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Abstract
Glycosphingolipid storage diseases are a group of inherited metabolic diseases in which
glycosphingolipids accumulate due to their impaired lysosomal breakdown. Splenic B cells
isolated from NPC1, Sandhoff, GM1-gangliosidosis and Fabry disease mouse models showed
large (20- to 30-fold) increases in disease specific glycosphingoli-pids and up to a 4-fold increase
in cholesterol. The magnitude of glycosphingolipid storage was in the order NPC1 > Sandhoff, ~
GM1 gangliosidosis > Fabry. Except for Fabry disease, glycosphingolipid storage led to an
increase in the lysosomal compartment and altered glycosphingolipid trafficking. In order to
investigate the consequences of storage on B cell function, the levels of surface expression of B
cell IgM receptor and its associated components were quantitated in Sandhoff B cells, since they
are all raft-associated on activation. Both the B cell receptor, CD21 and CD19 had decreased cell
surface expression. In contrast, CD40 and MHC II, surface receptors that do not associate with
lipid rafts, were unchanged. Using a pulse chase biotinylation procedure, surface B cell receptors
on a Sandhoff lymphoblast cell line were found to have a significantly decreased half-life.
Increased co-localization of fluorescently conjugated cholera toxin and lysosomes was also
observed in Sandhoff B cells. Glycosphingolipid storage leads to the enhanced formation of
lysosomal lipid rafts, altered endocytic trafficking and increased degradation of the B cell
receptor.

Introduction
Glycosphingolipids (GSLs) are clearly vital for the survival of complex organisms (Wandall
et al. 2005; Yamashita et al. 1999). Although their functions have yet to be fully elucidated,
specific GSLs are important in neuronal and immune function (Kawai et al. 2001; Simpson
et al. 2004; Vyas et al. 2002; Zhou et al. 2004). How GSLs perform their roles is not known,
but one theory involves the formation of GSL rafts, specialized platforms in the plane of the
plasma membrane that are important in signaling and membrane sorting (Simons and van
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Meer 1988). One example of lipid raft-mediated signaling is the response of B cells when
they encounter a specific antigen. B cell receptors (BCR, cell surface antigen receptor) are
normally in the liquid-disordered part of the plasma membrane with the inhibitory proteins
CD45 and CD22. Following clustering of the B cell receptor by antigen, the receptor, co-
receptors CD21 and CD19 are recruited to membrane rafts (Cherukuri et al. 2004). The
cytosolic domains of the signaling subunits are then phosphorylated by the raft resident
tyrosine kinase lyn. Tyrosine phosphates then recruit Syc which phosphorylates SHC and a
signaling cascade is initiated (Reth and Wienands 1997). In turn, these events lead to an
enlarged endoplasmic reticulum and increased antibody production. Since GSLs are thought
to be important components of lipid rafts, the effect of GSL storage on the BCR receptor as
well as the CD19/CD21 complex was studied.

GSL storage diseases are inherited metabolic diseases in which GSLs accumulate due to
their impaired lysosomal catabolism. The majority are autosomal recessive disorders
resulting from mutations in the genes that encode the glycohydrolases, which sequentially
degrade GSLs in the lysosome. However, GSL storage also occurs in some diseases despite
the presence of fully functional glycohydrolases, and in these disorders the storage of GSL
occurs secondarily to changes in lipid trafficking (Walkley 2004). One of these disorders is
Niemann-Pick type C (NPC) where storage occurs due to defective NPC1, a multimembrane
spanning endosomal protein of unknown function (Passeggio and Liscum 2005). In mouse
models of NPC as well as other GSL storage diseases, imino sugars that inhibit the synthesis
of GSL are an effective therapy (Jeyakumar et al. 1999; Zervas et al. 2001). However, how
the storage of GSLs leads to pathology is still an open question. One theory suggests that the
accumulation of GSLs and cholesterol leads to the formation of a mislocalized lipid raft in
the lysosome of storing cells (Simons and Gruenberg 2000). This could be expected to lead
to relocation of lipid raft-associated proteins from the plasma membrane to the lysosome,
leading to increased degradation.

