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Summary
Mitochondria-associated ER membranes or MAMs define the sites of endoplasmic reticulum/
mitochondria juxtaposition that control Ca2+ flux between these organelles. We found that in a mouse
model of the human lysosomal storage disease GM1-gangliosidosis, GM1-ganglioside accumulates
in the glycosphingolipid-enriched microdomain (GEM) fractions of MAMs, where it interacts with
the phosphorylated form of IP3 receptor-1, influencing the activity of this channel. Ca2+ depleted
from the ER is then taken up by the mitochondria, leading to Ca2+ overload in this organelle. The
latter induces mitochondrial membrane permeabilization (MMP), opening of the permeability
transition pore and activation of the mitochondrial apoptotic pathway. This study identifies the GEMs
as the sites of Ca2+ diffusion between the ER and the mitochondria. We propose a new mechanism
of Ca2+-mediated apoptotic signalling, whereby GM1 accumulation at the GEMs alters Ca2+

dynamics and acts as a molecular effector of both ER stress–induced and mitochondria-mediated
apoptosis of neuronal cells.

Introduction
Maintenance of physiological levels of intracellular Ca2+ depends on the hierarchic interactions
between plasma membrane pathways, mediating import and release of Ca2+, and the action of
several intracellular organelles, which serve to store and discharge Ca2+ in response to a variety
of cellular cues. The membrane systems involved in this process depend on the action of
specific protein complexes as well as lipids, including glycosphingolipids (GSLs) (Garcia-Ruiz
et al., 2000; Garofalo et al., 2005; Rostovtseva et al., 2006). Within this homeostatic network,
mitochondria serve as physiological buffers of intracellular Ca2+, whose concentration needs
to be tightly regulated for cell survival (Pozzan et al., 2000; Bernardi et al., 2001; Ishii et al.,
2006).

A subset of mitochondria is found in close apposition to the endoplasmic reticulum (ER), at
the opening of the inositol 1,4,5-triphosphate (IP3)-sensitive Ca2+ channel. These sites form
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membrane microdomains of high Ca2+ concentration, the mitochondria-associated ER
membranes or MAMs (Rizzuto et al., 1993). Specific ER and mitochondrial proteins co-
localize in the MAMs. These include the IP3R at the ER face of the MAMs, the molecular
chaperone glucose-regulated-protein 75 (grp75), which bridges the IP3R-1 with voltage-
dependent anion channel (VDAC-1) of the outer mitochondrial membrane (OMM), Sigma-1
receptor, calreticulin, mitofusin 2 (MFN2) and PACS-2 (Simmen et al., 2005; Szabadkai et al.,
2006; Hayashi et al., 2007; de Brito et al., 2008). One of the functions of the MAMs is to ensure
that Ca2+ waves dissipate from neighboring to distant mitochondria; disruption of this network
blocks Ca2+ trafficking along these organelles (Rapizzi et al., 2002; Rizzuto et al., 2006).

Although the molecular mechanisms that link aberrant levels of mitochondrial Ca2+ with
apoptosis are still not fully understood, it is becoming generally accepted that altered
intracellular Ca2+ concentration results in mitochondrial collapse and apoptosis via
mitochondrial membrane permeabilization (MMP) and opening of the permeability transition
pore (PTP) (Bathori et al., 2006; Kroemer et al., 2007). Along with ensuing morphological and
functional changes in mitochondria, the persistent opening of the PTP causes the release of
apoptogenic factors (e.g. cytochrome c) and activation of the mitochondrial apoptotic cascade.
Molecularly, the PTP is likely a multiprotein complex that transverses the intermembrane
space, integrating mitochondrial responses to a number of cellular signals [e.g. Ca2+ and
reactive oxygen species (ROS)] (Giorgio et al., 2005; Petronilli et al., 1994). Although the
molecular nature of the principal components of this pore remains unknown (Leung et al.,
2008), both biochemical and genetic studies have demonstrated that mitochondrial cyclophilin
D (CyP-D) is a key regulator of PTP opening (Bernardi et al., 2006).

GM1-ganglioside (GM1) is one of the sialic acid-containing glycosphingolipids (GSLs), which
is highly abundant in neuronal membranes and has been shown to modulate intracellular
Ca2+ flux (d'Azzo et al., 2006, Wu et al., 2007). In the neurodegenerative storage disorder
GM1-gangliosidosis deficiency of lysosomal β-galactosidase (β-gal) leads to impaired
degradation of GM1 (Suzuki and Namba, 2001). The disease brings patients to a vegetative
stage and in most cases to premature death (Suzuki and Namba, 2001). The pathogenesis of
GM1-gangliosidosis is most likely caused by the massive and progressive increase of GM1 in
cells (d'Azzo et al., 2006), particularly neuronal cells, albeit a full understanding of the
downstream effects of GM1 accumulation is yet to be elucidated. We previously demonstrated
that in β-gal−/− mice excessive buildup of GM1 at the ER membranes initiates neuronal
apoptosis by depleting ER Ca2+ stores and activating an unfolded protein response (UPR)
(Hahn et al., 1997; Tessitore et al., 2004).

Given the proximity of ER and mitochondria at the MAMs, we reasoned that changes in the
local concentration of GM1 could occur specifically at these sites and in turn engage the
mitochondria in a Ca2+-dependent apoptotic process. Here we identify the GSL-enriched
microdomains (GEMs), within the MAMs, as the sites where GM1 accumulates and influences
Ca2+ flux between the ER and the mitochondria. This study puts forward a new mechanism of
Ca2+-mediated apoptotic signalling, where a lipid rather than a protein acts as a molecular
effector of both ER stress–induced and mitochondria-mediated apoptosis.

