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Background: In AD, amyloid protein is associated with neurodegeneration, which may involve amyloid effects on
astrocytes.
Results: In astrocytes, amyloid peptide triggers secretion of proapoptotic exosomes (“apoxosomes”) that are associated with
ceramide and PAR-4.
Conclusion: Activation of nSMase2 and expression of PAR-4 is critical for the secretion of apoxosomes and glial apoptosis.
Significance: Apoxosomes may contribute to glial apoptosis, and therefore, neurodegeneration in AD.

Amyloid protein is well known to induce neuronal cell death,
whereas only little is known about its effect on astrocytes. We
found that amyloid peptides activated caspase 3 and induced
apoptosis in primary cultured astrocytes, which was prevented
by caspase 3 inhibition. Apoptosis was also prevented by
shRNA-mediated down-regulation of PAR-4, a protein sensitiz-
ing cells to the sphingolipid ceramide. Consistent with a poten-
tially proapoptotic effect of PAR-4 and ceramide, astrocytes sur-
rounding amyloid plaques in brain sections of the 5xFADmouse
(and Alzheimer disease patient brain) showed caspase 3 activa-
tion and were apoptotic when co-expressing PAR-4 and cer-
amide. Apoptosis was not observed in astrocytes with deficient
neutral sphingomyelinase 2 (nSMase2), indicating that ceramide
generated by nSMase2 is critical for amyloid-induced apoptosis.
Antibodies against PAR-4 and ceramide prevented amyloid-in-
duced apoptosis in vitro and in vivo, suggesting that apoptosis
was mediated by exogenous PAR-4 and ceramide, potentially
associated with secreted lipid vesicles. This was confirmed by
the analysis of lipid vesicles from conditioned medium showing
that amyloid peptide induced the secretion of PAR-4 and C18
ceramide-enriched exosomes. Exosomes were not secreted by
nSMase2-deficient astrocytes, indicating that ceramide gener-
ated by nSMase2 is critical for exosome secretion. Consistent
with the ceramide composition in amyloid-induced exosomes,
exogenously added C18 ceramide restored PAR-4-containing
exosome secretion in nSMase2-deficient astrocytes. Moreover,
isolated PAR-4/ceramide-enriched exosomes were taken up by

astrocytes and induced apoptosis in the absence of amyloid pep-
tide. Taken together, we report a novel mechanism of apoptosis
induction by PAR-4/ceramide-enriched exosomes, which may
critically contribute to Alzheimer disease.

Alzheimer disease (AD)3 is a devastating neurodegenerative
disease associatedwith the buildup of protein aggregateswithin
and surrounding neurons in the hippocampus and cortex (1).
Two forms of protein aggregates, Tau protein fibrillary tangles
and amyloid � (A�) protein plaques, are known to induce neu-
ronal malfunction and apoptosis (2). The protein buildup is
linked to a variety of mutations, among which mutations of
�-secretase, an enzyme processing the amyloid precursor pro-
tein (APP), lead to the most severe forms of AD (3). Aberrant
processing of APP results in the secretion, aggregation, and
plaque formation of neurotoxic peptides such as the A� pep-
tides A�1–40, A�1–42, and A�25–35 (4).
Although most research has focused on the effect of Tau

protein tangles and A� plaques on neuronal function and sur-
vival, it is nowwell established that astrocytes also play a role in
AD pathology (5–14). In the CNS, astrocytes are indispensable
for the support of neurons. However, astrocytes can also adopt
an activated state where they start to migrate and proliferate
and induce inflammatory and proapoptotic cell signaling path-
ways (8, 10, 15, 16). Astrocytic reactivation has been observed in
manyneurodegenerative diseases, includingAD, and is thought
to occur as a response to oxidative stress and cytokine release
(8, 10–12, 16–18). As a consequence, astrocytes not only fail to
support neurons, but also generate a toxic environment that is
detrimental to neurons and astrocytes themselves. Astrocytic
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dysfunction combined with cell death has been described to
occur in AD; glial apoptosis has been found to be correlated
with the number of senile plaques, although a clear association
of apoptosis with labeling of A� protein has not been shown yet
(19). Activation of caspases has been suggested to contribute to
astrocyte damage, but the mechanism by which astrocytes
might die in AD remains unclear (20).
In this study, we propose a novel mechanism that sensitizes

astrocytes to amyloid-induced cell death via concurrent up-
regulation of PAR-4 and ceramide. We also demonstrate that
the level of proapoptotic ceramide in astrocytes is regulated by
neutral sphingomyelinase 2 (nSMase2). Further, we show for
the first time that astrocytic apoptosis is associated with the
secretion of PAR-4/ceramide-containing lipid vesicles (exo-
somes) that can induce cell death even in cells not exposed to
amyloid protein. Therefore, our finding identifies a novel
mechanism of apoptosis induction by exosomes that are
secreted by amyloid protein-exposed astrocytes.