Although in the majority of these diseases the pathology is primarily neuronal, the immune
system has also been implicated; for example: (1) Increase in inflammatory cytokines and
microglial activation in GM1 gangliosidosis, GM2 gangliosidosis, and NPC (Jeyakumar et
al. 2003; Mizukami et al. 2002; Wada et al. 2000; Wu et al. 2005; (2) bone marrow
transplantation can decrease neuronal loss even though the neurons store more (Jeyakumar
et al. 2001; Norflus et al. 1998); (3) Sandhoff mice respond to antiinflammatory drugs
(Jeyakumar et al. 2004); (4) genetic deletion of a leukocyte chemokine, MIP-1α, leads to
decreased neuronal apoptosis and increased lifespan in Sandhoff disease (Wu and Proia
2004); (5) A Gaucher mouse model shows B cell hyperproliferation (Mizukami et al. 2002);
and (6) the immune system is a potential environmental factor that influences clinical
heterogeneity (Lachmann et al. 2004a).

In the present study, B cells isolated from the NPC1 (NPC1−/−), Sandhoff (Hexb−/−), GM1-
gangliosidosis (β-gal−/−), and Fabry (α-gal−/−) disease mouse models were found to store
electron dense material. Lipid storage was quantitated using HPLC and cholesterol analysis.
We found an increase in lysotracker staining and altered BODIPY LacCer trafficking using
a pulse labeling protocol. These changes were accompanied by the decreased surface
expression of the B cell receptor, as well as the co-receptors CD21 and CD19 (lipid raft-
associated proteins) but not CD40 and MHC II, integral membrane proteins that do not
associate with lipid rafts. In a Sandhoff patient-derived B cell line, an increased turnover of
B cell receptor was observed. When the subcellular distribution of B cell lipid rafts in the
endocytic pathway were probed using fluorescent cholera toxin conjugate, increased co-
localization with lysotracker was observed in Sandhoff lymphoblasts. These data suggest
that the intracellular accumulation of lipid rafts may lead to the mistargeting and degradation
of lipid raft-associated B cell receptor. These findings may have implications of how
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proteins are sorted in the endocytic pathway and how the accumulation of GSLs may disrupt
cell function.

Materials and methods
HPLC grade acetonitrile, methanol, chloroform and butanol were from VWR (Poole, Dorset,
UK). Acetone was from Fisher Chemicals (Loughborough, UK). Spurr resin was from Taab
Laboratories (Berkshire, UK). TNP-Ficoll was from Biosearch Technologies (Novarto, CA),
DPA-BSA and DPA-6S columns were from Supelco (Ballafonte, PA). C18 SepPak columns
were from Waters (Milford, MA). Ceramide glycanase (E.C. 3.2.1.123) was from
Calbiochem (La Jolla, CA). Lysotracker® green was from Invitrogen (Paisley, UK). HRP
conjugated anti-mouse IgG, M and A was from Serotec (Kidlington, UK). Immuno
Maxisorp plates were from Nunc (Roskilde, Denmark). TMB substrate and Mouse anti-TNP
IgG2 were from Becton Dickinson (Oxford, UK).

Animals
Sandhoff (Hexb−/−) mice (Yamanaka et al. 1994) were provided by Dr Richard Proia
(National Institutes of Health, Bethesda, MD, USA). GM1 gangliosidosis mice (β-gal−/−)
were provided by Dr Alessandra d’Azzo (St Jude Children’s Hospital, Memphis, TN, USA).
Fabry (α-gal−/−) mice (Ohshima et al. 1997) were provided by Dr. Ashok Kulkarni (National
Institutes of Health, Bethesda, MD, USA). npc1NIH spontaneous mutant mice on the BALB/
cJ background (Pentchev et al. 1984) (NPC1−/−) were provided by Dr Robin Lachmann
(Addenbrooke’s Hospital, Cambridge, UK) and were maintained by brother-sister mating of
heterozygous animals. All mice were bred and housed under standard non-sterile conditions,
with food and water available ad lib. All animal studies were conducted using protocols
approved by the UK Home Office (Animals Scientific Procedures Act, 1986). Table 1 gives
a summary of the mouse models used in the study.

Electron microscopy
Cells for electron microscopy (~107 cells) were washed in PBS and fixed in 2%
paraformaldehyde/2% gluteraldehyde in PBS overnight at 4°C. After washing 4 times in
PBS, cells were post-fixed with 1% osmium tetroxide for 1 h at room temperature. After
washing in ultrapure water, samples were dehydrated through an ethanol series and
embedded in spurr resin. Once embedded, 80-nm ultrathin sections were cut using a
Reichart ultracut E ultramicrotome and collected onto formvar coated grids. Sections were
stained for 5 min in 2% alcoholic UA (uranyl acetate) followed by 15 min in Reynold’s lead
citrate and observed with a Joel JEM 1010 microscope at 80 kV.

