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Abstract Gangliosides are expressed in the outer leaflet
of the plasma membrane of the cells of all vertebrates and
are particularly abundant in the nervous system. Ganglio-
side metabolism is closely associated with the pathology of
Alzheimer’s disease (AD). AD, the most common form of
dementia, is a progressive degenerative disease of the brain
characterized clinically by progressive loss of memory and
cognitive function and eventually death. Neuropathologi-
cally, AD is characterized by amyloid deposits or “senile
plaques,” which consist mainly of aggregated variants of
amyloid B-protein (AB). AR undergoes a conformational
transition from random coil to ordered structure rich in 3-
sheets, especially after addition of lipid vesicles containing
GM1 ganglioside. In AD brain, a complex of GM1 and Af3,
termed “GAf,” has been found to accumulate. In recent
years, A and GM1 have been identified in microdomains
or lipid rafts. The functional roles of these microdomains
in cellular processes are now beginning to unfold. Several
articles also have documented the involvement of these
microdomains in the pathogenesis of certain neurodegen-
erative diseases, such as AD. A pivotal neuroprotective role
of gangliosides has been reported in in vivo and in vitro
models of neuronal injury, Parkinsonism, and related dis-
eases.;ill Here we describe the possible involvement of
gangliosides in the development of AD and the therapeutic
potentials of gangliosides in this disorder.—Ariga, T., M. P.
McDonald, and R. K. Yu. Role of ganglioside metabolism in
the pathogenesis of Alzheimer’s disease—a review. J. Lipid
Res. 2008. 49: 1157-1175.
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GANGLIOSIDES

Gangliosides are sialic acid-containing glycosphingo-
lipids (GSLs) that are expressed in the outer leaflet of
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the plasma membrane of all vertebrate cells. Gangliosides
are involved in a variety of functions, including serving as
antigens, receptors for bacterial toxins, mediators of cell
adhesion, and mediators and modulators of signal trans-
duction (1). About 200 gangliosides are known today, dif-
fering in their carbohydrate components (2). Gangliosides
are most abundant in the nervous system. Their expres-
sion in the nervous system is cell specific and developmen-
tally regulated, and their quantities and species undergo
dramatic changes during differentiation of the cell (3-5).
Gangliosides also play an important role in the pathogenic
mechanisms of many immune-mediated neurological dis-
orders, such as Guillain-Barré syndrome (6). GM1 ganglio-
side is present in endocytic organelles, in the trans-Golgi
network, and in the plasma membranes. More recently, it
has been demonstrated that GM1 ganglioside is also pres-
ent in nuclear membranes, adding another interesting

facet to the myriad biological functions of gangliosides (7).

In the plasma membrane, where the bulk of GMI is
deposited, GM1 is not distributed uniformly but is more
concentrated in noncoated invaginations (8). Ganglio-
sides are also known to exist in clusters and to form mi-
crodomains or lipid rafts on the surface of the plasma
membrane (9). This specific localization of gangliosides
enables them to interact with a variety of bioeffectors,
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such as glycoproteins, antibodies, peptide hormones, and
growth factors (10, 11). Furthermore, gangliosides can
promote cell differentiation and induce neuritogenesis
(12, 13). Gangliosides are also known to provide a neuro-
protective role in in vivo and in vitro models of neuronal
injury (14). The mechanisms of the neuroprotective ef-
fect of GMI and related gangliosides, however, are still
obscure (15).

