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Background and purpose: Gangliosides, sialic acid-containing glycosphingolipids, abundant in brain, are involved in neuronal
function and disease, but the precise molecular mechanisms underlying their physiological or pathological activities are poorly
understood. In this study, the pathological role of gangliosides in the extracellular milieu with respect to glial cell death and
lipid raft/membrane disruption was investigated.

Experimental approach: We determined the effect of gangliosides on astrocyte death or survival using primary astrocyte
cultures and astrocytoma/glioma cell lines as a model. Signalling pathways of ganglioside-induced autophagic cell death of
astrocytes were examined using pharmacological inhibitors and biochemical and genetic assays.

Key results: Gangliosides induced autophagic cell death in based on the following observations. Incubation of the cells with
a mixture of gangliosides increased a punctate distribution of fluorescently labelled microtubule-associated protein 1 light chain
3 (GFP-LC3), the ratio of LC3-II/LC3-l and LC3 flux. Gangliosides also increased the formation of autophagic vacuoles as
revealed by monodansylcadaverine staining. Ganglioside-induced cell death was inhibited by either a knockdown of beclin-
1/Atg-6 or Atg-7 gene expression or by 3-methyladenine, an inhibitor of autophagy. Reactive oxygen species (ROS) were
involved in ganglioside-induced autophagic cell death of astrocytes, because gangliosides induced ROS production and ROS
scavengers decreased autophagic cell death. In addition, lipid rafts played an important role in ganglioside-induced astrocyte
death.

Conclusions and implications: Gangliosides released under pathological conditions may induce autophagic cell death of
astrocytes, identifying a neuropathological role for gangliosides.
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Introduction

Astrocytes, the major glial cell type in brain, provide meta-
bolic and trophic support to neurons and also modulate syn-
aptic activity (Barres and Barde, 2000). Astrocytes play an
essential role in regulating neurotransmission and blood flow

Correspondence: Kyoungho Suk, Department of Pharmacology, Kyungpook
National University School of Medicine, 101 Dong-In, Joong-gu, Daegu, 700-
422, Korea. E-mail: ksuk@knu.ac.kr

Received 8 July 2009; revised 3 September 2009; accepted 14 September 2009

as well as maintaining a normal brain physiology. In addition
to these physiological roles, astrocytes have an important role
in the processes of injury and disease in the CNS. Astrocytes
are the main responder to CNS insults under various patho-
logical conditions such as ischaemia, infection, autoimmu-
nity and neurodegeneration (Giffard and Swanson, 200S5;
Maragakis and Rothstein, 2006; Farina et al., 2007). Moreover,
astrocytes play multiple roles ranging from passive support to
the regulation of inflammation during brain injuries. Multiple
signals have been shown to induce the cell death of astrocytes
in vitro and in vivo including Ca*" overload, oxidative stress,



mitochondrial dysfunction, endoplasmic reticulum stress and
protease activation (Takuma et al.,, 2004). The survival or
death of astrocytes has important implications for neuronal
function and survival, because astrocytes are in close contact
with neurons providing metabolic and mechanical support.

Gangliosides are sialic acid-containing glycosphingolipids
that exist in mammalian cell membranes. Gangliosides are
particularly abundant in neuronal cell membranes, and par-
ticipate in various cellular events of the nervous system
(Derry and Wolfe, 1967; Kracun et al., 1984; Rodden et al.,
1991; Kotani etal., 1993). GM1, GD1la, GD1b, GT1b and
GQ1b are major types of gangliosides found in the brain
(Dreyfus et al., 1997). Several lines of evidence point to the
importance of brain-derived gangliosides in immune
responses and the pathogenesis of brain disease. It has been
reported that brain injury can cause the release of ganglio-
sides from damaged neuronal cells into extracellular space,
which may lead to pathophysiological conditions (Michikawa
et al., 2001). Gangliosides have been reported to play a pivotal
role in amyloid P toxicity associated with Alzheimer’s disease,
as well as in the deposition of amyloid B into senile plaques
(McLaurin et al., 1998; Ledesma et al., 2000). Gangliosides
activate cultured rat brain microglia (Pyo etal., 1999) and
regulate the production of various inflammatory mediators,
such as pro-inflammatory cytokines and inducible nitric
oxide synthase (Kanda and Watanabe, 2001; Ryu et al., 2002).
Individual gangliosides such as GM3 induced inducible nitric
oxide synthase expression in murine peritoneal macrophages
(Ding et al., 1998), and GM1 enhanced the production of
interleukin-1f from reactive astrocytes (Oderfeld-Nowak and
Zaremba, 1998). The Toll-like receptors TLR2 and TLR4 have
been implicated in glial responses to gangliosides (Jou et al.,
2006). On the other hand, gangliosides also induced cell
death. For example, GM3 was involved in the apoptotic death
of human carcinoma cells and actively dividing astrocytes
precursors (Nakatsuji and Miller, 2001). In addition, GD3
induced mitochondrial damage and apoptosis in human
hematopoietic cells (Malisan and Testi, 2002), and GT1b
increased the apoptotic cell death in thymocytes (Zhou et al.,
1998). However, the role of gangliosides in autophagic cell
death in astrocytes has not been investigated.

Autophagy is considered to be an evolutionarily conserved
process, in which intracellular membrane structures sequester
proteins and organelles for lysosomal degradation (Klionsky
and Emr, 2000). This process involves the formation of
double-membrane structures, termed autophagosomes or
autophagic vacuoles, which fuse with the lysosomal mem-
brane to deliver the contents into the autolysosome, where
they are degraded (Klionsky and Emr, 2000). The conversion
of a microtubule-associated protein light chain LC3-I (cytoso-
lic) into LC3-1II (lipidated) is considered to be a general marker
for the initiation of autophagy (Mizushima, 2004). The
amount of the membrane-bound form of LC3-II correlates
with the extent of autophagosome formation (Kabeya et al.,
2000). The autofluorescent drug monodansylcadaverine
(MDC) is another selective marker for autophagic vacuoles
(Biederbick et al., 1995). Cytoplasmic vacuoles can be labelled
by MDC in vivo and in vitro in various cell types. Autophagy is
a type of programmed cell death (PCD) (Kroemer et al., 2009).
As cell injury can occur across an apoptotic-necrotic con-
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tinuum, autophagy is considered to be the type II PCD
(Clarke, 1990). Autophagy plays an important role in many
biological processes, such as cellular responses to starvation,
cell survival and death (Kroemer and Levine, 2008), cancer
and the clearance of inclusion bodies in neurodegenerative
disorders (Levine and Klionsky, 2004; Todde et al., 2009). For
example, the accumulation of autophagosomes was found in
neurites in a transgenic mouse model of Alzheimer’s disease
(Nixon et al., 2005; Nixon, 2007), in substantia nigra neurons
from patients with Parkinson’s disease (Zhu et al., 2003) and
in cell and animal models for Huntington’s disease (Petersen
et al., 2001; Qin et al., 2003; Ravikumar et al., 2004).

