between these pathways is
complicated because autophagy appears to play a dual role in the
injured neurons (46, 47). The present study as well as previous
work focusing on axonal degeneration demonstrate that autoph-
agy promotes acute neurite degeneration (10, 11, 48). On the
other hand, autophagic flux is required for neuronal survival
under both homeostatic and stress conditions by eliminating
toxic protein aggregates and dysfunctional organelles (44, 45, 49,
50). We previously demonstrated that autophagy is impaired after
neurotrauma including both SCI and traumatic brain injury
(51–54). In rodent SCI models, inhibition of autophagy was spe-
cifically observed in the cell bodies of motor neurons in the ven-
tral horn and contributed to both apoptotic and necroptotic cell
death (52, 53). Consistent with the dual role of autophagy, our
present study demonstrated that Becn1+/� autophagy hypomorph
mice accumulated lower levels of axonal SARM1 than WT mice
after SCI, indicating attenuation of axonal degeneration. How-
ever, in a separate study we recently demonstrated that these
mice display exacerbated neuroinflammation, increased neuronal
cell death, and worse functional outcomes at subacute and
chronic time points after SCI (55). Together, these data confirm
that the role of autophagy in axonal degeneration is spatiotempo-
rally, functionally, and mechanistically distinct from its protective
role in cell bodies (10–12, 52, 53).

Enhancement of autophagy has been proposed as a neuro-
protective treatment in both neurotrauma and neurodegenera-
tive diseases. However, the dual role of autophagy in promoting
axonal degeneration and protection of neurons against cell
death uncovered in the present and several other recent studies
suggests that further investigations are warranted. Our data
demonstrating direct interaction between ULK1 and SARM1
suggest that it may be possible to uncouple these functions by
targeting different ULK1-containing complexes to differentially
manipulate protective autophagy in cell bodies and SARM1
activation in neurites. However, further studies will be needed
to confirm and identify the biochemical mechanisms and func-
tional consequences of ULK1–SARM1 interaction in axonal
degeneration.
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Materials and Methods

Further experimental details are provided in the SI Appendix.

Contusive SCI Mouse Model. C57BL/6J young adult mice (9 to 11 wk, 20 to
25 g), GFP-LC3 (56), CX3CR1-GFP (57), Becn1+/� (31), and GFP-LC3;Becn1+/�

mice generated by crossing GFP-LC3 and Becn1+/� were used. Following isoflur-
ane anesthesia, laminectomy was performed. Mice underwent a moderate mid-
line contusion injury at T10 level of the spinal cord with the Infinite Horizon
Spinal Cord Impactor (Precision Systems and Instrumentation) with a force of
60 kilodyne (58, 59). All procedures were performed according to protocols
approved by the University of Maryland School of Medicine Institutional Animal
Care and Use Committee.

Statistical Analyses. All statistics were performed by RStudio. Boxplots show
individual data points, median, and interquartile range (IQR) measures. Bar plots

show mean ± SEM. In vivo sample sizes were estimated based on prior similar
studies and pilot data. Multiway ANOVA and post hoc Dunnett comparison with
Bonferroni correction were used. All tests were two-sided. The significance level
was set at 0.05.

Data, Materials, and Software Availability. All study data are included in
the article and/or SI Appendix.
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