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Disrupted autophagy after spinal cord injury is
associated with ER stress and neuronal cell death

S Liu', C Sarkar?, M Dinizo?, Al Faden?®, EY Koh', MM Lipinski*?® and J Wu*?

Autophagy is a catabolic mechanism facilitating degradation of cytoplasmic proteins and organelles in a lysosome-dependent
manner. Autophagy flux is necessary for normal neuronal homeostasis and its dysfunction contributes to neuronal cell death in
several neurodegenerative diseases. Elevated autophagy has been reported after spinal cord injury (SCI); however, its mechanism,
cell type specificity and relationship to cell death are unknown. Using a rat model of contusive SCI, we observed accumulation of LC3-
ll-positive autophagosomes starting at posttrauma day 1. This was accompanied by a pronounced accumulation of autophagy
substrate protein p62, indicating that early elevation of autophagy markers reflected disrupted autophagosome degradation. Levels of
lysosomal protease cathepsin D and numbers of cathepsin-D-positive lysosomes were also decreased at this time, suggesting that
lysosomal damage may contribute to the observed defect in autophagy flux. Normalization of p62 levels started by day 7 after SCI, and
was associated with increased cathepsin D levels. At day 1 after SCI, accumulation of autophagosomes was pronounced in ventral
horn motor neurons and dorsal column oligodendrocytes and microglia. In motor neurons, disruption of autophagy strongly
correlated with evidence of endoplasmic reticulum (ER) stress. As autophagy is thought to protect against ER stress, its disruption
after SCI could contribute to ER-stress-induced neuronal apoptosis. Consistently, motor neurons showing disrupted autophagy
co-expressed ER-stress-associated initiator caspase 12 and cleaved executioner caspase 3. Together, these findings indicate that SCI
causes lysosomal dysfunction that contributes to autophagy disruption and associated ER-stress-induced neuronal apoptosis.
Cell Death and Disease (2015) 6, €1582; doi:10.1038/cddis.2014.527; published online 8 January 2015

In the United States, spinal cord injury (SCI) has an annual
incidence of 11000 and prevalence of nearly 500 000.
Neuronal cell death is an important contributor to SCI-
induced neurological deficits. Many of the affected neurons
do not die because of direct mechanical damage but rather
show delayed cell death as a result of injury-induced
biochemical changes (secondary injury)."™* Thus, blocking
or attenuating secondary neuronal death may serve to limit
posttraumatic disabilities.

Macroautophagy (hereafter called autophagy) is a
lysosome-dependent catabolic pathway degrading cyto-
plasmic proteins, protein aggregates and organelles.>™”
Autophagy is initiated by the formation of autophagosomes,
double membrane vesicles containing cytoplasmic compo-
nents that include potentially toxic protein aggregates and
damaged organelles. Autophagosomes then fuse with lyso-
somes to allow degradation of their contents by lysosomal
hydrolases.®~"" This progress of cargo, from sequestration in
autophagosomes, to their delivery and degradation in lyso-
somes, is termed autophagy flux. Autophagy flux is important
for homeostasis in all cells but appears especially critical in

terminally differentiated cells such as neurons.’®'3 It is also
upregulated, and often plays a protective function, in response
to cell injury."*"® For example, autophagy is activated in
response to and can limit effects of homeostasis perturbation
in the endoplasmic reticulum (ER stress).'®'” Thus, autop-
hagy plays an important neuroprotective function, while
impaired autophagy flux has been implicated in neurodegen-
erative disorders such as Parkinson’s and Alzheimer’s
diseases.'®>"

Upregulation of autophagy markers has been observed
after SCI,%>23 but its mechanisms and function remain
controversial, with both beneficial and detrimental roles
proposed. Under certain circumstances, pathologically
increased autophagy can contribute to cell death,®'24
particularly when autophagy flux is blocked, for example,
because of lysosomal defects. Defects in autophagy
flux can also exacerbate ER stress and potentiate ER-
stress-induced apoptosis.'®'” ER stress has long been
implicated as part of the secondary injury after central
nervous system trauma,?®2% but its mechanisms remain
unknown.
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In the current study, we characterized the temporal
distribution and cell-type specificity of autophagy following
contusive SCI in a rat model. Our data demonstrate that
autophagosome accumulation after SCI is not due to
increased initiation of autophagy, but rather due to inhibition
of autophagy flux. This likely reflects the disruption of
lysosomal function after SCI. Pathological accumulation of
autophagosomes is prominent in ventral horn (VH) motor
neurons, where it is associated with signs of ER stress and
related apoptosis. Together, our findings suggest that autop-
hagy is disrupted after SCl and may exacerbate ER stress and
neuronal cell death.

