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Department of Biochemistry, Nagoya City University Graduate School of Medical Sciences, Nagoya, Japan

Exosomes are vesicles secreted by various kinds of cells, and they are rich in cholesterol,
sphingomyelin (SM), phosphatidylcholine, and phosphatidylserine. Although cellular
sphingolipid-mediated exosome release has been reported, the involvement of other
lipid components of cell membranes in the regulation of exosome release is poorly
understood. Here, we show that the level of exosome release into conditioned media is
significantly reduced in cultured astrocytes prepared from apolipoprotein E (ApoE) knock-
out mice when compared to those prepared from wild-type (WT) mice. The reduced level
of exosome release was accompanied by elevated levels of cellular cholesterol. The
addition of cholesterol to WT astrocytes significantly increased the cellular cholesterol
levels and reduced exosome release. PI3K/Akt phosphorylation was enhanced in ApoE-
deficient and cholesterol-treated WT astrocytes. In contrast, the depletion of cholesterol in
ApoE-deficient astrocytes due to treatment with b-cyclodextrin recovered the exosome
release level to a level similar to that in WT astrocytes. In addition, the reduced levels of
exosome release due to the addition of cholesterol recovered to the control levels after
treatment with a PI3K inhibitor (LY294002). The cholesterol-dependent regulation of
exosome release was also confirmed by in vivo experiments; that is, exosome levels were
significantly reduced in the CSF and blood serum of WT mice that were fed a high-fat diet
and had increased cholesterol levels when compared to those in WT mice that were fed a
normal diet. These results suggest that exosome release is regulated by cellular
cholesterol via stimulation of the PI3K/Akt signal pathway.
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INTRODUCTION

The fusion of multivesicular bodies with the plasma membrane causes the release of intraluminal
vesicles within the multivesicular bodies into the extracellular milieu as exosomes (1, 2). These
membrane-bound macrovesicles measure 30 to 100 nm in diameter (3), and they contain
proteins (4), lipids (5–7), mRNAs, and microRNAs (8–10). Exosomes have been isolated and
purified from biological fluids, such as urine (4), blood (11, 12), and breast milk (13), and from in
vitro cultures of numerous cell types (5, 6, 14). Their presence and stability in biological fluids, as
well as their particular composition, make exosomes a potential source of biomarkers for several
diseases (12, 15).
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Recent studies have shown the involvement of several
proteins and lipids in the biogenesis and release of exosomes.
For example, it has been shown that endosomal sorting
complexes required for transport proteins (16, 17) and lipid-
related proteins, such as phospholipid- and phosphoinositide-
specific phospholipase C (18), play a role in exosome secretion. It
is reasonable to assume that lipids in the cell membrane may
affect exosome release since exosomes are released from cells
after the fusion of multivesicular bodies with the plasma
membrane, and they are rich in cholesterol, sphingomyelin
(SM), phosphatidylcholine, and phosphatidylserine when
compared to the donor cells (7). From this point of view,
studies have demonstrated that exosome release is mediated by
cellular lipids, such as SM and ceramide (19, 20). However, the
function of other lipids, such as cholesterol, one of the major
lipid components of the cellular membrane, in the regulation of
exosome release remains unknown.

Regarding lipid transport in the brain, apolipoprotein E
(ApoE) has been shown to be involved in cholesterol transport
(21, 22). In the central nervous system, ApoE is one of the major
lipid acceptors (23), and it interacts with ATP-binding cassette
A1 (24) to remove cholesterol from cells to generate high-density
lipoprotein particles (25) in an ApoE-isoform-specific manner
(22, 26, 27). Altered ApoE isoform-specific high-density
lipoprotein formation and its supply to neural cells via ApoE
receptors may be causes of the altered cholesterol metabolism in
the Alzheimer’s disease (AD) brain. In line with this notion, it is
known that the ApoE-knock-out (KO) mouse is a model for
atherosclerosis. These lines of evidence led us to perform a study
to determine the effect of cholesterol and its transporter, ApoE,
on exosome release in cultured astrocytes and in vivo.
MATERIALS AND METHODS

Animals
WT C57BL/6J mice were obtained from SLC, Inc. (Shizuoka,
Japan). ApoE3-KO C57BL/6J mice were purchased from Charles
River Laboratories Japan, Inc. (Yokohama, Japan). All mice were
bred on a 12-h light-dark schedule with ad libitum access to
standard chow (CE-2, CLEA, Shizuoka, Japan) and tap water.