ALZHEIMER’S DISEASE

Alzheimer’s disease (AD), the most common form of
dementia, is a progressive degenerative disease of the
brain with loss of memory and cognition. AD is charac-
terized neuropathologically by amyloid deposits or “senile
plaques” (SPs), whose major component is an aggregated
variant of amyloid B-protein (AB), a family of 39- to 42-
residue peptides formed by normal sequential enzyme
cleavage of the amyloid precursor protein (APP) (16, 17).
In AD, there are also neurofibrillary tangles consisting of
paired helical filaments containing hyperphosphorylated
tau (18). Cleavage of APP by a-secretase produces a sol-
uble form of APP (sAPPa), which precludes generation of
AB (19). Cleavage of APP by the B-secretase, BACEL, at the
N-terminus of the AB domain, however, generates sAPPf
and a C-terminal fragment, which undergoes a second
cleavage by the protease y-secretase to generate the sol-
uble form of AB. Conversion of the soluble form of AB to
the toxic variant with a high degree of B-sheet structures,
a prerequisite for aggregation, is a critical step in the for-
mation of amyloid deposits. It is not clear, however, what
mechanism leads to the polymerization process in which
normal soluble proteins are converted into insoluble ag-
gregates or fibril forms. Because of this conversion, how-
ever, inhibition of A aggregation and/or decomposition
of fibrils formed in aqueous solution by small compounds,
as well as inhibitors of B- and y-secretases, have been stud-
ied extensively for the prevention and treatment of AD.

At present, the etiology of AD is not clearly understood,
but it is likely to be multifactorial, including genetic pre-
disposition, protein trafficking and turnover, GSL abnor-
malities, and impairment of neurotrophin signaling (20).
In this review, we will focus on the GSL abnormalities that
may be involved in the pathogenetic mechanisms of AD.

GANGLIOSIDE METABOLISM IN AD

The pathology of AD is closely related to lipid me-
tabolism (21). During aging and neurodegeneration, the
physicochemical properties of membranes are altered.
This can result in imbalances in the proportion of lipids
in membranes and/or changed ratios of membrane lip-
ids, which may contribute to the pathogenesis of AD (22).

In brain cells, ganglioside and lipid abnormalities, in
addition to pathogenic AP production, may contribute to
the pathological conditions found in AD (20). Figure 1
shows the structure and metabolism of gangliosides in the
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brain. Several earlier studies showed alterations in gan-
glioside metabolism in AD brain (23-29). This is mani-
fested as reductions in gangliosides in the majority of
brain regions, including the cerebral cortex, hippocam-
pus, basal telencephalon, and frontal white matter, and
especially in the frontal cortex and white matter (24).
The pattern of ganglioside alterations in AD differs ac-
cording to age of onset. Specifically, the concentration
of gangliosides is reduced to 58-70% of that of control
brains in gray matter, and to 81% in frontal white matter,
in early-onset or familial AD cases; however, gangliosides
are significantly reduced only in the temporal cortex, hip-
pocampus, and frontal white matter in late-onset cases
(23). Brooksbank and McGovern (25) reported the gan-
glioside composition in the brains of adults with Down
syndrome (DS) and in AD. DS is attributed to trisomy
(triplication) of chromosome 21, the same chromosome
on which APP is located. Although there were no abnor-
malities in the gangliosides of DS corpus callosum, the
concentration of total gangliosides in frontal cortex and
cerebellum of DS was reduced compared with controls.
GT1b and GD1b showed the greatest loss, in contrast to a
slight increase in GTla, GD3, GM1, and GM2. Consistent
with these changes, the ratio of total b-series to a-series
gangliosides was reduced in DS brains. In contrast to the
substantial changes in DS patients, the total gangliosides
and their composition were normal in frontal cortex from
patients with AD compared with age-matched controls,
with the minor exception of reductions in the fractions of
GQlb and GTIL (25). Crino et al. (26) also reported that
concentrations of gangliosides in individuals with demen-
tia of the Alzheimer type (DAT) were significantly lower
than the concentrations in control brains. Analysis of the
ratios of a-series (GM1 and GD1a) to b-series (GD1b and
GT1b) gangliosides revealed that DAT preferentially
affected b-series gangliosides. The areas affected in DAT
included the nucleus basalis of Meynert, and entorhinal,
posterior cingulate, visual, and prefrontal cortices. Other
studies, by Kracun and his coworkers (27-29), documented
a significant decrease of ganglio-series gangliosides (GT1b,
GD1b, GD1a, and GM1) in both the frontal and temporal
cortex and basal telencephalon, as well as in the nucleus
basalis of Meynert of the brains of patients with AD com-
pared with those areas in control brains. Because neuro-
nal loss and brain shrinkage are pathological hallmarks
of AD and gangliosides are enriched in neurons, the re-
duced ganglioside concentrations of ganglio-series gan-
gliosides are consistent with the pathological changes.
Further study of the brains of patients with AD indicated
that simpler gangliosides, such as GM2 and GM3, were
elevated in both frontal and parietal cortices, which may
coincide with accelerated lysosomal degradation of ganglio-
sides and/or reactive astrogliosis occurring during neuronal
death (29). These changes are also associated with AD.
With respect to minor gangliosides, we have recently
found GQlba expression in the brains of transgenic mice
induced with AP-1 and AB1-42, and the content of this
ganglioside increased during aging (Ariga et al., unpub-
lished data; Fig. 2). GQlba is one of the so-called Chol-1
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Fig. 1. Structure and metabolism of gangliosides in mammalian brain. The nomenclature of gangliosides follows the system of