Oxidative stress has been shown to induce autophagy
under starvation and ischaemia/reperfusion conditions
(Kabeya et al., 2000). Under oxidative stress, reactive oxygen
species (ROS) such as free radicals and H,O, are generated at
high levels, inducing cellular damage and death (Scherz-
Shouval et al., 2007). Under starvation conditions, ROS pro-
duction increases and is required for the induction of
autophagy (Pelicano et al., 2004; Scherz-Shouval and Elazar,
2007). ROS also play an important role in inflammatory sig-
nalling pathways (Hsu and Wen, 2002). ROS function as
second messengers and activate many downstream signalling
molecules, including mitogen-activated protein kinases
(MAPKs) (Guyton et al., 1996) and the transcription factor
NF-xB (Schreck et al., 1991). The membrane-bound NADPH
oxidase system is one of the major sources of ROS. It is
established that, besides ROS, the Akt/mTOR/p70S6K
pathway and the Raf-1/MEK/ERK pathway regulate autoph-
agy. Phosphatidylinositol 3-kinase (PI3K) activates the down-
stream target Akt, leading to activation of the mammalian
target of rapamycin (mTOR), which in turn inhibits autoph-
agy. The p70S6 kinase (p70S6K) is thought to control autoph-
agy downstream of mTOR. In contrast, the class III PI3K
complex that includes beclin-1, a homologue of yeast Atg-6,
plays a stimulatory role in autophagy (Baehrecke, 2005). The
interactions of gangliosides with these autophagic signalling
pathways are not understood.

In the present study, we demonstrated that treatment with
gangliosides induced ROS-mediated autophagic cell death in
astrocytes. Further examination of the signalling pathways
indicated that this ganglioside-induced autophagic cell death
of astrocytes was subject to either negative or positive regu-
lation by the Akt/mTOR pathway or the ERK1/2 pathway
respectively. Finally, lipid rafts were involved in the signalling
leading to ganglioside-induced astrocyte death. Our results
suggest that gangliosides in the extracellular milieu of the
CNS could cause a pathological degeneration of astrocytes
through molecular mechanisms that involve ROS and lipid
rafts in the plasma membrane.

Methods

Cell cultures

U87MG cells (human glioblastoma cell line) were grown and
maintained in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% heat-inactivated fetal bovine serum
(FBS) (Gibco-BRL), penicillin (100 U-mL™) and streptomycin
(100 ug-mL™"; Gibco-BRL, Gaithersburg, MD, USA) at 37°C,
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5% CO,. C6 rat glioma cells were maintained in DMEM
supplemented with 5% heat-inactivated FBS, gentamicin
(50 ug-mL™). C6 is an astrocytoma cell line that is commonly
used as a model of astrocytes.

Primary astrocyte cultures were prepared from the brains of
1-3-day-old ICR mice (Samtako Co., Osan, Korea) by the
method of McCarthy and de Vellis (1980). Briefly, whole
brains were dissected and dissociated in DMEM, supple-
mented with 10% FBS, 100 U-mL™" penicillin and 100 pg-mL™
streptomycin. Cells were seeded in 75 cm? tissue culture flasks
(Falcon, Becton Dickinson and Company, Franklin Lakes, NJ,
USA). Cells were grown at 37°C in a 5% CO, humidified
atmosphere. The culture medium was changed after 5 days
in vitro and then every 3 days thereafter. Pure secondary astro-
cyte cultures were obtained by shaking mixed glial cultures at
100x g overnight, and then culture media were discarded.
Astrocytes were dissociated using trypsin-EDTA (Gibco-BRL)
and then collected by centrifugation at 184x g for 10 min. The
cells were resuspended in DMEM with 10% FBS, 100 U-mL™
penicillin and 100 pg-mL™" streptomycin, seeded at 1 x
10° cellss-mL™" onto six-well plates, and cultured for 4 days.
The purity of astrocyte cultures was greater than 95%, as
determined by glial fibrillary acidic protein immunocy-
tochemical staining (data not shown). Animals used in the
current research were acquired and cared for in accordance
with guidelines published in the National Institutes of Health
Guide for the Care and Use of Laboratory Animals. The study
was approved by the Institutional Review Board of the Kyung-
pook National University School of Medicine.

Cell viability assays

Cell viability was assessed by 3-(4, 5-dimethylthiazol-2-yl)-2,
5-diphenyltetrazolium bromide (MTT), 2, 3-bis (2-methoxy-
4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide inner
salt (XTT), Trypan blue dye exclusion (Kim et al., 2008) or
lactate dehydrogenase (LDH; Kim and Sharma, 2003) assays.
For MTT assay, astrocytes, C6 or US7MG cells were seeded in
triplicate at a density of 8 x 10* cells per well on 96-well plates.
The cells were treated with the ganglioside mixture for 24 h.
MTT was added to each well and incubated for 4 h at 37°C.
After culture media were discarded, dimethyl sulphoxide was
added in order to dissolve the formazan dye. The optical
density was measured at 540 nm. Similar results were
obtained with lower cell densities (4 x 10* or 6 x 10* cells per
well) (data not shown). Cell viability was also evaluated by
XTT assay (Wel-Gene, Seoul, Korea). Absorbance (A) was
detected with an enzyme calibrator at 450 nm. Cell viability =
(A of study group/A of control group) x 100%. For the Trypan
blue dye exclusion assay, dead cells were stained with Trypan
blue and counted using a haemocytometer.

Both released and total LDH concentrations were deter-
mined as described previously for LDH assay (Kim and
Sharma, 2003). For the total LDH determination, the cells
were lysed by adding 1% of Triton X-100 (final concentration)
and incubated for 30 min in the incubator at 37°C. Samples
were transferred to plate containing 100 uL of 4.6 mM
pyruvic acid in 0.1 M potassium phosphate buffer (pH 7.5).
B-NADH (reduced nicotinamide adenine dinucleotide) in
0.1 M potassium phosphate buffer (pH 7.5) was added, mixed,

British Journal of Pharmacology (2010) 159 586-603

and the absorbance was read kinetically using a Power-Wave
Microplate Scanning spectrophotometer (Bio-Tek Instrument,
Winooski, VT, USA). The activity of LDH was normalized to
the volume, and the released LDH activity was expressed as a
percentage of total cellular LDH. For the cell viability tests and
similar assays, either distilled water or dimethyl sulphoxide
was used as a vehicle control, which was without effects (data
not shown). Viability of the vehicle-treated cells was set to
100%, and the relative viability of the experimental group was
calculated accordingly. The 100% injury condition was not
used in cell viability assays.