Cell Culture
Primary cultures of mixed glial cells were prepared from the
brain of C57BL/6 mouse pups on postnatal day 1 as described
previously (14, 22, 26). Briefly, isolated cortices of the brain were
minced, and the cortical fragments were incubated in 0.25%
trypsin and 20 mg/ml DNase I in phosphate-buffered saline
(8.1 mM Na2HPO4, 1.5 mM KH2PO4, 137 mM NaCl, and 2.7
mM KCl, pH 7.4) at 37°C for 15 min. The fragments were then
dissociated by pipetting to produce single-cell suspensions. The
dissociated cells were seeded into a 75-cm2

flask at a cell density
of 1 × 107 in Dulbecco’s Modified Eagle Medium (DMEM)
containing 10% fetal bovine serum, at which point microglia
were removed by shaking. After 10 days of incubation in vitro,
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astrocytes in the monolayer were trypsinized (0.1%) and
reseeded onto 6-cm2 dishes. The astrocyte-rich cultures were
maintained in DMEM containing 10% fetal bovine serum
until use.

Cholesterol Depletion and
Drug Treatments
A stock solution of methyl-b-CD (Sigma Aldrich, St. Louis, MO,
USA) was prepared by dissolving b-CD in MilliQ water to a
concentration of 16.5 mM. For cholesterol depletion, astrocytes
were treated with b-CD at a final concentration of 0.1, 1, or
2 mM for 24 h at 37°C. Cholesterol (Wako, Osaka, Japan) was
dissolved in 100% ethanol to prepare stock solutions with a
concentration of 10 mg/ml; these solutions were subsequently
diluted and used at a final concentration of 5 or 10 mM.
LY294002 (Calbiochem, Tokyo, Japan), a PI3K inhibitor, was
dissolved in dimethyl sulfoxide to prepare stock solutions with a
concentration of 10 mM; these solutions were subsequently
diluted and used at a final concentration of 10 or 20 mM. For
each experiment, the culture medium was replaced with DMEM
containing the indicated amount of drug without serum, and
incubated for the indicated time.

Western Blot Analysis
The CM were collected, and cells were washed in cold phosphate-
buffered saline two times, then collected with a scraper in 100 ml of
radioimmunoprecipitation assay buffer containing a cocktail of
protease inhibitors purchased from Roche Diagnostics
(Indianapolis, IN, USA) and phosphatase inhibitors (Wako,
Tokyo, Japan). The cell lysates were transferred to a 1.5-ml
microtube and homogenized on ice with a glass homogenizer.
The resultant homogenate was centrifuged at 12,000 × rpm for
5 min at 4°C to separate the solution from the pellet fraction. The
protein concentrations in the supernatants were determined by a
BCA protein assay kit (Pierce, Rockford, IL, USA). An equal
volume of CM and equal amount of homogenate protein were
mixed with the sampling buffer (100 mM Tris-HCl (pH 7.4), 10%
glycerol, 4% sodium dodecyl sulfate, 10% mercaptoethanol, and
0.01% bromophenol blue), and analyzed by 12.5% Tris/glycine
sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The
separated proteins were electrophoretically transferred onto
polyvinylidene difluoride membranes, Immobilon-P (Merck-
Millipore, Carrigtwohill, IRL), using a transfer buffer (0.1 M
Tris, 0.192 M glycine, and 10% methanol). Membranes were
then incubated in a blocking solution consisting of 5%
powdered milk in Tris-buffered saline with Tween 20 (10 mmol/
L Tris-HCl (pH 8.0), 150 mmol/L NaCl, and 0.1% Tween 20) for
1 h at room temperature. These membranes were then incubated
with the respective antibodies at 4°C overnight. The primary
antibodies used were rabbit anti-flotillin 1 polyclonal antibody
(Sigma Aldrich), mouse anti-HSP90 monoclonal antibody (BD
Bioscience, Franklin Lakes, NJ, USA), rabbit anti-ApoE polyclonal
antibody (EMD Millipore, Billerica, MA, USA), rabbit anti-Akt
polyclonal antibody (Cell Signaling, Beverly, MA, USA), rabbit
anti-phospho-Akt polyclonal antibody (Cell Signaling),
rabbit anti-PI3K monoclonal antibody (Cell Signaling), rabbit
October 2021 | Volume 12 | Article 722581
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anti-phospho-PI3K polyclonal antibody (Cell Signaling), and
mouse anti-a-tubulin monoclonal antibody (Sigma Aldrich).
The membranes were washed, then incubated with the
appropriate secondary antibody conjugated to horseradish
peroxidase. Immunoreactive bands were visualized with
ImmunoStar Zeta or ImmunoStar LD (Wako, Osaka, Japan),
and analyzed with the Amersham Imager 680 (GE Healthcare
Life Science, Marlborough, MA, USA). Signal intensities were
quantified by ImageJ (1.46r; Java 1.6.0-20 [64 bit] (NIH, Bethesda,
MD, USA).