Svennerholm (183).

antigens that are markers of cholinergic neurons (30, 31).
Expression of the Chol-1 antigens in rat brain regions,
such as in the hippocampus, is developmentally regu-
lated, and their concentrations increase with aging (32).
In mouse brain, their expression in brain is present only
during early prenatal stages characterized by rapid neu-
ronal differentiation, presumably during development of
the cholinergic neuronal system (5) (Fig. 3). There is a
distinct possibility that upregulation of the expression
of GQlba ganglioside in AD mouse brain could be a
compensatory mechanism for the age-related decline of
cholinergic function. These findings also suggest that
abnormalities in gangliosides in the brains in individuals
with AD or DS may reflect developmental disturbances.
In the cerebrospinal fluid (CSF) of patients with AD,
the total concentration of gangliosides did not differ sig-
nificantly between the “probable AD” group and controls,
but the distribution of ganglioside species underwent dis-
tinct changes. In the “probable AD” group, there was an
increase in the amount of GM1 and GDla, and a con-
comitant decrease in the amount of GD1b and GTlb.
Although the pathogenetic mechanism for these changes
in gangliosides in CSF in individuals with “probable AD”

remains to be established, the changes may reflect the de-
generation of nerve cells and synapses (33).

Immunohistological studies have been performed on
the cellular and subcellular localizations of gangliosides
in the brains of patients with AD using specific antibod-
ies (34-36). In these cases of brain tissues from patients
with AD-type dementia, some SPs were immunostained
with anti-GDla monoclonal antibody, with the strongest
staining in the subiculum (34). However, no diffuse amy-
loid deposits, neurofibrillary tangles, or neuropil threads
were immunostained. Antibodies to c-series gangliosides
and microtubule-associated protein 5, both of which are
preferentially expressed in fetal brains, immunostained
the dystrophic neurites associated with SPs, neurofibrillary
tangles, and neuropil threads. All of these pathological
hallmarks of AD are abundant in cortical layers 3 and
5 (35). In AD, many neurofibrillary tangles, neuropil
threads, and dystrophic neurites react strongly with A2B5
(36). Although the amount of gangliosides and their pat-
terns are similar in control and in AD cases (37), an ob-
servation was made that the A2B5 antibody reacted with
human brain c-series gangliosides and, unexpectedly, sul-
fatides (38).
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Fig. 2. Expression of GQlba in brains of transgenic (TG) mice
induced with AP-1 and AB1-42. Lane 1: bovine brain ganglioside
mixtures; lanes 2-4: TG (2 weeks); lanes 5-7: TG (4 weeks); lanes
8 and 9: wild-type; lane 10: GQlba standard, 10 ng. A: resorcinol-
HCI reagent staining; B: immunostaining with anti-Chol-1 mono-
clonal antibody (CGR-41). The plates were developed with the
solvent system of chloroform-methanol-0.2% CaCly; 55:45:10; v/v/v.