Purification of GSLs for HPLC
GSLs were extracted by addition of 3.2 vol of CHCl3/MeOH (1:2.2) for 10 min at room
temperature (Bligh and Dyer 1959; te Vruchte et al. 2004). GSLs were then purified by
silicic acid chromatography (Dasgupta and Hogan 2001). Silicic acid columns were pre-
equilibrated in CHCl3 and the samples were loaded onto the column and washed with 6 mls
of CHCl3. Cholesterol was eluted with 10 ml CHCl3/MeOH (49:1). GSLs were eluted with
10 ml MeOH and the eluates dried under nitrogen.

Quantitation of GSL oligosaccharides by HPLC
GSLs were analyzed according to Neville (Neville et al. 2004) with the following
modifications. Dried lipid extracts were resuspended in 10 μl incubation buffer (1 mg/ml
sodium deoxytaurocholate in 50 mM sodium acetate pH 5.0). After vigorous vortexing and
spinning in a benchtop picofuge, 10 μl of 50 mU/10 μl of ceramide glycanase in incubation

te Vruchte et al. Page 3

J Inherit Metab Dis. Author manuscript; available in PMC 2013 September 23.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



buffer was added to release glycans. Glucosylceramide is only partially digested due to the
specificity of the glycanase (Wing et al. 2001). After 18 h, 10 μl of water was added to each
enzyme digest followed by 80 μl of anthranilic acid (30 mg/ml) and sodium
cyanoborohydride (45 mg/ml) in 4% NaCOOCH3.3H2O, 3% H3BO4 in MeOH to each
digest and incubated for 1 h at 80°C. Derivatized oligosaccharides were purified on DPA-6S
columns pre-equilibrated with 2 × 1 ml CH3CN. 1 ml 97:3 CH3CN:H2O was added to each
sample and vortexed prior to loading. Columns were washed with 4×1 ml 99:1 CH3CN:H2O
and then with 0.5 ml 97:3 CH3CN:H2O and the derivatized oligosaccharides were eluted
with 2×0.6 ml water into screw-cap eppendorfs and stored at 4°C in the dark until ready for
NP-HPLC, using a Waters Alliance 2695 separations module, an in-line Waters 474
fluorescence detector separation and a 4.6×250 mm TSK gel-Amide 80 column (Anachem,
Luton, UK).

Quantitation of cholesterol
Cholesterol was quantitated using a method similar to that of Franey (Franey and Amador
1968). Samples were resuspended in 50 μl EtOH and transferred to a microtitre plate along
with cholesterol standards (1 mg/ml in EtOH) in duplicate and dried briefly at 80°C. After
the addition of 75 μl of 3 mM FeCl3.6H20 in glacial acetic acid and 50 μl concentrated
H2SO4, the plate was incubated for 10 min in the dark and the absorbance read at 570 nm.

Isolation of splenic B lymphocytes
B lymphocytes were separated from mononuclear cells prepared from spleen cell
suspensions using MACS CD19 MicroBeads (Miltenyi Biotec, Surrey, UK) according to the
manufacturer’s instructions.

Lysotracker® staining and quantification
Lysotracker quantification was performed as described (Lachmann et al. 2004b). Isolated B
cells were incubated with 200 nM Lysotracker® green for 10 min in the dark at room
temperature, centrifuged at 2,000g for 1 min in a Heraeus Biofuge A desktop centrifuge and
resuspended in 0.5 ml of PBS. After running on a Beckton Dickinson FACScan flow
cytometer, analysis was performed using CellQuest software.

Assessment of BODIPY-LacCer trafficking
Isolated B lymphocytes were pulse-labelled with 13 μM BODIPY-LacCer for 1 h followed
by a 90-min chase in medium containing 10% FCS and observed using a Zeiss Axioplan 2
fluorescence microscope as described previously (Sillence et al. 2002).