ELISA for the Determination of the
Exosome Levels
Serum exosome levels were determined by a CD9/CD63
exosome ELISA kit (Cosmo Bio., Tokyo, Japan), which is a
sandwich ELISA kit that uses anti-CD63 antibody as a capture
antibody and anti-CD9 antibody as a detection antibody,
according to the manufacturer’s instructions.

Determination of the Cholesterol Levels
For the analysis of the cellular cholesterol levels, 1 ml of each
lysate solution was transferred into separate clean glass tubes
containing 4.0 ml of chloroform/methanol (2:1 v/v). The organic
phase was separated from the aqueous phase by centrifugation at
3,000 rpm and 4°C for 15 min, then the cholesterol-containing
phase was removed from the bottom to another tube and dried
under N2 gas. The dried cholesterol was then dissolved in 300 ml
of isopropyl alcohol, and each sample was transferred onto 96-
well polypropylene plates (Corning Gorilla Glass, Corning, NY,
USA) and dried under air flow. The dried content of cholesterol
was determined by the Amplex®Red Cholesterol Assay Kit (Life
Technologies, Eugene, OR, USA).

Collection of CSF, Blood Serum, and Brain
Specimens From Mice
Three-month-old WT mice were fed a high-fat diet or a control
diet for four months. All mice were housed under a 12-h dark/
light cycle, and had access to the high-fat diet or control diet and
water ad libitum. At the age of 7 months, the mice were sacrificed
by anesthesia. Three mixtures of combination anesthetics were
prepared with 0.3 mg/kg of medetomidine (Medetomin, Meiji
Seika Pharma Co., Ltd., Tokyo, Japan), 4.0 mg/kg of midazolam
(Dormicum, Maruishi Pharmaceutical Co., Ltd., Osaka, Japan),
and 5.0 mg/kg of butorphanol (Vetorphale, Meiji Seika Pharma
Co., Ltd.), and the volume was adjusted with sterilized saline. The
anesthetics were administered to mice by intraperitoneal
injection at a volume of 0.01 ml/g of body weight. For the
investigations of the extracellular exosome and cholesterol levels,
CSF from the cisterna magna, blood serum, and brain were
collected from the mice.

Statistical Analysis
Immunopositive bands that were visualized by western blot
analysis were quantified by image analysis software (ImageJ
1.46r; Java 1.6.0-20 [64 bit]). Results are expressed as the mean
± standard error (SE) of three independent experiments.
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Statistical analysis was performed using one-way analysis of
variance (ANOVA) followed by the Bonferroni-Dunn test and
Student’s t-test.
RESULTS