The brain gangliosides of different transgenic mouse
models of AD have been analyzed and compared with
those of age-matched wild-type mice (39-42). Barrier et al.
(39) observed a marked increase in the simple ganglio-
sides GM2 and GM3 in the cortex of 2-year-old APP®" mice
expressing the Swedish (K670N/M671L) and London
(V7171) mutations of human APP. The proportions of
GQlb, GD1b, GD3, and GTla were all moderately but sig-
nificantly decreased in these mice, compared with wild-type
controls. Cerebellar ganglioside levels were unchanged.
Cortical GM2 and GM3 were also significantly increased, as
was GD3, in APP®" transgenics co-expressing either a point
mutation (M146L) in presenilin 1 (PSENI) or a homo-
zygous knock-in of the M233T/L235P PSEN1 mutation.
Additionally, a loss of complex gangliosides (GT1a, GDla,
and GM1) was noted in the brains of APP/PSEN1 knock-
in mice, but not in the APP/PSENI1 double-transgenic
mice. Interestingly, although cortical levels of GM2 and
GM3 are expressed at very low levels in wild-type mouse
cortex, they were reduced even further in both PSENI1
mutant lines in the absence of the APPS" transgene. Thus,
ganglioside alterations occurring in mice expressing the
human mutant APP®" transgene with or without a PSEN1
mutation, but not with a PSEN1 mutation alone, are sim-
ilar to those observed in humans with AD (23, 28, 39). In
contrast to the robust changes in the cortex, only slight
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Fig. 3. Expression of GQlba in developing mouse brain. Ganglio-
sides isolated from the developing mouse brains were subjected to
high-performance thin-layer chromatography (HPTLC) immuno-
staining with GGR-41 anti-Chol-la (GTlaa and GQlba) antibody
(A), and then visualized with the resorcinol-HCI reagent (B) (5).

changes in the ganglioside pattern were found in the
cerebellum in the PSEN1 and APP/PSENI1 mutant lines
(40). Alterations in cerebellar gangliosides have not been
reported in the cerebellum of AD brains, although b-series
cerebellar gangliosides are reduced in normal aging (29)
and a reduction in total cerebellar gangliosides has been
reported in patients with DS (25). Recently, Bernardo et al.
(40) reported ganglioside alterations in mixed cortical/
hippocampal tissue of mice lacking St8sial, the gene
that codes for GD3 synthase (GD3S), and in a double-
transgenic (APPgy./PSEN1Ae9) mouse model of AD cross-
bred with GD3S™/~ mice. GD3S is the biosynthetic enzyme
that converts GM3 to GD3 and is required for synthesis
of b-and c-series gangliosides (STII in Fig. 1). Brain gan-
glioside levels were measured in double-transgenic, triple-
mutant, and wild-type mice. The triple-mutant (APP/
PSEN1/ GD3S™/ ") mice had a complete lack of b-series
gangliosides and a corresponding increase in GM1 (63.8%)
and GD1a (50.8%), compared with the levels in wild-type
mice (Fig. 4). No significant differences in four major brain
gangliosides were found between wild-type and APP/PS-1
double-transgenic mice. Neither tissue cholesterol nor fatty
acid phospholipids differed significantly across the four
groups. These APP/PSENI double-transgenics exhibit
robust impairments on a number of reference memory
tasks (40). In contrast, APP/PSENI/GDSS_/_ triple-
mutant mice performed as well as wild-type control and
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Fig. 4. Representative thin-layer chromatographs from wild-type, double-transgenic, and triple-mutant
mice. The plate was developed with the solvent system of chloroform-methanol-0.2%CaCls; 55:45:10; v/v/v).
Triple-mutant mice lack two of the four major brain gangliosides, and have increased levels of a-series
gangliosides GM1 and GDla, compared with wild-type mice. Differences between double-transgenic and

wild-type mice were not significant.