Flow cytometry
Diced mouse spleens were forced through a 70μm nylon mesh. Erythrocytes were lysed with
lysis buffer (140 mM NH4Cl, 17 mM Tris pH 7.2). Cells were stained with anti-CD19 PE,
MHC II-FITC, CD21-FITC, IgM-FITC in FACS buffer (0.1% BSA, 0.02M NaN3 in PBS),
for 30 min on ice. Cells were washed with 10% BSA, followed by a FACS buffer wash.
Cells were resuspended in 0.4ml FACS buffer, and samples run on a FACScalibur.
CellQuest was used to analyze the data.

Assessment of cholera toxin trafficking
B lymphoblasts were labeled with 5 μg/ml of FITC-cholera toxin for 2 h. Then, 4 μM
lysotracker red was added for the last 15 min. Cells were washed with PBS before viewing
under a Leica confocal fluorescence microscope.
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Surface biotinylation
The protocol was identical to (Tian et al. 2004) with the following changes. Human B
lymphoblasts were surface biotinylated and then chased in the presence of bovine cross-
reacted 10 μg/ml anti-IgM and IgG (Jackson labs). Cells were then lysed and the B cell
receptor was immunoprecipitated and quantitated by western blotting using an anti-Biotin
antibody (Vectorlabs).

Results
B cells from storage disease mice contain electron dense material

We aimed to study the mechanisms by which GSL storage disrupts cell function by studying
a primary cell type isolated from diseased mice. Electron microscopy of B cells derived
from the spleen of storage disease mouse models revealed increases in cytoplasmic volume
and round translucent organelles resembling lysosomes (Fig. 1a, C57Bl/6 and Fig. 1e, Balb/
C, NPC1+/+). In Fabry disease B cells (Fig. 1b, α-Gal−/−) and Sandhoff disease (Fig. 1d, β-
Hexb−/−), electron dense material is associated with the periphery of the storage bodies. In
GM1 gangliosidosis (Fig. 1c, β-Gal−/−) and NPC (Fig. 1f, NPC1−/−), large vacuolar
structures with electron dense inclusions were present. Since the GSL composition of storing
B cells had not been previously analyzed, we characterized the storage material using
sensitive biochemical assays.

GSL and cholesterol storage in splenic B cells
Normal B cells from C57Bl/6 and Balb/c (NPC1+/+) mice express similar GSLs including
LacCer, Globosides (Gb3 and Gb4) as well as mono and disialylated gangliosides such as
GM1, GM2, and GD1 (Table 2; abbreviations defined in footnote to table). Balb/c mice
additionally express GM3. The GSL composition is similar to that of B cell hybridomas
(Ugorski et al. 1984) and B cells isolated from CBA/J mice (Portner et al. 1993). B cells
isolated from storage disease mice show disease-specific changes in GSL composition. In α-
gal−/−(Fabry model) mice, Gb3 increases by 30-fold. In β-gal−/−(GM1-gangliosidosis model)
mice ~3-fold increases were found in GM1 and 20-fold increases in GA1 (Table 2).
Similarly in β-Hexb−/− (Sandhoff model) desialylated GM2 (GA2) is the main storage
product (20-fold). Desialylated GSLs occur via a sialidase, particularly active in mice
(Sango et al. 1995). In NPC1−/−, a broader range of GSL accumulation occurs, increases in
LacCer (~7 fold), GM3 (20-fold) and GM2 (4-fold), globosides (4-fold) and complex
gangliosides (~2-fold). Since the relative abundance of different GSLs varies (Table 2), the
total level of GSL storage also varies (Table 3). Overall, the increases in total GSLs were
largest in NPC1−/− (4-fold) > β-Gal−/− ~ β-Hexb−/− (2.5-fold) > α-Gal−/− (1.8 fold).
Increases in disease-specific GSLs led to increases in total cholesterol levels. In many
instances, cholesterol storage was in excess of the total level of GSL storage. Overall
increases in cholesterol levels were largest in NPC1−/− and β-Hexb−/− (~4-fold)> β-Gal−/−

(~2-fold)> α-Gal−/− (~1.8-fold) (Table 3). Next, we investigated the consequences of lipid
storage.