Results
GM1 Accumulates in GSL- Enriched Fractions of the MAMs in β-gal−/− brain

We first tested for the presence of GM1 in mitochondrial preparations isolated from β-gal−/−

and β-gal+/+ mouse brains using a discontinuous sucrose gradient (Figures 1A and S1A).
Accumulation of GM1 in these preparations was already apparent in 5-day-old β-gal−/− mice
and increased with age. These crude mitochondrial preparations were further fractionated on
a Percoll gradient to obtain a heavy fraction consisting of purified mitochondria (Mito P) and
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a light fraction containing the MAMs (Vance et al.,1990). The MAMs were highly enriched
for FACL4, a bona fide component of these microdomains while the Mito P were positive for
TOMM20, an OMM marker, and devoid of FACL4 and the ER marker calreticulin (Figures
1B and 1C). The close apposition between ER and mitochondrial membranes at the MAMs
explained the presence of also calreticulin in these preparations (Mannella et al., 1998) (Figure
1C). However, the densitometric ratio of ER and mitochondrial markers in β-gal−/− MAMs
was significantly higher than that of the corresponding wild-type MAMs, suggesting increased
ER content in the former samples (Figure 1E). These results were in line with the ultrastructural
analyses of crude mitochondria isolated from β-gal−/− brains that showed more juxtaposed ER
vesicles than mitochondria isolated from wild-type brains (Figures 1H and 1F). The MAMs
were further extracted with Triton X-100 to obtain the GEMs. These microdomains, which
contain components of lipid rafts and/or caveolae (Smida et al., 2007), were caveolin-1+ (Figure
1D). Thin layer chromatography (TLC) of total lipid extracts from MAM subfractions (MAMs,
GEMs and Triton-extracted MAMs) showed that GM1 was higher in β-gal−/− MAMs than in
wild-type MAMs and was particularly abundant in the GEMs (Figures 1G and S1B). The
presence of small amounts of GM1 in β-gal+/+ GEMs suggests that this lipid is a normal
constituent of both ER and mitochondrial membranes (Figures 1G and S1B).

GM1 Accumulation in the GEMs Affects the Levels of IP3R-1, VDAC-1 and Grp75
Proteomic analyses of MAMs and GEMs revealed the presence of IP3R-1 in β-gal+/+ and β-
gal−/− fractions (data not shown). We therefore compared total and phosphorylated IP3R-1 (P-
IP3R-1) levels in GEMs from both preparations; P–IP3R-1, but not total-IP3R-1, was higher
in β-gal−/− GEMs (Figures 2A and 2B). This difference was not apparent when total brain
lysates were used (Figure 2C). These results suggest a preferential distribution of P–IP3R-1
and GM1 in the GEMs. Furthermore, GM1 and P–IP3R-1 coimmunoprecipitated from β-
gal−/− cerebellum and cortex lysates (Figure 2C), indicating a functional in vivo interaction
between these molecules. Together these findings suggest that accumulation of GM1 favors
the formation of contact sites between the ER and the mitochondrial membranes. This
configuration may promote the clustering of an active receptor in the GEMs, and in turn
increase the channel pore size, giving rise to a larger Ca2+ conductance (Haug et al., 1999;
Nakade et al., 1994; Rahman et al., 2009).

Within the MAMs, the IP3R-1 at the ER side interacts with VDAC-1 at the mitochondrial side
via the molecular chaperone grp75, thereby facilitating mitochondrial buffering of Ca2+

released from the ER (Szabadkai et al., 2006). VDAC-1 and grp75 levels increased in parallel
to P–IP3R-1 in GEMs from β-gal−/− brains; however, they were not elevated in MAMs (Figures
2D and 2E). It is therefore conceivable that GEMs within MAMs, function as specific Ca2+-
transfer subdomains. These features were predictive of mitochondrial Ca2+ imbalance after
Ca2+ release from the ER.

GM1 Accumulation in the GEMs Alters Mitochondrial Ca2+ Homeostasis
We first observed overt changes in mitochondrial shape, a phenomenon consequential to
disturbance of mitochondrial Ca2+ concentration ([Ca2+]m) (Suen et al., 2008). In GM1-
accumulating MEFs and neurospheres, more than 90% of the mitochondria lost their classic
elongated form and appeared more rounded, and redistributed around the nuclei (Figures S2A,
S2B and S2C). Next, we measured [Ca2+]m by using live fluorescence confocal imaging of
individual mitochondria in β-gal−/−, β-gal+/+, and GM1-loaded β-gal+/+ mouse embryonic
fibroblasts (MEFs) probed with the mitochondrial-targeted ratiometric probe, pericam (Nagai
et al., 2001). Treatment with the IP3R-inducer histamine provoked a sharp rise in [Ca2+]m,
which was significantly more prominent in GM1-accumulating cells than in wild-type cells
(Figure 3A).
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To determine whether the alteration of [Ca2+]m is due to GM1 accumulation in the MAMs/
GEMs, we used the circular oligosaccharide methyl β-cyclodextrin (MBCD), known to extract
cholesterol and possibly other lipids from lipid rafts, to inhibit MAM/GEM formation. We
predicted that this compound, by interfering with the lipid content of the MAMs/GEMs, would
also disrupt their integrity, favouring the disassembly of mitochondria-ER contact points. We
found that MBCD efficiently extracted GM1 from our MAM preparations (Figure 3B). Most
importantly, treatment of GM1-accumulating cells with MBCD restored [Ca2+]m to levels close
to normal (Figure 3A). The latter was accompanied by a gradual reduction in the total number
of Annexin V+ β-gal−/− cells that was proportional to the concentration of MBCD used (Figure
3G). This compound had no effect on wild-type cells.