Stable transfection of cDNA for LC3 tagged with

green fluorescent protein (GFP-LC3) and

fluorescence-detected autophagy

C6 cells in six-well plates were transfected with 4 pg of LC3
cDNA using LipofectAMINE reagent (Invitrogen, Calsbad, CA,
USA); all studies of transfection with GFP-LC3 were in C6
cells. The mammalian expression construct of human LC3
cloned into pEGFP was a gift from Dr N Mizushima (Tokyo
Medical and Dental University, Tokyo, Japan) (Alexander
et al., 2007). An empty pEGFP vector was used as a control for
the stable expression of LC3. Stable transfectants were
selected in the presence of G418 (500 ug-mL™) at 2 days after
the transfection. The expression of the GFP-LC3 protein in
the stable transfectants was confirmed by Western blot and
fluorescence microscopy analysis (Olympus BXS50, Tokyo,
Japan; original magnification, x400 or x600). C6 cells
were treated with gangliosides either with or without
3-methyladenine (3-MA). The fluorescence of GFP-LC3-
labelled vacuoles (autophagosomes) was observed by using a
fluorescence microscope. For the quantitative evaluation of
LC3 translocation, a minimum of 200 cells were counted for
each treatment condition. Fluorescence images were assessed
without knowledge of the treatments. The 3-MA was included
as a pretreatment for 30 min at 2 mM (Chen et al., 2007).

Visualization of MDC-labelled vacuoles

Autophagic vacuoles were labelled with MDC by incubating
astrocytes grown on coverslips with 0.05 mM MDC in
phosphate-buffered saline (PBS) at 37°C for 10 min. After
incubation, cells were washed four times with PBS and imme-
diately analysed by fluorescence microscopy using an
inverted microscope (Olympus BX50) equipped with a filter
system (excitation, 380-420 nm; emission, 450 nm; original
magnification, x600).

Quantitative measurement of autophagy by MDC staining

Following the induction of autophagy by gangliosides and
amino acid starvation [incubation in Earle’s balanced salt
solution (EBSS) for 2 h], the astrocytes (1 x 10° cells per well in
24-well plates) were incubated with 0.05 mM MDC in PBS at
37°C for 10 min (Biederbick et al., 1995). After incubation,
cells were washed four times with PBS and collected in 10 mM
Tris-HCl, pH 8 containing 0.1% Triton X-100. Intracellular
MDC was measured by a fluorescent plate reader (Fluostar
OPTIMA, BMG LABTECH, Offenburg, Germany) at an
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Figure 1 Gangliosides induced cell death in astrocytes. Primary astrocytes (A) or C6 glioma cells (B) were treated with a ganglioside mixture
(Gmix; 5-500 pug-mL™") for 24-72 h, and then cell viability was assessed by 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide
(MTT) assay. Also, primary astrocytes (24 h) or C6 cells (72 h) were treated with the Gmix (50 pg-mL™"), and then viability assayed by Trypan
blue dye exclusion (C) or lactate dehydrogenase (LDH) release (D). A representative microscopic image of Trypan blue stained cells is shown
(C; upper). The LDH release was expressed as a percentage of total cellular LDH. The data were expressed as the mean = SD (n = 3). The results
represent more than three independent experiments (*P < 0.05, **P < 0.001, different from untreated cells at each time point).
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Figure 2 Gangliosides induced autophagy in astrocytes. C6 glioma cells transfected with GFP-LC3 (microtubule-associated protein 1 light
chain 3, LC3 tagged with green fluorescent protein) cDNA were either treated with the ganglioside mixture (Gmix; 50 ug-mL™) in the absence
or presence of 3-methyladenine (3-MA) (2 mM) for 24 h or placed under amino acid starvation conditions (Earle’s balanced salt solution at
37°C for 2 h). The formation of vacuoles containing GFP-LC3 (dots) was examined by fluorescence or phase contrast microscopy, as shown
in the representative microscopic images (original magnification, x600) (left); a minimum of 200 cells were counted per sample to obtain fold
increase of cells with LC3 dots (right) (A). In another set of experiments, C6 cells were similarly treated with the ganglioside mixture or placed
under starvation conditions and incubated with 0.05 mM monodansylcadaverine (MDC) for 10 min. Cells were then analysed by fluorescence
microscopy (original magnification, x600), or the intracellular MDC was measured by fluorescence plate reader after cells were lysed (B).
Conversion of LC3-I to LC3-Il was determined by Western blotting after astrocytes or C6 cells were treated with the Gmix (50 ug-mL™") or
starvation conditions in the presence or absence of the lysosomal inhibitor NH4Cl (30 mM) for 24 h. o-Tubulin was used as a loading control.
Quantification of LC3-Il protein levels was performed by densitometric analysis, which was then normalized to o-tubulin level (lower). The
densitometric data are mean = SD from more than three experiments (C,D). The formation of GFP-LC3 vacuoles (dots) was examined under
by fluorescence microscopy, as shown in the representative microscopic images (original magnification, x400); a minimum of 200 cells were
counted per sample (E). The data were expressed as the mean = SD (n = 3). Results shown are representative of more than three independent
experiments (*P < 0.001 compared with no treatment; *P < 0.001 between the treatments indicated).

excitation of 380 nm and emission of 525 nm and digitized.
The fluorescent readings were digitized by using a Soft Max
Pro software programme (Molecular Devices, Sunnyvale, CA,
USA).

Western blot analysis
Cells were lysed in a triple-detergent lysis buffer (50 mM Tris-
HCI, pH 8.0, 150 mM NaCl, 0.02% sodium azide, 0.1%
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sodium dodecyl sulphate, 1% Nonidet P-40, 0.5% sodium
deoxycholate, 1 mM phenylmethylsulfonyl fluoride). Protein
concentration in cell lysates was determined by using a
protein assay kit (Bio-Rad, Hercules, CA, USA). An equal
amount of protein (40 pg) from each sample was separated by
sodium dodecyl sulphate-polyacrylamide gel electrophoresis
(12% gel) and transtferred to Hybond ECL nitrocellulose mem-
branes (Amersham Biosciences, Piscataway, NJ, USA). The
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Figure 2 Continued

membranes were blocked with 5% skim milk and sequentially
incubated with primary antibodies [anti-Atg-6, anti-Atg-7,
anti-poly (ADP-ribose) polymerase (PARP) and anti-HSC70
antibodies, Santa Cruz Biotechnology (Santa Cruz, CA, USA);
anti-phospho-Akt at Ser?’?, anti-total Akt, anti-phospho-
ERK1/2 at Thr**?/Tyr?** and anti-total ERK1/2 antibodies, Cell
signalling Technology (Beverly, MA, USA); rabbit anti-LC3
polyclonal antibody, MBL International (Woborn, MA, USA);
monoclonal anti-o-tubulin clone B-5-1-2 mouse ascites fluid,
Sigma] and horseradish peroxidase-conjugated secondary
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antibodies (anti-rabbit and anti-mouse; Amersham Bio-
sciences) followed by enhanced chemiluminescence detec-
tion (Amersham Biosciences).