Results

Autophagosomes accumulate after SCI because of
impaired autophagy flux. To examine the induction of
autophagy after SCI, we assessed levels of autophagy
protein LC3 (MAP1LC3B) in the injured spinal cord by
western blot. Conversion of LC3-I to LC3-1I by the addition of
phosphatidylethanolamine is essential for the formation of
autophagsomes and is considered a marker of autophago-
some formation and accumulation. Levels of LC3-II signifi-
cantly increased at day 1 after injury (P<0.01), then
decreased by day 7 (Figures 1a and b), indicating accumula-
tion of autophagosomes soon after injury. To confirm that
LC3-Il associated with autophagosomal membranes, we
performed subcellular fractionation of injured and sham
spinal cord. LC3-ll accumulated primarily in the crude
lysosomal/heavy membrane fraction (marked with LAMP1,
Supplementary Figure S1a and c), confirming translocation to
the membrane.

To investigate the mechanisms of autophagy after SCI, we
examined levels of proteins involved in the regulation and
formation of autophgosomes. The type Il PI3 kinase,
(including catalytic subunit VPS34 (PIK3C3) and regulatory
protein Beclin1 (BECN1)) and the ULK1 complex are involved
in the initiation of autophagy. In addition, autophagy protein 12
and 5 (ATG12-ATG5) conjugation is necessary for autophago-
some elongation. Levels of BECN1, phospho-ULK1 and
ATG12-ATG5 were not significantly altered, whereas VPS34
was slightly decreased after SCI (Figures 1a and c—f),
suggesting that initiation of autophagy is not increased.

Increased accumulation of LC3-Il could be due to either
increased formation of autophagosomes or their decreased
degradation. The adapter protein p62 (SQSTM1) mediates
delivery of ubiquitinated cargo to autophagosomes. As p62
is degraded by autophagy alongside its cargo, accumulation of
p62 indicates disrupted autophagic degradation. Levels of p62
increased immediately after injury, with a peak at day 1
(P<0.001). p62 levels decreased by day 7 but remained
above baseline for at least 5 weeks after SCI compared with
sham mice (Figures 1a and g). Therefore, initial accumulation
of LC3-II after SCI likely reflects decrease in autophagy flux.
Ubiquitinated proteins can be degraded by autophagy as well
as the proteasome. Levels of ubiquitinated proteins gradually
increased beginning at day 1 (P<0.01) and peaked at day 7
(P<0.01). They started decreasing from day 14 but remained
above sham levels for at least 5 weeks (Figures 1a and h).
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These findings are consistent with a general defect in protein
degradation after SCI, including decreased autophagy flux.

To confirm these findings, we performed immunohistochem-
istry (IHC) co-staining with antibodies against LC3 and p62
1 mm rostral to the epicenter. Quantitative image analysis was
performed independently in four anatomical regions: dorsal
horn (DH), VH, dorsal column and ventral medial white matter
(Supplementary Figure S2). Consistent with the western blot
data, the overall numbers of both LC3-positive cells and p62-
positive cells were significantly higher in both gray (Figures 1i
and j, and Supplementary Figure S3a and d) and white matter
(Figure 1k and Supplementary Figure S4a and e) of the spinal
cord starting at day 1 after injury as compared with sham. In
the white matter, LC3- and p62-positive cells were most
prominent on the dorsal side, close to the injury site. In the gray
matter, LC3- and p62-positive cells preferentially accumulated
in the VH. At high magnification (x60), we observed
accumulation of LC3-positive puncta corresponding to autop-
hagosomes (Figures 1land m). After day 7, the number of both
LC3- and p62-positive cells decreased toward sham levels
(Figure 1j and Supplementary Figure S3b and d). Importantly,
LC3 and p62 signals strongly co-localized at day 1 after injury
(Figures 1j and k and Supplementary Figure S3d and S4e),
suggesting that the same cells accumulated autophagosomes
and p62. Specifically, 73% of LC3-positive cells were p62-
positive in the VH of gray matter (Figure 1j), 63% in DH
(Supplementary Figure S3d), 74% in the ventral white matter
(Supplementary Figure S4e) and 51% in the dorsal white
matter (Figure 1k). These data indicate that autophagosomes
accumulate after SCI because of the disrupted clearance. In
both ventral and DH, numbers of LC3-positive cells rose
slightly at 5 weeks after injury (Figure 1j and Supplementary
Figure S3d), whereas levels of p62 remained low
(Supplementary Figure S3b and c). This suggests that
initiation and flux of autophagy may be increased late
after SCI.

Lysosomal dysfunction may contribute to the disruption
of autophagy flux. Under physiological conditions, lyso-
somes fuse with autophagosomes to allow degradation of
autophagosomal cargo by lysosomal hydrolases. Therefore,
impaired lysosomal function could lead to the disruption of
autophagy flux. To investigate lysosomal function after SCI,
we assessed the expression of lysosomal proteins by
western blot. Levels of the membrane-associated lysosomal
protein LAMP2 remained constant at days 1-14 after SCI
(Figures 2a and b), suggesting that the size of the lysosomal
compartment was not altered. In contrast, levels of both full-
length cathepsin D (CTSD) and processed CTSD declined at
day 1 after SCI as compared with sham (Figures 2a and c).
Levels of CTSD recovered by day 7 (Figures 2a and c),
correlating with restoration of autophagy flux. Levels of
LAMP2 did not increase until day 28 after SCI (Figures 2a
and b).