To further prove that the apoptotic process in the GM1-accumulating cells is linked to the
presence of GM1 at the MAMs/GEMs, we specifically disengaged the ER-mitochondria
attachment sites by silencing MFN2, whose function is to tether these organelles at the MAMs
(de Brito et al., 2008). Using an ‘on-target’ siRNA pool against the murine MFN2 mRNA we
could reduce MFN2 expression by ∼40% in both β-gal+/+ an β-gal−/− MEFs (Figures 3C, 3D,
S3A and S3B). MFN2 silencing had no effect on the number of Annexin V+ β-gal+/+ cells but
effectively blocked apoptosis in GM1-accumulating cells (Figure 3G). Lastly, to validate the
role of IP3R-1 in the abnormal Ca2+ transfer from the ER to the mitochondria we tested the
effects of down-regulated expression of this receptor in our cell system. Silencing of IP3R-1
(Figures 3E, 3F, S3C and S3D) significantly diminished the number of Annexin V+ β-gal−/−

cells. Overall, these findings support the idea that GM1 accumulation in the MAMs/GEMs is
the primary cause of IP3R-1-mediated mitochondrial Ca2+ overload and cell death.

GM1 Dissipates the Mitochondrial Transmembrane Potential
The uptake of Ca2+ by the mitochondria strictly requires the existence of an electrical potential
across mitochondrial membranes and accumulation of Ca2+ in the matrix leads to opening of
the PTP and dissipation of the mitochondrial membrane potential (ΔΨm) (Bernardi et al.,
2006). We therefore tested whether depolarization occurred in cells accumulating GM1 by
using the cationic dye, tetramethyl-rhodamine methyl ester (TMRM). Live confocal imaging
of TMRM fluorescence was performed in individual mitochondria of β-gal−/−, β-gal+/+, and
GM1-loaded β-gal+/+ MEFs. A pulse of histamine substantially decreased the ΔΨm specifically
in β-gal−/− and GM1-loaded β-gal+/+ cells, suggesting a causative effect of GM1 levels on
ΔΨm dissipation (Figure 4A). Treatment with carbonyl cyanide m-chlorophenyl hydrazone
(CCCP) completely depolarized the mitochondria in both cell types (Figure 4A).

We next tested the PTP status in our cell system by using the calcein/Co2+ technique (Petronilli
et al., 1999). Real time confocal imaging of calcein quenching upon Co2+ addition
demonstrated Ca2+-dependent PTP opening only in GM1-accumulating cells (Figure 4D).
Importantly, analysis of pericam-probed mitochondria in β-gal−/−/CyP-D−/− cells, in which
PTP opening is inhibited, showed complete normalization of [Ca2+]m (Figure 3A).
Consequently, ΔΨm dissipation and PTP opening were rescued in these double-knockout cells
(Figures 4B and 4E).

Lastly, treatment of β-gal−/− cells and GM1-loaded β-gal+/+ cells with MBCD completely
reversed mitochondrial depolarization and PTP opening (Figures 4C and 4F). Together these
results implicate the GEMs and their lipid composition in both Ca2+ trafficking and MMP, and
suggest a physiological role for these microdomains in these processes.

GM1-Induced MMP is Associated with Release of Apoptogenic Factors
We next tested whether GM1-induced mitochondrial Ca2+ overload provokes the release of
apoptogenic factors (i.e. cytochrome c and apoptosis-inducing factor, AIF), which is a
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consequence of MMP. Costaining of GM1-accumulating MEFs with MitoTracker and anti-
cytochrome c antibody revealed an abnormal re-distribution of cytochrome c from the
mitochondria to the cytosol (Figure 5A). Moreover, using isolated brain mitochondria, we
demonstrated increased cytochrome c release in the supernatant of β-gal−/− mitochondria
compared to that from β-gal+/+ mitochondria (Figure 5B). Cytochrome c release was also
observed upon treatment of β-gal+/+ mitochondria with exogenous Ca2+ (Figure 5B). Similar
results were obtained by Western blotting of isolated cytosolic and mitochondrial fractions
from β-gal−/− and GM1-loaded β-gal+/+ MEFs and neurospheres (Figures 5C and 5D). Finally,
we found that the levels of the mature, cleaved form of AIF (mAIF) were substantially increased
in both mitochondrial and cytosolic fractions from β-gal−/− brains compared to those from β-
gal+/+ brains (Figure S4A).

Ca2+-Blockers Revert the Effects of GM1-Induced MMP and Mitochondrial Apoptosis
Increased GM1 concentration ultimately led to cell death, as demonstrated by the high
percentage of Annexin V+ β-gal−/− and GM1-loaded β-gal+/+ MEFs compared to that in wild-
type samples (Figure 6A). Treatment with BAPTA, a cytosolic Ca2+-chelator, and cyclosporin
A (CsA), which prevents PTP opening, protected the MEFs from cell death (Figure 6A); thus
mitochondrial Ca2+ overload caused this phenotype. Mitochondria-mediated apoptosis is
usually preceded by the activation of the initiator caspase-9 and the effector caspase-3
(Ferrando-May et al., 2001). Treatment with the cell-permeable pan-caspase inhibitor, Z-VAD-
fmk, partially reduced the number of Annexin V+ cells; thus, caspase activation occurred in
GM1-accumulating cells (Figure 6A). Similar results were obtained by staining the cells with
a FITC-conjugated Z-VAD-fmk inhibitor (Figure 6D). Fluorescent-positive cells were detected
only in GM1-accumulating MEFs, and their number was comparable to that in staurosporine-
treated cells. Activation of the caspase cascade was also accompanied by caspase-mediated
DNA fragmentation (Figure S4B).

