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Background: The role of Hsp70.1 in neurodegeneration remains unknown.

Results: We demonstrate differential profiles in activation of w-calpain, bis(monoacylglycero)phosphate (BMP) levels, Hsp70.1-
BMP interaction, and acid sphingomyelinase (ASM) activity between motor cortex and CA1 after ischemia/reperfusion.
Conclusion: Hsp70.1-mediated ASM activity affects neuronal cell fate by regulating lysosomal membrane stability.
Significance: This finding provides new insights into the mechanism of neuronal death.

The inducible expression of heat shock protein 70.1 (Hsp70.1)
plays cytoprotective roles in its molecular chaperone function.
Binding of Hsp70 to an endolysosomal phospholipid, bis(mono-
acylglycero)phosphate (BMP), has been recently shown to stabi-
lize lysosomal membranes by enhancing acid sphingomyelinase
(ASM) activity in cancer cells. Using the monkey experimental
paradigm, we have reported that calpain-mediated cleavage of
oxidized Hsp70.1 causes neurodegeneration in the hippocampal
cornu ammonis 1 (CA1), whereas expression of Hsp70.1 in the
motor cortex without calpain activation contributes to neuro-
protection. However, the molecular mechanisms of the lyso-
somal destabilization/stabilization determining neuronal cell
fate have not been elucidated. To elucidate whether regulation
of lysosomal ASM could affect the neuronal fate, we analyzed
Hsp70.1-BMP binding and ASM activity by comparing the
motor cortex and the CA1. We show that Hsp70.1 being local-
ized at the lysosomal membrane, lysosomal lipid BMP levels,
and thelipid binding domain of Hsp70.1 are crucial for Hsp70.1-
BMP binding. In the postischemic motor cortex, Hsp70.1 being
localized at the lysosomal membrane could bind to BMP with-
out calpain activation and decreased BMP levels, resulting in
increasing ASM activity and lysosomal stability. However, in the
postischemic CA1, calpain activation and a concomitant
decrease in the lysosomal membrane localization of Hsp70.1
and BMP levels may diminish Hsp70.1-BMP binding, resulting
in decreased ASM activity and lysosomal rupture with leakage of
cathepsin B into the cytosol. A TUNEL assay revealed the differ-
ential neuronal vulnerability between the CA1 and the motor
cortex. These results suggest that regulation of ASM activation
invivo by Hsp70.1-BMP affects lysosomal stability and neuronal
survival or death after ischemia/reperfusion.

Acid sphingomyelinase (ASM)? (EC 3.14.12) is a glycopro-
tein that mediates hydrolysis of sphingomyelin to generate cer-
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amide and phosphorylcholine. It exists in two enzymatic forms;
one is alysosomal ASM (Zn*" -independent form, simply called
ASM here) that is localized predominantly in the lysosomes,
whereas the other is the secreted ASM (Zn>*-dependent form)
that is released extracellularly (1).

Increasing ASM activity stabilizes lysosomal membranes and
promotes survival of cancer cells (2), whereas inhibiting ASM
activity in cancer cells could destabilize the lysosomal mem-
branes, thereby increasing non-apoptotic cancer cell death by
inhibitors of ASM such as cationic amphiphilic drugs (3) or by
anticancer compounds, such as sunitinib (SU11248) and its
analog SU11652 (4). It is probable that ASM activity plays a
crucial role in the maintenance of lysosomal membrane integ-
rity (5). Interestingly, heat shock protein 70.1 (Hsp70.1; simply
Hsp70, also called Hsp72 or HSPA1A), which is expressed in
many tumor types, has been highlighted as a key protein that
protects lysosomal membranes against destabilization in can-
cer cells (6, 7). Binding of Hsp70.1 to bis(monoacylyglycero)-
phosphate (BMP), also called lysobisphosphatidic acid (LBPA),
which is an essential co-factor for ASM during lysosomal sph-
ingomyelin hydrolysis (8, 9), enhances ASM activity and pro-
motes lysosomal cell survival by inhibiting lysosomal destabili-
zation (2). Although ASM activity is believed to be involved in
regulating lysosomal membrane stability in cancer cells, its role
in neuronal cells remains unknown. Using monkeys undergo-
ing transient global brain ischemia, the role of lysosomal
rupture in programmed neuronal necrosis has been grossly
elucidated by the “calpain-cathepsin hypothesis” that was for-
mulated by Yamashima and colleagues (10-13). Recently, we
have demonstrated that calpain-mediated cleavage of oxidized
Hsp70.1 in the hippocampal cornu ammonis 1 (CAl) can
induce lysosomal rupture and neurodegeneration (14, 15),
whereas up-regulation of Hsp70.1 in the motor cortex contrib-
utes to neuroprotection (16).

The aim of this study was to reveal the molecular mecha-
nisms underlying in vivo Hsp70.1-affected lysosomal mem-
brane integrity and neuronal cell fate by regulating ASM

tidic acid; LAMP1 to -3, lysosome-associated membrane proteins 1-3; PCC,
Pearson’s correlation coefficient; MCC, Mander overlap coefficient.
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activation using the same ischemic monkey experimental
paradigms.