We used high-resolution imaging to assess co-localization
of lysosomes (marked with CTSD) with autophagosomes
(marked with LC3). Consistent with the western blot data, we
detected significant decrease in the number and intensity of
CTSD-positive lysosomes at day 1 after injury (Figures 2d and f),
with recovery by day 7. At day 1, we also observed decreased
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Figure 1  Accumulation of autophagosomes after SCI is due to impaired autophagy flux. (a) Representative western blots of autophagy markers LC3, Beclin 1, VPS34,
phospho-ULK1 (P-ULK1), ATG12-ATG5 conjugate, p62 and ubiquitinated proteins in lysates from spinal cord of sham and SCl rats. Each lane represents an individual animal.
(b-h) Quantification of western blot data from a. Data represent mean + S.D. normalized to corresponding sham; n > 4; *P<0.05, **P<0.01, **P<0.001 by one-way ANOVA,
followed by two-tailed ttest. (i) Representative images (x20) of IHC staining against LC3 (green) and p62 (red) in VH of gray matter of sham and SCI animals.
Co-localization of LC3 and p62 is apparent at day 1 after SCI. Scale bar is 20 um. (j and k) Quantification of LC3-positive and double-positive LC3*/p62" cells in sham and SCI
animals normalized to the total area imaged. (1) Representative high magnification images (x60) of LC3-positive cells in VH of gray matter from sham and day 1 SCI animals.
Accumulation of LC3-positive puncta corresponding to autophagosomes is apparent after SCI. Scale bar is 10 zm. (m) Quantification of LC3-positive puncta in VH of gray matter
normalized to the total number of imaged cells with neuronal morphology. All IHC data represent mean + S.E.; n>4; *P<0.05 by one-way ANOVA, followed by post hoc
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Figure2 SClleads to lysosomal dysfunction. (a) Representative western blots of lysosomal proteins LAMP1 and CTSD from spinal cord of sham and SCI animals. (b and c)
Quantification of western blot data from a. Data represent mean + S.D. normalized to corresponding sham; n> 4; ***P<0.001 by one-way ANOVA, followed by two-tailed ttest.
(d) Representative high magnification images (x60) of LC3 (green) and CTSD (red) staining in VH of gray matter from sham and day 1 SCI animals. Decrease in number and
intensity of CTSD puncta (lysosomes) and increase in LC3 puncta (autophagosomes) is apparent after SCI. Scale bar is 10 zm. (e) Close-up of the indicated area (white box)
from CTSD staining in (d). Arrows point to representative CTSD-positive lysosomes. Scale bar is 1 um. (f-h) Quantification of data from (d): (f) CTSD-positive puncta
(Iysosomes), (g) LC3-positive puncta (autophagosomes) and LC3*/CTSD* double-positive puncta (autolysosomes) in VH of gray matter normalized to the total number of imaged
cells with neuronal morphology. (h) Decrease in fraction of autolysosomes (LC3*/CTSD*) as compared with all autophagosomes (LC3") at day 1 after SCI. All IHC data represent
mean+ S.E.; n>3; *P<0.05, **P<0.01 by one-way ANOVA, followed by post hoc

clearance of autophagosomes. At day 7, increased CTSD

LC3*/CTSD* autolysosomes, suggesting decreased auto-
levels may support recovery of autophagic flux.

phagosome—lysosome fusion (Figures 2g and h). The numbers
of autolysosomes recovered by day 7 after injury. Together,

these data suggest that the lysosomal protease levels and Autophagosomes accumulate in neurons, activated

thus lysosomal function are impaired at day 1 after SCI
(Figures 2d and f), contributing to disruption of fusion and

Cell Death and Disease

microglia and oligodendrocytes. In order to determine
cell-type specificity of autophagosome accumulation, we



performed IHC co-staining using antibodies against LC3 and
different cell-type markers. In the VH, which contains motor
neurons, we detected above-background levels of LC3 in
many NeuN (RBFOX3)-positive neurons even in sham
animals. Additional LC3 accumulation occurred mostly in
neurons, with 57% of NeuN-positive neurons LC3 positive at
day 1 after SCI (P<0.05, Figures 3a and b). LC3 induction in
the DH of gray matter, which contains sensory neurons, was
weaker (Figure 3c and Supplementary Figure S5). Although
some NeuN-positive sensory neurons were positive for LC3,
the co-localization was not as high (18-27%, Figure 3c). We
did not observe significant co-localization of LC3 with any of
the glial markers in the gray matter at any time points
(Supplementary Figure S6a and d). Therefore, within the gray
matter, NeuN-positive neurons preferentially accumulate
autophagosomes 1 day after SCI, with VH motor neurons
particularly affected. Together with the high LC3 and p62 co-
localization at this time, this suggests that autophagy flux is
disrupted after SCI in VH motor neurons.