Firstly, to determine the effect of ApoE deficiency on exosome
release from cultured astrocytes into serum-free media, we
prepared astrocyte cultures from wild-type (WT) and ApoE-KO
mice. Western blot analysis was performed using conditioned
media (CM) collected from astrocytes that were cultured for 48 h
in serum-free media. When flotillin and heat shock protein 90
(HSP90) were used as exosome markers, we found that exosome
release in the CM was significantly reduced in ApoE-deficient
astrocytes when compared to WT astrocytes (Figures 1A, B).
However, the cellular levels of these proteins remained unchanged
(Figures 1C, D). The cellular cholesterol levels in ApoE-deficient
astrocytes were significantly increased when compared to those in
WT astrocytes (Figure 1E). Since it has been shown that cellular
cholesterol regulates exosome release bymodulating PI3K and Akt
activity (28, 29), we examined the phosphorylation levels of PI3K
and Akt. The results showed that the phosphorylation levels of
PI3K and Akt were significantly increased in ApoE-deficient
astrocytes when compared to WT astrocytes, whereas the total
levels of these proteins remained unchanged between ApoE-
deficient and WT astrocytes (Figures 1F, G). We examined this
is also the case for in vivo. The serum collected from WT and
ApoE-KO mice were subjected to western blot analysis using anti-
flotillin and HSP90 antibodies. The levels of flotillin in the serum
from ApoE-KO mice was significantly lower than those in the
serum fromWT mice. The levels of HSP90 shows lower tendency
in the serum from ApoE-KOmice compared with those fromWT
mice (Figures 1H, I).

To determine whether these changes were caused by
cholesterol, we further analyzed the cholesterol-dependent
regulation of exosome secretion from cultured astrocytes.
Astrocyte cultures prepared from ApoE-KO and WT mice
were treated with cholesterol at a concentration of 0, 5, or 10
mM. In WT astrocytes, treatment with cholesterol at the
concentrations of 5 and 10 mM significantly reduced the
secreted levels of flotillin and HSP90 to levels similar to those
of ApoE-deficient astrocyte without cholesterol treatment
(Figures 2A–C), and there were no changes in the cellular
levels of flotillin and HSP90 (Figures 2A, D, E). When the WT
astrocytes were treated with 5 or 10 mM cholesterol, the cellular
cholesterol levels increased to levels similar to those of ApoE-
deficient astrocytes without cholesterol treatment (Figure 2F). In
WT astrocytes, along with the increase in cellular cholesterol
levels, the levels of exosome release, as determined by the flotillin
and HSP90 levels, were reduced to levels similar to those of
ApoE-deficient astrocytes without cholesterol treatment
(Figures 2B, C, F). Interestingly, levels of ApoE released from
WT astrocytes remained unchanged when the cultures were
tread with cholesterol, suggesting that cellular cholesterol has
no effect on generating ApoE-containing particles (Figure 2A).
October 2021 | Volume 12 | Article 722581
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We next determined whether a higher cholesterol level in cells
is responsible for the activation of PI3K/Akt. We found that the
addition of cholesterol at concentrations of 5 and 10 mM to WT
astrocyte cultures significantly increased the levels of
phosphorylated PI3K/Akt when compared to WT astrocyte
cultures without the addition of cholesterol (Figures 3A, C, E).
However, cholesterol treatment had no effect on the levels of
Frontiers in Immunology | www.frontiersin.org 4
phosphorylated PI3K/Akt in ApoE-deficient astrocytes
(Figures 3A, C, E). With respect to the total PI3K/Akt (pan-
PI3K/Akt), treatment with cholesterol had no effect in ApoE-
deficient astrocytes or WT astrocytes (Figures 3B, D).

To determine whether higher cholesterol levels lead to
reduced exosome release, we carried out experiments to
determine the effect of cholesterol depletion by treatment with
A B

D E

F

G

IH

C

FIGURE 1 | Levels of exosome release in cultured astrocytes prepared from WT and ApoE-KO mouse brain. Astrocyte-rich cultures were prepared from mouse
brains as described in the Experimental Procedures section. CM and cell lysates were harvested and subjected to western blot analysis using antibodies against
flotillin, HSP90, p-PI3K, pan-PI3K, p-Akt, pan-Akt, and ApoE. WT and ApoE-deficient astrocytes were cultured for 48 h, then the CM (A, B) and cell lysates (C, D)
were obtained and analyzed by western blot analysis. (E) The cellular cholesterol levels were determined by a cholesterol determination kit. (F, G) Cellular levels of
p-PI3K, pan-PI3K, p-Akt, and pan-Akt were determined by western blot analysis using specific antibodies against these molecules. (H, I) Flotillin and HSP90 levels in
the serum collected from WT and ApoE-KO mice were subjected to western blot analysis using anti-flotillin and HSP90 antibodies. The intensity of each band was
quantified by densitometry. Data are expressed as the mean ± SE. n = 3 each. *p < 0.05, **p < 0.01, ***p < 0.001 by Student’s t-test.
October 2021 | Volume 12 | Article 722581
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b-cyclodextrin (b-CD) on exosome release, as demonstrated by
flotillin/HSP90 release. Astrocytes were treated with b-CD at a
final concentration of 0.1, 1, or 2 mM for 24 h at 37°C. The
cellular cholesterol levels of astrocytes isolated from ApoE-KO
and WT mice were significantly reduced in a b-CD-dose-
dependent manner (Figure 4F). In both types of cultured
astrocytes, exosome release increased when the cellular
cholesterol level decreased, and the difference in exosome
release between ApoE-deficient astrocytes and WT astrocytes
Frontiers in Immunology | www.frontiersin.org 5
reached similar levels with the treatment of b-CD at the
concentrations of 0.1, 1, and 2 mM (Figures 4A–C). In
contrast, the cellular levels of flotillin and HSP90 remained
unchanged (Figures 4A, D, E). These results indicated that
reduced cholesterol levels induce exosome release.

