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Abstract

GM2 ganglioside in the brain increased during ethanol-induced acute apoptotic neurodegeneration
in 7-day-old mice. A small but a significant increase observed 2 h after ethanol exposure was
followed by a marked increase around 24 h. Subcellular fractionation of the brain 24 h after
ethanol treatment indicated that GM2 increased in synaptic and non-synaptic mitochondrial
fractions as well as in a lysosome-enriched fraction characteristic to the ethanol-exposed brain.
Immunohistochemical staining of GM2 in the ethanol-treated brain showed strong punctate
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staining mainly in activated microglia, in which it partially overlapped with staining for LAMP1, a
late endosomal/lysosomal marker. Also, there was weaker neuronal staining, which partially co-
localized with complex IV, a mitochondrial marker, and was augmented in cleaved caspase-3-
positive neurons. In contrast, the control brain showed only faint and diffuse GM2 staining in
neurons. Incubation of isolated brain mitochondria with GM2 in vitro induced cytochrome c
release in a manner similar to that of GD3 ganglioside. Because ethanol is known to trigger
mitochondria-mediated apoptosis with cytochrome c release and caspase-3 activation in the 7-
day–old mouse brain, the GM2 elevation in mitochondria may be relevant to neuroapoptosis.
Subsequently, activated microglia accumulated GM2, indicating a close relationship between
GM2 and ethanol-induced neurodegeneration.

Keywords
GM2 ganglioside; ethanol; mitochondria; lysosome; activated microglia; apoptotic
neurodegeneration

Introduction
Rodents exposed to ethanol during sensitive periods of brain development manifest
neuropathological conditions comparable to those of human fetal alcohol spectrum disorders
(FASD). Specifically, ethanol triggers apoptotic neurodegeneration in the newborn rodent
brain during the period of rapid synaptogenesis that is equivalent to the last trimester of
pregnancy in humans (Ikonomidou et al. 2000; Olney et al. 2002). Such ethanol-induced
neuronal loss in rodents may partially explain the pathophysiology of FASD-like conditions
(Wozniak et al. 2004; Guerri et al. 2009; Farber et al. 2010; Wilson et al. 2011). It has been
shown that acute ethanol treatment in postnatal day 7 (P7) mice induces mitochondria-
mediated apoptosis in the brain, involving Bax activation, cytochrome c release, and
caspase-3 activation (Carloni et al. 2004; Young et al. 2003; Han et al. 2006). The caspase-3
activation, which occurs strongly 6–8 h after ethanol exposure, is followed by
neurodegeneration detected by silver staining around 16–24 h (Olney et al. 2002; Saito et al.
2007b).

We previously have demonstrated that such ethanol-induced apoptotic neurodegeneration is
accompanied by increases in brain lipids—ceramide, triglyceride, cholesterol ester, and N-
acylphosphatidylethanolamine (Saito et al. 2007a). Among them, de novo ceramide
synthesis appears to be critical for ethanol-induced apoptotic pathway because ceramide
elevation correlates with the severity of caspase-3 activation, and inhibitors of serine
palmitoyltransferase, a rate-limiting enzyme for sphingolipid synthesis, attenuated ethanol-
induced apoptosis in the P7 brain (Saito et al. 2010a). However, other ceramide metabolites
may also be involved in such ethanol-induced apoptosis. In the present study, we focused on
the effects of ethanol on gangliosides, which are synthesized from ceramide by sequential
glycosylation in the Golgi apparatus. Gangliosides, which are particularly abundant in the
nervous system, have many biological functions as antigens, mediators of cell adhesion, and
modulators of signal transduction (Ledeen and Wu 2002; Hakomori 2003). Gangliosides are
also involved in apoptotic pathways. Specifically, involvement of GD3 in CD95/Fas–
mediated apoptosis in lymphocytes has been extensively studied (Malorni et al. 2007).
Although the majority of gangliosides are found in glycosphingolipid-enriched
microdomains (lipid rafts) in the plasma membrane (Hakomori 2003), GD3 accumulates
within mitochondria of cells undergoing apoptosis (Rippo et al. 2000), and direct interaction
of GD3 with mitochondria induces cytochrome c release and caspase-3 activation (Garcia-
Ruiz et al. 2002).
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We report here that ethanol treatment in P7 mice specifically increased GM2 ganglioside in
the brain. While GM2 is normally a minor ganglioside, it is transiently elevated during a
restricted period in brain development (Zervas and Walkley 1999) and significantly elevated
in the brain in GM2 gangliosidosis and other lysosomal storage disorders such as Niemann-
Pick C disease and mucopolysaccharidoses where it shows vesicular organellar
accumulation (Constantopoulos et al. 1978; Hara et al. 1984; Zervas et al. 2001). In addition,
accumulation of GM2 has been observed in neurodegenerative diseases, such as Alzheimer
disease and Angelman-like syndrome (Piccinini et al. 2010; Stromme et al. 2011). However,
the potential relationship between GM2 accumulation and neurodegeneration has not been
elucidated. The present study indicates that GM2 accumulation in mitochondria and late
endosomes/lysosomes may be involved in ethanol-induced apoptotic neurodegeneration in
the developing brain.