In the white matter, the total number of LC3-positive cells
was most significantly increased near the injury site in the
dorsal column (Figure 1k and Supplementary Figure S4a). In
this region, total number of LC3positive cells peaked at 7 days
after SCI and declined but remained above sham levels at
5 weeks. The absolute number of LC3-positive activated
microglia (marked with cluster of differentiation 11b (CD11B))
in the dorsal white matter also peaked at day 7 (P<0.05,
Figures 4a and b). Despite higher total numbers, the degree of
co-localization of LC3 and CD11B was highest at 1 day rather
than 7 days after injury (65% versus 38%, respectively,
Figure 4b). A similar, albeit less pronounced, trend was
observed in the ventral medial white matter (48% and 20% at
days 1 and 7, respectively, Figure 4c and Supplementary
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Figure S7a). On the basis of cell morphology, LC3 accumu-
lated preferentially in the most activated ameboid CD11B-
positive cells (Figures 4a and b). These findings suggest that
after SCI, autophagosomes may transiently accumulate in
newly activated CD11B-positive microglia. As co-localization
between LC3 and p62 is high at day 1, this is likely due to
disrupted autophagic degradation.

In addition to microglia, we also observed the accumulation
of LC3 in adenomatosis polyposis coli (Apc) gene product
(clone CC1) (CC1)-positive oligodendrocytes. Similarly to
motor neurons, many oligodendrocytes had above-
background levels of LC3 even in sham animals (46% and
67% co-localization of LC3 and CC1 in dorsal and ventral
white area, respectively (Figures 4d—f and Supplementary
Figure S7b). Increased proportion of CC1-positive cells co-
localized with LC3 in dorsal white matter 1 day after SCI (69%,
Figure 4e), whereas total numbers of LC3*/CC1™ cells peaked
atday 7 (P<0.001). A similar trend was detected in the ventral
white matter (75% co-localization at day 1, Figure 4f and
Supplementary Figure S7b). The level of co-localization
returned to base-line level at day 35 (Figures 4e and f).

Unlike microglia and oligodendrocytes, the number of LC3-
positive astrocytes (marked with glial fibrillary acid protein
(GFAP)) remained very low in all regions of the white matter at
all time points examined (Supplementary Figure S8a and d),
suggesting that levels of autophagy were not significantly
altered in astrocytes after SCI.

Disruption of autophagy flux is associated with neuronal
cell death. Disruption of autophagy flux contributes
to neuronal cell death in many neurodegenerative
diseases.?”*® Therefore, we investigated the relationship
between disrupted degradation of autophagosomes and
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Figure 3 Autophagosomes accumulate in neurons of the VH gray matter at day 1 after SCI. (a) Representative images of IHC staining for LC3 (green) and neuronal marker
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Quantification of neurons (NeuN+) co-localizing with LC3 in ventral (b) and dorsal (c) horn of gray matter from sham and SCI animals normalized to total area imaged. Data are
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Figure 4 Autophagosomes accumulate in microglia and oligodendrocytes of the dorsal white matter adjacent to injury after SCI. (a) Representative images of IHC staining for
LC3 (green) and activated microglia marker CD11B (red) in dorsal white matter of sham and SCI animals. Increased co-localization between LC3 and CD11B is apparent at day 1
after SCI. (b and ¢) Quantification of microglia (CD11B*) co-localizing with LC3 in dorsal (b) and ventral (c) white matter from sham and SCI animals. (d) Representative images
of IHC staining for LC3 (green) and oligodendrocytes marker CC1 (red) in dorsal white matter of sham and SCI animals. Increased co-localization between LC3 and CC1 is
apparent after SCI. All scale bars are 20 um. (e and f) Quantification of oligodendrocytes (CC1*) co-localizing with LC3 in dorsal (e) and ventral (f) white matter from sham and
SCI animals. Data are normalized to total area imaged and represent mean + S.E.; n>4; *P<0.05, *P<0.01, **P<0.001 by one-way ANOVA, followed by post hoc

neuronal cell death after SCI. The levels of breakdown
products of spectrin (145—-150 kDa), a marker of cell death,
peaked at day 1 after SCI (P<0.001), declining to back-
ground levels by day 7 (Figures 5a and b). This was mirrored
by the accumulation of both full-length and cleaved caspase
12 (CASP12, P<0.001), a marker of ER-stress-induced
apoptosis (Figures 5a and c). Therefore, cell death markers
peaked at day 1 after SCI, a time point correlating with the
maximal accumulation of p62, suggesting a potential
causative relationship between disruption of autophagy and
neuronal cell death.