We then tested the effect of intracellular GM1 buildup on the mitochondrial bioenergetic
activity by measuring the total ATP concentration, which is influenced by MMP (Richter at
al., 1996). ATP levels were considerably lower in β-gal−/− and GM1-loaded β-gal+/+ MEFs
than in wild-type MEFs (Figure 6B). However, treatment of the cells with CsA and BAPTA,
restored ATP levels close to normal (Figure 6B). Lastly, we measured ROS production, which
increases with excessive [Ca2+]m (Emerit et al., 2004), by labeling MEFs with 2′,7′-
dichlorofluorescein, a specific ROS indicator. GM1-accumulating MEFs contained
significantly higher levels of ROS than wild-type cells (Figure 6C). ROS levels were
normalized in β-gal−/− cells treated with BAPTA or CsA, further linking GM1-mediated
Ca2+ transfer to mitochondrial abnormalities.

GM1-Mediated Activation of the UPR is Upstream of MMP
Finally, we questioned whether GM1-mediated activation of ER stress- and mitochondria-
mediated apoptotic pathways occurred simultaneously or sequentially. We tested this in CHO
cells overexpressing BiP, unable to elicit the UPR, and in CyP-D−/− MEFs, resistant to
mitochondrial apoptosis triggered by PTP opening (Basso et al., 2005; Forte et al., 2007). GM1-
loaded CHO cells overexpressing BiP were resistant to cell-death, whereas GM1-loaded CyP-
D−/− MEFs were as susceptible as wild-type MEFs to apoptosis (Figure 7A). XBP-1, an early
molecular effector of the UPR, and caspase 3, which is activated in both apoptotic pathways,
accumulated concurrently in GM1-loaded CyP-D−/− MEFs (Figures 7B and 7C). Thus, in
GM1-accumulating cells, UPR occurs upstream of MMP and it can bypass the mitochondrial
apoptotic pathway.
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Discussion
The mechanisms connecting Ca2+ signaling to cell fate are still poorly understood. However,
it is becoming increasingly clear that altering [Ca2+] in one of the intracellular Ca2+ stores can
quickly transmit signals throughout the cell and impact other organelles not directly targeted
by the primary insult (Ferri et al., 2001). In our earlier studies, we identified a role of the
glycosphingolipid GM1 in modulating the levels of Ca2+ in the ER, thereby initiating an UPR-
mediated apoptotic cascade (Tessitore et al., 2004). These findings support the notion that
lipids, in particular glycosphingolipids, or their metabolites may directly or indirectly act as
inducers of cell death, depending on their relative concentration in specific lipid-rich
microdomains (d'Azzo et al., 2006; Morales et al., 2004).

Here we show that in GM1-gangliosidosis buildup of GM1 at the MAMs/GEMs alters the
normal crosstalk between ER and mitochondria. Our findings also highlight a physiological
function of GM1 in these microdomains and identify the GEMs as regulators of Ca2+ diffusion
between the ER and the mitochondria. The fact that in β-gal−/− brain regions GM1 and P-
IP3R-1 physically interact suggests that buildup of GM1 may favor the clustering of IP3R-1
in the GEMs by changing membrane composition or curvature, and in turn promote the
formation of a Ca2+ mega pore (Rizzuto et al., 2006). This hypothesis is supported by the
observation that silencing of IP3R-1 caused a robust reduction in the number of β-gal−/−

apoptotic cells. On the mitochondrial side, the increased levels of grp75 and VDAC-1 that we
found exclusively in the GEMs of β-gal−/− brains may allow for a more sustained diffusion of
Ca2+ in the mitochondrial matrix and dissipation of the ΔΨm. These findings are in line with
earlier studies demonstrating that overexpression of VDAC in HeLa or muscle cells enhances
Ca2+ diffusion into the mitochondrial matrix at the ER-mitochondria contact sites, inducing
apoptosis (Bathori et al., 2006; Rapizzi et al., 2002). The mitochondrial damage that ensues
upon progressive GM1 accumulation in the GEMs also underscores the importance of these
microdomains in maintaining a normal electrochemical gradient across mitochondrial
membranes. In fact we show that treatment of β-gal−/− cells with MBCD, which inhibits the
formation of these domains, rescues opening of the PTP, dissipation of ΔΨm and apoptosis. A
similar outcome was obtained by silencing MFN2. Thus, our findings point to a combined role
of proteins and lipids, particularly GM1, in the regulation of Ca2+ flux between ER and
mitochondria at the MAMs.

The cascade of events that lead to cell death in GM1-accumulating neurons may resemble that
elicited by increased levels of GD3 (Malisan et al., 2002). This ganglioside directly targets the
mitochondria by opening the PTP and inducing apoptosis, while other gangliosides such as
GD1a and GM3 have no effect (Scorrano et al., 1999; Garcia-Ruiz et al., 2000; d'Azzo et al.,
2006). However, contrary to what we have observed for GM1, Ca2+ does not seem to play a
role in GD3-mediated opening of the PTP, although elevated intracellular Ca2+ can
synergistically accelerate the induction of this event (Kristal et al., 1999). Our findings that
GM1-mediated PTP opening and MMP are antagonized by PTP inhibitors and Ca2+ cheletors,
and rescued in β-gal−/−/CyP-D−/− cells, suggest that GM1 acts directly at the pore level in a
Ca2+-dependent manner. Despite the numerous studies attempting to link PTP opening with
increased levels of ROS in response to Ca2+, it is still controversial whether ROS generation
is upstream or downstream of PTP opening and cytochrome c release (Giorgio et al., 2005).
We found that in β-gal−/− cells increased ROS levels are a consequence of mitochondrial
Ca2+ overload rather than the cause of mitochondrial dysfunction.