EXPERIMENTAL PROCEDURES

Animals—All experimental procedures were performed in
strict adherence with the guidelines of the Animal Care and
Ethics Committee of Kanazawa University and the National
Institutes of Health Guide for the Care and Use of Laboratory
Animals. Thirty Japanese monkeys (Macaca fuscata) with a
body weight of 5-10 kg were bred in air-conditioned cages and
allowed free daily access to food and water. Under general anes-
thesia, transient global brain complete ischemia was made by
clamping the innominate and left subclavian arteries for 20
min, according to the procedure previously described (17),
whereas the control monkeys underwent a sham operation.
After the operation, two experimental groups including the
control and the postischemic day 3, 5, 7, and 9 monkeys were
sacrificed (each time point includes 3 monkeys, n = 15 for each
group). One group was used for the immunofluorescence anal-
ysis, whereas another group was used for Western blot and
ELISA.

Immunofluorescent Analysis—For the histological analysis,
the brains were perfused with 0.5 liter of ice-cold saline fol-
lowed by 1 liter of 4% paraformaldehyde and fixed in 4% para-
formaldehyde for 2 weeks. Then the motor cortex and hip-
pocampal tissues were cryoprotected in 30% sucrose and cut
into cryosections of 30-um thickness. Free floating frozen sec-
tions (control, postischemic days 3—9 for both motor cortex
and hippocampus) were used for the signal and double immu-
nofluorescent staining. First, the sections were washed twice
with phosphate-buffered saline (PBS) and permeabilized with
0.5% Tween 20 in PBS for 15 min at room temperature. To
block nonspecific bindings, the sections were incubated for 30
min at room temperature with 10% goat serum (Vector Labo-
ratories, Burlingame, CA), 1% bovine serum albumin (BSA) in
PBS. Subsequently, they were incubated for 48 h at 4 °C with the
following primary antibodies: anti-Hsp70.1 diluted at 1:100
(Enzo Life Sciences, Plymouth Meeting, PA), anti-CD63 at 1:50,
or anti-ceramide at 1:100 (Life Span Bio Sciences, Seattle, WA),
anti-lysobisphosphatidic acid (6C4) (product number Z-SLBPA, also
termed BMP) at 1:50 (Echelon Biosciences, Salt Lake City, UT),
anti-lysosome-associated membrane protein 1 (LAMP1) at
1:200, anti-ASM at 1:200 (Abcam, Cambridge, MA), anti-acti-
vated form of human p-calpain at 1:50 (18). After the sections
were washed three times with PBS, they were finally incubated
for 2 h at room temperature with secondary antibodies, such as
goat anti-rabbit IgG or anti-mouse IgG/IgM conjugated with
Alex Fluor 488 or 546 (Invitrogen). Then the stained sections
were mounted on the glass slides by Vectashield mounting
medium (Vector Laboratories, Burlingame, CA). Slides were
observed using a laser confocal microscope (LSM510, Carl
Zeiss). The negative controls were made by omitting the
respective primary antibodies. Quantification of the fluores-
cent intensity and colocalization analysis was carried out with
LSM 510 META software. Background was corrected in man-
ual mode using the selected region of interest (ROI). Quantita-
tive colocalization was estimated by calculating colocalization
coefficients (Pearson’s correlation coefficients and overlap
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coefficients according to Mander). A Pearson’s correlation
coefficient (PCC) value of >0.5 and an overlap coefficient
according to Mander (MOC) value of >0.6 indicate colocaliza-
tion (19).

Isolation of Lysosomal and Cytosolic Fractions from the Motor
Cortex and CAI—The cytosolic and enriched lysosomal frac-
tions were prepared using a lysosome enrichment kit for tissue
and cultured cells (Thermo Scientific) with some modifications
as described in detail (20).

ELISA—The concentrations of Hsp70.1 and ASM were
measured by the HSP70 ELISA kit (Enzo Life Sciences, Plym-
outh Meeting, PA) or human ASM ELISA kit (CUSABIO,
Tokyo, Japan) according to the manufacturer’s instructions.
The intensity of color was measured in a microplate reader
(Sunrise Tecan, Wako, Japan) at 450 nm. The concentrations of
Hsp70 and ASM from the samples were quantitated based on
the standard curve and expressed as ng/mg of total protein.

TUNEL Assay—DNA fragmentation was detected on cryo-
sections using the ApopTag Plus Fluorescein in situ apoptosis
detection kit (Millipore) as described previously (16).

Western Blot—The lysosome or the cytosol lysate was sepa-
rated by 10-12% SDS-polyacrylamide gel electrophoresis, and
membranes were transferred to a Trans-Blot Turbo transfer
pack according to the manufacturer’s instructions (Bio-Rad).
Then membranes were blocked for 1 h at room temperature
with 10% (w/v) nonfat dry milk in 0.02 mol/liter Tris-HCIl, pH
7.4, containing 0.136 mol/liter NaCl and 0.1% Tween 20 and
incubated overnight at 4 °C by the following primary antibod-
ies: anti-Hsp70 at a dilution of 1:1000 (Enzo Life Science), anti-
human Hsp70 (C-terminal) at 1:1000 (Epitomics, Burlingame,
CA), anti-histone H1 at 1:3000 (Active Motif, Carlsbad, CA),
anti-calreticulin at 1:1000 (Life Span Bio Sciences, Seattle,
WA), anti-Golgin-84 at 1:1000 (Santa Cruz Biotechnology, Inc.,
Dallas, Texas), anti-ASM at 1:1000, anti-cathepsin B (ABcam,
Tokyo, Japan) at 1:1000, anti-LAMP1 at 1:1000, and anti-
GAPDH at 1:3000 (Abcam). Membranes were washed before
incubation with a horseradish peroxidase-conjugated antibody.
ECL chemiluminescence (Amersham Biosciences) was used to
visualize bands according to the manufacturer’s instructions.