Cell Death and Disease

To investigate the specific role of disrupted autophagy flux in
neuronal cell death, we quantified co-localization of cell death
markers with p62 in the gray matter of the spinal cord by IHC
staining. Caspase 3 (CASP3), the major executioner caspase,
is cleaved to an active form during apoptosis. The numbers of
cleaved CASP3-postive cells in both horns of the gray matter
were greatly increased by day 1, and remained elevated at day
7 after SCI (P<0.01 atday 1 and 7 in all regions, Figures 5g—i
and Supplementary Figure S9a). In the ventral gray matter at
day 1, 35% of cleaved CASP3-positive cells were also positive
for p62 (Figure 5h), indicating that the impairment of
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Impaired autophagy flux is associated with neuronal cell death after SCI. (a) Representative western blots of cell death (spectrin, caspase 12 (CASP12)) and ER

stress (GRP78, CHOP, ATF4) markers from spinal cord of sham and SCI animals. (b—f) Quantification of western blot data from a. Data represent mean + S.D. normalized to
corresponding sham; n> 4; *P<0.05, **P<0.01, **P<0.001 by one-way ANOVA, followed by two-tailed ttest. (g) Representative images of IHC staining for cleaved caspase 3
(C-CASP3, green) and p62 (red) in VH of gray matter from sham and SCI animals. Co-localization between cleaved CASP3 and p62 is apparent at day 1 after SCI. (h and i)
Quantification of cleaved CASP3-positive cells and double-positive C-CASP3*/p62* cells in ventral (f) and dorsal (g) horns of gray matter from sham and SCI animals.
(i) Representative images of IHC staining for p75 (green) and p62 (red) in VH of gray matter from sham and SCI animals. Co-localization is apparent at day 1 after SCI. All scale
bars are 20 um. (k and I) Quantification of p75-positive and double-positive p75*/p62* cells in ventral (i) and dorsal (j) horns of gray matter from sham and SCI animals. All IHC
data are normalized to total area imaged and represent mean + S.E.; n>4; *P<0.05, **P<0.01, **P<0.001 by one-way ANOVA, followed by post hoc
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autophagy flux correlated with induction of apoptosis. The
relationship was weaker in the DH, where 22% of cleaved
CASP3-positive cells co-stained with p62 (Figure 5i and
Supplementary Figure S9a). In both regions, co-localization of
cleaved CASP3 and p62 declined considerably by day 7
(Figures 5h and i). Similar results were obtained using
antibodies against the low affinity nerve growth factor receptor
(NGFR/p75), which is known to accumulate in apoptotic
neurons after SCI. Induction of p75 was most pronounced in
the VH neurons where it strongly co-localized with p62
(P<0.05, 54%, Figures 5j and k). p75 staining and its co-
localization with p62 was much weaker in the DH (35%,
Figure 5i and Supplementary Figure S9b).

Next, we examined the expression of ER-stress-associated
CASP12. ER stress can be influenced by autophagy,2®:2°
which is thought to be a part of cytoprotective UPR response
to accumulation of misfolded proteins in the ER lumen.'” ER
stress is induced and involved in mediation of secondary injury
after SCI,%° but its mechanisms are not known. The numbers
of CASP12-positive cells in the gray matter peaked at day 1
after SCI and declined sharply by day 7 (Figures 6a—c and
Supplementary Figure S10a). The majority of positive cells
had neuronal morphology. Although the overall number of
apoptotic (cleaved CASP3-positive) cells was much higher in
the dorsal than in the VH (Figures 5h and i), CASP12-positive
cells were more prevalent in the ventral than in the dorsal gray
matter (Figures 6a—c and Supplementary Figure S10a). There
was also much higher co-localization of CASP12 and p62
signal in the VH (70% versus 21%, P<0.05 for both, Figures
6b and c). These data suggest that defect in autophagy flux
observed in the VH may specifically contribute to and
exacerbate ER stress and consequently CASP12-dependent
apoptosis in motor neurons.

To directly evaluate the possibility that defects in autophagy
flux may contribute to ER stress observed after SCI, we
examined the expression of ER stress markers, the 78 kDa
glucose-regulated protein (GRP78) and transcription factors
ATF4 and CHOP (DDIT3). Western blot analysis revealed that
GRP78 and CHOP were significantly increased by 1 day after
injury (P <0.001, Figures 5a, d and e). GRP78 as well as ATF4
continued to accumulate for at least 7 days (P< 0.001, Figures
5a, d and f), whereas CHOP, which is involved in mediation of
ER-stress-induced apoptosis, declined. Expression of GRP78
in the gray area was confirmed by IHC analysis (Figures 6d—f).
In the VH, 68% of GRP78-positive cells were also positive for
p62 (Figure 6e) indicating defective autophagy flux. The
majority of the affected cells had neuronal morphology.
Although GRP78 staining further increased at day 7 after
injury, co-localization with p62 declined (Figure 6e). Increased
numbers of GRP78-positive cells were present also in the DH;
however, co-localization with p62 was much weaker at all time
points (under 30%, Figure 6f and Supplementary Figure S10b).
Together, our data indicate a strong association of defects in
autophagy flux with induction of ER stress and ER-stress-
mediated cell death in VH neurons after SCI.