Materials and Methods
Animals

C57BL/6By mice were maintained at the Animal Facility of Nathan S. Kline Institute for
Psychiatric Research. All procedures followed guidelines consistent with those developed by
the National Institute of Health and the Institutional Animal Care and Use Committee of
Nathan S. Kline Institute.

Experimental Procedure
An ethanol treatment paradigm that induces robust neurodegeneration in P7 mice (Olney et
al. 2002; Saito et al. 2007b) was followed. Each mouse in a litter was assigned to the saline
or ethanol group. The mice were injected subcutaneously with saline or ethanol (2.5 g/kg,
20% solution in sterile saline) twice at 0 h and 2 h. For experiments, which include 1 h and 2
h time points, ethanol (5.0 g/kg, 20% solution in sterile saline) was injected once. This one
time injection paradigm achieves blood ethanol levels similar to that of two time injections
described above, leading to robust apoptotic neurodegeneration (Ieraci and Herrera 2006).
Mice were kept with dams until brains were removed and processed for ganglioside
analyses, subcellular fractionation, immunohistochemical staining, and immunoblotting, as
described below. Four to ten animals were used for each data point.

Ganglioside analysis
Ganglioside analysis was performed as described previously (Saito et al. 2007a). Briefly,
brains or subcellular fractions were placed immediately in ice-cold chloroform/methanol
(1:1) solution, and kept for 3 days at 4°C for brains and for 5 min on ice for subcellular
fractions to extract total lipids. Then, the upper phase obtained by the Folch partitioning of
the total lipid fraction was applied to a C18 Sep-Pak cartridge. The ganglioside fraction
eluted by methanol was dried, dissolved in chloroform/methanol (1:1), and applied to a
high-performance thin layer chromatography (HPTLC) plate, which was developed by
chloroform/methanol/0.25% KCl (5:4:1) (Ledeen and Yu 1982). Then, the plates were
stained with an orcinol reagent. The stained HPTLC plates including a GM2 standard
purified from Tay-Sachs brains were scanned with the Odyssey infrared imaging system
(LI-COR Biosciences, Lincoln, NE, USA) and analyzed by Multi Gauge ver.2.0 (Fujifilm
USA Medical Systems, Stamford, CT, USA). Alternatively, GM2 was detected by a TLC
overlay method (Ariga and Yu 2000) using mouse monoclonal anti-GM2 antibody. The anti-
GM2 antibody, shown highly specific to this glycolipid (Natoli et al. 1986; Zervas and
Walkley 1999), was produced as a supernatant from hybridoma clone 10–11 cells (Micsenyi
et al. 2009). Anti-GM2 antibody bound to HPTLC sheets was visualized using Avidin-
Biotin Complex (ABC) reagents (Vectastain ABC Kit, Vector Labs, Burlingame, CA, USA)
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and a peroxidase substrate (DAB) kit (Vector Labs) following the manufacturer’s
instructions.

Subcellular fractionation
Mitochondria-enriched fractions were prepared from P7 brains harvested 24 h after the first
saline/ethanol injection using Percoll density gradient as described before (Rajapakse et al.
2001) except that the same Percoll gradient procedure was repeated twice. In addition, a
band with a density heavier than the expected mitochondrial band on the Percoll density
gradient was also collected. Non-synaptic and synaptic mitochondria were isolated as
described in the method of Kiebish et al. (2008) with some modifications. Major changes
were that synaptosomal and mitochondrial fractions were separated using 4/6/10% Ficoll
gradient established for the neonatal rat brain (Keelan et al. 1996), and that both synaptic
and non-synaptic mitochondria fractions were isolated from bands between 1.0 M and 1.3 M
on the sucrose density gradient instead of bands between 1.3 M and 1.6M originally
described for adult mitochondrial purification, because among four bands obtained after the
sucrose density gradient centrifugation, the band between 1.0 M and 1.3 M was most
enriched in VDAC (a mitochondrial protein) in both non-synaptic and synaptic preparations.
This finding agrees with the report by Rajapakse et al. (2001) showing that mitochondria
from the neonatal rat brain have lower density than those from the adult brain. Also, the
non-synaptic mitochondria fraction thus obtained by the sucrose gradient was further
purified by the Percoll density gradient centrifugation as described (Rajapakse et al. 2001).