Statistical Analysis—Data in all figures are expressed as
mean * S.E. The data are means of three separate experiments.
The density of protein bands was analyzed and quantification of
the fluorescence intensity was performed using Image] image
analysis software. Statistical significance was determined by
one-way analysis of variance with Bonferroni or Dunnet tests,
using GraphPad Prism 6 (Oberlin, San Diego, CA). A two-tailed
p < 0.05 was considered statistically significant. Positive cells
for TUNEL were evaluated in grids of 800 X 1000 wm.

RESULTS

Assaying Lysosome/Cytosol Purification—To assess whether
the procedure can isolate the enriched lysosomal or cytosolic
fraction, the collected fractions from the motor cortex, includ-
ing the non-ischemic control and postischemic days 3, 5, 7, and
9, were subjected to Western blot with the markers of subcel-
lular organelles. Fig. 1A shows that a lysosomal marker,
LAMP1, was highly enriched in the lysosomal fraction isolated
from the motor cortex without a cytoplasmic marker, GAPDH,
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FIGURE 1. Purification of enriched lysosomal fraction and determining inducible Hsp70.1 in this fraction. The collected cytosolic fraction (MCx Cy) and
lysosomal enriched fraction (Mcx Ly), including the non-ischemic control and postischemic days from the motor cortex, were confirmed by the presence of
organelle marker proteins, as indicated by anti-LAMP1 for a lysosomal marker protein, anti-GAPDH for a cytoplasmic marker protein, anti-histone H1 for a
nuclear marker protein, anti-calreticulin for an endoplasmic reticulum marker protein, and anti-Golgin-84 for a Golgi marker protein. C, non-ischemic control.
d3,d5,d7, and d9, postischemic days 3, 5, 7, and 9. Ps, a positive control. A, the lysosome-enriched fraction was confirmed by LAMP1, whereas the cytosolic
fraction was confirmed by GAPDH. Arrows, a band of LAMP1 at 120 kDa and GAPDH at 37 kDa. B, the lysosome-enriched fraction did not contain histone H1 but
did contain calreticulin and Golgin-84. Positive controls were collected from the nuclear fraction of the non-ischemic monkey motor cortex for detecting
nuclear protein or from the rat brain lysate for detecting endoplasmic reticulum and Golgi. Arrows, a band of histone H1 at 31 kDa, calreticulin at 55 kDa, and
Golgin-84 at 84 kDa. C7 and D1, Western blot showing Hsp70.1 in lysosome-enriched fractions, including the non-ischemic control and postischemic days 3-9
from the motor cortex and CA1 (CAT Ly). Arrows, Hsp70.1 band at 70 kDa and LAMP1 at 120 kDa. C2 and D2, densitometric analysis of Hsp70.1 in the
postischemic motor cortex and CA1 as compared with the non-ischemic control. E and F, ELISA showing Hsp70.1 concentrations in the lysosome-enriched
fractions, including the non-ischemic control and postischemic days 3-9 from motor cortex (white bars) and CA1 (black bars). Lysosomal fractions with
recombinant Hsp70 standards were incubated with an anti-Hsp70 immunoassay plate. Hsp70.1 concentrations were calculated based on the standard curve
and expressed as ng of Hsp70/1 mg of total proteins. The values represent mean = S.E. from three independent experiments. Asterisks show significant
difference from the non-ischemic control (¥, p < 0.05). All experiments were repeated three times with similar results.

whereas GAPDH was highly enriched in the cytosolic fraction
without LAMP1. Fig. 1B shows that lysosomal fraction did not
contain a nuclear fraction marker, histone H1, but this fraction
contained an endoplasmic reticulum marker, calreticulin, as
well as a Golgi apparatus marker, Golgin-84. This procedure is
also suitable for obtaining a lysosomal or cytosolic fraction iso-
lated from CA1 with a similar result (data not shown).
Up-regulation of Hsp70.1 in the Enriched Lysosomal Fraction—
To determine whether ischemia/reperfusion can induce up-
regulation of Hsp70.1 in the motor cortex and CA1, we first
quantified the inducible Hsp70.1 in the lysosome-enriched
fraction including postischemic days 3—9 as compared with the
non-ischemic control by Western blot with densitometric anal-
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ysis. A significant increase in expression of Hsp70.1 was found
in the lysosome-enriched fraction from postischemic motor
cortex days 3 and 5, by 3.3- and 4.7-fold, respectively, as com-
pared with the non-ischemic control (Fig. 1, CI and C2). Simi-
larly, a significant increase in expression of Hsp70.1 was found
in the lysosome-enriched fraction from postischemic CA1 days
3 and 5, by 5.7- and 3.8-fold, respectively, as compared with the
non-ischemic control (Fig. 1, DI and D2). Next, we measured
Hsp70 concentrations in the lysosome-enriched fraction by
ELISA and found a significant increase in Hsp70.1 concentra-
tions in the lysosome-enriched fraction from postischemic
motor cortex days 3 and 5 by 3.5- and 4.5-fold, respectively,
compared with the non-ischemic control (Fig. 1E) as well as a
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FIGURE 2. Analysis of BMP levels and lysosomal membrane protein LAMP1 levels in motor cortex and CA1. Lysosomal lipid (BMP) and lysosomal
membrane protein (LAMP1) levels were measured by quantifying fluorescent intensity using antibodies against BMP (LBPA) and LAMP1. MCx, motor cortex. C,
non-ischemic control. d3, d5, d7, and d9, postischemic days 3, 5, 7, and 9. AT and A2, comparison of the BMP fluorescent intensity between the non-ischemic
control and at postischemic day 3 from motor cortex and CA1. A3, quantitative analysis showing that BMP levels were unchanged in the postischemic motor
cortex, whereas they were decreased in the postischemic CA1 at days 3-7 as compared with the non-ischemic control. BT and B2, comparison of LAMP1
fluorescent intensity between the non-ischemic control and at postischemic day 3 from motor cortex and CA1. B3, quantitative analysis showing that LAMP1
levels were unchanged in the postischemic motor cortex, whereas they were decreased in postischemic CA1 at days 3 and 5 as compared with the non-
ischemic control. The values represent mean = S.E. from three independent experiments. Asterisks show significant difference from the non-ischemic control