Discussion

Disruption of autophagy flux has been reported to contribute to
neuronal cell death in neurodegenerative diseases, such as
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Parkinson disease, Alzherimer's disease and Huntington
disease.®3'32 Although elevated autophagy markers have
been detected after SCI, its mechanism, its cell-type specificity
and its relationship with cell death remained unknown. In the
current study, we demonstrate that several upstream regula-
tors and mediators of autophagy remain unchanged or even
decline after SCI. Therefore, increased initiation of autophagy
cannot account for the observed accumulation of autophago-
somes. Instead, as indicated by the accumulation of autop-
hagy substrates, the apparent elevation of autophagy appears
because of disruption of autophagosome degradation. This is
associated with decrease in cathepsin-D-positive lysosomes
and autolysosomes, suggesting that lysosomal defects after
SCI may cause impairment of autophagosome-lysosome
fusion and autophagy flux. Accumulation of p62 has been
reported following chronic mechanical compression of the
spinal cord.?® However, neither autophagy flux nor lysosomal
function has been investigated after acute SCI. Thus, our data
for the first time identify the cellular mechanism leading to the
accumulation of autophagosomes after SCI.

In the present study, we also identify the specific times,
regions and cell types in which autophagosomes accumulate
after SCI. In the white matter, microglia and oligodendrocytes
are preferentially affected. The extent of autophagosome
accumulation correlates with the proximity to the injury site,
with the dorsal column showing greatest changes. In the gray
matter, the accumulation of autophagosomes occurs primarily
in neurons and is more pronounced in the VH motor neurons
as compared with the DH sensory neurons. Co-localization
between p62, a marker of inhibited autophagy flux, and
neuronal cell death markers is also greater in the VH.
Therefore, the normal function of motor neurons may be
particularly dependent on autophagy flux, making these cells
more vulnerable to its disruption.

Autophagy is essential for neuronal cell health and survival,
and its defects can directly lead to neurodegeneration
in vivo."®'® The mechanisms include accumulation of toxic
protein aggregates and defective organelles.?”*® Accumu-
lated autophagosomes themselves may also serve a
pathologic function.?”%® As the initial accumulation of
autophagosomes in neuronal cells occurs at a time when
autophagy is blocked, it likely contributes to neuronal cell
death. This is supported by a strong co-localization of p62 with
markers of cell death including cleaved caspase 3, caspase 12
and p75 in cells with neuronal morphology. Therefore, our data
are consistent with a model where lysosomal damage-induced
autophagy dysfunction contributes to neuronal cell death after
SCI. Dysfunctional lysosomes have been detected in neuro-
degenerative diseases, including Parkinson’s disease, and in
lysosomal storage diseases, where they cause defects in
autophagy flux and contribute to neurodegeneration, '9:20:34-36
Therefore, our data also suggest a potential common
mechanism of neuronal cell death caused by both chronic
(neurodegenerative and lysosomal storage diseases) and
acute (SCI) insults.

Activation of ER stress and its role in secondary injury after
SCI have been previously reported.?>?® The mechanisms
contributing to ER stress after SCI are, however, unknown.
Autophagy is commonly induced and can serve as a protective
mechanism in response to ER stress.'®' Our data
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Figure 6

Impaired autophagy flux is associated with ER stress and ER-stress-induced neuronal apoptosis after SCI. (a) Representative images of IHC staining for ER-stress-

associated caspase 12 (CASP12, green) and p62 (red) in VH of the gray matter from sham and SCI animals. Co-localization of CASP12 and p62 is apparent at day 1 after SCI.
(b and c) Quantification of CASP12-positive and CASP12*/p62* double-positive cells in ventral (b) and dorsal (c) horns of gray matter from sham and SCI animals.
(d) Representative images of IHC staining for ER stress marker GRP78 (green) and p62 (red) in VH of gray matter from sham and SCI animals. Co-localization of GRP78 and p62
is apparent at 1 day after SCI. All scale bars are 20 um. (e and f) Quantification of GRP78-positive and GRP78*/p62* double-positive cells in ventral (e) and dorsal (f) horns of
gray matter from sham and SCI animals. Data are normalized to total area imaged and represent mean + S.E.; n>4; *P<0.05, **P<0.01, **P<0.001 by one-way ANOVA,

followed by post hoc

demonstrate that increased ER stress and ER-stress-induced
apoptosis strongly correlate with attenuated autophagy flux in
VH neurons. Therefore, the inhibition of autophagy flux after
SCI may contribute to neuronal ER stress. Markers of ER
stress remain increased at day 7, a time when autophagy flux
is starting to be restored. However, at that time, they are no
longer associated with induction of caspase 12 and CHOP,

markers of ER-stress-induced apoptosis. We postulate that
the inhibition of autophagy flux may exacerbate ER stress in
motor neurons, contributing to the induction of apoptosis.
Consistently, although ER stress is also apparent in dorsal
sensory neurons, induction of caspase 12 is much less
pronounced and correlates less well with defects in
autophagy flux.