Immunohistochemistry
Two to 48 hours after the first ethanol injection, mice anesthetized with an intraperitoneal
injection of 60 mg/kg sodium pentobarbital solution (3 mg/ml in sterile saline) were
perfusion-fixed with a solution containing 4% paraformaldehyde and 4% sucrose in
cacodylate buffer (pH 7.2), and the heads were further kept in the perfusion solution at 4°C
overnight. Then, brains were removed, transferred to phosphate buffered saline solution, and
kept at 4°C for 2–5 days until sectioned with a vibratome into 50 µm thick sections. The
free-floating sections were dual-immunofluorescence-labeled using primary antibodies
against GM2 (a mouse monoclonal antibody from hybridoma clone 10–11), cleaved
caspase-3 (Asp175) (Cell Signaling Technology, Danvers, MA, USA), LAMP1 (Cell
Signaling Technology), VDAC (voltage-dependent anion channel, Cell Signaling
Technology), Complex IV (Cell Signaling Technology), Iba-1 (Wako Chemicals,
Richmond, VA, USA), and secondary antibodies conjugated with Alexa Fluor 488 and
Alexa Fluor 594 (Invitrogen, Carlsbad, CA, USA) as described previously (Saito et al.
2007b) with modifications as follows. Brain sections were heated in 10 mM sodium citrate
buffer (pH 6.0) for 5 min for unmasking antigens and treated with 10% methanol in Tris-
buffered saline (TBS, pH 7.4) for 10 min and with 0.2% Tween 20 in TBS for 5 min. After
blocking in TBS with 5% bovine serum albumin (BSA) for 30 min, sections were incubated
at 4°C overnight with anti-GM2 antibody in TBS containing 2% BSA. Then, sections were
treated with another primary antibody in TBS with 2% BSA for 2 h, rinsed, and incubated
with secondary antibodies conjugated with Alexa Fluor 488 or Alexa Fluor 594 in TBS
containing 1% normal goat serum and 0.2% BSA for 1 h. All photomicrographs were taken
through a 10X, 40X, or 100X objective with a Nikon Eclipse TE2000 inverted microscope
attached to a digital camera DXM1200F.

Electron microscopy
For conventional electron microscopy (EM), isolated subcellular fractions were fixed in a
mixture of 2% glutaraldehyde and 4% paraformaldehyde in 0.1M sodium cacodylate buffer
(pH 7.2). Pellets of the fractions were post fixed in 1% osmium tetroxide and processed for
electron microscopy as described previously (Yu et al. 2005). Images were captured using
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Philips CM10 electron microscope equipped with a digital camera (Hamamatsu; model
C4742-95) using the Advantage charge-coupled device camera system software (Advanced
Microscopy Techniques).

Immunoblotting
Samples (30 µg protein each) from different subcellular fractions were boiled in SDS-
sample buffer, separated on 10% or 15% SDS-PAGE, and blotted onto nitrocellulose
membranes. The membranes were then blocked with Odyssey blocking buffer (LI-COR
Biosciences) with 0.1% Tween 20 and probed with primary antibodies against VDAC (Cell
Signaling Technology), LAMP1 (Cell Signaling Technology), β-glucosidase (Cell Signaling
Technology), cathepsin D (a kind gift from Dr. Mohan Panaiyur, Nathan Kline Institute),
Rab5 (Cell Signaling Technology), Rab7 (Cell Signaling Technology), LC3B (Cell
Signaling Technology), PSD95 (Cell Signaling Technology), flotillin (BD Transduction
laboratories, San Diego, CA, USA), BiP78 (Cell Signaling Technology), GM130 (Cell
Signaling Technology), and Na+-K+-ATPase antibody (Cell Signaling Technology), as
described previously (Saito et al. 2007a). Antigens were detected by the Odyssey infrared
imaging system using fluorescence-labeled secondary antibodies, IR dye 680 conjugated
goat anti-rabbit IgG (Invitrogen) and IR dye 800 conjugated goat anti-mouse IgG (Rockland
Immunochemicals, Gilbertsville, PA, USA). The amount of protein was measured by a BCA
method (Pierce, Rockford, IL, USA).

Cytochrome c release assay from isolated mitochondria
Mitochondria-enriched fraction (230 µg protein) was incubated for 1 h at 37°C with 300 µM
of various gangliosides [GM2 (purified from Tay-Sachs brains), GM1 (Fidia Research
Laboratories, Abano Terve, Italy), GD3 (purified from cream of bovine milk by the method
of Jennermann and Wiegandt 1994)] in 100 µl buffer containing 200 mM sucrose, 10 mM
Tris-MOPS (pH 7.4), 5 mM Tris-succinate, 1 mM Tris-phosphate, 2 µM rotenone, and 10
µM Tris-EDTA, as described by Rippo et al. (2000). The reaction mixture was centrifuged
at 15,000×g and the supernatant (S) was analyzed by immunoblotting using anti-cytochrome
c antibody (Cell Signaling Technology). Levels of VDAC in the precipitates (P) were
measured as mitochondrial loading controls.

Statistics
Values in Figures are expressed as mean ± Standard Error of Mean (SEM) obtained from 4–
10 samples. Statistical analysis of the data was performed by two-tailed Student’s t test and
ANOVA with Bonferroni’s post hoc test using the SPSS 11.0 program. A p value of <0.05
was considered significant.