EXPERIMENTAL PROCEDURES

Materials—Human brain tissue fromAD patients was a gen-
erous gift fromDr. DavidHill, Georgia Health Sciences Univer-
sity, Augusta, GA. The 5XFADmouse was purchased fromThe
Jackson Laboratory (Bar Harbor, ME). Amyloid peptides were
fromAnaSpec (Fremont, CA) and rPeptide (Bogart, GA). Anti-
ceramide antibodywas generated in our laboratory (rabbit IgG)
or obtained from Glycobiotech (mouse IgM; Kuekels, Ger-
many). Anti-PAR-4, PKC� (atypical PKC), CD9, and anti-GFAP
antibodies were from Santa Cruz Biotechnology (Santa Cruz,
CA). Monoclonal anti-TSG101 mouse IgG was from Abcam
(Cambridge, MA). Monoclonal anti-amyloid 4G8 IgG was
obtained from Millipore (Billerica, MA). The anti-activated
caspase 3 antibody was obtained from Cell Signaling Technol-
ogy (Danvers, MA). Fluorophore-conjugated secondary anti-
bodies were from Jackson ImmunoResearch Laboratories
(West Grove, PA). Magnetic beads coated with anti-rabbit IgG
were obtained from Miltenyi (Auburn, CA) and New England
Biolabs (Ipswich, MA). Ceramide was obtained from Avanti
Polar Lipids (Alabaster, AL). The ExoQuick exosome purifica-
tion kit and anti-Alix1 rabbit IgGwere fromSystemBiosciences
SBI (Mountain View, CA). Vybrant CM-DiI and the Click-iT
Cy5 TUNEL assay were purchased from Invitrogen. The Pro-
teoStat amyloid plaque detection kit was from Enzo Life Sci-
ences (Farmingdale, NY). All reagents were of analytical grade
or higher.
Cultivation of Primary Astrocytes and Incubation with Amy-

loid Peptide—Cortical primary astrocytes were prepared from
postnatal day 1–3 pups following an established protocol (21).
The proportion of astrocytes was quantified by immunocyto-
chemistry using an antibody against GFAP. A typical culture
was found to consist of more than 95% of GFAP� cells. The
astrocytes were incubated with amyloid peptide and other
reagents in phenol red and serum-free medium. When fro/fro
pupswere used, genotypingwas performed twice using tail- and
astrocyte-derivedDNA following standard protocols. Fibrillary
amyloid peptide 25–35 and 1–42 was prepared using a pub-
lished protocol (4, 22).

Preparation and Characterization of Exosomes—A fraction
of exosomes secreted from astrocytes was prepared by ultra-
centrifugation as previously published (23, 24). In brief, astro-
cyte-conditioned medium was first centrifuged for 15 min at
1,000� g to remove cells and large cell debris. The supernatant
was then centrifuged for 30min at 20,000� g, and the resulting
supernatant passed through a 0.22-�m filter to remove residual
cell debris. Exosomes were then pelleted by ultracentrifugation
for 2 h at 150,000 � g, and the pellet was resuspended in 100 �l
of phosphate-buffered saline (PBS) for exposure to cells, sphin-
golipidomic analysis, immunoblotting, or magnetic activated
cell sorting using anti-ceramide or anti-CD9 antibodies. Highly
purified exosomes were also prepared using ExoQuick, a com-
mercially available exosome purification kit (25).
LipidAnalysis—Lipidswere extracted fromcells and pelleted

vesicles using the Folch extraction method with chloroform/
methanol (2:1) as previously described (21). Different ceramide
species were quantified in the sphingolipidomics (LC-MS/MS)
analysis core facility at the Medical University of South Caro-
lina, Charleston, SC (under the supervision of Dr. Jacek Bie-
lawski). The lipid concentration was normalized to protein
and lipid phosphate when analyzing organic cell extracts and to
lipid phosphate when analyzing vesicle extracts.
RNAi Knockdown of PAR-4—The shRNAwas designed using

a commercially available program of the manufacturer (Invit-
rogen). Regions of the 5�-untranslated, coding, and 3�-untrans-
lated region were chosen, and the oligonucleotides were
subcloned into the pFUG-GFP vector. Packing of the lentivirus
using 293T cells and transduction of astrocytes with the virus
followed a standard protocol. The shRNA clone (3-5) with the
forward sequence 5�-ctagcctgtgattcactgcgttgtttcaagagaacaacg-
cagtgaatcacaggcttt-3�and the reverse sequence 5�-tcgaaagcc-
tgtgattcactgcgttgttctctggaaacaacgcagtgaatca-3� showed successful
knockdown of PAR-4 in astrocytes as determined by immuno-
blotting.
Injection of Amyloid Peptide—Two �g of A�25–35 was

mixed with 20% of HiLyte Fluor 488-labeled peptide (AnaSpec)
and injected into the hippocampus of wild type (C57BL/6)
mouse brain (12 days old) with or without adding 1 �g of anti-
ceramide or anti-PAR-4 rabbit IgG (5 �l total). Brains were
fixed with 4% paraformaldehyde in PBS 48 h after injection for
cryosectioning and immunostaining.
Immunocytochemical and Histochemical Analysis—Astro-

cytes or frozen brain sections were fixed with 4% paraformal-
dehyde in PBS and then permeabilized by incubation with 0.2%
Triton X-100 in PBS for 5 min at room temperature. The
immunostaining of fixed cells or brain sections followed proce-
dures described previously (21). Cell nuclei were stained with 2
�g/ml Hoechst 33258 in PBS for 30 min at room temperature.
Amyloid plaques were stained with amyloid-specific antibod-
ies, thioflavin S, or ProteoStat following the manufacturers’
protocols. Confocal fluorescence microscopy was performed
with an LSM510 confocal scanningmicroscope. LSM510Meta
3.2 software was used for image acquisition from confocal
microscopy. Adobe PhotoshopCS2 softwarewas used for back-
ground reduction, pseudo-colorizing, and overlaying of pseu-
do-colorized grayscale images. Images obtainedwith secondary
antibody only were used as negative controls representing the
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background intensity in a particular laser channel. Antigen-
specific immunostaining was quantified by counting cells that
showed signals 2-fold or more above background fluorescence.
Statistical Analysis—Counting of cells was performed by three

individuals in a blinded assay using at least five fields on each sec-
tionor slide fromfour independent sampleswith at least 50 cells in
each field. Means and S.D. were determined for counts of single
signals, and the two-signal distributions were analyzed using a
two-tailed, equal variance Student’s t test inMicrosoft Excel 2007.
p � 0.05 was considered statistically significant.