We further analyzed the effect of cholesterol depletion on cell
signaling molecules. We observed that the astrocytes with lower
levels of cholesterol had significantly reduced levels of the
phosphorylated form of PI3K/Akt when compared to the
A

B

D E

C

F

FIGURE 2 | Levels of exosome release in cultured WT and ApoE-deficient astrocytes treated with varying concentrations of cholesterol. Primary astrocyte
cultures prepared from WT and ApoE-KO mouse brain were treated with cholesterol at the concentration of 0, 5, or 10 mM. The cultures were then incubated
for 48 h, and the CM and cell lysates were harvested. The samples were subjected to western blot analysis using antibodies against flotillin, HSP90, ApoE, and
a-tubulin. (A) Western blot analysis of the CM and cell lysates. (B–E) The signal intensities of the western blots were quantified. (F) The cellular cholesterol levels
were determined by a cholesterol determination kit. Data are expressed as the mean ± SE. n = 3. *p < 0.05, **p < 0.01, ***p < 0.001 by one-way ANOVA
followed by the Bonferroni-Dunn test versus EtOH.
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control astrocytes without b-CD treatment (Figures 5A, C, E).
However, there were no significant changes in the levels of total
PI3K/Akt (pan-PI3K/Akt; Figures 5B, D).

To determine whether the increased levels of p-PI3K/p-Akt
that were induced by higher levels of cellular cholesterol were
responsible for the reduced exosome release, we treated
astrocytes with PI3K-specific inhibitor LY294002 at the
concentration of 10 or 20 µM. We confirmed that LY294002
treatment significantly reduced the p-PI3K and p-Akt levels in
ApoE-deficient and WT astrocytes (Figures 6A, C, E); however,
it did not have any effect on the total PI3K and Akt levels in
either type of astrocytes (Figures 6B, D). We also examined
whether the PI3K/Akt pathway is responsible for the regulation
of exosome release. In the presence of a PI3K inhibitor,
Frontiers in Immunology | www.frontiersin.org 6
LY294002, the decreased levels of exosome release, as
demonstrated by the flotillin and HSP90 release, in ApoE-
deficient astrocytes, which have higher levels of cellular
cholesterol, recovered without any changes in the cellular
flotillin and HSP90 levels (Figures 7A-F). These results
suggested that exosome release is regulated by cellular
cholesterol via the PI3K/Akt signaling pathway.

To investigate whether the cholesterol-dependent exosome
release that was seen in cultures is also seen in vivo, 3-month-old
WT mice were fed a high-fat diet or a control diet for 4 months.
The basic formulation of a high-fat diet and a control diet are
shown in Tables 1. At 7 months of age, the mice were sacrificed,
and CSF from the cisterna magna, blood serum, and brain were
collected. The samples were subjected to western blot analysis.
A