Results
GM2 elevation in the brain of P7 mice exposed to ethanol

Under the ethanol-treatment conditions that induce wide-spread apoptotic neurodegeneration
within a day in the P7 brain (Olney et al. 2002; Saito et al. 2007b), the effects of ethanol on
brain gangliosides were examined. As shown in Figure 1A, the level of GM2 increased
dramatically 24 h after ethanol (EtOH) exposure, although GM2 was a minor ganglioside in
the control (Ctr) brain. The levels of major gangliosides, such as GD1a, GD1b, and GM1,
were unchanged. Time course studies of GM2 content in the brain (Figure 1B) indicated that
a small transient increase around 2 h after ethanol treatment was followed by a robust
increase around 24 h, and a smaller but a significant increase persisted 72 h after ethanol
exposure.
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Subcellular fractionation studies of GM2 distribution in the P7 brain
It has been shown that sphingolipids, such as ceramide, GD3, and GM1, increase in
mitochondria during apoptosis and are involved in the mitochondria-mediated apoptotic
pathway (Rippo et al. 2000; Birbes et al. 2002; Sano et al. 2009). Because ethanol is known
to induce mitochondria-dependent apoptosis in the P7 mouse brain, we examined whether
GM2 elevation occurs in mitochondria. The mitochondria-enriched fraction was isolated
using the Percoll gradient centrifugation according to the method of Rajapakse et al. (2001)
with a slight modification as described in Materials and Methods. In agreement with the
previous study for the P7 rat brain (Rajapakse et al. 2001), VDAC, a mitochondrial marker,
was enriched in a major band (fraction 1, Fr. 1) with the Percoll density between 12 and
26% in both control and ethanol-treated brains (Figure 2A). Protein yields of fraction 1 were
similar between control and ethanol samples: the ratio of ethanol to control samples was
1.06 ± 0.02 (mean ± SEM, n=5). In addition, a minor band (fraction 2, Fr. 2) with the Percoll
density between 26–40%, where adult brain mitochondria are known to be localized
(Rajapakse et al. 2001), was slightly enriched in VDAC and β-glucosidase (a lysosomal
marker) in the control brain. However, fraction 2 from ethanol samples, was remarkably
enriched in β-glucosidase, while the concentration of VDAC was less than that of fraction 1
(Figure 2A). Also, the protein yield of fraction 2 from ethanol samples was much higher
than that from control samples [the ratio of ethanol to control: 3.61 ± 0.08 (mean ± SEM,
n=5)]. In agreement with these subcellular marker studies, electron microscopic examination
(Figure 2B) indicated that fraction 1 from both control and ethanol-treated brains and
fraction 2 from control brains were enriched in mitochondria, although mitochondria
isolated from ethanol-treated brains appeared to be damaged. In contrast, fraction 2 from
ethanol-treated brains was enriched in large lysosome-like structures filled with
membranous and vesicular inclusions. As shown in Figure 2C, fraction 2 from ethanol-
treated brain was also enriched in other lysosomal markers, LAMP1 and cathepsin D. Levels
of LC3B (an autophagosome marker), and PSD95 (a synaptic marker) were lower than, and
levels of Rab5 (an early endosomal marker), Rab7 (a late endosomal marker), and flotillin (a
lipid raft marker) were similar to those of total homogenates.

Next, we examined ganglioside patterns of fraction 1 and 2 from the control and ethanol-
exposed brain. Figure 2D shows a HPTLC pattern of gangliosides isolated from each
fraction, using 270 µg, 297 µg, 30 µg, and 110 µg protein for Fr. 1 (Ctr), Fr. 1 (EtOH), Fr. 2
(Ctr), and Fr. 2 (EtOH), respectively. The result indicates that GM2 was highly accumulated
in both fraction 1 and fraction 2 from ethanol-treated brains. GM2, a minor ganglioside in
the total brain (Figure 1A), was the most abundant in these fractions. As shown in Figure
2E, amounts of GM2 in total homogenate, fraction 1, and fraction 2 of ethanol-treated brains
were 164.1±13.3, 563.3±95.6, and 5,997±913 (mean ± SEM) ng/mg protein, respectively,
while GM2 in fraction 1 and 2 of control brains was undetectable. There were slight
increases in other gangliosides in these fractions. The order of increases,
GM2>GM1>GD1a, in fraction 2 (lysosome-like structure) may indicate GM2 as a
degradation product of higher glycosylated gangliosides, while the ganglioside pattern of
fraction 1, which was similar to that of the whole brain except for the enrichment in GM2,
may suggest minor contamination of membrane fractions, such as lipid rafts, in fraction 1 of
ethanol samples.

These results indicate that ethanol-induced accumulation of GM2 occurred in a
mitochondria-enriched fraction as well as in a late endosome/lysosome-enriched fraction.
The large lysosome-like structures with membranous and vesicular inclusions in the latter
fraction appeared to be specifically increased by ethanol treatment (Figure 2D), although
amounts of lysosomal proteins in total brain homogenates were not significantly different
between saline- and ethanol-treated brains: ratios of ethanol samples divided by control
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samples were 1.05±0.13, 1.23±0.07, and 1.19±0.07 for LAMP1, β-glucosidase, and
cathepsin D, respectively.

It was noticed that fraction 1, although enriched in mitochondria, contained low levels of
maker proteins for synaptosomes and lysosomes (data not shown). Therefore, synaptic and
non-synaptic mitochondria fractions were purified more rigorously using a method of
Kiebish et al. (2008) with modification as described in Figure 3. The mitochondrial fractions
thus purified showed little contamination from other subcellular organelle markers: BiP78
(endoplasmic reticulum), GM130 (Golgi apparatus), Na+-K+-ATPase (plasma membrane),
PSD95 (synaptic membrane), and β-glucosidase (lysosome) (Figure 4A). As shown in
Figure 4B, GM2 also increased in these purified synaptic and non-synaptic mitochondrial
fractions from ethanol-treated brains, although the possible cross-contamination between
these two fractions cannot be excluded. There was no increase in GM2 in the synaptic
membrane. The ethanol-induced GM2 elevation in mitochondrial fractions was also detected
by a TLC overlay method using a mouse monoclonal anti-GM2 antibody (Figure 4C).