Small interfering RNAs

The 25-nucleotide small interfering RNA (siRNA) duplexes
used in this study were purchased from Invitrogen and have
the following sequences: Atg-6, CAG UUU GGC ACA AUC
AAU AAC UUC A; Atg-7, CAG AAG GAG UCA CAG CUC UUC
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CUU A; and GFP, AAG ACC CGC GCC GAG GUG AAG. The
siRNA against GFP was used as a control. Another set of
siRNAs against Atg-6 or Atg-7 were purchased from Santa Cruz
Biotechnology [Atg-6 (sc-29797) and Atg-7 (sc-41447)]. Cells
were transfected with siRNA oligonucleotides using Lipo-
fectAMINE 2000 (Invitrogen) according to the manufacturer’s
recommendations.

ROS measurement

For intracellular ROS measurement, either astrocytes or C6
cells were detached with trypsin-EDTA, and incubated with
100 uM  of 2’,7’-dichlorofluorescein diacetate (H,DCFDA;
Molecular Probes) in a serum-free medium at 37°C for 20 min
and then washed with PBS. The cells were then treated with
stimulating agents in PBS at 37°C for 12 h and analysed by
flow cytometry (excitation, 485 nm; emission, 530 nm).

Flow cytometric analysis of apoptosis

Astrocytes were detached with trypsin-EDTA and washed
twice with cold PBS. The cells were then resuspended in
250 uL of binding buffer [10 mM HEPES, 140 mM NacCl and
2.5 mM CaCl, (pH 7.4)] and incubated with 3 uL of fluores-
cein isocyanate (FITC)-conjugated annexin V (Molecular
Probes) according to the manufacturer’s specifications. After-
ward, cells were gently vortexed and incubated for 15 min at
room temperature in the dark conditions. Propidium iodide
(PI; 20 ug-mL™") was then added, and flow cytometry was
performed within 1 h by using FACSAria (BD Biosciences).

Statistical analysis

All results were expressed as mean * SD. The data were analy-
sed by one-way ANOVA and the Student-Newman-Keul’s post
hoc analysis by using a spss programme (version 12.0; SPSS
Inc., Chicago, IL, USA). A value of P < 0.05 was considered to
be statistically significant.

Materials

H,O,, 3-MA, MDC, EBSS, diphenyleneiodonium (DPI),
o-tocopherol, trolox, N-acetyl cysteine (NAC), methyl
B-cyclodextrin (MBCD) and NH,Cl were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Ganglioside mixture
(Gmix; 5-500 ug-mL™'; 18% GM1, 55% GDla, 15%
GD1b, 10% GT1lb and 2% others), MEK1 inhibitor
(PD98059), Akt inhibitor (1L-6-hydroxymethyl-chiro-inositol
2(R)-2-0O-methyl-3-0O-octadecylcarbonate), rapamycin,
benzyloxycarbonyl-Val-Ala-Asp (zVAD-fmk, zVAD) were pur-
chased from Calbiochem (La Jolla, CA, USA). GM1, GD1a and
GT1b were purchased from Matreya (Pleasant Gap, PA, USA).
Recombinant mouse IFN-y and soluble recombinant TRAIL
were purchased from R&D Systems (Minneapolis, MN, USA).
Rottlerin was purchased from Biomol (Plymouth Meeting, PA,
USA) and dissolved in dimethyl sulphoxide and freshly
diluted in culture media for the experiments. U87MG human
glioblastoma cell line and C6 rat glioma cell line were
obtained from American Type Culture Collection (ATCC;
Manassas, VA, USA).
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Results

Gangliosides induced cell death in astrocytes

In order to examine the effect of gangliosides on astrocytes
viability, we treated mouse primary astrocyte cultures and C6
rat glioma cell lines with different concentrations of the gan-
glioside mixture (Gmix; 5-500 ug-mL™) over a 72h time
period and then measured cell viability by using the MTT
assay. The ganglioside mixture (50 ug-mL™) induced a 28%
cell death in astrocytes after 24 h, and cell viability was not
greatly reduced by increasing either the time or concentration
of the gangliosides (Figure 1A). The ganglioside mixture
(50 ug-mL™) induced a 23% cell death in C6 cells after 72 h
(Figure 1B) and in these cells, viability decreased in a
concentration- and time-dependent manner. Ganglioside-
induced astrocyte cell death was also shown by Trypan blue
dye exclusion (Figure 1C) and LDH assays (Figure 1D). As
observed with the MTT assay, cell death was increased by
gangliosides in astrocytes (24 h) and C6 cells (72 h).

Gangliosides induced autophagic cell death in astrocytes
Autophagy is characterized by the formation of double-
membraned autophagosomes that fuse with lysosomes in
order to form autolysosomes. Autophagosome formation also
involves the induction of beclin-1/Atg-6 expression, as well as
the localization of the protein LC3 in autophagosomes
(Gozuacik and Kimchi, 2004; Codogno and Meijer, 2005). In
this study, the autophagy was monitored by measuring: (i) the
formation of GFP-LC3-labelled vacuoles; (ii) the conversion of
the cytoplasmic form of LC3 (LC3-I, 18 kDa) to the pre-
autophagosomal and autophagosomal membrane-bound
form of LC3 (LC3-II, 16 kDa); (iii) LC3 flux using the lysosome
inhibitor NH,Cl; and (iv) the formation of MDC-labelled vacu-
oles. GFP-fused LC3, a specific marker for autophagosome
formation, was used in order to detect autophagy. GFP-LC3
cDNA was transfected into C6 cells, and cells with GFP-LC3-
labelled vacuoles (dots) were observed by fluorescence
microscopy. The formation of GFP-LC3-labelled vacuoles was
observed after C6 cells were treated with the ganglioside
mixture (50 ug-mL™) for 24 h; the formation of these vacuoles
was attenuated by treatment with 3-MA, a specific inhibitor of
the early stages of the autophagic process (Figure 2A) (Seglen
and Gordon, 1982). As a positive control, C6 cells were placed
under starvation conditions (incubation in EBSS for 2 h)
known to induce autophagy. Amino acid starvation also
increased the amount of GFP-LC3-labelled vacuoles, and this
increase was also blocked by 3-MA (data not shown).