RESULTS

Amyloid Peptide Induces Apoptosis in Astrocytes in Vitro
through a PAR-4-dependent Mechanism—We performed in
vitro studies to test whether exposure to the amyloid peptide
induced cell death in astrocytes. Primary astrocyteswere prepared
from the cortex of wild type mice, expanded in serum-containing
medium, and then incubated in serum-free medium with various
concentrations of the 25–35 and 1–42 amyloid peptides. These
two peptide fragments of the amyloid protein are widely used in
AD studies and have been shown to induce neuronal apoptosis
using a concentration in the 10–50 �M range (26).

Immunocytochemical staining of ceramide and PAR-4
showed that treatmentwith the amyloid peptidesA�25–35 and
A�1–42 induced apoptosis in astrocytes concurrent with the
co-expression of PAR-4 and ceramide (Fig. 1A, bottom panel,
see supplemental Figs. S1 and S2 for GFAP immunostaining
and phase contrast images). Apoptosis was not detected when
the reverse peptide 35–25 was used as the control (Fig. 1A, top
panel, see supplemental Figs. S1 and S2 for GFAP immuno-
staining and phase contrast images). A quantitative evaluation
of TUNEL- orHoechst-stained (condensed) nuclei showed that
40 �M A�25–35 induced apoptosis in more than 30% of the
astrocytes (Fig. 1B). A similar rate of apoptosis was found for
A�1–42. Immunoblotting showed that caspase 3 was signifi-
cantly activated when cells were incubated with A�25–35 (Fig.
1C). Accordingly, amyloid peptide-induced apoptosis was pre-
ventedwhen astrocyteswere incubatedwith the cell-permeable
pan-caspase inhibitor (Z-VAD-FMK) (Fig. 1B).
To determine whether expression of PAR-4 was critical for

amyloid-induced apoptosis, we knocked down PAR-4 using
lentivirus-transduced shRNA. Immunoblotting showed that
the shRNA (3-5) reduced the expression of PAR-4 to less than
20% of the wild type level (supplemental Fig. S3A, lane 4).

FIGURE 1. Amyloid peptide induces apoptosis in primary cultures of astrocytes, which is prevented by inhibition of caspases. A, incubation of wild type
astrocytes with 40 �M A�25–35 or inverse control peptide A�35–25 for 24 h. Apoptotic cells were stained with TUNEL. B, quantification of apoptotic cells. Note
that co-incubation with the cell-permeable pan-caspase inhibitor Z-VAD-FMK prevents A�25–35-induced apoptosis. n � 5; p � 0.01. *, comparison of control
(0 �M) with 10 �M A�; **, comparison of 10 �M A� with 20 �M A�; ***, comparison of 20 �M A� with 40 �M A�. C, immunoblotting for cleaved (active) caspase
3 using protein from A�25–35-treated and control astrocytes.
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Down-regulation of PAR-4 was concurrent with up-regulation
of Bcl-2, an antiapoptotic protein whose expression is sup-
pressed by PAR-4 (27, 28), which confirmed that the knock-
downwas specific for PAR-4. Immunocytochemistry for PAR-4
showed that in shRNA-expressing cells (GFP-labeled), the level
of amyloid-induced apoptosis (40 �M A�25–35) was less than
5% (supplemental Fig. S3B, bottom panel). The proportion of
apoptotic cells transfected with the lentivirus vector control
(30% of theGFP-labeled cells, supplemental Fig. S3B, top panel)
was comparable with that of amyloid-incubated untransfected
cells (Fig. 1B). These results confirmed that PAR-4 is a critical
factor mediating amyloid-induced apoptosis in astrocytes.
PAR-4 and Ceramide Are Co-expressed in Apoptotic Astro-

cytes Surrounding Amyloid Plaques—In previous studies, we
have shown that ceramide is elevated in hippocampal tissue from
newborn presenilin 1 (PS1) knock-in mice, a mouse model for

early-onset familial AD (21). A more detailed analysis suggested
that ceramide induced apoptosis in PAR-4-expressing astrocytes
(21). As our new results showed that PAR-4 was critical for amy-
loid-induced apoptosis in vitro, we testedwhether PAR-4 and cer-
amide were co-expressed in astrocytes in vivo by performing
immunohistochemical analysis with hippocampal tissue sections
derived from the 5XFADmouse, anADmodel withmassive amy-
loid plaque formation, andADpatient brain. The presence of cer-
amide was confirmed by using two different anti-ceramide anti-
bodies (rabbit IgG andmouse IgM).
Fig. 2A shows that in the 5XFAD mouse, GFAP� cells sur-

rounding amyloid plaques showed activation of caspase 3.
About 20% of the plaques were in contact with GFAP�/
TUNEL� cells, indicating that the environment of amyloid
plaques induced activation of caspase 3-mediated apoptosis in
glial cells (Fig. 2B). GFAP� astrocytes that were not in contact