Immunohistochemical studies indicating GM2 accumulation in microglia
Ethanol-induced elevation in GM2 expression in the P7 brain was also demonstrated by
immunofluorescence labeling of brain sections using anti-GM2 antibody. One day after
ethanol exposure, GM2 staining was observed throughout the ethanol-treated brain while the
staining was hardly detected in the control brain (Figures 5A, B). GM2 staining was
particularly strong in the cingulum and the cingulate/retrosplenial cortex regions. Figure 5A
shows the cingulate cortex region. Although some staining was observed in neurons as
judged by morphology, aggregates of punctate GM2 staining were generally overlapped
with microglia recognized by anti-Iba-1 antibody (Figure 5B). These microglia containing
GM2 appeared to be activated morphologically in comparison to the microglia in control
brains (Figure 5B), which had smaller cell bodies and thinner processes, resembling the
primitive ramified microglia (Kadowaki et al. 2007). Our previous studies (Saito et al.
2010b) have shown that 4 h after ethanol exposure, microglia exhibited thicker processes,
and 16–24 h after ethanol exposure, cells became brain macrophage-like with a few short
processes and appeared to engulf degenerating neurons. Figure 5C indicates that localization
of GM2 in microglia also occurred strongly 24 h after ethanol treatment. However, GM2
was hardly detected in the microglia that morphologically appeared to be resting microglia
and became predominant around 48 h after ethanol treatment, while some punctate GM2
staining was still observed outside of the microglia. Figure 6A indicates that, 24 h after
ethanol treatment, GM2 in microglia was partially co-localized with LAMP1, a lysosomal/
phagosomal/late endosomal marker. This observation, combined with results shown in
Figure 2, suggest that GM2 was localized in late endosomes/phagolysosomes in the
activated microglia. Also, some of the aggregates of GM2 staining were partially co-
localized with VDAC, a mitochondrial protein (Figure 6B). Based on analyses of isolated
subcellular fractions (Figures 2, 4), GM2 was probably present in both mitochondria and
lysosomes/late endosomes/phagolysosomes fractions.

GM2 elevation in activated caspase-3 positive neurons and subcellular localization of
neuronal GM2

Eight hours after ethanol exposure, when neuronal caspase-3 activation is maximum (Olney
et al. 2002; Saito et al. 2007b) and phagocytic microglia are still few (Saito et al. 2010b),
GM2 staining observed was mostly in neurons judged by the morphology (Figures 7A,B).
As shown in Figure 7A, the intensity of GM2 staining increased in some of the cleaved
(activated) caspase-3 (CC3)-positive cells. These apoptotic cells are likely to be neurons
because our previous studies have demonstrated that ethanol-induced caspase-3 activation in
the P7 mouse brain occurs mostly in neurons (Saito et al. 2007b). Enhanced GM2 staining
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was also observed in some neurons 2 h after ethanol treatment (Figure 7B). Such enhanced
GM2 staining observed 2 h and 8 h after ethanol treatment was partially co-localized with
complex IV (Cox IV), a mitochondrial marker (Figure 7B). Also, partial co-localization of
GM2 with LAMP1 staining was observed in some neurons that showed enhanced GM2
expression (Figure 7B).

GM2-induced cytochrome c release from isolated mitochondria
The above studies indicating the elevation of GM2 in apoptotic neurons and the partial
localization of GM2 in mitochondria raise the possibility that GM2 in mitochondria may be
involved in ethanol-induced apoptosis. Using mitochondria isolated from P7 mouse brains
by the method of Rajapakse et al. (2001) (Fraction 1 in Figure 2A), the effects of GM2 on
cytochrome c release from mitochondria were tested using the conditions described by
Rippo et al. (2000). As shown in Figure 8A, fraction 1 was incubated with GM2, GM1,
GD3, or the combination of these gangliosides. After 1 h incubation at 37°C, the reaction
mixture was centrifuged, and the release of cytochrome c into the supernatant (S) was
analyzed by Western blots. The amounts of mitochondria in the precipitate (P) were similar
judged by the levels of VDAC. Figure 8B shows quantitative results obtained from four sets
of Western blots. Results indicate that GM2 induced cytochrome c release from
mitochondria. Also, GD3 induced cytochrome c release in agreement with previous studies
(Scorrano et al. 1999; Rippo et al. 2000; Inoki et al. 2000; Garcia-Ruiz et al. 2002; Malorni
et al. 2007). While GM1 itself did not induce significant changes, it inhibited cytochrome c
release triggered by GM2 but not by GD3 (Figure 8B). Thus, our experiments suggest that
GM2 elevation in mitochondria by ethanol induces cytochrome c release from mitochondria.

Discussion
The present study demonstrated that ethanol exposure in P7 mice, which induces robust
neurodegeneration, simultaneously increased GM2 ganglioside in the brain (Figure 1). The
elevation of GM2 was observed initially in apoptotic neurons (Figure 7) and later in
activated microglia (Figure 5). Collective results suggested that GM2 was present in both
mitochondria and lysosomes/phagolysosomes in neurons and activated microglia in the
ethanol-exposed brain, although GM2 expression was stronger in activated microglia than
that in neurons. Combined with in vitro experiments indicating GM2-induced cytochrome c
release from isolated mitochondria (Figure 8), the involvement of GM2 in ethanol-induced
apoptotic neurodegeneration was implicated.