In conclusion, these studies indicate that GM1 can trigger both UPR- and mitochondria-
mediated apoptosis. The timely contribution of these two compartments to cell death has been
controversial. Some investigators have proposed that caspase-9 can be activated by the ER
resident caspase-12, independently of cytochrome c release and apoptosome formation
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(Morishima et al., 2002; Rao et al., 2002), while others have demonstrated that the apoptosome
is a key complex in UPR-mediated apoptosis (Di Sano et al., 2006; Masud et al., 2007). These
variations in cell death response could be due to cell-specific differences and/or type of
apoptotic stimuli. We propose a “two-hit” model to explain the neuronal apoptosis and
neurodegeneration that occurs in patients with GM1-gangliosidosis. GM1 accumulation in the
GEMs first triggers a Ca2+-mediated-ER stress response and consequently causes the opening
of the PTP, which results in MMP and subsequent apoptosis (Figure 7D). These findings may
have important implications for targeting checkpoints of the GM1-mediated apoptotic cascade
in the treatment of this catastrophic disease. We predict that ER stress effectors may more
efficiently block or reduce cell death before it progresses to the point of causing substantial
neurological dysfunction.

Experimental Procedures
Reagents

GM1-ganglioside was kindly donated by TRB Pharma, Sao Paulo, Brazil. Cyclosporine A
(CsA) was purchased from Sigma. BAPTA-AM was purchased from Invitrogen. MitoTracker
and H2-DCFDA were from Molecular Probes. z-VAD-fmk was purchased from BioMol,
CaspACE FITC-VAD-fmk was purchased from Promega, Vectashield with DAPI (Vector
Laboratories). The following antibodies and their corresponding vendors are described below:
cytochrome c, (Santa Cruz), VDAC-1 (Santa Cruz), complex I (MitoSciences), LDH
(Chemicon), cleaved caspase-3 (Cell Signaling) HRP-conjugated Ctx-β-subunit (List
Biological Laboratories), IP3R1 (Santa Cruz), IP3R (Cell Signaling), Phospho-IP3 Receptor
(Ser1756) (Cell Signaling), grp75 (Santa Cruz), FACL4 (Abgent), caveolin-1 (Santa Cruz),
AIF (Santa Cruz). XBP-1 antibody was kindly provided by Linda Hendershot (St Jude
Children's Research Hospital).

Cell Culture
For the neurospheres, cerebellum and subependymal zones were dissected from brains of P3
to P5 pups and dissociated into a previously described single-cell suspension (Tessitore et al.,
2004). MEFs were collected from E13.5 embryos and maintained in culture in DMEM
supplemented with 10% heat-inactivated FBS. Where indicated, cells were treated with GM1
(100 μM for 24 h), CsA (1 μM over night) BAPTA-AM (10 μM for 24h) and/or MBCD (50
μM, 100 μM and 150 μM for 24 h) Untreated β-gal+/+ and β-gal-/- cells were used for controls.

Isolation and Purification of Mitochondrial Fractions
MEFs and neurospheres were resuspended in hypotonic buffer (250 mM sucrose, 20 mM Hepes
pH 7.5, 10 mM KCl, 1.5 mM MgCl2, 1 mM EDTA, 1 mM EGTA, protease and phosphatase
inhibitors) for 30 min on ice then disrupted by passing them through a 26G needle 30 times
and then through a 30G needle 20 times. Lysed cells were centrifuged at 750 × g for 10 min
at 4°C. The resulting supernatant (S1) was further centrifuged (S2) at 10,000 × g for 20 min
at 4°C: the pellet (P1) contained the mitochondrial fraction. The S2 supernatant was again
centrifuged at 100,000 × g for 1 h at 4°C. This third supernatant (S3) was saved as the cytosolic
fraction.

Brains from 4-5 month old mice were homogenized in a sucrose-based buffer (0.32 M sucrose,
1 mM NaHCO3, 1 mM MgCl2, 0.5 mM CaCl2, protease and phosphatase inhibitors). The
homogenates were diluted 10 times and spun at 1,400 × g for 10 min at 4° C. This step was
repeated twice and the resulting supernatant (S1) was again spun at 13,800 × g for 10 min at
4° C to obtain a second supernatant (S2) and a pellet (P2). S2 was further centrifuged at 100,000
× g for 1 h at 4°C. This last supernatant (S3) contained the cytosolic fraction, while the pellet
(P3) contained the ER fraction. P2 was resuspended in 320 mM sucrose, 1 mM NaHCO3,
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overlaid on a discontinuous sucrose gradient (850 mM, 1 M, 1.2 M) and centrifuged at 85,000
× g for 2 h to obtain the crude mitochondrial fraction.

Isolation of Mitochondria-Associated ER Membranes (MAMs) and Glycosphongolipid-
Enriched Microdomains (GEMs)

Mitochondria-associated ER membranes (MAMs) and MitoP were isolated from crude
mitochondrial fractions on Percoll gradients (Vance et al., 1990). To extract the GEMs
(Garofalo et al., 2005) we resuspended the MAMs pellet in an extraction solution (25 mM
HEPES, pH 7.5, 150 mM NaCl, 1% Triton X-100 and protease and phosphatase inhibitors)
and left on ice for 20 min. This suspension was further centrifuged at 15,000 × g for 2 min at
4° C; the supernatant represented the Triton X-100 extracted fraction (Triton extracted MAMs)
while the pellet containing the GEMs was resuspended in a solubilizing buffer (50 mM Tris-
HCl, pH 8.8, 5 mM EDTA and 1% SDS).

Isolation of Gangliosides from Mitochondrial Fractions
Lipids were extracted from mitochondrial fractions (100 μg of proteins) using a solution of
methanol and chloroform (1:2) followed by another extraction of the same solvents at 2:1
dilution ratio. The combined extracts were dried and separated by Thin Layer Chromatography
(TLC) on 60-A silica gel plates (Whatman) as described (Tessitore et al., 2004).

Immunohistochemistry
MitoTracker probe (500 nM for 30 min) was used to stain mitochondria. After staining, live
cells were washed and fixed in 4% formaldehyde at 37° C for 15 min. Cells were then
permeabilized in PBS containing 0.2% Triton X-100, blocked in PBS containing 0.2% Triton
and 5% of FBS and incubated overnight with anti-cytochrome c antibody at 4° C. Slides were
visualized by confocal laser scanning microscopy (C1Si confocal system, Nikon).