GD3S™/ ™ mice. Consistent with the cognitive improvements,
AB plaques and associated neuropathology were almost
completely eliminated in the APP/PSENI/GD?)S_/_
mice. These results suggest that GD3 synthase may be a
novel therapeutic target to combat the cognitive deficits,
amyloid plaque formation, and neurodegeneration that
afflict Alzheimer’s patients. It is of note that the APP/
PSENI bigenic mice have significantly impaired memory
despite having no significant changes in major brain gan-
gliosides, but the GD3S™/~ mice have normal memory in
the presence of substantial redistribution of gangliosides.
This suggests that the ganglioside alterations per se are not
directly responsible for the cognitive effects in this study,
with the possible exception of the putative neutrophic
effects of elevated GMI1. Instead, the memory deficits in
APP-overexpressing mice have been attributed to small
AB oligomers. Thus the cognitive effects of the ganglio-
side alterations are probably attributable to reduced A3
oligomerization in these mice, secondary to lower levels
of APP protein and reduced AB-binding substrate (b-series
gangliosides). These transgenic models represent valu-
able tools for further investigation of the role of altered
ganglioside metabolism in the pathogenesis and treatment
of AD (39, 40).

With respect to the involvement of catabolic enzymes
for gangliosides, Pitto et al. (43) reported enhanced GM1
ganglioside catabolism in cultured fibroblasts from pa-
tients with AD. After cultured fibroblasts were incubated
with GM1 ganglioside [®H]radiolabeled at the sphingo-
sine moiety, they found that the content of tritiated GM2
and GM3 gangliosides was increased in AD fibroblasts
compared with that in control cells. The increase in the
concentrations of GM2 and GM3, in comparison with
control cells, could be due to the increased activities of
acidic B-p-galactosidase, which is responsible for hydrolyz-

ing GM1 to GM2 in AD fibroblasts. Kalanj-Bognar et al.
(44) also reported a statistically significant increase of
B-galactosidase activity in leukocytes of both DAT and
DS. In addition, sialyltransferase activity was reduced in
the frontal and temporal cortical lobes and serum of
Alzheimer’s patients. This may be a specific biochemical
event associated with the AD-like neurodegeneration, al-
though no change was observed in the hippocampus (45,
46). This significant decrease in the serum sialyltrans-
ferase activity may prove to be a useful early biochemical
marker of neurodegeneration and may provide an indi-
cation of the underlying cellular events that occur during
the process of nerve cell death in AD (46). Cataldo et al.
(47) found that lysosomal hydrolases, cathepsin D, and
B-hexosaminidase A were colocalized with AB in a sub-
group of diffuse plaques in the cerebellum and striatum
of individuals with AD or DS. It is suggested that the ac-
tivities of several lysosomal enzymes involved in catabo-
lism of gangliosides may be taken as a peripheral hallmark
of AD or DS patients.

Gangliosides are known to play an important role in
neuronal development and regeneration, whereas anti-
ganglioside antibodies have been shown to impair these
processes. For example, passive transfer of anti-GD1a anti-
body severely inhibited axon regeneration after periph-
eral nervous system injury in mice (48). Anti-ganglioside
antibodies have been described in sera of patients with pe-
ripheral neuropathy and a number of immune-mediated
neurological diseases (6, 49). Chapman et al. (50) exam-
ined neuronal degeneration in AD and noted that it was
associated with the presence of anti-ganglioside antibod-
ies. A significantly elevated level of antibodies specific to
ganglioside GM1, but not to other gangliosides (GDla,
GD1b, GT1b, and GQlb), was found in patients with AD
compared with normal age-matched controls. In addition,
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a high level of antibodies to GM1 was also found in pa-
tients with multi-infarct dementia and Parkinson’s disease
with dementia but not in nondemented patients with
other neurodegenerative diseases. AD is associated with
degenerative changes in the nuclei of basal forebrain that
provide most of the cholinergic input to the cortex and
hippocampus and with a reduction in presynaptic cholin-
ergic parameters in these areas. Interestingly, Chapman
et al. (51) reported the presence of antibodies in sera of
AD patients that bind specifically to cholinergic neu-
rons. Our preliminary results indicated that a cholinergic
neuron-specific ganglioside (GQlba) is elevated in an
AD model of transgenic mice (Ariga et al., unpublished
results), which is consistent with this view. These observa-
tions may reflect a specific change in ganglioside metab-
olism that is associated with neurodegenerative processes
underlying AD and other forms of dementia.