FIGURE 2. Astrocytes in contact with amyloid co-express ceramide and PAR-4, activate caspase 3, and undergo apoptosis in brain tissue from 5XFAD
mouse. A–D, in cryosections of the 5XFAD mouse (8 months of age, cortex), GFAP� astrocytes that are in contact with amyloid plaques show activation of
caspase 3 (A, antibody against cleaved caspase 3), undergo apoptosis (B), and show co-expression of PAR-4 and ceramide (C and D).
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with amyloid did not show TUNEL labeling, confirming that
apoptosis was associated with the presence of plaques. At least
80% of the GFAP� apoptotic cells were also PAR-4� and cer-
amide�, indicating that apoptosis of astrocytes was associated
with co-expression of PAR-4 and ceramide (Fig. 2,C andD, see
supplemental Fig. S6A for differential interference contrast
images). These results were consistent with immunohisto-
chemical analysis of AD patient brain sections (supplemental
Fig. S4), suggesting that amyloid induces apoptosis in astrocytes
co-expressing PAR-4 and ceramide.
CeramideGenerated by nSMase2 Is Critical for Amyloid Pep-

tide-induced Apoptosis in Astrocytes—We next determined
whether inhibition of ceramide generation could prevent amy-
loid-induced apoptosis in astrocytes. Because it has been sug-
gested recently that the elevation of ceramide by amyloid is
triggered by the activation of nSMase2 (29), we exposed pri-
mary cultures of astrocytes from the nSMase2-deficient fro/fro
mouse to A�25–35 and determined apoptosis using the
TUNEL assay. The fro/fro mouse carries a chemically induced
deletion within the nSMase2-encoding gene, which leads to
reduction of ceramide levels, dwarfism, and early postnatal
death (30).
Fig. 3A shows that the number of TUNEL� cells was signifi-

cantly reduced in A�25–35-treated nSMase2-deficient astro-
cytes when compared with their wild type littermates (see also
supplemental Fig. S5 for phase contrast images). This was con-
firmed by a quantitative analysis with several cultures of astro-
cytes from different fro/fro mice (Fig. 3B). Interestingly, apo-
ptosis was not completely prevented in these cells, suggesting
that activation of nSMase2 is a major, but not sole, mechanism
by which amyloid peptide triggers apoptosis in astrocytes.
Because previous studies showed that there are pro- and

nonapoptotic ceramide species (21), we then determined the
effect of amyloid peptide on the elevation of particular cer-
amide species in astrocytes. Ceramide was recovered from con-
trol or A�25–35-treated wild type or nSMase2-deficient
(fro/fro) astrocytes by organic solvent extraction and then
quantified using sphingolipidomic analysis. Fig. 3C shows that
amyloid peptide exposure was associated with the elevation of
the three major ceramide species, C16, C18, and C24:1 cer-
amide, in wild type astrocytes. In particular, C18 ceramide was
significantly elevated by amyloid peptide. In fro/fro astrocytes,
the overall ceramide content was reduced by 50% and not ele-
vated by amyloid peptide exposure (Fig. 3C). These results sug-
gested that distinct ceramide species generated by nSMase2-
catalyzed hydrolysis of sphingomyelinmay play a critical role in
amyloid peptide-induced apoptosis.
nSMase2 Mediates Amyloid-induced Secretion of PAR-4-as-

sociated Exosomes—We next determined the mechanism by
which PAR-4 and ceramide facilitated induction of apoptosis.
Several clues came from previous studies showing that
nSMase2 is critical for the secretion of lipid vesicles termed
exosomes and that secreted PAR-4 induced apoptosis in pros-
tate cancer cells (31, 32). Based on these studies and our results,
we hypothesized that amyloid peptide-induced activation of
nSMase2 triggers ceramide-enriched lipid vesicle formation
and secretion of PAR-4, potentially with these two proapop-
totic factors physically associated in secreted lipid vesicles.

We incubatedwild type or fro/fro astrocytes for 48–72 hwith
20–40 �M A�25–35 in serum-free medium and subjected the
medium supernatant to a differential centrifugation protocol
and another precipitation method yielding highly purified exo-

FIGURE 3. nSMase2-deficient astrocytes from fro/fro mouse are protected
from amyloid peptide-induced apoptosis and do not show elevation of
ceramide. A, primary astrocytes from wild type or homozygous fro/fro pups
(siblings) were cultivated and incubated with A�25–35. Note that there are
significantly fewer TUNEL� cells in fro/fro astrocytes. B, quantification of A.
n � 5; p � 0.01. *, comparison of WT control with WT A�-treated cells; **, com-
parison of WT A� with fro/fro A�. C, lipids were extracted with organic solvent
from control or A�25–35-treated wild type or fro/fro astrocytes, and the indi-
vidual ceramide species were quantified by mass spectrometry using sphin-
golipidomic analysis. Note that incubation with amyloid peptide leads to the
elevation of several ceramide species in wild type, but not in nSMase2-defi-
cient astrocytes. Total ceramide is reduced by half in these astrocytes. n � 3;
p � 0.05.
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somes, ExoQuick, to harvest exosomes released to the medium
(24, 25). Fig. 4A shows that PAR-4 was enriched in the medium
when wild type astrocytes were incubated with A�25–35 (lane
3). There were only trace amounts of PAR-4 in the medium
from astrocytes treated with the inactive inverse peptide
A�35–25 used as the control (lane 2), suggesting that the ele-
vation of PAR-4 in the medium was due to the incubation with
the active amyloid peptide. The absence of staining forGAPDH
confirmed that PAR-4 was not passively released to the
medium from dying cells or cell debris, but actively secreted.
Thiswas consistentwith the observation that PAR-4was recov-
ered from an ultracentrifugation pellet, which also contained
the exosome marker protein TSG101 (lane 6). A more specific
isolation method using the ExoQuick system demonstrated
that PAR-4 was associated with exosomes, which was con-
firmed by staining for the exosome markers TSG101 and Alix1
(Fig. 4B). The observation that the amount of TSG101 or Alix1
was concurrently increased with that of PAR-4 suggested that
amyloid peptide elevated the amount of PAR-4-associated exo-