Lysosomal compartment expansion in storing B cells
GSL and cholesterol storage may result in changes in lysosomal burden. LysoTracker probes
are cell permeable, that fluoresce at acidic pH and may be used for labeling lysosomes and
late endosomes. Using this probe, labeling of the acidic compartments increases in the
diseased cells in the order NPC1−/−~β-Gal−/− (~3-fold) > β-Hexb−/− (~2-fold) > α-Gal−/− (no
increase) (Table 3), correlating with the level of GSL storage as shown in Table 2.

te Vruchte et al. Page 5

J Inherit Metab Dis. Author manuscript; available in PMC 2013 September 23.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



GSL storing B cells accumulate BODIPY-LacCer in endocytic structures
In fibroblasts, BODIPY-LacCer is internalized by a caveolae (lipid raft) pathway of
unknown function (Sharma et al. 2004; Singh et al. 2003). Storage disrupts this pathway in
fibroblasts (Chen et al. 1999) and now we show altered endocytic targeting in B cells
isolated from diseased mice. When normal skin fibroblasts are pulse-labeled with BODIPY-
LacCer, the fluorescent lipid targets the Golgi complex (Choudhury et al. 2002). In B cells
isolated from normal mice, BODIPY-LacCer pulse labeling also leads to a perinuclear
distribution consistent with Golgi targeting (Fig. 2). Storing splenic B cells show increases
in BODIPY-LacCer trafficking to punctate endocytic structures in the order NPC1−/− ~ β-
Gal−/− > β-Hexb−/− > α-Gal−/− (Table 4). In some storing B cells, morphological changes
occur, NPC1−/−B cells show large punctate structures that may relate to the large inclusions
seen by electron microscopy (Fig. 1). So far, the consequences of altered lipid-raft function
are not described, we determined the effects of storage on surface expression of B cell
receptors

GSL storage decreases the surface expression of the B cell surface antigen receptor
Previous studies have shown GSL-dependent mislocalization of the lipid raft-associated
protein annexin 2 from early to late endosomes in NPC cell culture models (te Vruchte et al.
2004). Increased degradation is predicted by the ‘mislocalization hypothesis’ (Sillence and
Platt 2004; Simons and Gruenberg 2000) due to the trapping of lipid raft components in
lysosomes. If correct, the B cell receptor would be expected to show reduced surface
expression. Consistent with the hypothesis, storage results in a reduction in the expression of
the BCR and its lipid raft-targeting components CD21 (~20% reduction, t test p < 0.01) and
CD19 (10% reduction, t test p < 0.05) (Fig. 3). In contrast, CD40 and MHC II do not
associate with lipid rafts (Malapati and Pierce 2001; Karacsonyi et al. 2005) or show
reduced surface expression (Fig. 3), consistent with specific effects on lipid raft components
(2-way ANOVA p < 0.05). In addition, the surface expression of the B cell antigen receptor
was quantitated on normal and Sandhoff patient EBV-transformed B lymphoblasts (Maret et
al. 1985). Sandhoff lymphoblasts showed, ~60% decrease in sIgG surface levels (Fig. 3).
Due to the ready availability of large quantities of B lymphoblasts, we studied the effects
storage on the endocytic distribution of lipid rafts and the turnover of the B cell antigen
receptor on these cells.

Storing cells show redistribution of GM1
In order to investigate the distribution of GM1 in the endosomal pathway, cholera toxin was
used as a probe (Harder et al. 1998). Pulse labeling of normal B lymphoblasts with FITC
labeled cholera toxin (green) shows a perinuclear distribution similar to the Golgi (Schapiro
et al. 1998) (Fig. 4a). In normal cells, the fluorescence does not overlap with the lysotracker
staining (Fig. 4b). In B cells isolated from a Sandhoff patient, increases in the number
lysotracker-labeled structures are seen (Fig. 4b vs e). In Sandhoff lymphoblasts, an increase
in the co-localization of cholera toxin and lysotracker occurs, as can be seen from the
merged image (Fig. 4f). This is consistent with an increase in the level of lysosomal GM1
even in β-Hexb−/−-deficient cells that store GM2. This is consistent with the hypothesis that
raft-associated lipids are redistributed on storage.

GSL storage increases the turnover of the B cell receptor
If lipid raft-associated proteins are also mislocalized to lysosomes on storage, the B cell
receptor may be expected to have an increased rate of degradation in β-Hexb−/−-deficient
cells. Using a pulse chase biotinylation assay, the B cell receptor on normal human B
lymphoblasts did not turn over significantly during the 4-h period of the study. In contrast,
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the B cell receptor on human Sandhoff B lymphoblasts was found to turnover more rapidly
with a half-life of 3 h (Fig. 5) consistent with increased degradation.