(*, p < 0.05). Scale bar, 20 um.

significant increase in Hsp70.1 concentrations in the lysosome-
enriched fraction from postischemic CA1l day 3 by 3.1-fold,
compared with the non-ischemic control (Fig. 1F).
Determination of LAMPI and BMP Levels—As in the above
observation by Western blot, a significant decrease in LAMP1
proteins from lysosomal fraction was observed in the postisch-
emic CAl day 3 but not in the postischemic motor cortex. To
further confirm this, lysosomal lipid BMP levels and the lyso-
somal membrane protein LAMP1 were assessed by immuno-
fluorescence staining, compared with the non-ischemic con-
trol. The BMP levels remained unchanged in the postischemic
motor cortex, compared with the non-ischemic control (Fig. 2,
A1l and A3), whereas they were significantly reduced in the pos-
tischemic CA1 at days 3, 5, and 7 by 44, 30 and 25%, respec-
tively, compared with the non-ischemic control (Fig. 2, A2 and
A3). The postischemic motor cortex showed unchanged
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LAMP1 levels (Fig. 2, BI and B3), whereas the postischemic
CA1 at days 3 and 5 showed a significant decrease by 35 and
21%, respectively, compared with the non-ischemic control
(Fig. 2, B2 and B3).

Hsp70.1 Can Bind with BMP in the Postischemic Motor Cor-
tex Devoid of Calpain Activation—We have recently reported
that up-regulation of Hsp70.1 was colocalized with lysosome-
associated membrane proteins 1 and 2 (LAMP1 and LAMP2) in
postischemic motor cortex where activated p-calpain could not
be detected by Western blot coupled with activated p-calpain-
positive controls from the same monkey (16). Because the pro-
cess producing brain injury involves a complex series of patho-
physiological events, during the surgery for monitoring and for
producing ischemia, monkeys exhibited physiological or injury
variability. In order to confirm whether Hsp70.1 is localized to
the lysosomal membranes in current ischemic monkey models,
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FIGURE 3.Hsp70.1 is localized to lysosomal membranes and binds with BMP in the postischemic motor cortex, where activated p-calpain could notbe
detected. Frozen sections, including the non-ischemic control and the postischemic day 3 motor cortex, were double-labeled with Hsp70 antibody (green
signal) and CD63 antibody (red signal) or BMP (LBPA) antibody (red signal). The arrows indicate colocalization (yellow signal) based on the colocalization
coefficients. MCx, motor cortex. C, non-ischemic control. d3, postischemic day 3. A7, clear absence of colocalization of Hsp70.1 and CD63 in the non-ischemic
control. A2, colocalization of Hsp70.1 and CD63 at postischemic day 3. B, colocalization of Hsp70.1 and BMP (LBPA) at postischemic day 3. C, immunofluores-
cence staining of the motor cortex using anti-human activated pu-calpain antibody (red signal) demonstrates that .-calpain activation was not detected either
in the non-ischemic control or at postischemic day 3. All experiments were repeated three times with essentially similar results. Scale bar, 20 um.

here we double-labeled Hsp70.1 with CD63, which is also abun-
dantly present in late endosomes/lysosomes, also known as lys-
osome-associated protein 3 (LAMP3). In the non-ischemic
control, the green fluorescence of Hsp70.1 (green image in Fig.
3A1I) could not be detected; thus, quantitative analysis revealed
the absence of colocalization of Hsp70.1 and CD63 (overlay
image of green and red in Fig. 3A1, correlation coefficients of
0.23 *= 0.03 (PCC) and 0.39 *= 0.06 (MOC)) as well as the
absence of colocalization of Hsp70.1 and BMP (data not
shown). In postischemic day 3, Hsp70.1 green fluorescence
became intense in neurons (green image in Fig. 3A2). Quantita-
tive measure of colocalization as compared with the non-ische-
mic control revealed a high degree of colocalization between
Hsp70.1 and CD63 (overlay image of green and red in Fig. 3A2,
correlation coefficients of 0.58 * 0.04 (PCC) and 0.89 = 0.08
(MOCQ)). We asked whether the lysosomal membrane localiza-
tion of Hsp70.1 could interact or bind to lysosomal lipid, BMP.
As shown in Fig. 3B, we observed colocalization of Hsp70.1 and
BMP in postischemic day 3 (correlation coefficients of 0.61 =
0.03 (PCC) and 0.92 * 0.05 (MOC)). We also observed a similar
result, using an anti-BMP monoclonal antibody (6C4; 1 mg/ml)
(21). To further investigate calpain activation, immunofluores-
cence staining was performed with the same u-calpain anti-
body used for Western blot. As shown in Fig. 3C, n-calpain
activation was not detected in the motor cortex, including the
non-ischemic control, at postischemic day 3 and other ische-
mic time points (data not shown).