-
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Accumulation of p62 and to some extent ubiquitinated
proteins resolves at later time points (starting by day 7) after
SCl, suggesting recovery of autophagy flux. This could be due to
the death of cells with blocked autophagy flux. However,
because decrease in p62 correlates with increased CTSD
expression, improved lysosomal function could eventually allow
restoration of autophagy flux in at least some of the affected
cells. This should return autophagy to its normal neuroprotective
function and could contribute to the spontaneous locomotor
recovery usually observed around day 7 after SCI. Although
treatments known to alter levels of autophagy can influence SCI
outcomes,*”* their effects on lysosomal function or autophagy
flux have not been evaluated. Additionally, each of the drugs
used has multiple functions and it is not known whether their
effects on SCI were mediated via autophagy. For example,
rapamycin, an inhibitor of mTOR complex 1 (mMTORC1) and an
inducer of autophagy, improved SCI outcomes in mice.*”
However, the inhibition of mMTOR not only induces autophagy,
but can also enhance lysosomal biogenesis.®***° Our data
suggest that functional improvements induced by rapamycin
after SCI¥”*' could be mediated, at least partially, by the
stimulation of lysosomal biogenesis after mTOR inhibition,
leading to early restoration of autophagy flux. We postulate that
other drugs that enhance lysosomal function or biogenesis may
also represent potential treatments after SCI.

Materials and Methods

Contusive SCI. A well-documented procedure of moderate SCI contusion was
performed in adult male Sprague-Dawley rats.**** Briefly, after rats (235-275 g) were
anesthetized with sodium pentobarbital (65mg/kg intraperitoneal injection), a
laminectomy was performed at T8 to remove the part of the vertebra overlying the
spinal cord, exposing a circle of dura. A moderate contusion injury was produced by
dropping a 10g weight from 2.5cm onto an impounder positioned on the exposed
spinal cord without disrupting the dura. Body temperature was kept by maintaining the
animal on a heating pad (37 °C) throughout the procedure. After SCI, rats were kept on
highly absorbent bedding and their bladders manually expressed twice daily until a
reflex bladder was established (7-14 days after SCI). Sham rats were subjected to
anesthesia and a laminectomy but were not injured. All experiments complied fully with
the principles set forth in the ‘Guide for the Care and Use of Laboratory Animals’ and
were approved by the University of Maryland Animal Care and Use Committee.

Western blot analysis. Rat spinal cord tissue (5 mm) centered on the injury
site were lysed and homogenized in RIPA buffer (Sigma-Aldrich Co. LLC, St. Louis,
MO, USA) supplemented 1x protease inhibitor cocktail (Sigma-Aldrich Co. LLC),
phosphatase inhibitor cocktail Il and IIl (Sigma-Aldrich Co. LLC), sonicated and
centrifuged at 20 000 g for 20 min. Protein concentrations were determined by the
Pierce BCA method (ThermoFisher Scientific, Waltham, MA, USA). Samples were
run on 4-15% or 15% SDS-PAGE (Bio-Rad, Hercules, CA, USA), and transferred to
PVDF membrane (Bio-Rad). Membranes were incubated with primary antibodies
overnight, with HRP-conjugated secondary antibodies for 1h, visualized using
SuperSignal West Dura Extended Duration Substrate (ThermoFisher Scientific),
and imaged with ChemIDoc TM MP system (Bio-Rad). The signal was quantified by
Image Lab software (Bio-Rad). Primary antibodies: LC3 (1:200, Novus, Cat. No.
NB100-2220, Littleton, CO, USA), p62 (1:200; Progen, Cat. No. GP62-C,
Heidelberg, Germany), Beclin1 (1:1000; Santa Cruz Biotechnology, Cat. No.
sc-11427, Dallas, TX, USA), phospho-ULK1 (1:1000; Cell Signaling, Cat. No. 5869,
Danvers, MA, USA), VPS34 (1:1000, Sigma-Aldrich, V9764), ATG5 (1:1000;
Sigma-Aldrich, Cat. No. A0731), g-actin (1:10,000; Sigma-Aldrich, Cat. No. A1978),
Ubiquitin (1:1000; Cell Signaling, Cat. No. 3936), CTSD (1:100, Santa Cruz
Biotechnology, Cat. No. sc-6486), Spectrin (1:5000; Enzo Life Science
International, Cat. No. BML-FG6090, Farmingdale, NY, USA), cleaved caspase 3
(1:500, Cell Signaling, Cat. No. 9661), caspase 12 (1: 200, Cell Signaling, Cat. No.
2202), GRP78 (1:500, Cell Signaling, Cat. No. 3177), CHOP (1:1000, Cell
Signaling, Cat. No. 2895), ATF4 (1 : 1000, Sigma Aldrich, Cat. No. WH0000468M1), and
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LAMP2 (1:1000, Cat No. ABL-93) (developed by J. Thomas August and obtained
from Developmental Studies Hybridoma Bank developed under the auspices of the
NICHD and maintained by The University of lowa, Department of Biology, lowa City,
IA 52242, USA).