Although GM2 was very low in the normal brain compared to more complex gangliosides,
such as GD1a and GT1b, ethanol specifically increased the level of GM2 in the P7 mouse
brain (Figure 1A). The accumulation of GM2 has been also reported in several
neurodegenerative diseases (Constantopoulos et al. 1978; Hara et al. 1984; Zervas et al. 200;
Piccinini et al. 2010; Stromme et al. 2011). Although roles of the accumulated GM2 are
largely unknown, neuroapoptosis is observed in GM2 gangliosidosis that accumulates high
levels of GM2 in the brain (Huang et al. 1997), and the reduction in brain levels of GM2
appears to delay the onset of neurological dysfunction in Sandhoff disease and Niemann-
Pick disease (Jeyakumar et al. 1999; Zervas et al. 2001). Also, GM2 may cause neurological
dysfunction through ectopic dendrites formation observed in several neuronal storage
diseases (Walkley 2003). Ethanol-induced GM2 elevation observed in our present study
may be relevant to the accumulation of GM2 in these diseases, although ethanol triggers
acute neurodegeneration in contrast to the chronic nature of these diseases.

Our study indicated that ethanol-induced robust elevation in GM2 occurred in activated
microglia 24 h after ethanol treatment (Figure 5C). Activated microglia are known for
playing a role in phagocytic clearance of dead neurons/apoptotic bodies (Stolzing and Grune
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2004; Sokolowski and Mandell 2011). It is highly probable that GM2 derived from
phagocytosed degenerating neurons accumulates in lysosomes/phagosomes of activated
microglia, because: 1) strong GM2 staining was localized in activated microglia 24 h after
ethanol exposure (Figure 5C), when robust neurodegeneration is observed by silver staining
(Olney et al. 2002; Saito et al. 2007a), and activated microglia are vigorously engulfing
degenerating neurons (Saito et al. 2010b), 2) GM2 was co-localized with LAMP1, a late
endosomal/lysosome/phagolysosome marker, in microglia (Figure 6), 3) subcellular
fractionation studies indicated that 24 h after ethanol exposure GM2 was highly
accumulated in a lysosome-enriched fraction, which was predominantly found in ethanol-
treated brains (Figure 2), and 4) resting microglia (identified by the morphology) did not
show GM2 accumulation (Figure 5C). The accumulated GM2 in microglia may be derived
from GM2 increased in apoptotic neurons (Figure 7) and also from higher glycosylated
gangliosides (GD1a, GT1b, etc.) abundant in these neurons. However, the possibility that
activated microglia produce GM2 by do novo synthesis or as a metabolite of their own
gangliosides cannot be ruled out. Although GM2 was not detected in seemingly resting
microglia 48 h after ethanol treatment (Figure 5C), GM2 staining was still observed outside
of microglia. The localization of such GM2 staining remains to be elucidated. The cause of
accumulation of GM2 in microglia is unclear. In lysosomal storage diseases such as
Sandhoff disease and Niemann-Pick disease, it has been indicated that accumulated GM2 in
neurons are localized mainly in lysosomes/late endosomes because of defective lysosomal
degradation and/or defective trafficking of gangliosides from endosomes to the Golgi
apparatus (Marks and Pagano 2002; Vitner et al. 2010) or from late endosomes to lysosomes
(Tancini et al. 2009; Lloyd-Evans and Platt 2010). Ethanol has been shown to induce
perturbation in endocytic processes of sphingolipids (Tomas et al. 2004; Ravasi et al. 2002),
which may be related to the observed GM2 accumulation in a late endosome/lysosome/
phagolysosome fraction of the brain. Such accumulated GM2 may affect microglial cell fate
and the related inflammatory processes, because GM2 is known to promote T cell apoptosis
and to lead to immune dysfunction (Molotkovskaya et al. 2000; Biswas et al. 2009).

In addition to GM2 accumulation in microglia, GM2 immunoreactivity was increased in
neurons (and possibly in other cell types). Activated caspase-3 positive neurons showed
particularly higher expression of GM2 (Figure 7A). Such GM2 appears to be partially
localized in mitochondria as well as in lysosomes/late endosomes (Figure 7B). However, co-
localization of GM2 with these organelles in neurons remains to be confirmed using
different methods, such as immunoelectron microscopy. Although subcellular fractionation
studies at 24 h after ethanol treatment indicated that GM2 was enriched in mitochondria and
lysosomes/late endosomes (Figures 2, 4), similar studies using brains taken at earlier time
points (within 8 h), when activated microglia are still few (Saito et al. 2010b), may be
necessary to examine neuronal subcellular localization of GM2. Relevant here as well are
our previous studies showing that ethanol induces GM2 elevation in cultured neurons (Saito
et al. 2005). The subcellular localization studies of the increased GM2 in these neurons may
be important.