B

D E

C

FIGURE 3 | Levels of p-Akt, pan-AKT, p-PI3K, and pan-PI3K in WT and ApoE-deficient astrocytes treated with varying concentrations of cholesterol. Primary
astrocyte cultures prepared from WT and ApoE-KO mouse brain were treated with cholesterol at the concentration of 0, 5, or 10 mM. The cultures were then
incubated for 48 h, and the cell lysates were harvested. (A) The cell lysates were subjected to western blot analysis using antibodies against Akt, p-Akt, PI3K, and
p-PI3K. (B–E) The intensity of each band was quantified by image analysis software (ImageJ 1.46r; Java 1.6.0-20 [64 bit]). Data are expressed as the mean ± SE.
n = 3. *p < 0.05, **p < 0.01, ***p < 0.001 by one-way ANOVA followed by the Bonferroni-Dunn test.
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We found that the levels of exosomes, as demonstrated by the
flotillin and HSP90 levels, in CSF were significantly lower in the
mice that were fed the high-fat diet than in those that were fed
the control diet (Figures 8A–C). The cholesterol levels in brain
were higher in the mice that were fed the high-fat diet than in
those that were fed the control diet (Figure 8D). We also found
that the serum levels of exosomes, as demonstrated by the
flotillin and HSP90 levels, were significantly lower in the mice
Frontiers in Immunology | www.frontiersin.org 7
that were fed the high-fat diet than in those that were fed the
control diet (Figures 8E–G). The levels of serum cholesterol were
significantly higher in the mice that were fed the high-fat diet
than in those that were fed the control diet (Figure 8H). We also
analyzed the serum exosome levels using a CD9/CD63 exosome
enzyme-linked immunosorbent assay (ELISA) kit. In accord with
the results of the western blot analysis, the ELISA revealed that
the serum exosome levels were significantly lower in the mice
A B

D E

F

C

FIGURE 4 | Effect of cholesterol depletion due to b-CD on exosome release. Primary astrocyte cultures prepared from WT and ApoE-KO mouse brain were treated
with b-CD at the concentration of 0.1, 1, or 2 mM, and incubated for 24 h. Then, the CM and cell lysates were harvested and subjected to western blot analysis to
determine the flotillin, HSP90, and ApoE levels in the CM (A–C) and cell lysates (A, D, E). (B–E) The intensity of each band was quantified by image analysis
software (ImageJ 1.46r; Java 1.6.0-20 [64 bit]). Data are expressed as the mean ± SE. n = 3 each. *p < 0.05, **p < 0.01, ***p < 0.001 by one-way ANOVA followed
by the Bonferroni-Dunn test. (F) The cellular cholesterol levels were determined by a cholesterol determination kit. Data are expressed as the mean ± SE. n = 3 each.
*p < 0.05, **p < 0.01, ***p < 0.001 by one-way ANOVA followed by the Bonferroni-Dunn test versus no b-CD treatment.
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that were fed the high-fat diet than in those that were fed the
control diet (Figure 8I). ApoE levels in the CSF collected from
mice fed with control diet and high-fat diet were determined by
western blot analysis using anti-ApoE antibody. The ApoE levels
in the CSF of these mice show similar levels (Figures 8J, K).
DISCUSSION

In this study, we found that exosome release into the CM was
significantly reduced in cultured astrocytes prepared from ApoE-
KOmice when compared to those fromWTmice. We also found
Frontiers in Immunology | www.frontiersin.org 8
that the decreased levels of exosome release in ApoE-deficient
astrocytes were accompanied by increased levels of cellular
cholesterol as well as phosphorylated PI3K and Akt. When the
cellular cholesterol levels increased due to the treatment with
cholesterol in astrocytes prepared from WT mice, the levels of
exosome release decreased, while the levels of phosphorylated
PI3K and Akt increased. The decreased levels of exosomes and
the increased levels of cholesterol recovered to the control levels
in ApoE-deficient astrocytes as a result of cholesterol depletion
due to b-CD. Similarly, the decreased levels of exosomes and the
increased levels of cholesterol recovered to the control levels in
ApoE-deficient astrocytes as a result of treatment with the PI3K
inhibitor, LY-294002. Moreover, we found that exosome release
A

B

D E

C

FIGURE 5 | Effect of cholesterol depletion due to b-CD on phospho-PI3K and phospho-Akt. Astrocyte cultures prepared from WT and ApoE-KO mouse brain were
treated with b-CD at the concentration of 0.1, 1, or 2 mM, and incubated for 24 h. Then, the CM and cell lysates were harvested and subjected to western blot
analysis. (A) Western blot analysis was performed using antibodies against Akt, p-Akt, PI3K, p-PI3K, and a-tubulin as an internal control. (B–E) The intensity of each
band was quantified by image analysis software (ImageJ 1.46r; Java 1.6.0-20 [64 bit]). Data are expressed as the mean ± SE. n = 3 each. *p < 0.05, **p < 0.01 by
one-way ANOVA followed by the Bonferroni-Dunn test.
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was decreased in the CSF and serum isolated from the WT mice
that were fed the high-fat diet and had significantly increased
cholesterol levels in the serum and brain. These lines of evidence
suggest that increased levels of cholesterol in ApoE-deficient
astrocytes stimulate the PI3K/Akt pathway, which in turn
attenuates exosome release.