Interaction of ABs with gangliosides

A fundamental question concerning the pathogenic
mechanism of AD is how nontoxic AB is converted to its
toxic aggregates in the brain (52). Interactions between
ABs and neuronal membranes have been postulated to
play a pivotal role in the neuropathology of AD. Since
Terzi, Holzemann, and Seelig (16) first reported that
AB undergoes a conformational transition from random
coil to ordered structure rich in B-sheet after addition of
lipid vesicles containing negatively-charged lipids, several
studies have demonstrated that ABs bind to gangliosides,
especially GM1, resulting in an altered secondary structure
(53, b4). AB-ganglioside interaction may be implicated
in formation of AB polymerization and/or fibrinolysis
(54). Further studies have indicated that conformational
changes in AB (16, 54-56) depend on several factors, in-
cluding pH, the presence of metal ions (57, 58), and the
concentration of gangliosides (54). AB binds to membranes
containing ganglioside GM1, and upon binding, under-
goes a conformational transition from random coil to an
ordered structure rich in B-sheet. This interaction appears
to be ganglioside specific because no changes in AB1-40
conformation were found in the presence of various phos-
pholipids or sphingomyelin. The peptide binds selectively
to membranes containing gangliosides with a binding af-
finity ranging from 10 %0107 M, depending on the type
of the ganglioside sugar moiety. This interaction appears
to be ganglioside specific under experimental conditions
involving neutral pH and physiologically relevant ionic
strength (54). On the other hand, the isolated oligosac-
charide moiety of the ganglioside is ineffective in induc-
ing alterations in the secondary structure of AB1-40 (54,
59), suggesting the involvement of the lipid component in
the interaction. In addition, McLaurin and Chakrabartty
(55) reported that AB1-40/AP1-42 disrupts acidic lipid
membranes, and this disruption is greater at pH 6.0 than
at pH 7.0. At pH 7.0, gangliosides induce AB1-40/AB1-42
to adopt a novel a/ conformation. They speculated that
gangliosides can sequester AB and thereby prevent (-
structured fibril formation; alternatively, gangliosides may
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be involved in normal AB functioning and/or clearance.
This effect appears to be ganglioside specific, because un-
der the conditions of physiologically relevant ionic strength,
no changes in A conformation could be detected in
the presence of ganglioside-free vesicles composed of
zwitterionic or acidic phospholipids. Further study indi-
cated that binding of AB1-40 to mixed gangliosides or
GM1-containing vesicles induced an a-helical structure
at pH 7.0 and a B-structure at pH 6.0 (56). Notably, the
interaction of A with ganglioside clusters is stronger under
physiological conditions, and therefore is physiologically
important (60). During incubation with I-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine vesicles containing
physiological levels of GMI1, the association of AB with
vesicles seeds the formation of A fibrils. Thus, favorable
interactions between A and GMI in the cell membrane
provide a mechanism for AP fibrillogenesis in vivo, and
AB-induced disruption of the cell membrane may pro-
vide a pathway by which AB exerts toxicity (61).

Emerging evidence has indicated that disruption of the
homeostatic balance of redox-active biometals such as
Cu and Fe can lead to oxidative stress, which plays a key
role in the neuropathology of AD. Atwood et al. (57) re-
ported that unlike other biometals tested at maximal
biological concentrations, marked Cu®*-induced aggrega-
tion of AB1-40 occurred as the solution pH was lowered
from 7.4 to 6.8 and that the reaction was completely re-
versible with either chelation or alkalinization. The ag-
gregation-inducing activity of metals is in the following
order: Cu®" > Fe®* > or = AI’* > Zn®" (58). Interestingly,
incorporation of ganglioside GM1 into the membrane of
liposomes enhances liposomal aggregation induced by A
as well as other peptides (62).