Discussion
Previously, it has been shown that a cell culture model of NPC1 disease has GSL-dependent
disruption of endocytic sorting (te Vruchte et al. 2004). The present results show that
primary B cells isolated from an NPC1 mouse model, as well as mouse models of other GSL
storage diseases, also show altered endocytic sorting. Moreover, in Sandhoff B cells, cholera
toxin (a GM1 binding toxin) shows altered trafficking from the Golgi to lysosomes and the
B cell receptor shows decreased cell surface expression due to an increase in degradation.
The present results suggest that GSL storage causes the altered distribution of lipid rafts in
β-Hexb−/−-deficient cells. Endocytic rafts are usually degraded to cholesterol and
sphingosine by lysosomal hydrolases; when this process is blocked, both raft-associated
lipids and proteins may become trapped, increasing their rate of degradation.

There is increasing evidence for the disruption of lipid raft-associated proteins in GSL
storage diseases. T cells isolated from a mouse model of Niemann-Pick type A disease
(sphingomyelin and GSLs are stored) show perturbation of lipid rafts and disruption of T
cell receptor signaling (Nix and Stoffel 2000). In primary kidney cells isolated from a mouse
model of metachromatic leukodystrophy (sulphatide is stored), the lipid raft-associated
protein MAL is mislocalized to lysosomes and down-regulated (Saravanan et al. 2004).

Glycolipid rafts have been visualized within endosomal buds (Sharma et al. 2003) an
observation that may be related to the preferential localization of GM1 to buds and tubules
of high curvature in vitro (Roux et al. 2005). Endosomes sort lipids on the basis of their
fluidity (Mukherjee et al. 1999) and GSL storage may disrupt this process by increasing the
liquid ordered phase within endosomes. The redistribution of lipid raft components to the
lysosome in storing cells may inhibit specific endocytic mechanisms that are necessary for
transport to the Golgi (Puri et al. 2001). The present results suggest that altered lipid sorting
may also have implications for the sorting of specific proteins.

In B cells, the mass of cholesterol storage is much greater than that of GSLs (present data).
Possibly, the accumulation of GSL inhibits cholesterol removal from endosomes to the ER
where it is esterified, possibly by inhibiting the function of NPC1 (Puri et al. 1999). In
contrast, in α-Gal−/−(Fabry) mice, despite increased Gb3, no large increases in cholesterol
potentially reflecting GSL specificity occurred either in NPC1 redistribution and/or raft
formation. In addition, Fabry mice show no increases in lysotracker staining or altered
BODIPY LacCer distribution, possibly reflecting the lower level of storage in comparison to
the other diseases. Possibly, GSL storage is tolerated up to a certain level. Previously, the
level of GSL storage found in Gaucher fibroblasts was not sufficient to disrupt endocytosis,
unless further storage was induced (Sillence et al. 2002). A critical role for cholesterol
storage in altered endocytic sorting has been described (Puri et al. 1999).

In NPC1−/− and Hexb−/− mice, a lysosomal neuraminidase acts on stored GM2 leading to
increases in GA2 at the expense of GM2. In NPC1−/− B cells, GM2 is not converted to GA2
as it is in β-Hexb−/−. Potential reasons for this difference include (1) the subcellular
distribution of GM2 is different, and (2) the GM2 storing compartment in NPC1−/− B cells is
either negative for neuraminidase or is inhibited in some way as a result of the NPC1. In
contrast to Hexb−/− B cells, B lymphoblasts from Hexb−/− patients stored Gb4 (~700 pmol/
mg protein) instead of GA2 (~800 pmol/mg) as seen in the mouse. Differences in the type of
GSL stored may explain why the surface expression of the BCR in the patient-derived
Hexb−/− B lymphoblasts was less than that observed for the mouse-derived Hexb−/− B cells
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(60% reduction vs 20% reduction, respectively; Fig. 3). This interesting observation
suggests that different GSL stored may have consequences for the degradation of the BCR
possibly through specific raft formation.