Ethanol-induced elevation of neuronal GM2 in the P7 brain at early time points may be
caused by enhanced GM2 synthesis, because ethanol increases lipogenesis and de novo
ceramide synthesis (Saito et al. 2005, 2007a, 2010a). The preferential increase in GM2
among various neuronal gangliosides may be caused by perturbed glycosyltransferase
activities and/or fatty acid compositions caused by ethanol treatment (Duffy et al. 1991;
Berrettini et al. 2004; Garige et al. 2006). Also, it is possible that GM2 accumulates as
degradative products in endosomal systems due to perturbed endocytic and sorting processes
of sphingolipids by ethanol (Ravasi et al. 2002; Tomas et al. 2004). Finally, GM2 would be
transported to mitochondria from other subcellular organelles, such as the Golgi network,
endosomal systems, and lipid rafts, which may slow down its synthetic or degradative
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processing. While most of the gangliosides are localized in lipid rafts, trafficking of
gangliosides and their subcellular localization can be altered under cellular stress/
pathological conditions. For example, in an animal model of GM1 gangliosidosis, GM1,
which is primarily accumulated in lysosomes, is also elevated in the lipid rafts of
mitochondria-associated ER membranes (MAM), causing mitochondria-mediated apoptosis
in neuronal cells (Sano et al. 2009). Also, an intracellular movement of gangliosides toward
mitochondria is observed during apoptosis triggered by the activation of death receptors
(Rippo et al. 2000), and direct interaction of GD3 with mitochondria induces cytochrome c
release and caspase-3 activation (Garcia-Ruiz et al. 2002). Our in vitro mitochondrial studies
indicated that GM2 as well as GD3 increased cytochrome c release from mitochondria
isolated from P7 mouse brains (Fig. 8). It has been shown that ethanol-induced
neurodegeneration in the developing brain involves mitochondria-mediated apoptosis that is
associated with cytochrome c release and caspase-3 activation (Olney et al. 2002; Young et
al. 2003). Therefore, GM2 elevation in mitochondria and the enhanced cytochrome c release
from mitochondria by GM2 suggest the involvement of GM2 in ethanol-induced
mitochondrial apoptosis. Although GD3 may also be involved, ethanol hardly increased
GD3 in the mitochondrial fraction (Figure 2). In contrast to our results, Inoki et al. (2000)
have reported that monosialogangliosides including GM2 do not induce cytochrome c
release from isolated adult rat liver mitochondria, while disialogangliosides including GD3
induce cytochrome c release. Such discrepancy may be caused by differences in
experimental conditions used in these studies, such as differences in the origins of isolated
mitochondria and the concentrations of gangliosides. For example, developmental stages of
isolated mitochondria may influence the results, because mitochondria in the neonatal brain
show unique characteristics, such as higher Ca2+ storage capacity, compared to those in the
adult brain (Schonfeld and Reiser 2007; Novgorodov et al. 2011). Interestingly, GM1, which
attenuates ethanol-induced apoptosis in the P7 mouse brain (Saito et al. 2007b) and in
cultured neurons (Saito et al. 1999), inhibited cytochrome c release induced by GM2 (Figure
8). Combined with our previous studies indicating a role of ceramide in ethanol-induced
neuroapoptosis (Saito et al. 2010a) and the protective effect of GM1 against the apoptosis
(Saito et al. 1999, 2007b), the present study, suggesting the involvement of GM2 in this
process, implies that the balance of these sphingolipids in cells, specifically in mitochondria,
may be an important factor in determining cell death versus survival.