Hsp70.1 Fails to Bind with BMP in the Postischemic CAI with
Calpain Activation—Previous studies have shown that the
increase of activated u-calpain occurs from 3 h after ischemia
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until day 5in CA1 (10). As shown in Fig. 44, activated p-calpain
was detected in postischemic day 3, whereas it could not be
detected in non-ischemic control. Notably, calpain was colocal-
ized with LAMP1 in postischemic CA1 (Fig. 4B, correlation
coefficients of 0.63 = 0.04 (PCC) and 0.86 = 0.03 (MOC)),
suggesting its effects on the lysosomal membranes. Here, we
hypothesized that the presence of activated w-calpain at lyso-
somes associated with decreases in the LAMP1 levels and BMP
levels could affect Hsp70.1 binding with BMP. To test this
hypothesis, we measured the colocalization of Hsp70 in the
non-ischemic control and postischemic days. First, we found
that the non-ischemic control displayed the absence of colocal-
ization of Hsp70 with LAMP1, CD63, and BMP because
Hsp70.1 could not be detected here (data not shown). Next, we
found that the postischemic CA1l displayed intense Hsp70.1
green fluorescence in pyramidal neurons (green image in Fig. 4,
C1, C2,and D) but alow degree of colocalization of Hsp70.1 and
LAMP1 (Fig. 4C1, correlation coefficients of 0.34 = 0.06 (PCC)
and 0.47 £ 0.03 (MOC)) as well as alow degree of colocalization
of Hsp70.1 and CD63 (Fig. 4C2, correlation coefficients of
0.48 = 0.08 (PCC) and 0.55 = 0.05 (MOC)), as compared with
the non-ischemic control. Finally, we found that postischemic
CA1 displayed an absence of colocalization of Hsp70.1 and
BMP (Fig. 4D, correlation coefficients 0.18 * 0.02 (PCC) and
0.38 = 0.03 (MOC)) as compared with the non-ischemic
control.

The Presence or Absence of Hsp70-BMP Interaction Differen-
tially Regulates ASM in the Postischemic Motor Cortex and
CAI1—To investigate whether the Hsp70-BMP interaction can
regulate expression of ASM, we measured its concentrations in
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FIGURE 4. Hsp70.1 is unable to bind with BMP in the postischemic CA1 where pu-calpain was activated. Frozen CA1 sections were double-labeled with
Hsp70 antibody (green signal), LAMP1 (red signal), CD63 antibody (red signal), and BMP antibody (red signal). Arrows, activated p-calpain or colocalization
(vellow signal) based on the colocalization coefficients. C, non-ischemic control. d3, postischemic day 3. A, immunofluorescence staining using activated
w-calpain antibody (red signal) showing u-calpain activation at postischemic day 3 as compared with the non-ischemic control. B, double labeling of LAMP1
(green signal) and activated p-calpain (red signal) showing colocalization of activated u-calpain with the lysosomes at postischemic day 3. C7 and C2, a low
degree of colocalization between Hsp70.1 and LAMP1 as well as between Hsp70.1 and CD63 at postischemic day 3. D, the absence of colocalization between
Hsp70.1 and BMP (LBPA) at postischemic day 3. All experiments were repeated three times with essentially similar results. Scale bar, 20 um.
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FIGURE 5. Analysis of lysosomal acid sphingomyelinase protein expression in the postischemic motor cortex and CA1. C, non-ischemic control. d3, d5,
d7, and d9, postischemic days 3, 5, 7, and 9. AT and A2, ELISA showing the concentrations of ASM proteins in the lysosome-enriched fractions, including the
non-ischemic control and postischemic days 3-9 from the motor cortex (L-SM in MCx) or CA1 (L-SMin CAT1). B11 and B21, Western blot analysis showing ASM
proteinsin the lysosome-enriched fractions, including the non-ischemic control and postischemic days 3-9 from the motor cortex (MCx Ly) or CA1 (CA1 Ly) with
LAMP1 as a loading control. The arrows indicate the band of proform acid sphingomyelinase (pro-ASM) at 75 kDa, the band of human mature ASM form (L-ASM)
at65 kDa, and the LAMP1 band at 120 kDa. B12 and B22, densitometric analysis of expression of ASM proteins in the motor cortex or CA1 as compared with the
density of the non-ischemic control. The values represent mean = S.E. from three independent experiments. Asterisks, significant difference from the non-
ischemic control (¥, p < 0.05). All experiments were repeated three times with similar results.
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FIGURE 6. Acid sphingomyelinase (ASM) is localized to lysosomes in the postischemic motor cortex but not in the postischemic CA1. Double labeling of
ASM (green signal) and a lysosomal marker, LAMP1 (red signal), was remarkably seen in the day 3 motor cortex but was negligible in CA1. MCx, motor cortex. C,
non-ischemic control. d3, postischemic day 3. a and b, enlarged images of the boxed areas. A, absence of colocalization between ASM and the lysosomes in the
non-ischemic control motor cortex. B, colocalization of ASM and the lysosomes in the postischemic day 3 motor cortex. Arrows, colocalization (yellow signal)
based on colocalization coefficients. C and D, the absence of colocalization between ASM and the lysosomes in the non-ischemic control CA1 and the

postischemic day 3 CA1. Scale bar, 20 um.