CaspACE FITC-VAD-fmk (40 μM) was used to visualize activated caspases. Cells were grown
on chamber slides and stained for 30 minutes at 37° C. After this step, cells were washed and
fixed in 1% formaldehyde for 10 min and visualized by confocal laser scanning microscopy
(Nikon).

Immunoblotting and Immunoprecipitation
Mitochondrial fractions were lysed with RIPA buffer (10 mM Tris-HCl, pH 7.4, 140 mM NaCl,
0.1% SDS, 1% Triton X-100 and 1% C24H39NaO4) containing protease and phosphatase
inhibitors and total protein content was measured using the BCA protein assay reagent (Pierce
Chemical). Proteins were separated by SDS-PAGE (4-12%) under reducing conditions and
transferred to a PVDF membrane (Millipore). Membranes were incubated for 2 h in blocking
buffer and subsequently probed with the specific antibody overnight. Immunoblots were
developed by using Enhanced Chemiluminescence Kit (Perkin Elmer Life Sciences).

For the immunoprecipitation (IP) of the IP3R-1, the antibody was first incubated with 300 μg
of cerebellum and cortex lysates; the antibody-antigen complexes were then captured on
Dynabeads® Protein G (Invitrogen) that were further washed with RIPA buffer. After IP,
western blots were performed using the Phospho-IP3R (Ser1756) antibody and the HRP-
conjugated-β-subunit of Cholera toxin. IgG and beads were used as negative control for the
IP.

Silencing of MFN2 and IP3R-1
On TARGETplus SMART pool siRNAs specific for murine MFN2 and IP3R-1 and a
nonspecific scrambled control were purchased from Dharmacon. β-gal+/+ and β-gal−/− MEFs
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were transfected with siRNAs using the Dharmacon reagent 3 according to the manufacturer's
protocol. Cells were analyzed 3 days post-transfection and subjected to Annexin V analysis
and Western Blotting.

Electron Microscopy
For the ultrastructural studies, mitochondrial fractions were fixed with 4% PFA/2.5%
glutaraldehyde then treated with osmium tetroxide. After standard dehydration, samples were
infiltrated and embedded in Epon. Tissue sections (600-900Å) were stained in grids with
Reynold's lead citrate and uranyl acetate.

Determination of Mitochondrial Ca2+ levels
For mitochondrial Ca2+ imaging, cultures were electroporated with ratiometric pericam (Nagai
T. et al., 2001). Mitochondrial Ca2+ was evaluated by using ratiometric pericam construct (405
and 484 nm excitation, 515 nm emission. Mitochondria were identified as regions of interest
(ROIs). The average fluorescence intensities over 20 ROIs were calculated for each frame,
normalized as percentage of initial intensity and the ratio between 488 and 404 was calculated
at time 0 and after the addition of histamine (100 μM).

Analysis of Mitochondrial Transmembrane Potential
Cells (105) were seeded onto 25 mm-round glass coverslips and stained at 37°C for 25 min
with 10 nM tetramethylrhodamine methyl ester (TMRM) as described (Scorrano et al.,
2003). Where indicated MBCD was added. Cells were excited at 561 nm and sequential images
were acquired every 30 sec for 30 min. Histamine (100 μM at 4 min) and CCCP (50 μM at 28
min) were added during the confocal imaging. Clusters of mitochondria were identified as
regions of interest (ROIs). The average fluorescence intensities over 20 ROIs were calculated
for each frame and normalized for comparison.

Calcein Technique
Cells were plated and stained at 37°C for 10 min with calcein-AM (1 μM) as described
(Petronilli et al., 1999). After incubation cells were washed to remove the dye. A recovery time
of 40 min was followed. Quenching of the calcein was measured in the presence of 25 μM of
CoCl2. Where indicated MBCD was added. Cells were excited at 488 nm and sequential images
were acquired every 30 sec. The average fluorescence intensities over 20 ROIs were calculated
for each frame and normalized for comparison.

Cytochrome c Release Assay
Mitochondrial fractions (250 μg) isolated from β-gal+/+ and β-gal−/− brains were resuspended
in mitochondrial solubilizing buffer (400 mM mannitol, 50 mM Tris-HCl pH 7.5, 10 mM
KH2PO4, 5 mg/ml BSA) and incubated at 30° C for 1 h. The reaction mixtures were centrifuged
at 4,000 g for 5 min at 4°C. Supernatant fractions were subjected to SDS page and immunoblots
were probed with anti-cytochrome c antibody. Ca2+ (300 μM) addition was used as positive
control.

Annexin V Analysis
Annexin V FITC was used to label apoptotic cells and these were then quantified by FACS
analysis. Z-VAD-fmk (50 μM) was used as broad spectrum caspase inhibitor and its effect
under GM1 accumulation was evaluated. Staurosporine (1 μM over night) was used as positive
control.
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ATP Levels
ATP levels were measured using a luminescent ATP detection assay system (ATPlite, Perkin
Elmer) following the manufacturer instruction. Luminescence was measured in a 96-well plate
reader (Triad Series Multimode Detector spectrofluorimeter). CsA and BAPTA at
concentrations described above were used in GM1 accumulating cells. Staurosporine was used
as positive control.

Measurement of ROS
Intracellular ROS was detected using a cell-permeant ROS dye, H2DCFDA. β-gal+/+, β-
gal+/+ GM1-loaded and β-gal−/− MEFs were resuspended in PBS containing the probe to a
final concentration of 5 μM and incubated for 30 minutes at 37°C. After a short recovery time,
cells were rinsed and oxidation was measured by monitoring the increase in fluorescence with
a fluorescent plate reader (excitation 490 nm, emission 540 nm). CsA and BAPTA at
concentrations described above were used in GM1 accumulating cells.