Abbreviations

FASD fetal alcohol spectrum disorders

P7 postnatal day 7

HPTLC high-performance thin layer chromatography

VDAC voltage-dependent anion channel
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Figure 1.
Elevation of GM2 ganglioside in the P7 mouse brain exposed to ethanol. A: Gangliosides
isolated from the brain of mice sacrificed 24 h after the saline (Ctr) or ethanol (EtOH, 5.0
mg/kg, once) injection were analyzed on HPTLC. In a representative picture shown here,
gangliosides from 20 mg (wet weight) brain samples were separated in each lane. B:
Gangliosides isolated from mice sacrificed 1 to 72 h after saline (Ctr) or ethanol (EtOH, 5.0
g/kg, once) injection were separated by HPTLC as shown in A and quantified as described
in Materials and Methods. Values, presented as ng/mg wet weight, are mean ± SEM for four
to six animals. *Significantly (P< 0.001) different between the ethanol and control groups by
Student’s t-test after Bonferroni’s correction.
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Figure 2.
GM2 in mitochondria-enriched and lysosome-enriched fractions. A: Homogenates of P7
mouse brains taken 24 h after saline or ethanol treatment were fractionated on Percoll
density gradient as described in Materials and Methods. Total homogenate (total), fraction 1
(Fr. 1), and fraction 2 (Fr. 2) (30 µg protein each) were analyzed by immunoblots using anti-
VDAC and anti-β-glucosidase antibody. B: Fr. 1 and Fr. 2 isolated from control and ethanol-
treated brains were examined by electron microscopy. The bar indicates 500 nm. C: The cell
organelle marker distribution was further analyzed for Fr. 2 from the ethanol-treated brain
using markers for lysosome (LAMP1, cathepsin D), early endosome (Rab5), late endosome
(Rab7), autophagosome (LC3B), synaptic marker (PSD95), and lipid rafts (flotillin). 50 µg
protein for total homogenate and 20 µg protein for Fr. 2 were analyzed. D: Gangliosides of
Fr.1 and Fr. 2 isolated from control (Ctr) and ethanol (EtOH) brains were analyzed by
HPTLC. The protein amounts used for Fr. 1 (Ctr), Fr. 1 (EtOH), Fr. 2 (Ctr), and Fr. 2
(EtOH) were 270 µg, 297 µg, 30 µg, and 110 µg, respectively. E: Levels of GM2 (mean ±
SEM, ng/mg protein) in homogenates, Fr. 1, and Fr. 2 from the ethanol-treated brain were
quantified using four sets of HPTLC analyses, such as the one shown in D.
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Figure 3.
Protocol for isolation of synaptic and non-synaptic mitochondria from the P7 mouse brain.
Synaptic and non-synaptic mitochondria were isolated from the P7 mouse brain using the
method of Kiebish et al. (2008) with modification as described in Materials and Methods.
Major changes were: 1) synaptosomal and mitochondrial fractions were separated using
4/6/10% Ficoll gradient, 2) both synaptic and non-synaptic mitochondria were isolated from
the interface of 1.0 M and 1.3 M sucrose gradient, and 3) non-synaptic mitochondria fraction
was further purified using the Percoll gradient as described in Materials and Methods.
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Figure 4.
Elevation of GM2 in purified mitochondria from the ethanol-treated brain. A: Distribution
of subcellular organelle markers in several fractions including purified non-synaptic and
synaptic mitochondria, synaptic membranes, and microsomes was analyzed by
immunoblots. 30 µg protein was loaded in each lane. B: Amounts of GM2 were measured in
total homogenate, purified synaptic and non-synaptic mitochondria, and synaptic
membranes from control and ethanol-treated brains as described in Materials and Methods.
Values, presented as ng/mg protein, are mean ± SEM for 4 samples. *Ethanol significantly
increased the amounts of GM2 in homogenate (p=0.0003), synaptic mitochondria
(p=0.0013), and non-synaptic mitochondria (p=0.0025), when assessed by Student’s t-test.
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C: GM2 in homogenate and purified mitochondria fractions from control (Ctr) and ethanol
(EtOH)-treated brains were analyzed by TLC overlay method as described in Materials and
Methods. Each fraction containing 100 µg protein was loaded on HPTLC.
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Figure 5.
GM2 expression in microglia in the ethanol-treated brain. A: One day after saline (Ctr) or
ethanol (EtOH) treatment, brains were perfusion-fixed, and the coronal sections were
immunostained using anti-GM2 antibody. The representative image shows the cingulate
cortex region. The bar indicates 200 µm. B: Brain sections described in A were dual-labeled
using anti-GM2 antibody and anti-Iba-1 antibody. The bar indicates 20 µm. C: Brains were
perfusion-fixed 8 h, 24 h, 36 h, and 48 h after ethanol treatment, and the sections were dual-
labeled using anti-GM2 antibody and anti-Iba-1 antibody. The bar indicates 20 µm.
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Figure 6.
Partial co-localization of GM2/LAMP1 and GM2/VDAC. Brains were perfusion-fixed 24 h
after ethanol treatment, and the sections were dual-labeled with anti-GM2 antibody and anti-
LAMP1 antibody (A) or dual-labeled with anti-GM2 antibody and anti-VDAC antibody (B).
40X and 100X objectives were used for the left panel and the right panel, respectively. The
bar in the left panel indicates 20 µm, and the bar in the right panel indicates 10 µm.

Saito et al. Page 20

J Neurochem. Author manuscript; available in PMC 2013 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7.
Enhanced GM2 expression in neurons. A: Brains were perfusion-fixed 8 h after ethanol
treatment, and the sections were dual-labeled with anti-GM2 antibody and anti-cleaved
caspase-3 (CC3) antibody. The bar indicates 20 µm. B: Brains were perfusion-fixed 2 h and
8 h after ethanol treatment, and the sections were dual-labeled with anti-GM2 antibody and
anti-complex IV (CoxIV) antibody, or dual-labeled with anti-GM2 antibody and anti-
LAMP1 antibody. The bar indicates 10 µm.
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Figure 8.
The effects of GM2 on cytochrome c release from isolated mitochondria. Mitochondria-
enriched fraction isolated from P7 mouse brain was incubated with GM2, GM1, GD3 or the
combination of these gangliosides as described in Materials and Methods. After the reaction,
the reaction mixture was centrifuged and the supernatant (S) was analyzed by
immunoblotting using anti-cytochrome c antibody. Levels of VDAC in the precipitates (P)
were measured as mitochondrial loading controls. A: A representative Western blot shows
the effects of GM2 (300 µM), GM1 (300 µM), GD3 (300 µM), GD3(x2) (600 µM),
GM2+GM1 (300 µM each), GM2+GD3 (300 µM each), and GD3+GM1 (300 µM each) on
cytochrome c release from mitochondria. B: Levels of released cytochrome c were
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quantified using four sets of Western blots. Values, presented as the ratio of the ganglioside-
treated sample to the control sample, are mean ± SEM. *Significantly different from the
control, and #significantly different from GM2-treated samples by ANOVA with
Bonferroni’s post hoc test.
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