the enriched lysosome fraction using ELISA. The postischemic
day 3 motor cortex showed an increase in ASM concentrations
by 2.1- fold, compared with the non-ischemic control (Fig.
5A1). In contrast, the postischemic day 3 CA1 showed a 52%
decrease, compared with the non-ischemic control (Fig. 542).
ASM concentrations in both the postischemic motor cortex
and postischemic CA1 returned to the basal levels after the
postischemic day 5 (Fig. 5, AI and A2). ASM is known to be
processed from a 75-kDa, Zn®*-activated proenzyme to a
mature 65-kDa, Zn**-independent form (22). Western blot
analysis showed a 2.3-fold increase in the mature human ASM
expression (65 kDa) in the postischemic day 3 motor cortex, as
compared with the non-ischemic control (Fig. 5, B11 and B12).
On the other hand, a 40% decrease in its expression was found
in the postischemic day 3 CA1, compared with the non-ische-
mic control (Fig. 5, B21 and B22). Furthermore, we double-
labeled ASM with LAMP1I, confirming that the increased ASM
was localized at lysosomes in the postischemic day 3 motor
cortex (Fig. 6B, correlation coefficients 0.59 = 0.08 (PCC) and
0.82 = 0.07 (MOC)). We could not find lysosomal membrane
localization of ASM in the non-ischemic motor cortex (Fig. 64,
correlation coefficients of 0.23 * 0.04 (PCC) and 0.36 * 0.03
(MOCQ)) in the non-ischemic CA1 (Fig. 6C, correlation coeffi-
cients 0.34 = 0.02 (PCC) and 0.47 = 0.03 (MOC)) and in the
postischemic day 3 CA1l (Fig. 6D, correlation coefficients
0.28 + 0.06 (PCC) and 0.49 *+ 0.04 (MOC)).

To address whether the increase or decrease in the expres-
sion of ASM proteins correlates with the changes of its enzyme
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activity, the ASM activity in vivo was assessed by the colocal-
ization of ASM and BMP because the presence of anionic lipids,
such as BMP, can stimulate ASM activity (8, 23, 24). ASM colo-
calization with BMP was detected in the postischemic day 3
motor cortex (Fig. 7B, correlation coefficients 0.59 = 0.04
(PCC) and 0.86 £ 0.03 (MOC)) but was not detected in the
non-ischemic control (Fig. 7A, correlation coefficients 0.38 =
0.07 (PCC) and 0.45 = 0.02 (MOC)) and other postischemic
time points (data not shown).

ASM activation leads to hydrolysis of sphingomyelin and
generation of ceramide. To further assess the intracellular ASM
activation, we measured generation of ceramide by immunoflu-
orescence staining using anti-ceramide antibody. As shown in
Fig. 7C, ceramide was localized at the membrane bilayer in pos-
tischemic day 3 motor cortex but not in the non-ischemic con-
trol. Colocalization of ceramide and LAMP1 (Fig. 7D2, corre-
lation coefficients of 0.68 = 0.03 (PCC) and 0.82 =+ 0.05 (MOC))
indicated that ceramide was localized at lysosomal membranes
of the postischemic motor cortex at day 3. The colocalization of
ceramide with a plasma membrane marker, wheat germ agglu-
tinin, could not be detected (Fig. 7D 1, correlation coefficients of
0.28 = 0.05 (PCC) and 0.40 * 0.03 (MOC)), suggesting that
ceramide was not mobilized to the plasma membranes. In con-
trast, the fluorescent intensity of ceramide showed a decrease in
postischemic CA1 at day 3, compared with the non-ischemic
control (Fig. 7, EI and E2). The result suggested a decrease in
ASM activity with a concomitant decrease in ceramide.

SASBMB

VOLUME 289+NUMBER 40+-OCTOBER 3, 2014



Cer.fluorescent
intensity [%control]

Hsp70.1 Affects Neuronal Fate

D2 SXE

Ceramide

C d3 d§ d7 d9

FIGURE 7. Analysis of ASM activity in the postischemic motor cortex and CA1. The activity of ASM was assessed by colocalization of ASM and BMP, which
is an essential co-factor for facilitating ASM activity. A, the absence of colocalization between ASM and BMP in the non-ischemic control motor cortex (MCx C).
B, colocalization of ASM and BMP in postischemic day 3 motor cortex (MCx d3). Arrows, colocalization (yellow signal) based on colocalization coefficients. C,
confocal microcopy analysis using ceramide antibody (green signal), showing a change in the cellular distribution of ceramide in the postischemic day 3 motor
cortex as compared with the non-ischemic control motor cortex. D1, double labeling of ceramide antibody (green signal) with a plasma membrane marker,
wheat germ agglutinin (WAG, red signal) in postischemic day 3 motor cortex. The absence of colocalization indicates that ceramide was not mobilized to the
plasma membranes. The white interrupted line is used to define the plasma membrane, whereas the solid white line is used to define the nuclear membrane. N,
nuclear. D2, colocalization of ceramide (green signal) and lysosomes (LAMP1; red signal) indicates that activation of ASM led to the generation of the lysosomal
ceramide in postischemic day 3 motor cortex (MCx d3). Arrows, colocalization (yellow signal) based on colocalization coefficients. E1, confocal microcopy
analysis of ceramide levels using ceramide antibody (green signal) in the non-ischemic control CA1 (CAT C) and the postischemic day 3 CA1 (CAT d3). E2,
quantitative analysis showing that ceramide levels were decreased in the postischemic CA1 at day 3. C, non-ischemic control. d3, d5, d7, and d9, postischemic
days 3, 5, 7, and 9. The values represent the mean = S.E. (error bars) of three independent experiments. Asterisks show significant difference from the

non-ischemic control (¥, p < 0.05). Scale bar, 20 um.