With respect to the increased levels of brain cholesterol in
ApoE-deficient astrocytes, it may be possible that the cause was a
lack of ApoE-mediated cholesterol efflux, as our previous study
has shown (22). In support of this notion, it is known that ApoE
is an important modulator of atherosclerosis as it reduces
Frontiers in Immunology | www.frontiersin.org 9
cholesterol accumulation in vessels, and spontaneous
hyperlipidemia and atherosclerosis have been observed in mice
lacking ApoE (30, 31).

The next question to be addressed was whether the attenuated
exosome release and the accompanying enhancement of PI3K
and Akt phosphorylation were caused by increased levels of
cellular cholesterol, but not by the absence of ApoE. To answer
this question, we treated cells with cholesterol and analyzed the
levels of released exosomes, as well as PI3K and Akt
phosphorylation. We found that the addition of cholesterol to
astrocytes increased the levels of PI3K and Akt phosphorylation,
A

B

D E

C

FIGURE 6 | Attenuation of the activation of PI3K and Akt in ApoE-deficient astrocytes by a PI3K-specific inhibitor, LY294002. Astrocyte cultures prepared from
WT and ApoE-KO mouse brain were treated with LY294002, a specific inhibitor of PI3K. The cultures were then incubated for another 2 days, and the cell lysates
were harvested. (A) An equal amount of protein from each sample was subjected to western blot analysis using antibodies against Akt, p-Akt, PI3K, p-PI3K, and
a-tubulin. (B–E) The intensity of each band was quantified by image analysis software (ImageJ 1.46r; Java 1.6.0-20 [64 bit]). Data are expressed as the mean ± SE.
n = 3 each. *p < 0.05, **p < 0.01, ***p < 0.001 by one-way ANOVA followed by the Bonferroni-Dunn test.
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and the cellular cholesterol levels significantly increased
(Figures 2 and 3). In contrast, reducing the cellular cholesterol
levels by b-CD treatment significantly enhanced exosome
release and reduced the levels of phosphorylated PI3K/Akt
(Figures 4, 5). These results indicated that the increased levels
of cholesterol, but not another function of ApoE, regulate the
exosome release accompanied by enhanced phosphorylation of
PI3K and Akt. As noted above, exosomes are rich in cholesterol,
SM, glycosphingolipids, and phosphatidylserine, which are
essential players in exosome biogenesis and release (7). Lipids,
such as cholesterol, accumulate in intracellular vesicles under
certain pathological conditions, such as Alzheimer’s disease and
lysosomal storage disorders (32, 33). It has been reported that
cholesterol regulates vesicular fusion with the plasma membrane,
a step that is assumed to be critical for exosome release by
Frontiers in Immunology | www.frontiersin.org 10
controlling the content of specific proteins (34). However, no
direct evidence showing the involvement of cholesterol in
exosome release has yet been shown. Regarding lipid-mediated
exosome release, there have been reports showing that exosome
release is modulated in a sphingolipid-dependent manner (19),
and that the activation of sphingosine 1-phosphate receptors
mediates the maturation of exosomes (35). In addition to
sphingolipid, in the present study, we showed for the first time
the cellular cholesterol-dependent regulation of exosome release.