somes. Consistent with this assumption, the exosome fraction
contained atypical PKC, a protein kinase we have shown to
form a complex with ceramide and PAR-4 (33–36). In contrast
to wild type cells, astrocytes cultivated from nSMase2-deficient
fro/fro brain did not secrete PAR-4 or ceramide when exposed
to A�25–35 (Fig. 4C, lanes 3 and 4). These results suggested
that nSMase2 was instrumental for the amyloid peptide-in-
duced secretion of PAR-4-associated exosomes.
Next, we tested whether ceramide was critical for the secre-

tion of exosomal PAR-4 from amyloid peptide-exposed astro-
cytes. fro/fro astrocytes were treatedwith an equimolarmixture
of exogenous C16 andC18 ceramide (2�M each), 40�MA�25–
35, or a combination of ceramide and amyloid peptide. These
two ceramide species were chosen because they were elevated
by amyloid peptide (Fig. 3C). They have also been shown to be
taken up by cells when added to the medium (34, 37–43). Fig.
4D shows that incubation with ceramide or A�25–35 moder-
ately elevated secretion of proteins that were stained for PAR-4,
but of lower molecular masses (33 or 14 kDa). However, when

FIGURE 4. Amyloid peptide triggers secretion of PAR-4 and ceramide in lipid vesicles that induce apoptosis in astrocytes. A, wild type astrocytes were
incubated with 20 �M A�25–35 for 48 h in serum-free medium, and secreted vesicles were harvested from the medium by ultracentrifugation (UC). Lane 1, cell
lysate; lane 2, medium control (A�35–25); lane 3, A�25–35-treated astrocytes; lane 4, marker proteins (not stained); lane 5, UC pellet from control astrocytes; lane
6, A�-treated astrocytes. B, exosomes harvested by centrifugation with the ExoQuick reagent. Lane 1, control (A�35–25); lane 2, A�25–35-treated astrocytes.
Alix, Alix1. C, UC pellets from wild type and nSMase2-deficient fro/fro astrocytes. Lane 1, cell lysate; lane 2, marker proteins (not stained); lane 3, A�35–25-treated
fro/fro astrocytes; lane 4, A�25–35-treated fro/fro; lanes 5 and 6, UC pellets from wild type astrocytes. D, medium from fro/fro astrocytes treated with C16 and
C18 ceramide (Cer) with or without A�25–35. Lane 1, cell lysate; lane 2, control: lane 3, C16 � C18 ceramide; lane 4, amyloid peptide; lane 5, amyloid peptide �
ceramide. E, as described for D, but exosomes were isolated using ExoQuick reagent and a combination of A�25–35 with either C16 (lane 5) or C18 ceramide
(lane 6). F, co-immunoprecipitation (IP) assay using lipid vesicles resuspended from the UC pellet of medium conditioned by A�25–35-treated wild type
astrocytes. Vesicles were subjected to magnetic activated cell sorting, and the flow-through fraction was analyzed by immunoblotting. G, sphingolipidomic
analysis of lipid vesicles in the UC pellet wild type astrocytes without or with A�25–35 incubation. n � 2; p � 0.05 (*); p � 0.01 (**).
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combined, exogenous ceramide and amyloid peptide dramati-
cally increased secretion of full-length PAR-4 (Fig. 4D, lane 5),
which was associated with exosomes (Fig. 4E, lanes 5 and 6).
Interestingly, when combined with A�25–35, C18 ceramide
was �4-fold more potent in triggering the secretion of PAR-4-
associated exosomes (Fig. 4E, lane 6) than C16 ceramide (lane
5, see supplemental Fig. S5 for phase contrast images). This
result was consistent with the observation that C18 ceramide
was most elevated in amyloid peptide-treated wild type astro-
cytes (Fig. 3C) and suggested that this particular ceramide spe-
cies was critical for the amyloid-induced secretion of exosomes
and their association with PAR-4.
PAR-4-associated Exosomes Are Enriched with C18 and

C24:1 Ceramide—To determine whether ceramide was specif-
ically enriched in PAR-4-associated exosomes, we further ana-
lyzed the vesicular pellet obtained by ultracentrifugation of the
medium from control and amyloid peptide-treated astrocytes.
We incubatedmedium-derived vesicles fromA�25–35-treated
wild type astrocytes with magnetic beads that were coated with
anti-ceramide rabbit IgG, anti-CD9 rabbit IgG, or nonspecific
control IgG. The beadswere then removed usingmagnetic acti-
vated cell sorting, and the flow-through was analyzed for the
presence of PAR-4. Fig. 4F shows that anti-ceramide IgG and
anti-CD9 IgG, but not control IgG, depleted the vesicle fraction
of PAR-4, suggesting that PAR-4 is associated with ceramide-
containing vesicles secreted to the medium. The presence of
CD9 confirmed that the PAR-4/ceramide-containing vesicles
were exosomes, consistent with the results of the ExoQuick
purification procedure (Fig. 4B).

We then analyzed the exosomes for their content of cer-
amide. A mass spectrometric (sphingolipidomics) analysis
showed that the lipid vesicles fromA�25–35-treated astrocytes
were enriched with C18 and C24:1 ceramide and that C18 cer-
amide was the predominant ceramide species (Fig. 4G). This
result was consistent with the observation that amyloid peptide
induced elevation of this ceramide species in wild type astro-
cytes (Fig. 3C), concurrent with increased secretion of exo-
somes (Fig. 4B). It was also consistent with the result that exog-
enous C18 ceramide could specifically restore the secretion of
PAR-4-associated exosomes in amyloid peptide-treated fro/fro
astrocytes (Fig. 4E), and therefore, provided further evidence
for the assumption that this ceramide species is instrumental
for the secretion of exosomes that are associated with PAR-4.
PAR-4/Ceramide Exosomes Induce Apoptosis in the Absence

of Amyloid Peptide—So far, we have shown that amyloid pep-
tide induced secretion of exosomes associated with PAR-4 and
ceramide. We next tested whether PAR-4/ceramide-contain-
ing exosomes induced apoptosis when astrocytes were exposed
to them in the absence of amyloid peptide. To detect astrocytes
that bound and took up exosomes, we labeled exosomes fluo-
rescently by loading fro/fro orwild type astrocytes withVybrant
CM-DiI. This red fluorescent dye is taken up by living cells and
permanently stains cellular membranes. We then washed off
excess dye in the medium and incubated cells with 20 �M

A�25–35 or A�1–42. After 36 h of incubation, Vybrant CM-
DiI was clearly visible in a perinuclear compartment and vesi-
cles in processes and at the cell surface (Fig. 5A, arrows, see
supplemental Fig. S6C for single channel images).