Differential Regulation of ASM Leads to the Distinct Neuro-
nal Cell Fate—To further investigate whether the increase in
ASM activity is responsible for the lysosomal stabilization and
neuronal cell survival, we measured the extent of the cathepsin
B leakage. Mature cathepsin B was found equally distributed in
the lysosomal fraction of the motor cortex at each ischemic
time point (Fig. 8, A1 and A3). It was not detected in cytoplasm
(Fig. 8, A2 and A3). In contrast to the motor cortex, the cathep-
sin B in the lysosomal fraction was decreased by 20 and 44%
(Fig. 8, BI and B3) with a concomitant increase in the cytosol
fraction by 2.0- and 2.6-fold (Fig. 8, B2 and B3) at postischemic
days 3 and 5 CA1 as compared with the non-ischemic control.
These results indicated that lysosomal membrane destabiliza-
tion followed by relocalization cathepsin B from lysosomes into
the cytosol occurred in the postischemic CA1l but not in
postischemic motor cortex. Lysosomal membrane destabiliza-
tion can induce cell death, as determined by a TUNEL assay.
Compared with its respective non-ischemic control, the motor
cortex (Fig. 9, A1 and A2) and CA1 (Fig. 9, BI and B2) showed a
distinct vulnerability to ischemia. By quantitative analysis, Fig.
9C reveals the total number of TUNEL-positive cells in the
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postischemic motor cortex (23 = 1.3/frame) was significantly
lower than that in postischemic CA1 (113 = 4.7/frame).

DISCUSSION

Using the monkey experimental paradigm, we demonstrate
that Hsp70.1-BMP binding in the postischemic motor cortex
contributes to an increase of ASM activity, thus promoting
neuronal survival by inhibiting lysosomal destabilization or ly-
sosomal rupture. On the other hand, failure of Hsp70-BMP
binding in the postischemic CA1 contributes to a reduction of
ASM activity, inducing lysosomal rupture and neuronal death.
We provide several lines of evidence supporting the presence of
Hsp70.1-BMP binding in the motor cortex and its absence in
CAL1 that differentially regulates ASM, and this affects neuronal
cell fate after ischemia/reperfusion.

Hsp70.1 in Lysosomal Fraction and Its Localization—Follow-
ing our protocol, we could not remove endoplasmic reticulum
and the Golgi apparatus from the lysosomal fraction. There-
fore, it is difficult to rule out the possibility that Hsp70.1 was
up-regulated in other subcellular compartments, such as the
endoplasmic reticulum, Golgi apparatus, and mitochondria.
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FIGURE 8. Comparison of lysosomal stability between the postischemic motor cortex and CA1. A7 and A2, Western blot of cathepsin B in the enriched
lysosomal (MCx Ly) and cytosolic fractions (MCx Cy) from the motor cortex. BT and B2, Western blot of cathepsin B in the enriched lysosomal (CAT Ly) and
cytosolic fractions (CAT Cy) from the CA1. The protein levels of LAMP1 and GAPDH are shown as a loading control for lysosomal and cytosolic fractions,
respectively. Arrows, proform cathepsin B (pro-CB) band at ~37 kDa, mature cathepsin B (CB) band at ~31 kDa, LAMP1 at 120 kDa, and GAPDH band at 37 kDa.
A3 and B3, densitometric analysis of cathepsin B proteins in the lysosome and cytosol from the motor cortex or the CA1 as compared with the non-ischemic
control. C, non-ischemic control. d3, d5, d7, and d9, postischemic days 3, 5, 7, and 9. The values represent the mean = S.E. of three independent experiment.
Asterisks show significant difference from the non-ischemic control (¥, p < 0.05).

Localization of Hsp70.1 on lysosomal membranes was con-
firmed by colocalization of Hsp70.1 and lysosomal membrane
proteins, such as LAMP1 and CD63. The reduced LAMP1
(Figs. 1D1 and 2B2) as well as a slight loss of CD63 in postisch-
emic CA1 (Fig. 4C2) provoke the changes in lysosomal mem-
brane localization of Hsp70.1, resulting in a low colocalization
between Hsp70.1 and LAMP1 or CD63 in postischemic CA1
(Fig. 4, CI and C2).

Hsp70.1 Interaction with Lipids—Lipids and their metabo-
lism may be particularly important for the brain due to their
high concentrations, whereas the changes of lipid metabolism
under stress conditions are involved in cerebral ischemic injury
(24, 25). For example, the new mass spectroscopic technique
MALDI MS revealed the changes of phospholipids, such as
lysophosphatidylcholine, phosphatidylcholine, phosphatidyle-
thanolamine, and sphingomyelin, in rat brains after focal cere-
bralischemia (26). Studies have revealed that inducible Hsp70.1
has protective effects against ischemia and oxidative injury (27,
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28); however, whether its protection correlates with membrane
lipids remains to be elucidated. A recent study has demon-
strated that Hsp70 selectively interacts with the negatively
charged phospholipids, such as cardiolipin (CL), phosphatidyl-
serine (PS), and BMP. Thus, Hsp70 attaches to the membranes
abundant in the above lipids, including lysosomes, mitochon-
dria, and the outer surface of cancer cells, without penetration
(29). Accordingly, Hsp70 attaching to mitochondria containing
CL exhibited the protection of membranes under stress condi-
tions (30).