Statistics
Data are expressed as mean ± s.d. or mean ± s.e., and were evaluated using Student t-test for
unpaired samples for comparisons with untreated β-gal+/+ and β-gal-/- samples. Mean
differences were considered statistically significant when P-values were less than 0.05. In cell-
based experiments, 3 to 20 independent measurements were made.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. GM1 Progressively Accumulates Mitochondria and MAMs Isolated from β-Gal−/− Brains
(A) TLC of lipid extracts (corresponding to 100 μg protein) from mitochondrial fractions
isolated from β-gal+/+ and β-gal−/− brains (d=days and m=months). Plates were developed
with resorcinol to evidence gangliosides. Purified GM1 was used as standard (STD).
(B) Immunoblots of crude mitochondria (MITO), ER, purified mitochondria (MITO P) and
MAMs were probed with anti-FACL4, a marker of the MAMs.
(C) Immunoblots of the same fractions as in B probed with anti-TOMM20 and anti-calreticulin
(CALR), markers of mitochondria and ER, respectively.
(D) Immunoblots of GEMs extracted from MAM preparations of β-gal+/+ and β-gal−/− brains
were probed with caveolin-1 antibody (Cav-1).
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(E) The ER/mitochondria markers ratio was calculated by densitometric analysis of single
bands on immunoblots probed with TOMM20 (mitochondrial marker) and calreticulin (ER
marker) (Quantity One 4.5, 1 D Analysis Software, BioRad). Values are expressed as mean ±
standard deviation of three independent experiments. Groups were compared by the Student
t-test for unpaired samples. P< 0.05 (*)
(F) The numbers of ER vesicles in close apposition to mitochondria were counted in 20 electron
microscopy grids from β-gal+/+ and β-gal−/− mitochondrial brain fractions. Values are
expressed as mean ± s.d. Groups were compared by the Student t-test for unpaired samples.
Asterisk denotes mean (± s.d) that is significantly different from control. P<0.0001(**).
(G) TLC analysis of lipids (corresponding to 100 μg protein) from the MAMs, and the Triton
extracted fractions (Triton extr. MAMs) and Triton insoluble fractions (GEMs) of the MAMs.
Purified GM1 was used as standard.
(H) Representative electron micrographs of mitochondria isolated from β-gal+/+ and β-gal−/−