FIGURE 5. Exosomes isolated from medium of amyloid peptide-treated astrocytes induce apoptosis. Wild type astrocytes were loaded with Vybrant
CM-DiI and then incubated with fresh medium supplemented with 20 �M A�25–35. A, red fluorescence is visible in a perinuclear compartment and vesicles
along processes and at the cell membrane (arrows). Bar � 5 �m. B, exosomes were resuspended and added to wild type astrocytes. Only astrocytes taking up
exosomes (red fluorescent, arrows) round up and show condensed nuclei (Hoechst dye, blue). Bar � 10 �m. C, confocal laser scanning immunofluorescence
microcopy of exosome-treated astrocytes using TUNEL staining and anti-ceramide rabbit IgG (Cy5, pseudo-colored in blue). Bar � 20 �m. D, quantification of
apoptosis induced by exosomes from A�25–35-treated wild type astrocytes. n � 3, p � 0.01. E, quantification of apoptosis induced by A�25–35 in the presence
of anti-ceramide (Anti-Cer) or PAR-4 IgG (1 �g/ml). n � 5; p � 0.01. Con, control. *, comparison control IgG with amyloid-treated control IgG; **, comparison anti
ceramide IgG with amyloid-treated anti ceramide IgG; ***, comparison anti PAR-4 IgG with amyloid-treated anti PAR-4 lgG.
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Themedium from theVybrant CM-DiI-loaded and amyloid-
treated astrocytes was harvested, and exosomes were isolated
by ultracentrifugation. The exosomes were resuspended and
then added to wild type astrocytes in the absence of amyloid
peptide. Fig. 5B shows that astrocytes, which bound and took
up exosomes (red fluorescent, arrows), rounded up and showed
condensed nuclei (blue, arrows), two typical characteristics of
apoptosis (see supplemental Fig. S6D for single channel images
and phase contrast). Apoptosis was confirmed using TUNEL
staining (Fig. 5C). Apoptotic cells that have taken up exosomes
strongly stained for ceramide, suggesting that ceramide was
supplied to the cells via exosomes, or alternatively, that these
vesicles triggered a process of endogenous ceramide genera-
tion, ultimately leading to apoptosis. A quantitative analysis
confirmed that only the resuspended pellet from medium
derived fromwild type astrocytes treated with amyloid peptide,
but not from wild type astrocytes without amyloid or fro/fro
astrocytes with or without amyloid, induced apoptosis (Fig.
5D). Taken together these results suggested that amyloid pep-
tide triggers the co-distribution and secretion of PAR-4 and
ceramide in exosomes that induce apoptosis in astrocytes.
Evidence that the generation and secretion of ceramide-en-

riched exosomes is a critical step in the induction of apoptosis
was obtained by treating cells with antibodies against ceramide.
It has been shown that an anti-ceramide antibody prevented
cell death induced by extracellular ceramide in lung emphy-
sema, although this previous study did not investigate whether
ceramide was presented in the form of lipid vesicles or exo-
somes (44). Consistent with these results, anti-ceramide IgG,
but not nonspecific rabbit IgG used as a control, significantly
reduced A�25–35-induced apoptosis by blocking extracel-
lular ceramide (Fig. 5E). In addition, our results confirmed
that ceramide-enriched exosomes are critical for the induc-
tion of apoptosis by amyloid peptide. A PAR-4 antibody was
only partially effective in preventing apoptosis, suggesting
that exosomes enclosing PAR-4 rather than PAR-4 pre-
sented at the vesicle surface were responsible for the induc-
tion of apoptosis.
The protective effects of anti-ceramide and anti-PAR-4 anti-

bodies were also tested in vivo by injecting fluorescently labeled
A�25–35 intomouse brain, with orwithout adding anti-ceramide
or anti-PAR-4 IgG. TUNEL assays and immunohistochemical
analysis for GFAP showed that the addition of the antibodies pre-
vented glial apoptosis induced by the injected amyloid peptide
(Fig. 6). Consistent with the assumption that amyloid protein or
peptide leads to activation of caspase 3 and eventually induces
apoptosis of astrocytes, many apoptotic cells were found within
the population of reactive astrocytes migrating toward the lesion
site containing the amyloid peptide (Fig. 6A, arrows). Used as the
control, the contralateral site did not show glial activation or apo-
ptotic cells (Fig. 6B). Co-injection of amyloid peptide with anti-
ceramide or anti-PAR-4 antibodies prevented glial apoptosis,
althoughmigration of reactive astrocytes to the lesion sitewas still
observed (Fig. 6,C andD). These results were consistent with the
in vitrodata (Fig. 5E) and suggested that also in vivo, glial apoptosis
is induced by amyloid peptide, which is mediated by exogenous
ceramide and PAR-4, potentially associated with exosomes.