Monodansylcadaverine is another specific marker for
autolysosomes (Biederbick et al., 1995), and we examined the
incorporation of MDC into cells after treatment with ganglio-
sides or starvation. Cells treated with the ganglioside mixture
or starved showed an increase in the number and size of
MDC-positive vesicles, indicating that these conditions
induced the formation of the MDC-labelled vacuoles
(Figure 2B). MDC was concentrated in spherical structures
distributed within the cytoplasm and incubation with gan-
gliosides or starvation increased MDC uptake, in comparison
with untreated cells. As expected, MDC incorporation was
attenuated by 3-MA (Figure 2B).
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Figure 3 Gangliosides induced autophagic cell death in astrocytes. Primary astrocytes were pretreated with 3-methyladenine (3-MA) (2 mM)
for 30 min prior to treatment with the ganglioside mixture (Gmix; 50 ug-mL™") for 24 h or starvation conditions. Cell viability was assessed by
3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) assay (A) or lactate dehydrogenase (LDH) assay (B). U87MG human
glioma cells were transfected with 40 nM of control green fluorescent protein siRNA, beclin-1/Atg-6 siRNA or Atg-7 siRNA. At 24 h post
transfection, cells were treated with the Gmix (50 ug-mL™") for 24 h. Then, cellular viability was determined by 2, 3-bis (2-methoxy-4-nitro-
5-sulfophenyl)-2H-tetrazolium-5-carboxanilide inner salt (XTT) assay (C), or intracellular monodansylcadaverine (MDC) was measured by
fluorescence, after cell lysis (D). Two different siRNA sequences (siRNA-1 and siRNA-2) for each Atg gene were used to rule out off-target effects.
U87MG cells were treated with the Gmix (50 pg-mL™), rottlerin (2.5 uM) and TRAIL (100 ng-mL™") for 24 h as indicated. Knockdown of
Atg-6/Atg-7 expression and poly (ADP-ribose) polymerase (PARP) cleavage was evaluated by Western blot analysis (E). Anti-HSC70 antibody
served as control for the loading of protein levels. Quantification of Atg-6 and Atg-7 protein levels was performed by densitometric analysis
(lower). All data were expressed as the mean = SD (n = 3). Results shown are representative of more than three independent experiments (*P
< 0.05, **P < 0.0017 compared with no treatment; #P < 0.05 between the treatments indicated).

The conversion of LC3-I to LC3-II is another specific marker
for autophagy. In astrocytes and C6 cells, both gangliosides
and starvation significantly increased the amount of LC3-II
protein in comparison with the control after 24 h of treat-
ment (Figure 2C). In the presence of a lysosomal inhibitor
NH,CI, which prevents the degradation of LC3 in autophago-
somes (Terman et al.,, 2006; Chen etal., 2007; 2008), the

amount of LC3-II in astrocytes increased following treatment
with the ganglioside mixture (Figure 2D). However, NH4Cl
treatment failed to increase the formation of GFP-LC3-
labelled vacuoles following ganglioside treatment (Figure 2E)
(Terman et al., 2006; Chen et al., 2007; 2008).

In astrocytes, ganglioside- or starvation-induced cell death
was attenuated by the addition of 3-MA (Figure 3A,B),

British Journal of Pharmacology (2010) 159 586-603
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Figure 4 Role of reactive oxygen species (ROS) in the autophagic cell death of astrocytes induced by gangliosides. Primary astrocytes or C6
glioma cells were pretreated with ROS scavengers such as a-tocopherol (o-toco; 10 M), N-acetyl cysteine (NAC) (1 mM) and trolox (500 pM)
for 30 min before treatment with the ganglioside mixture (Gmix; 50 pug-mL™"). The cell viability was assessed by 3-(4, 5-dimethylthiazol-2-yl)-2,
5-diphenyltetrazolium bromide (MTT) assay (A,B). Formation of GFP-LC3 (microtubule-associated protein 1 light chain 3, LC3 tagged with
green fluorescent protein) vacuoles (dots) was examined, after C6 cells transfected with GFP-LC3 cDNA were treated with H,O, (500 uM) for
24 h. Representative microscopic images are shown (original magnification, x600) (C). Primary astrocytes were treated with H,O, (500 uM)
for 24 h, and then incubated with 0.05 mM monodansylcadaverine (MDC) for 10 min. Cells were then analysed by fluorescence microscopy
(original magnification, x600) (D). The formation of GFP-LC3 vacuoles (dots) was examined by fluorescence microscopy, as shown in the
representative microscopic images (original magnification, x400); at least 200 cells were counted per sample (E,H). After primary astrocytes
were treated with H,O, (500 uM) or Gmix (50 ug-mL™) in the presence or absence of antioxidants or diphenyleneiodonium (DPI) (1 nM or
1 uM), intracellular MDC was similarly measured by fluorescence, after cell lysis (F,1). Astrocytes or C6 cells were treated with the Gmix (50 or
500 ug-mL") for 12 h. ROS was measured by H,DCFDA fluorescence by flow cytometric analysis (G). The data were expressed as the mean
+ SD (n = 3). Results shown are representative of more than three independent experiments (*P < 0.01, **P < 0.001 compared with Gmix
treatment alone; #*P < 0.0017 compared with no treatment).

suggesting that autophagy is related with cell death under
these conditions. Although starvation-induced autophagy
can be a protective mechanism in general, it induced cell
death in neurons (Sadasivan et al., 2006; Du et al., 2009) and
in brain glial cells. Because the induction of autophagy
requires the expression of autophagy-related genes such as
beclin-1/Atg-6, Atg-5 and Atg-7 in order to form autophago-
somes (Baehrecke, 2005), we hypothesized that the suppres-
sion of beclin-1/Atg-6 and Atg-7 expression may reduce the
incidence of ganglioside-induced autophagic cell death. In
U87MG human glioma cell line, a knockdown of beclin-1/
Atg-6 or Atg-7 expression using siRNA against beclin-1/Atg-6
or Atg-7 attenuated ganglioside-induced cell death
(Figure 3C) as well as MDC activity (Figure 3D), further sup-
porting that gangliosides induced autophagic cell death in
astrocytes. Two different siRNA sequences were used for each
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Atg gene in order to rule out off-target effects of siRNA. The
siRNA-mediated knockdown of Atg-6 or Atg-7 gene expres-
sion was confirmed by Western blot analysis (Figure 3E). The
effect of Atg7-siRNAs was proportional to the degree of Atg7
gene knockdown: Atg7-siRNA-2 showed greater effects than
Atg7-siRNA-1. We also analysed PARP cleavage, which is a
hallmark of an unrelated form of PCD, to determine
whether the knockdown of Atg-6 or Atg-7 gene expression
affects apoptotic cell death. Gangliosides mixtures did not
induce a significant cleavage of PARP (Figure 3E). Combina-
tion of rottlerin and TRAIL treatment was used as a positive
control that caused an increase of protein level of PARP
cleavage fragment (Kim et al., 2005; Lim et al., 2009). Taken
collectively, these results conclusively indicated that gan-
gliosides induced autophagic cell death in astrocytes
(Figure 3).
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Figure 5 Gangliosides inhibited the Akt/mTOR (mammalian target of rapamycin) pathway and activated the ERK pathway in astrocytes and
C6 glioma cells. Astrocytes and C6 cells were pretreated with the mTOR inhibitor (rapamycin; 1-1000 nM), or the Akt inhibitor (1-4 uM) for
30 min before treatment with gangliosides mixture (Gmix; 50 ug-mL™") for 24 h (primary astrocytes) or 72 h (C6 glioma cells). Afterwards,
either cell viability was assessed by 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) assay (A,B) or intracellular mon-
odansylcadaverine (MDC) was measured by fluorescence plate reader after cell lysis (C). The data were expressed as the mean = SD (n = 3).
Results represent more than three independent experiments (*P < 0.05, **P < 0.001 compared with Gmix treatment alone; *P < 0.001