Hsp70 as the Substrate of Activated Calpain—Excessive acti-
vation of calpain and the resultant cleavage of substrate protein
after ischemia/reperfusion have been reported to be related
with neuronal death after cerebral ischemia (31-35). However,
the in vivo substrate of activated u-calpain was unknown. Using
proteomics analysis by comparing the non-ischemic control
and postischemic tissues from CA1, our group (15) identified
oxidative modified proteins in postischemic CA1, showing ele-
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FIGURE 9. Comparison of TUNEL staining between the postischemic motor cortex and CA1. A7 and A2, TUNEL staining in the non-ischemic motor cortex
control (MCx C) and the postischemic motor cortex day 3 (MCx d3) (layer | through layer VI (I-VI)). a and b, enlarged images of the boxed areas. B1 and B2, TUNEL
staining in the non-ischemic CA1 control (CAT C) and the postischemic CA1 day 3 (CAT d3). C, representative quantitative analysis of TUNEL-positive cells in the
motor cortex (black bars) and CA1 (gray bars) was done in grids of 800 X 1000 um. MCx, motor cortex. C, the non-ischemic control. d3, d5, d7, and d9,
postischemic days 3, 5, 7, and 9. The values represent the mean = S.E. of three independent experiments. Asterisks show significant difference from the
non-ischemic control (¥, p < 0.05). All experiments were repeated three times with essentially similar results. Scale bar, 20 um.

vated levels of carbonylated Hsp70.1 on postischemic days 3
and 5. Intriguingly, after the in vitro oxidative stresses induced
by 4-hydroxy-2-nonenal, the non-ischemic monkey CA1 tissue
showed calpain-mediated Hsp70.1 cleavage after its carbonyla-
tion, compared with the control (14), suggesting that oxidized
Hsp70.1 may become a possible substrate of activated w-cal-
pain (36). Here we confirmed that activated p-calpain was pres-
ent at the lysosome of postischemic CA1 (Fig. 4B) but not in the
postischemic motor cortex (Fig. 3C). We speculate that the in
vivo substrate of w-calpain is oxidized Hsp70.1. Because the
N-terminal nucleotide binding domain and C-terminal sub-
strate binding domain of Hsp70 are important for binding of
lipids (29), we propose that normal biological functions of
Hsp70.1 associated with the lipid binding domain may be dis-
rupted, either by an oxidative modification of Hsp70.1 in the
brains of early Alzheimer disease (37) or by calpain-mediated
cleavage of oxidatively modified Hsp70.1 in the postischemic
CA1(11).

The BMP Levels and Oxidative Stress—The fatty acid com-
position of BMP is important for its biophysical properties.
Bouvier et al. (38) found that the C,, ,/C,, ., species of BMP was
highly sensitive to oxidative stress, showing a significant
decrease in macrophages after exposure to oxidative stresses,
although many studies demonstrated the dramatic increase of
BMP levels in the tissue of animals and humans with the lyso-
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somal disorder, such as Niemann-Pick C disease, certain drug-
induced lipidosis, and anti-phospholipid syndrome (39, 40).
We carried out LC/MS analysis to measure the BMP levels, as
compared with our current quantitative BMP measurement.
The degradation of C,, ,/C,,, BMP by LC/MS was found in
postischemic days 1 and 3 CA1 (41). Thus, the current meas-
urement is equally suitable for the detection of BMP levels.
These results indicate that degradation of BMP levels can
increase oxidative stress, which causes modified (e.g. carbony-
lated) Hsp70.1 protein. Next, we also confirmed in vivo the
levels of oxidative stress in the monkey brain, as measured by
4-hydroxy-2-nonenal immunoreactivity, a marker of oxidative
stress. 4-Hydroxy-2-nonenal immunoreactivity could be not
detected in the postischemic motor cortex (data not shown),
whereas its immunoreactivity was markedly increased, showing
a colocalization with Hsp70.1 (14), suggesting that high levels of
oxidative stress occurred in the postischemic CA1 but not in
postischemic motor cortex. The current study has suggested
that oxidative stress aggravated brain injury in the hippocampal
CA1 but not in the cortex of mice after the transient brain
ischemia (42).

ASM and Ceramide Affect Lysosomal Stabilization and Neu-
ronal Fate—Although in vitro cellular models are able to pro-
vide direct evidence in the Hsp70-mediated regulation of ASM
activation, they cannot precisely reflect in vivo situations in
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death.

brains with more complex nervous systems. The molecular
events in the processing between the cellular models and the
animal model of ischemia are distinct. Furthermore, ASM
activity is known to occur transiently, peaking within a few min
and declining within 1 h (9); thus, ASM activity in the monkey
brain is difficult to analyze in vivo. Because BMP binding with
ASM facilitates ASM activity (43), we reasoned that ASM-BMP
binding (Fig. 7B) may represent in vivo increased ASM activity,
as evidenced by an increase in expression of ASM proteins (Fig.
5,A1, B11, and B12) in the enriched lysosome fraction, lysosomal
localization of ASM (Fig. 6B), and ASM-mediated generation of
lysosomal ceramide (Fig. 7, Cand D2) in postischemic day 3 motor
cortex. A change in lipid composition of inner lysosomal mem-
branes by an Hsp70-mediated increase in ASM activity was
recently suggested to have a direct and potent influence on the
stability of lysosomes (44).

In ischemic brain injuries and neurodegenerative diseases,
activated ASM and elevated ceramide were coupled and trans-
located to the plasma membranes. However, in this study, ASM
was localized inside lysosomes, and formation of lysosomal cer-
amide was not translocated to the plasma membranes (Fig.
7D1I), suggesting that ASM and ceramide may have different
effects on the cell survival or death, depending on the intracel-
lular localization. In agreement with this concept, we found
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that the neuronal fate in the postischemic motor cortex is dis-
tinct from that in the postischemic CA1 (Fig. 9). Based on these
results, a hypothetical flow chart of neuronal cell fate is shown
in Fig. 10.
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