Finally, to test whether PAR-4 and ceramide were co-distrib-
uted with exosomes in cells, we performed immunocytochem-
istry for PAR-4, ceramide, and TSG101 in control and amyloid
peptide-treated astrocytes. In control astrocytes, immuno-
staining of PAR-4, ceramide, and TSG101 showed only little
overlap (Fig. 7A). Upon treatment with amyloid peptide,
PAR-4, ceramide, and TSG101 were redistributed to the peri-
nuclear region and to numerous vesicles in processes (Fig. 7B,
see supplemental Fig. S6B for phase contrast images). At higher
magnification (Fig. 7C), co-distribution at the cell surface of
astrocytic processes appeared in vesicle- or bleb-like structures
similar to the structures stainedwithVybrantCM-DiI (Fig. 5A).
When astrocytes were treated with Vybrant CM-DiI-labeled
exosomes, attached vesicles were co-localized with ceramide
(Fig. 7D and fluorescence profile in Fig. 7E), suggesting that
astrocytic processes are sites for the dynamic exchange of cer-
amide- and PAR-4-associated exosomes.

DISCUSSION

The present study reveals a novel mechanism by which cer-
amide- and PAR-4-enriched exosomes can induce apoptosis in

FIGURE 6. Injection of amyloid peptide into mouse brain induces apopto-
sis in hippocampal astrocytes, which is prevented by anti-ceramide or
anti-PAR-4 antibodies. Coronal cryosections and confocal immunofluores-
cence microscopy using an antibody against GFAP (Cy5) and a Cy3 Click-iT
TUNEL assay (arrows point at apoptotic cells) show that apoptosis is detect-
able in �5% of Hoechst-stained cells in the hippocampus in an area of 100
�m surrounding the injected amyloid peptide. About 70% of these cells are
GFAP� (n � 2). There are no TUNEL� cells detectable when anti-ceramide or
anti-PAR-4 antibodies are co-injected with the amyloid peptide. A, A�-in-
jected; ipsilateral; B, A�-injected, contralateral; C, anti-ceramide antibody-co-
injected, ipsilateral; D, anti-PAR-4 antibody-co-injected, ipsilateral.
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astrocytes and potentially other cell types. Given the role of
these exosomes in apoptosis, we propose that they will be
referred to as apoxosomes. Further, our results strongly suggest
that nSMase2 is critical for the enrichment of ceramide in
apoxosomes. Ceramide may contribute to apoxosome forma-
tion and secretion or induction of apoptosis in astrocytes when
presented in the form of apoxosomes.
We previously showed that the expression of PAR-4 and the

simultaneous elevation of ceramide induce apoptosis in neural
progenitor cells (45, 46). Ceramide is a sphingolipid that is gen-
erated by the sphingomyelinase-catalyzed hydrolysis of sphin-
gomyelin and is known to induce apoptosis in cells that are
sensitive to it. We have shown that elevation of PAR-4 sensi-
tizes neural progenitor cells toward ceramide (33, 45–47). Fur-
ther, we found that long chain ceramide induces apoptosis in
astrocytes from the Psen1 ADmouse, whereas wild type astro-
cytes appear to be resistant to ceramide (21).We suggested that
the ceramide sensitivity of Psen1-derived astrocytes resulted

from the elevated expression of PAR-4, which was not found in
wild type astrocytes.
As most AD patients do not carry the PSEN1 mutation, the

effect of amyloid on wild type astrocytes is likely to be of signifi-
cance for the etiology of AD. Our new results demonstrate that
exposure to the amyloid peptide triggers the secretion of PAR-4 in
ceramide-associatedvesicles fromwild typeastrocytes.Consistent
with our previous studies, ceramide-induced apoptosis in astro-
cytes was critically dependent on the expression of PAR-4.More-
over, AD patient brain sections and sections from the 5XFAD
mouse showed co-expression of PAR-4 and ceramide concurrent
with glial apoptosis when in cells coming into contact with amy-
loidplaques.The fact that glial apoptosis isnot frequently reported
in AD (although it has been reported in Ref. 19) can be explained
by the rapid clearance of apoptotic cells.
Observations in the 5XFAD mouse are particularly interest-

ing in regard to the fact that the knock-in of a transgene with
mutations in PSEN1 and APP is Thy1-dependent, and there-

FIGURE 7. PAR-4 and ceramide are associated with exosomes secreted by amyloid peptide-treated astrocytes. A, control cells not treated with amyloid
do not show co-distribution of PAR-4, ceramide, and TSG101. Bar � 2 �m. B, A�25–35 treatment induces co-distribution of PAR-4, ceramide, and TSG101, which
is predominantly found in the perinuclear region and bleb-like membrane structures on the surface of astrocytic processes (arrow). Bar � 1 �m. C–E, incubation
of astrocytes with Vybrant CM-DiI-labeled exosomes shows co-distribution with TSG101, ceramide, and PAR-4 (profile analysis of pixel intensity in E). Bar � 3
�m.
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fore, themutated amyloid protein is only expressed in neurons.
Nevertheless, the plaque size is severalfold larger than that
of the plaque-generating neurons, suggesting that amyloid
byproducts do not immediately self-intoxicate and kill the neu-
rons, but affect other cells aswell. This assumption is supported
by our data showing that injected amyloid peptide led to acute
apoptosis in reactive astrocytes. Thus, the effects of neuron-
derived amyloid peptide on astrocytes would lead to glial and
neuronal dysfunction, and eventually, neuronal degeneration.
The predominant amyloid peptide in human AD is the frag-
ment composed of amino acids 1–42 of APP (4). Within this
fragment, a peptide composed of residues 25–35 (A�25–35) is
considered the toxic peptide inducing apoptosis in AD. There-
fore, we performed most of the experiments with A�25–35,
which induced apoptosis at the same level as the 1–42 peptide.
Our results also suggest that ceramide elevated by amyloid