compared with no treatment).

ROS mediated autophagic cell death induced by gangliosides

Because ROS have been previously implicated in autophagy
(Xu etal., 2006), we have attempted to determine whether
ROS mediate autophagic cell death induced by gangliosides.
In astrocytes (Figure 4A) and C6 cells (Figure 4B), ROS scav-
engers such as a-tocopherol, NAC and trolox attenuated
ganglioside-induced cell death. The formation of GFP-LC3-
labelled vacuoles and MDC-labelled vacuoles was also
induced after C6 cells were treated with H,O, (500 uM) for
24 h (Figure 4C,D). Ganglioside-induced formation of GFP-
LC3-labelled vacuoles was also attenuated by treatment with
o-tocopherol (Figure 4E). H,O, as a ROS donor increased MDC
uptake, as observed with the gangliosides. Ganglioside-
induced MDC incorporation was attenuated by ROS scaven-
gers (Figure 4F). We next determined whether gangliosides
induce ROS production in astrocytes and C6 cells by directly
measuring ROS levels as a function of DCF fluorescence
(Figure 4G). DCFDA-loaded astrocytes and C6 cells were
exposed to gangliosides for 12 h and then subjected to flow
cytometric analysis. The DCF fluorescence intensity increased
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after treatment with the ganglioside mixture. The expression
of the NADPH oxidase subunit p47™°* was detected in both
astrocytes and C6 cells in our previous study, indicating that
NADPH oxidase is expressed in astrocytes (Kim et al., 2008).
We utilized the NADPH oxidase inhibitor DPI (Kim et al.,
2008) to determine the role of the NADPH oxidase in the
ganglioside-induced autophagic cell death of astrocytes. DPI
significantly attenuated the ganglioside-induced astrocyte
autophagy, as determined by LC3 translocation and MDC
uptake (Figure 4H,I), suggesting a critical role for NADPH
oxidase in the ROS generation and autophagic cell death in
astrocytes following ganglioside exposure.

Role of Akt/mTOR and ERK pathway in the ganglioside-induced
autophagic cell death of astrocytes

The Akt/mTOR/p70S6K pathway is the main regulatory
pathway that negatively controls autophagy (Shigemitsu
etal., 1999; Arico et al., 2001; Coward et al., 2009), and we
therefore examined the effect of gangliosides on this
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Figure 6 Lipid rafts were involved in ganglioside-induced autophagic cell death of astrocytes. Astrocytes were pretreated with methyl
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Figure 7 Role of reactive oxygen species and lipid rafts in
ganglioside-induced conversion of microtubule-associated protein 1
light chain 3 (LC3)-1 to LC3-Il. C6 cells were treated with the gan-
glioside mixture (Gmix; 50 ug-mL™") in the presence of either diphe-
nyleneiodonium (DPI) (1 uM) or methyl B-cyclodextrin (MBCD)
(250 uM) for 24 h. LC3 or a-tubulin was detected by Western blot
analysis. Quantification of LC3-Il protein levels was performed by
densitometric analysis, which was then normalized to o-tubulin level
(lower). The densitometric data are mean = SD (n = 3); *P < 0.05
compared with Gmix treatment alone.

signalling pathway. The mTOR inhibitor rapamycin or the
Akt inhibitor augmented ganglioside-induced cell death in
astrocytes and C6 cells, indicating that both mTOR and Akt
attenuated autophagic death (Figure 5A,B). Because the ERK
pathway has been shown to positively regulate autophagy in
cancer cells upon starvation (Ogier-Denis et al., 2000; Pattin-

gre et al., 2003), we also examined this pathway. Gangliosides-
induced MDC incorporation was reduced by an MEK1
inhibitor PD98059, and increased by the mTOR inhibitor
rapamycin and the Akt inhibitor in astrocytes (Figure 5C).
These results indicate that gangliosides inhibited the Akt/
mTOR pathway while activating the ERK pathway; these two
signalling pathways appeared to reciprocally regulate the
autophagic cell death of astrocytes induced by gangliosides.

Role of lipid rafts in ganglioside-induced cell death

Lipid raft formation has an important role in the dynamic
association of multi-protein receptor complexes involved in
immune and other cellular responses (Rajendran and Simons,
2005). In astrocytes, the lipid raft-disrupting drug (MBCD)
(Jou etal., 2006; Yoon etal., 2008) inhibited ganglioside-
induced cell death (Figure 6A). Moreover, the quantification
of autophagic cell death indicated that the percentage of
MDC-positive cells in ganglioside treatment was significantly
reduced by the addition of MBCD (Figure 6B), suggesting that
lipid raft formation was important for the autophagic cell
death observed. DPI and MBCD also reduced the gangliosides-
induced conversion of LC3-I to LC3-II in C6 glia cells, further
supporting the involvement of ROS and lipid rafts in astrocyte
autophagy (Figure 7). The gangliosides mixture is composed
of various types of gangliosides. Thus, we next tested the
individual effects of three major types of gangliosides in the
brain, GM1, GD1a and GT1b, on astrocyte cell death. GT1b
exhibited the greatest inhibitory effect on the viability of
astrocytes among the single ganglioside components tested,
as determined by MTT or Trypan blue assays (Figure 8A,B).
The formation of GFP-LC3-labelled vacuoles was also
most strongly increased by GT1b (50 ug-mL™) after 24 h
(Figure 8C). Thus, GT1b may be the major active component
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Figure 8 The ganglioside GT1b induced autophagic cell death of astrocytes. Primary astrocytes were treated with indicated concentrations
of GM1, GD1a, GT1b or the ganglioside mixture (Gmix; 50 pug-mL™") for 72 h. Cell viability was measured by 3-(4, 5-dimethylthiazol-2-yl)-2,
5-diphenyltetrazolium bromide (MTT) (A) or by Trypan blue dye exclusion assays (B) respectively. A representative phase contrast image is
shown (B, left). The formation of GFP-LC3 (microtubule-associated protein 1 light chain 3, LC3 tagged with green fluorescent protein) vacuoles
(dots) was examined by fluorescence microscopy, as shown in the representative microscopic images (original magnification, x400); at least
200 cells were counted per sample (C). The data were expressed as the mean = SD (n = 3). Results shown are representative of more than
three independent experiments (*P < 0.001 compared with no treatment).

of the ganglioside mixture that induced autophagic cell death
in astrocytes.