Using surface plasmon resonance (SPR), Valdes-Gonzalez,
Inagawa, and Ido (63) investigated the interaction of AB1-
42 and seven different neuropeptides with membranes
containing gangliosides. A wide range of affinities with
dissociation constants of Kp = 1072-10"7 M characterize
the bindings with the following scheme: for GM1, AB1-42 >
DYN > SP = GAL = SOM = BRD > OXY = ENK; for
GDla, AB1-42 = DYN = GAL > SP = SOM = BRD =
OXY > ENK; and for GT1b, AB1-42 > DYN > SP = GAL >
SOM = BRD = OXY > ENK. The binding specificities of
ABs such as AB1-40, AB1-42, AB40-1, AB1-38, AB25-35, and
B-APP analogs for different GSLs have also been deter-
mined by SPR using a liposome capture method (11). AB1-
42, AB1-40, AB40-1, and AB1-38, but not AB25-35, bind to
GM1 ganglioside with affinities in the following order, from
greatest to lowest: AB1-42 > AB40-1 > AB1-40 > ABI1-38.
AB-APP analogs bind to GM1 ganglioside with a relatively
lower affinity. Aged derivatives of ABs were found to have
higher affinity to GMI ganglioside than freshly prepared or
soluble derivatives. AB1-40 binds to a number of ganglio-
sides with the following order of binding strength:
GQlba > GTlaa > GQIlb > GT1b > GD3 > GDla =
GD1b > LM1 > GM1 > GM2 = GM3 > GM4. Neutral GSLs
have a much lower affinity for AB1-40 than gangliosides.
The results suggest that an a2,3NeuAc residue on the neu-
tral oligosaccharide core of gangliosides is required for bind-
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ing. In addition, the a2,6NeuAc residue linked to GalNAc
in the a-series of gangliosides contributes significantly to
the binding affinity for AB. Specific binding between AB1-
40 and ganglioside GMI in the lipid raftlike domain of
the membrane is suggested from an SPR experiment. The
difference in binding ability to the cell membranes ac-
counts for the cytotoxicity of AB1-40; namely, aggregated
B-sheet AB1-40 presents higher cytotoxicity than random
coil AR1-40 (64).

With respect to the mode of interaction between AR
and gangliosides, the ganglioside sugar moiety, specifically
the sialic acid, plays an important role. NMR spectro-
scopic studies of ganglioside-Af interactions conducted in
sodium dodecyl sulfate micelles, a membrane-mimicking
environment, revealed that asialo-GM1 bound with AR in
a manner that could prevent B-sheet formation; ganglio-
side GT1b, however did not show such a property (65).
Williamson et al. (66) also demonstrated with NMR stud-
ies that interaction of '"N-labeled AB1-40 and AR1-42
with GM1 micelles is localized to the N-terminal region of
the peptide, particularly residues His13 to Leul7, and the
peptide becomes more helical upon binding. The key in-
teraction is with Hisl3, which causes the peptide to un-
dergo a GMI-specific conformational change. The sialic
acid residue of the ganglioside headgroup is important
for determining the nature of the conformational change.
The isolated pentasaccharide headgroup of GM1 alone,
however, is not bound, suggesting the need for a poly-
anionic membrane-like surface. Several studies have dem-
onstrated that residues 12-28 of AP are the most likely
targets for stimulating fibrillogenesis of this peptide when
stimulated 10-fold by apolipoprotein E (apoE). This por-
tion of AR has also been shown to be important for the
adoption of a B-pleated sheet structure (67). In addition,
AP residues 1-35 are required for the binding of the AR
peptide to authentic amyloid plaques, as shown in an
NMR study (68). More recent studies indicated that the
binding site for GM1 was located within residues 52—-81 (N-
terminus) of APP, resulting in a conformational change
of APP (69). This phenomenon is specific for GM1, but
not for GD1a, GT1b, and ceramide, indicating that spe-
cific binding depends on the sugar moiety of GMI.