peptide is a key factor in the events observed in our studies. In a
previous study, incubation of astrocytes with amyloid peptide
showed intracellular elevation of ceramide in vitro, although
the ceramide species were not identified, and ceramide secre-
tion or glial apoptosis was not reported (29). To our knowledge,
we provide for the first time evidence that amyloid-induced
ceramide elevation is associated with glial cell death. Our data
based on sphingolipidomic analysis show that C18 ceramide is
most elevated, consistent with the composition of ceramides
secreted in apoxosomes to the medium of amyloid-treated
astrocytes. We found that there is a remarkable correlation
between the ceramide species affected by nSMase2 deficiency
and those secreted to themedium by amyloid-treated wild type
astrocytes. The residual apoptosis in nSMase2-deficient astro-
cytes suggests that a portion of proapoptotic ceramide may
have been generated and secreted by an alternative process.
Several enzymatic reactions have been described to generate
ceramide, and the role of these reactions in the elevation or
secretion of ceramide and the induction of apoptosis in astro-
cytes will be further investigated in our future studies.
Apart from its role in the induction of apoptosis, nSMase2-

deficient astrocytes did not secrete apoxosomes, a result in
agreement with previous findings showing that ceramide gen-
eration by nSMase2 is required for exosome formation (32).
Exogenously added C18 ceramide restored the formation and
secretion of PAR-4-associated exosomes in amyloid peptide-
treated nSMase2-deficient astrocytes. This result is remarkable
in that it clearly shows the significance of a particular ceramide
species for exosome formation. It is also in accordance with
studies from our laboratory as well as other laboratories show-
ing that exogenousC16 orC18 ceramide is taken up by cells and
that specific ceramide vesicles bind to PAR-4 via association
with atypical PKC (33, 36–39).
Ceramidemay have a dual function by triggering apoxosome

formation/secretion as well as inducing apoptosis when incor-
porated into apoxosomes (Fig. 8). When elevated by amyloid-
induced activation of nSMase2, ceramide may induce formation
of apoxosomesatmultivesicular endosomes, or alternatively, facil-
itate the release of apoxosomes by promoting fusion of multive-
sicular endosomes with the cell membrane. Because ceramide
and PAR-4 are secreted to the extracellular space, their intra-
cellular concentration may not increase, which will prevent

apoptosis. On the other hand, when accumulating in the
medium, apoxosomes may be taken up by astrocytes (e.g. by
endocytosis) and induce apoptosis. The following lines of evi-
dence strongly suggest that apoxosomes are key factors induc-
ing apoptosis upon incubation of astrocytes with amyloid
peptide. 1) Anti-ceramide antibody prevents apoptosis and
removes PAR-4 from a lipid vesicle fraction, demonstrating
that PAR-4 is physically associated with ceramide vesicles that
induce apoptosis. 2) nSMase2-deficient astrocytes do not
secrete PAR-4/ceramide-associated apoxosomes and show sig-
nificantly reduced apoptosis, indicating that nSMase2 is critical
for the initial step of amyloid-induced apoxosome secretion.
The addition of C18 ceramide to the medium restores apoxo-
some secretion. 3) Apoxosomes isolated from the medium of
amyloid peptide-treated wild type astrocytes induce apoptosis
in astrocytes without further addition of amyloid, suggesting
that glial apoptosis occurs as a second step in response to the
secretion and accumulation of apoxosomes.
In summary, our study shows for the first time that amyloid

peptide triggers the secretion of PAR-4 and ceramide from
astrocytes. It also shows that PAR-4 and ceramide are associ-
ated in apoxosomes, the secretion of which is critically depen-
dent on ceramide release from sphingomyelin by nSMase2.
Finally, our results define a mechanism by which amyloid
induces apoptosis in astrocytes, which may then significantly
contribute to neurodegeneration in AD. Apoxosome secretion
by amyloid peptide-exposed astrocytes precedes glial cell death,
and therefore, is rather an aberrant process, possibly in self-
defense of astrocytes against neurons that generate toxic amy-
loid fragments. It is also likely that apoxosome secretion is a
mechanism to rid astrocytes of proapoptotic PAR-4 and cer-
amide. In our future studies, we will further investigate the
effects of amyloid peptide on astrocytes and the consequences
for neurons. In this respect, a recent study by Yuyama et al. (48)
suggests that neuronal exosomes facilitate clearance of amyloid

FIGURE 8. Model for amyloid-induced apoptosis by proapoptotic, PAR-4/
ceramide-associated exosomes (apoxosomes). In astrocytes, contact with
amyloid peptide leads to the elevation of ceramide catalyzed by the
nSMase2-mediated hydrolysis of sphingomyelin. Ceramide induces exosome
formation and association of exosomes with PAR-4. Secreted PAR-4/cer-
amide-associated exosomes accumulate in the medium until they reach a
proapoptotic concentration. Proapoptotic exosomes (apoxosomes) bind to
astrocytes and induce apoptosis by the activation of caspase 3. Apoptosis can
be prevented by antibodies against ceramide or PAR-4 (neutralizing apoxo-
somes in the medium) and caspase inhibition (neutralizing apoptosis after
binding of apoxosomes).
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peptide by microglia, a function depending on the activation of
nSMase2 in neurons. It remains to be investigatedwhether glial
exosomes participate in this process, and therefore, have addi-
tional functions distinct from induction of apoptosis. We will
also determine whether blocking of ceramide generation or the
proapoptotic effect of PAR-4/ceramide-associated apoxo-
somes is a possible treatment option for AD.
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