Discussion

The purpose of this study was to examine whether
gangliosides in the extracellular milieu of the CNS induced
autophagic death in astrocytes, and if this occurred, to iden-
tify the signalling pathway(s) involved. Based on studies using
primary astrocytes and glioma cell lines in conjunction with
various autophagic markers, we concluded that gangliosides
could indeed induce autophagy in astrocytes through
molecular mechanisms involving several signalling compo-
nents (Figure 9). One important component of the ganglio-
side action in astrocytes was the formation of lipid rafts. Lipid
rafts are detergent-resistant and liquid-ordered membrane
domains and are enriched for cholesterol, glycosphingolipids
and phospholipids with relatively long and saturated acyl
chains, and are reported to serve as platforms for several
cellular functions, including vesicular trafficking, signal trans-
duction and viral entry and infection (Harder, 2004). In glial
cells, gangliosides are thought to be incorporated into the
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plasma membrane, forming microdomains within lipid mem-
branes (Vyas et al., 2001), and they modulate growth factor
receptors and other signalling events (Meuillet et al., 1996).
Several lipid signalling molecules are associated with these
lipid rafts. And it was possible that lipid raft formation was
associated with ganglioside-induced cell death, and influ-
enced by raft-disrupting agents. Indeed, we found that lipid
raft formation appeared to be crucial to ganglioside-induced
autophagic cell death. Recent studies have suggested that
lipid rafts may be associated with several signalling molecules,
such as the Src family of tyrosine kinases, Rho A and MAPKs
(Iwabuchi et al., 2000). The disruption of lipid rafts down-
regulated Kaposi’s sarcoma-associated herpes virus (KSHV)-
induced PI3K, NF-kB and RhoA-GTPase activation in human
microvascular dermal endothelial (HMVEC-d) cells (Raghu
etal.,, 2007) and down-regulated PI3K (Peres et al., 2003).
These studies indicate a critical role of lipid rafts in cellular
signalling. However, further studies are necessary to gain a
better understanding on how lipid rafts regulate the signal
transduction pathways of ganglioside-induced cell death in
astrocytes. These studies will provide an insight into whether
lipid rafts could be targeted in order to regulate the autoph-
agic cell death of astrocytes.
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agic cell death signalling cascades in astrocytes. The ERK pathway
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agic cell death. ROS appear to be important mediators of
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Autophagy is a eukaryotic process, in which long-lived pro-
teins and organelles are turned over throughout the lifecycle
of an organism (Seglen and Bohley, 1992). This process may
be induced during development, periods of environmental
stress or senescence and cell death (Doelling et al., 2002).
Most experimental evidence supporting the concept of
‘autophagic cell death’ is based on the presence of autophagic
hallmarks (most commonly autophagosomes, an accumula-
tion of LC3-II and LC3 flux) in dying cells (Levine and Yuan,
2005; Gozuacik and Kimchi, 2007; Klionsky et al., 2008), and
rescue from cell death via suppression of autophagy (usually
achieved via chemical inhibitors or knockdown of Atg genes).
A recent study showed that knockdown of beclin-1/Atg-6
gene expression markedly inhibited cell death, suggesting
that beclin-1/Atg-6 may be essential for autophagic cell death
(Yu et al., 2004). In the present study, the typical morphologi-
cal characteristics of autophagy were observed in the
ganglioside-treated astrocytes. The phenotypic markers of
autophagy, including an increase of MDC staining, punctate
distribution of GFP-LC3, an increased LC3-II/LC3-I propor-
tion and LC3 turnover, were also noted. Experiments using a
lysosomal inhibitor (NH4CIl) revealed that the increase of
LC3-II level or the formation of LC3-positive vacuoles was due
to the induction of autophagy rather than inhibition of the
later stages of the lysosome degradation pathway (Terman
etal., 2006; Chen etal, 2007; 2008). Additionally,
ganglioside-induced cell death was inhibited by 3-MA, an
inhibitor of autophagy. The knockdown of beclin-1/Atg-6 or
Atg-7 expression using siRNA also attenuated the ganglioside-
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induced cell death. Collectively, these results conclusively
indicate that gangliosides induce autophagic cell death of
astrocytes. However, sphingolipid-containing gangliosides,
sphingosine and ceramide are known to induce apoptotic cell
death in various cell types (Kagedal et al., 2001; Nakatsuji and
Miller, 2001; Kim et al., 2007b). To define further the nature of
ganglioside-induced cell death, we used staining with PI and
annexin-V conjugated with FITC, which was followed by flow
cytometric analysis. Treatment of astrocytes with the ganglio-
side mixture (50 and 500 ug-mL™") resulted in the appearance
of some of the characteristics of apoptotic cell death (annexin
V+ and PI-, early apoptosis; annexin V+ and PI+, late apop-
tosis) to a certain extent (data not shown). Also, a caspase
inhibitor zVAD-fmk (zVAD) partly reduced ganglioside-
induced cell death. When 3-MA and zVAD were combined,
cell death was further reduced, suggesting that both autoph-
agic and apoptotic cell death may occur in astrocytes follow-
ing exposure to gangliosides (data not shown). These results
are in accordance with the concept of parallel death pathways
in PCD (Degterev and Yuan, 2008). It should be noted that
annexin V and PI staining is not absolutely specific in terms of
defining apoptosis and necrosis: for instance, annexin V
staining can be observed in programmed necrosis with a
unique permeabilization of the plasma membrane.