Subcellular fractionation. Five millimeter fragments of spinal cord tissue
centered on the injury site were collected from rats at day 1 after injury and
homogenized in ice-cold buffered solution containing 0.32 M sucrose, 10 mM Hepes
and protease and phosphatase inhibitors. Homogenates were centrifuged at 800 g
for 10min at 4°C to pellet down the nuclei. Supernatants were sequentially
cenrifuged at 20000 g for 20 min at 4°C to pellet the heavy membrane/crude
lysosomal fractions and at 100000 g for 1h at 4°C to pellet light membrane
fractions. All pellets were re-suspended in homogenization buffer and protein
concentration was estimated using BCA reagent (ThermoFisher Scientific).
Fractions were then analyzed by western blot.

Immunohistochemistry. Animals were intracardially perfused with PBS,
then with 4% paraformaldehyde. A 1.0-cm segment of spinal cord centered at the
injury epicenter was sectioned at 20-um thickness and thaw-mounted onto
Superfrost Plus slides (Fisher Scientific, Pittsburgh, PA, USA). Sections were
blocked in 5% goat or donkey serum in PBS/0.025% Triton X-100, incubated
with primary antibodies overnight and with secondary antibodies for 1 h. Cell nuclei
were labeled with 4',6-diamidino-2-phenylindole ~ (Sigma-Aldrich Co. LLC),
slides were coverslipped with an anti-fading medium (Hydromount; National
Diagnostics, Atlanta, GA, USA). Primary antibodies: LC3 (1:200, Novus, Cat. No.
NB100-2220), p62 (1:200; Progen, Cat. No. GP62-C), NeuN (1:500; Millipore,
Cat. No. MAB377, Billerica, MA, USA), CD11b (1:500, Abcam, Cat. No. ab8878,
Cambridge, MA, USA), CC1 (1: 1000, Abcam, Cat. No. ab16794), GFAP (1 : 1000;
Dako, Cat. No. Z0334, Carpinteria, MA, USA), CTSD (1:100, Santa Cruz
Biotechnology, Cat. No. sc-6486), cleaved caspase 3 (1:500, Cell Signaling, Cat.
No. 9661), caspase 12 (1:200, Cell Signaling, Cat. No. 2202), GRP78 (1 :500,
Abcam, Cat. No. ab21685), and p75 (1:500, Cell Signaling, Cat. No. 2693).
Secondary antibodies: alexa fluor 488 goat anti-rabbit (Cat. No. A11034), alexa fluor
546 goat anti-mouse (Cat. No. A11030), alexa fluor 568 goat anti-guinea pig (Cat.
No. A11075), alexa fluor 633 goat anti-mouse (Cat. No. A21052) and alexa fluor 546
donkey anti-goat (Cat. No. A11056) (Invitrogen, Grand Island, NY, USA).

Image acquisition and quantification. All images were acquired 2-3 mm
rostral to the epicenter. Each cross section was divided in to four anatomical areas,
and acquired images independently: (i) VH, (i) DH, (iii) ventral medial white matter
and (iv) dorsal column (Supplementary Figure S2). Initially, images were also
acquired in the lateral white matter, however, because the observed phenotypes
were intermediate between VMWM and DC, for the sake of simplicity, this area was
not included in the final analysis. Three to five images per location per rat were
acquired using a fluorescent Nikon Ti-E inverted microscope, at x 20 (CFI Plan APO
VC 20x NA 0.75 WD 1mm) or x60 (CFI Plan APO VC 60x NA 1.4 Qil)
magnification. All x60 images were acquired as z-stacks and focused using
Extended Depth of Focus module of Elements software (Nikon Inc., Melville, NY,
USA). The background of each image was subtracted by using Elements. All
images were quantified using Elements: nuclei were identified using Spot Detection
algorithm; cells expressing LC3 or positive for any of the other immunofluorescence
markers were identified using Detect Regional Maxima algorithm, followed by global
thresholding. Number of positive cells was normalized to the total imaged area.
Intracellular puncta were detected using Spot Detection and normalized to the
number of neuronal cells imaged (determined by morphology). For each
experiment, data from all images from one region in each rat were summed up
and used for final statistical analysis. Approximately 1000 cells were quantified per
rat per area per experiment.

Statistics analysis. Unless indicated otherwise, results were expressed as
mean+ S.EM., where ‘n’ is the number of individual animals per group. All
statistical analyses were conducted using SigmaPlot, Version 12 (Systat Software,
San Jose, CA, USA) or GraphPad Prism, Version 3.02 for Windows (GraphPad
Software, La Jolla, CA, USA). One-way ANOVA followed by Bonferroni, Tukey's or
SNK ttest post hoc test were used for parametric data. Kruskal-Wallis ANOVA
based on ranks and Dunn's post hoc test were used for non-parametric data. For
experiments with only two groups, two-tailed Mann-Whitney Rank Sum Test
(nonparametric) or two-tailed unpaired Student's ttest (parametric) was performed.
A P-value <0.05 was considered significant.
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