Apart for lipid rafts, GSL storage may also cause disease by other mechanisms. Toxic lyso
derivatives may escape the lysosome-disrupting protein activity (Im et al. 2001; Suzuki
1998). Storage may disrupt cation channels that are necessary for late endosomal trafficking
and fusion (LaPlante et al. 2002; Pryor et al. 2000; Vanweert et al. 1995). Storage may
spread, disrupting cation channels in the ER and receptors at the cell surface (Blom et al.
2001; Pelled et al. 2003; Tessitore et al. 2004; Yu et al. 2005). It has been speculated that
storage may lead to mechanical stress via the increase and number and volume of lysosomes
(Desnick et al. 1976). Finally, GSL storage leads to a relatively large increase in cholesterol
levels that may directly disrupt the function of specific proteins that are sensitive to large-
scale changes in membrane fluidity. In order to place these mechanisms in order of
importance, it will be necessary to determine how GSLs mediate their functions and to what
extent stored material escapes the lysosome.

This study highlights the fact that storage may alter the cell surface expression of
immunoreceptors and thus alter immune responses. As this may contribute to clinical
heterogeneity, further studies are required to determine the functional consequences of GSL
storage on the multiple effector cell types of the immune system.
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Fig. 1.
Electron microscopy of storing B cells. Representative images of electron dense material
accumulating in GSL storage disease B cells. a C57Bl/6, b α-Gal−/−, c β-Gal−/−, d Hexb−/−,
e NPC1+/+, f NPC1−/−. Scale bar 0.2 μm
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Fig. 2.
Storing B cells show altered BODIPY LacCer trafficking. Representative images of the
subcellular localization of BODIPY LacCer. Splenic B cells were isolated and treated with
10 μM BODIPY LacCer in 1% serum for 60 min followed by extensive washing in 10%
serum for 5 min and further incubation for 90 min
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Fig. 3.
BCR receptor and co-receptors are downregulated in Hexb−/− (Sandhoff disease) B cells.
Spleens of 14-week-old mice were taken to determine the level of expression of CD21,
CD19, CD40, MHC II, and sIgM on CD23 high B cells by FACS. A 2-way ANOVA
analysis was performed and raft and non-raft components where significantly different,
p<0.05). The level of expression of sIgG in control and Sandhoff human lymphoblasts were
also determined by FACS. Solid bars represent Sandhoff B cells. *p<0.05
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Fig. 4.
Cholera toxin traffics to lysosomes in Hexb−/− B lymphoblasts. B lymphoblasts were pulse
labeled with fluorescently conjugated cholera toxin (green) and lysotracker (red). a–c
Control lymphoblasts, d–f Sandhoff lymphoblasts
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Fig. 5.
BCR receptor shows increased turnover in Hexb−/− lymphoblasts. Following pulse labeling
with NHS-biotin and immunoprecipitation in the presence of anti-IgM/IgG the half-life of
the protein was determined by densitometry. Control (•) Hexb−/− (o) *p<0.05, **p<0.01
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Table 1

Mouse models used in this study

Mice Symptom onset (months) Average life span (months) Age range analysed (months)

C57BI/6 None 30 1–12

α-Gal−/− 7–12 30 8

β-Gal−/− 4–5.5 10 6

β-Hexb−/− 2.5 4.5 4

NPC1 −/− 1 2.5 1–2
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Table 3

Total GSL and cholesterol accumulation in storage disease B cells. B cells were purified from splenocytes.
After lipid extraction, GSLs were purified by HPLC and cholesterol was quantitated using a microassay. Data
are from 4–6 experiments and are expressed as nmol/mg

Mouse Total GSL % Total cholesterol %

C57Bl6 1.5±0.3 100 60±8 100

α-Gal−/− 2.7±0.5 180 110±50 180

β-Gal−/− 3.8±0.5 250 160±100 260

β-Hexb−/− 3.7±0.5 240 270±90 450

NPC1++ 1.3±0.2 100 100±40 160

NPC1+/− 1.3±0.2 100 60±20 100

NPC1−/− 5.4± 1.3 400 410±100 680
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Table 4

Expansion of the lysosomal compartment and changes in GSL endocytosis in storage disease B cells.
Lysotracker staining as quantitated by FACS analysis and BODIPY LacCer subcellular location scored as %
cells showing a punctate appearance from a total of ~100 cells scored from 5–11 fields

Mouse Lysotracker
(fluorescence/cell Arb
units, FACS)

% Punctate (microscopy)

C57B16 300±25 13±3

α-Gal−/− 220±98 13±2

β-Gal−/− 980±110 73±20

β-Hexb−/− 580±53 46±11

NPC1 +/+ 264±76 11±3

NPC1 +/− 340±200 17±12

NPC1 −/− 830±130 72±12
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