Oxidative stress is involved in signalling pathways that lead
to cell death under various conditions (Takeda et al., 1999; Le
Bras etal.,, 2005; Scherz-Shouval and Elazar, 2007). For
example, in Parkinson’s disease, oxidation of dopamine
induced oxidative stress, autophagy and cell death, indicating
that autophagic cell death may also occur in the nervous
system in response to oxidative stress (Gomez-Santos et al.,
2003). Additionally, oxidative stress induced autophagic cell
death in transformed or cancer cells (Chen etal., 2008).
Recent studies have demonstrated that superoxide and ROS
mediate autophagic cell death (Chen et al., 2007; Kim et al.,
2007a). It has also been shown that ROS could be involved in
the caspase-independent cell death of macrophages (Xu et al.,
2006). ROS exhibited a variety of cellular effects, including
DNA damage, mitochondrial dysfunction, activation of sig-
nalling pathways and activation of transcription factors
leading to the up-regulation of gene expression (Schumacker,
2006). Here, we found that ROS may be an important media-
tor of ganglioside-induced astrocytes cell death. Our results
are in agreement with the previous reports that indicate a
central role of ROS in cell death. We demonstrated that: (i)
ROS scavengers blocked autophagic cell death in ganglioside-
treated astrocytes; (ii) H,O, also induced autophagic cell
death; and (iii) gangliosides induced ROS production.
However, the precise molecular mechanism whereby ROS
induces autophagic cell death of astrocytes is not known at
this point.

In this study, we also examined the role of Akt/mTOR and
ERK pathways in the autophagic cell death of astrocytes by
means of individual manipulation of the regulatory path-
ways. Both Akt/mTOR and ERK pathways regulated the astro-
cyte autophagy, but with opposing effects: the Akt/mTOR
pathway regulated autophagy negatively, whereas the ERK
pathway was a positive regulator. Thus inhibition of the ERK
pathway using PD98059 attenuated autophagy whereas inhi-
bition of the Akt/mTOR pathway by using rapamycin or the
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Akt inhibitor enhanced autophagy. These findings not only
add a novel concept to ganglioside-induced cell death path-
ways, but also indicate that Akt/mTOR and the ERK pathways
are two major pathways that regulate autophagy induced by
gangliosides in astrocytes. We also examined the effect of
gangliosides on these signalling pathways by Western blot
analysis, which supported our suggestions. The treatment
with gangliosides effectively decreased the level of phospho-
rylated Akt for a period of 12 h to 24 h in astrocytes as well as
for 72 h in C6 cells (data not shown). Gangliosides increased
the level of phosphorylated ERK1/2 after 24 h in astrocytes
and 72h in C6 cells (data not shown). Additionally, the
results in this study showed that gangliosides induced more
than one form of cell death (apoptosis and autophagic cell
death). This is similar to the effect of arsenic trioxide (As,O3)
on cell death of human T-lymphocytic leukaemia and the
myelodysplastic syndrome cell line (Qian et al., 2007). In that
report, As;O; treatment led to not only apoptosis but also
autophagic cell death via the up-regulation of beclin-1 in
leukaemia cells.

In this study, we demonstrated that ganglioside treatment
induced autophagic cell death of primary astrocytes in
culture. Recent studies reported autophagy of astrocytes
under different conditions. For example, tryptamine induced
autophagy in mouse HT22 and human SK-N-SH neuroblas-
toma cell lines and in primary astrocytes (Herrera et al., 2006).
However, there was a discrepancy in the results between
glioma cells and primary astrocytes in some cases. Sodium
selenite induced autophagic cell death in human glioma cells
but not in normal human astrocytes (Kim et al., 2007b).
Rotenone, thenoyltrifluoroacetone, H,0, and 2-
methoxyestradiol also induced autophagic cell death in trans-
formed and cancer cells, but failed to induce autophagic cell
death in non-transformed astrocytes (Perez-Ortiz et al., 2004;
Chen et al., 2007; Chen et al., 2008). Transformed glioma cells
appear to be more sensitive to autophagic cell death than
primary astrocytes. Currently, it is not clear why gangliosides
induced greater cell death response in primary astrocytes than
in glioma cells. Nevertheless, it should be noted that the
primary astrocytes were derived from rat brain cortex in one
of the previous reports (Perez-Ortiz et al., 2004), while, in the
present study, primary astrocytes were prepared from mouse
whole brain. Although the autophagy of glioma and cancer
cells has been widely reported, less is known about the
autophagic cell death process in normal astrocytes. Accord-
ingly, the mechanism of autophagic cell death of astrocytes
has not been thoroughly investigated. Nevertheless, in a
recent in vivo study, gangliosides have been shown to induce
autophagy in brains under B-galactosidase-deficient (B-gal™")
conditions (Takamura et al., 2008). It was reported that GM1-
gangliosidosis in B-gal”~ mouse brains enhanced autophagy
and mitochondrial alterations. In that report, mitochondrial
cytochrome ¢ oxidase activity had significantly decreased in
cultured astrocytes obtained from B-gal’~ mice (Takamura
et al., 2008). However, the autophagic cell death of astrocytes
in vivo has not been convincingly demonstrated. Gangliosides
have been also regarded as neuroprotective agents. For
example, gangliosides at low (nM and uM) concentrations
inhibited glutamate-induced free radical reactions (Avrova
etal.,, 1998). Gangliosides enhanced survival of serum-
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deprived dopaminergic neurons in culture (Leon et al., 1988)
and protected neuroblastoma cells against calcium ionophore
cytotoxicity (Nakamura et al., 1992). These previous reports
on neurons and neuroblastoma systems appear to contradict
what has been observed for astrocytes in this study. The
molecular mechanism underlying this discrepancy remains to
be determined.

Gangliosides are abundantly found in neuronal cell mem-
branes. Gangliosides could be released from damaged neu-
ronal cells to the extracellular space in injured brain. Several
studies support this possibility; the amount of gangliosides in
cerebrospinal fluid increases in patients with neurodegenera-
tive diseases and in HIV-infected brain (Blennow et al., 1991;
Gisslen et al., 1997). Under pathological states, the composi-
tion and volume of the extracellular space change, thereby
slowing down the movement of various molecules and
increasing their local concentrations at injured sites (Sykova,
2005). Thus, the concentration of gangliosides in the extra-
cellular space at injured sites can be greatly increased, up to
pug-mL™" (Jou et al., 2006). Abnormally released gangliosides
under pathological conditions may influence cell survival or
death of neurons and astrocytes. Our results have important
implications in the role of gangliosides in brain pathologies
and may provide a link between astrocyte autophagy and the
pathological role of gangliosides in brain. Astrocytes play a
key role in the maintenance of normal brain physiology and,
in many neuropathologies, and their dysfunction leads to
disruption of neuronal function (Barres and Barde, 2000;
Maragakis and Rothstein, 2006; Farina et al., 2007). Current
findings not only provide insights into ganglioside-induced
autophagic cell death pathways in astrocytes, but also suggest
the potential of gangliosides-targeted therapy for CNS
pathologies, such as neurodegenerative diseases and gliomas.
However, further studies are necessary in order to elucidate
the precise molecular mechanisms underlying the
ganglioside-induced autophagic cell death of astrocytes, as
well as to better understand how gangliosides participate in
the control of astrocyte death, in relation to neurons and
other glia cell types in brain.
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