Next, we examined whether the cholesterol-dependent
regulation of exosome release is mediated by PI3K/Akt activity
using a specific inhibitor of PI3K, LY294002, in cultured WT and
ApoE-deficient astrocytes. We found that the reduced levels of
exosome release in ApoE-deficient astrocytes recovered to levels
similar to those in WT astrocytes (Figure 7C). These results
A B

D

E

F

C

FIGURE 7 | Recovery of the decreased exosome release by treatment with a PI3K-specific inhibitor, LY294002, in cultured ApoE-deficient astrocytes. Astrocyte
cultures prepared from WT and ApoE-KO mouse brain were treated with LY294002, a specific inhibitor of PI3K. The cultures were then incubated for another
2 days, and the CM and cell lysates were harvested. (A, B) Western blot analysis of each sample was performed to determine the levels of flotillin, HSP90, and
ApoE in the CM and cell lysates from the WT and ApoE-deficient astrocytes. (C–F) The intensity of each band was quantified by image analysis software (ImageJ
1.46r; Java 1.6.0-20 [64 bit]). Data are expressed as the mean ± SE. n = 3 each. *p < 0.05, **p < 0.01, ***p < 0.001 by one-way ANOVA followed by the
Bonferroni-Dunn test.
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indicated that the PI3K/Akt pathway mediates the cholesterol-
dependent reduction in the levels of exosome release from
cultured astrocytes. Although the cholesterol-dependent
regulation of PI3K/Akt activity has not been previously
reported in neural cells, in agreement with our present results,
previous studies in non-neuronal cells have shown that
cholesterol activates PI3K/Akt signaling in human bone
marrow mesenchymal stromal cells (36) and in human
Frontiers in Immunology | www.frontiersin.org 11
melanoma cells (37, 38). In contrast, cholesterol depletion in
lipid rafts of cell membranes due to methylated b-CD treatment
induces apoptosis through the PI3K-Akt pathway in non-
neuronal cell lines (39). Although the mechanisms underlying
exosome formation and release are poorly understood, it is
believed that several pathways and molecules are involved in
exosome biogenesis and release (40). Our findings suggest that
involvement of the PI3K/Akt pathway is one of them.
A

B D
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F G IH

J K

C

FIGURE 8 | Exosome levels in the CSF and serum collected from mice that were fed a high-fat diet or control diet. Three-month-old WT mice were fed a high-fat
diet or control diet for 4 months. At the age of 7 months, the mice were sacrificed, CSF was obtained from the cisterna magna, and serum was collected. Then,
each sample was subjected to western blot analysis. (A) CSF samples were subjected to western blot analysis using antibodies against flotillin and HSP90. (B, C)
The intensity of each band representing CSF flotillin and HSP90 was quantified by image analysis software (ImageJ 1.46r; Java 1.6.0-20 [64 bit]). (D) The cholesterol
levels in mouse brain were determined by a cholesterol determination kit. (E) Serum samples were subjected to western blot analysis using antibodies against flotillin
and HSP90. (F, G) The intensity of each band representing serum flotillin and HSP90 was quantified by image analysis software (ImageJ 1.46r; Java 1.6.0-20 [64
bit]). (H) The serum cholesterol concentrations were determined by a cholesterol determination kit. (I) Serum exosome levels were determined by a CD9/CD63 ELISA
kit as described in the Experimental Procedures section. (J, K) ApoE levels in the CSF collected from mice fed with control diet and high-fat diet were determined by
western blot analysis using anti-ApoE antibody. Data are expressed as the mean ± SE. *p < 0.05, **p < 0.01, ***p < 0.001 by Student’s t-test.
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Taken together, we showed that the level of cellular
cholesterol regulates exosome release by modulating the PI3K/
Akt pathway. The role and function of exosomes in brain are not
well understood; however, several reports have showed that
flotillin plays a role in axonal regeneration (41, 42). There are
also studies reporting the involvement of flotillin in
neurodegenerative diseases such as Alzheimer's disease (43)
and Parkinson's disease (44). Although the roles of exosomes
in diseases and the maintenance of cellular functions are not well
understood, our findings from the present study provide new
insights into the molecular mechanisms that regulate exosome
release from cells.
CONCLUSION

In summary, we found that cellular cholesterol regulates
exosome release from astrocytes in culture; that is higher levels
of cholesterol attenuates exosome release and lower levels of
cholesterol enhances exosome release. These cholesterol-
dependent regulation of exosome release is mediated by PI3K/
Akt pathways. The cholesterol-dependent regulation of exosome
release in the CSF and serum was also confirmed by in vivo
experiments. These results suggest that exosome release is
Frontiers in Immunology | www.frontiersin.org 12
regulated by cellular cholesterol via stimulation of the PI3K/
Akt signal pathway.
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