brains. Asterisks denote ER vesicles containing ribosomes.
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Figure 2. IP3R-1 Regulates Ca2+ Dynamics in GM1-Accumulating Cells
(A) The phosphorylated and total IP3R-1 were visualized on immunoblots containing GEMs,
purified from MAMs of β-gal+/+ and β-gal−/− cerebellum (CB) and cortex (CX) extracts,
probed first with a phospho-IP3R (Ser1756) antibody (P-IP3R-1) and then with a total IP3R-1
antibody (T-IP3R-1).
(B) Densitometric analyses of bands from immunoblots of GEM fractions isolated from MAMs
of β-gal+/+ or β-gal−/− cerebellum (CB), (left panel) and cortex (CX), (right panel) extracts,
probed with an antibody against P–IP3R-1 and with an antibody against total IP3R-1 (T-
IP3R-1). Results are expressed as P–IP3R/T-IP3R intensities ratio.
(C) Co-immunoprecipitation of P-IP3R-1 and GM1 from β-gal+/+ and β-gal−/− cerebellum
(CB) and cortex (CX) using total IP3R-1 antibody was visualized on immunoblots probed with
HRP-conjugated β-subunit of Cholera toxin (GM1) or the P-IP3R antibody. IgG and protein
G beads were used as negative controls. Immunoblots of IP3R-1 and GM1 in CB and CX
extracts (30μg) are shown as INPUT.
(D) (E) Levels of the VDAC-1 and grp75 were assessed in GEMs and in total MAMs of β-
gal+/+ and β-gal−/− brains. Ponceau staining of the membranes were used for equal protein
loading.
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Figure 3. MAMs/GEMs are Responsible for Mitochondrial Ca2+ Overload and Apoptosis in GM1-
Accumulating Cells
(A) Levels of mitochondrial Ca2+ in β-gal−/−, β-gal+/+ loaded with GM1 (treated or not treated
with MBCD) and β-gal−/−/CyP-D−/− MEFs were measured ratiometrically using
mitochondria-targeted pericam and compared to those of wild-type cells. Mitochondrial
Ca2+ measurements are shown at baseline and at peak values in response to a pulse of histamine.
Values are expressed as mean ± standard deviation of twenty individual mitochondria in an
average of 15 cells. Groups were compared by the Student t-test for unpaired samples.
(*P<0.05, **P<0.01)
(B) Inmmunoblots of MAMs and MBCD-extracted MAMs probed with HRP-conjugated β-
subunit of Cholera toxin (GM1).
(C and D) β-gal−/− and β-gal+/+ MEFs were transfected with MFN2 siRNA. Untreated cells,
mock transfected cells and cells transfected with a scrambled siRNA were used as controls.
Cell lysates were analyzed on immunoblots probed with anti MFN2 and anti actin antibodies.
(E and F) β-gal−/− and β-gal+/+ MEFs were transfected with IP3R-1 siRNA. Untreated cells,
mock transfected cells and cells transfected with a scrambled siRNA were used as controls.
Cell lysates were analyzed on immunoblots probed with anti IP3R-1 and anti actin antibodies.
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(G) Flow cytometry analyses of : Annexin V+ β-gal−/− and β-gal+/+ MEFs untreated or treated
with increasing concentration of MBCD (50, 100, 150 μM); β-gal−/− and β-gal+/+ MEFs
transfected with MFN2 or IP3R-1 siRNAs; mock transfected or scrambled siRNA transfected
cells were used as controls.
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Figure 4. Effect of GM1 on Mitochondrial Transmembrane Potential and Opening of the PTP
(A) Live measurements of TMRM fluorescence in individual mitochondria of β-gal+/+, β-
gal+/+ loaded with GM1, and β-gal−/− MEFs pulsed with histamine and depolarized with CCCP
as indicated. Values are expressed as percentage of initial TMRM fluorescence and represent
the mean ± SE of 20 independent measurements.
(B) Live measurements of TMRM fluorescence in individual mitochondria of β-gal−/−/CyP-
D−/− MEFs compared to TMRM fluorescence in β-gal−/− and β-gal+/+ mitochondria. Values
are expressed as percentage of initial TMRM fluorescence and represent the mean ± SE of 20
independent measurements.
(C) Restoration of the ΔΨm in β-gal+/+ loaded with GM1 and β-gal−/− MEFs treated with
MBCD. Values are expressed as percentage of initial TMRM fluorescence and represent the
mean ± SE of 20 independent measurements.
(D) Live measurements of mitochondrial calcein release in β-gal+/+, β-gal+/+ loaded with GM1,
and β-gal−/− MEFs pulsed with CoCl2. Data are expressed as percentage of initial calcein
fluorescence and represent the mean ± SE of at least 20 independent measurements.
(E) Live measurements of mitochondrial calcein release in β-gal−/−/CyP-D−/− MEFs pulsed
with CoCl2 and compared to the values obtained in β-gal−/− and β-gal+/+ mitochondria. Data
are expressed as percentage of initial calcein fluorescence and represent the mean ± SE of at
least 20 independent measurements.
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(F) Prevention of PTP opening β-gal+/+ loaded with GM1 and β-gal−/− MEFs treated with
MBCD. Data are expressed as percentage of initial calcein fluorescence and represent the mean
± SE of at least 20 independent measurements.
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Figure 5. GM1 Promotes the Release of Mitochondrial Proteins into the Cytosol
(A) MEFs were co-stained with Mitotracker (red) and an anti-cytochrome c antibody (green).
The merged pictures demonstrated increased levels of cytochrome c in the cytosol of GM1-
loaded β-gal+/+, and β-gal−/− cells, while in untreated β-gal+/+ cells most of the cytochrome
c is localized within the mitochondria (yellow).
(B) Cytochrome c release was monitored in isolated mitochondria from β-gal+/+ and β-
gal−/− brains after incubation with GM1 or Ca2+. Cytosolic fractions were analyzed on
immunoblots probed with cytochrome c antibody. Complex I (CI) and LDH were used as
standard controls for the cytosol.
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(C) Mitochondria (M) and cytosolic fractions (C) isolated from β-gal+/+, GM1-loaded β-
gal+/+ and β-gal−/− MEFs were probed on Immuno blots with an anti-cytochrome c antibody
(CyC). Complex I (CI) and LDH were used as standard controls for both mitochondria and
cytosol.
(D) Mitochondria (M) and cytosolic fractions (C) isolated from β-gal+/+, GM1-loaded β-
gal+/+ and β-gal−/− neurospheres were probed as in (C).
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Figure 6. Ca2+ Blockers and CsA Prevent Apoptosis, Rescue ATP Levels and Abolish Abnormal
ROS Production in GM1-Storing Cells
(A) Flow cytometry analysis of Annexin V β-gal+/+, GM1-loaded β-gal+/+ and β-gal−/− MEFs.
In some instances, cells were preincubated with BAPTA, CsA and Z-VAD-fmk. Values are
expressed as mean ± standard deviation of three independent experiments. Groups were
compared by the Student t-test for unpaired samples. P< 0.05 (*)
(B) ATP levels in β-gal+/+, GM1-loaded β-gal+/+ and β-gal−/− MEFs were measured using a
luciferase-based assay. Where indicated, cells were pre-incubated with BAPTA and CsA prior
to ATP analysis. Staurosporine was used as positive controls. Values are expressed as mean ±
standard deviation of three independent experiments. Groups were compared by the Student
t-test for unpaired samples. P< 0.05 (*)
(C) Reactive oxygen species (ROS) were measured in β-gal+/+, GM1-loaded β-gal+/+ and β-
gal−/− MEFs with the fluorescent probe 2′,7′-dichlorofluorescein (H2DCFDA). The
progressive increase in ROS levels was monitored by the fluorescence emitted after reaction
with intracellular ROS. Addition of CsA and BAPTA normalized ROS levels in GM1-
accumulating cells. Data are expressed as mean ± SD of 4 distinct experiments; groups were
compared by the Student t-test for unpaired samples. Asterisks denote mean values ±s.d
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significantly different from control or from untreated GM1-loaded β-gal+/+ and β-gal−/−

(*P<0.05, **P<0.01).
(D) Caspase activation was assessed by immunofluorescence analysis using a fluorescent pan
caspace inhibitor, caspACE FITC VAD-fmk. Staurosporine was used as positive control.
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Figure 7. GM1-Mediated Activation of ER-Stress is Upstream of the Mitochondrial Apoptotic
Cascade
(A) Annexin V staining of CHO cells, CHO- overexpressing BiP, as well as β-gal+/+ and
CypD−/− MEFs, treated or not with exogenous GM1, were evaluated by FACS analysis and
expressed as percentage of Annexin V positivity.
(B), (C) Levels of XBP-1 and caspase-3 in β-gal+/+ and CypD-−/− MEFs were visualized on
immunoblots probed with an anti-rat antibody against these proteins. Ponceau staining of the
membranes was used to confirm equal protein loading.
(D) Proposed Model Linking ER-Mitochondria Ca2+ Signalling and Neuronal Apoptosis in
GM1-gangliosidosis.
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