Interaction of AP with gangliosides may play a critical role
in the pathogenesis of AD

In brains of patients with AD, the major component of
amyloid deposits is known to be a 39- to 43-residue pep-
tide (16). In CSF, AB1-40 is the major soluble species (70).
AB1-42, on the other hand, is a minor soluble species that
is more fibrillogenic than AR1-40 (71). Unexpectedly,
monomeric AB1-40 serves as an antioxidant molecule and
plays a neuroprotective role in AB1-42-induced neuro-
toxity in cultured rat brain cells (71).

The conversion of soluble, nontoxic A to aggregated,
toxic AB rich in B-sheet structure by seeded polymeriza-
tion has been presumed to be a key step in the develop-
ment of AD (72, 73). Choo-Smith et al. (54) reported that
addition of ganglioside-containing vesicles to the peptide
solution dramatically accelerates the rate of fibril forma-

tion compared with vesicles without gangliosides. The
mechanism of ganglioside-mediated AP fibrillization
probably involves an initial step in which the GSL-bound
peptide self-associates on the membrane surface, under-
going a conformational transition to a B-sheet structure.
Surface-associated, B-sheetrich, peptide micro-aggregates
could then act as a specific template (“seed”) to recruit
additional peptide molecules from solution and promote
fibril formation by a B-sheet augmentation mechanism
(54). AP aggregation in brain is accelerated through an
increase in the level of GM1 in neuronal membranes (42).
Further studies have demonstrated that GM1 and GT1b
promote the aggregation and cytotoxicity of AB1-40, and
these gangliosides, especially GM1, catalyze the formation
of neurotoxic fibrils (74). The effect is dose dependent;
in the presence of lower concentrations of GM1 (about
25 uM), AB1-40 aggregates much more slowly, indicating
that an increase in the concentration of GM1 significantly
facilitates the aggregation of AB. An increase in the cho-
lesterol concentration in the neuronal membranes also
accelerates AB aggregation through the formation of en-
dogenous seeding (75, 76), suggesting that cholesterol is
a risk factor for AD development. These results further
underlie the importance of control of cellular cholesterol
and/or ganglioside contents in the pathogenesis of AD.

Accumulation of specific ganglioside-bound AP complex
in AD brain

As indicated above, gangliosides can mediate AB1-40
secretion and accumulation in the brain, which may be
involved in the pathogenesis of AD. Yanagisawa et al. (77)
found that GM1 ganglioside bound to AB1-42, but not to
AB1-40, to form a complex termed “GAB” in AD brains.
GAP has unique characteristics, including an extremely
high aggregation potential and an altered pattern of im-
munoreactivity, which results in seeding for amyloid fibril
formation in brains. The formation of GAf serves as one
of the critical factors in the development of AD and may
provide new insights into its pathophysiology (78). Re-
cently, Kimura and Yanagisawa (79) reported, based on an
immunohistochemical analysis, the accumulation of GAB
immunoreactivity in sections of cerebral cortices of cy-
nomolgus monkeys of different ages, from 4 to 36 years
old. The accumulation occurs exclusively in subcellular
organelles involved in the endocytic pathway, including
early, late, and recycling endosomes, but not in those
involved in the secretory pathway. Because A genera-
tion and GMI accumulation probably occur in early
endosomes, the results provide further evidence that en-
dosomes are intimately involved in the AB-associated pa-
thology of AD (79). The occurrence of GAB in AD brain
was further confirmed biochemically by staining with chol-
era toxin-B subunit (Ctxb), which preferentially binds to
GM1, and by immunoprecipitation experiments using sev-
eral anti-AB monoclonal antibodies (80). The assembly
of wild-type and Arctic-, Dutch-, and Flemish-type mutant
ABs is accelerated in the presence of not only GM1, but
also GM3 and GD3 gangliosides. Notably, all of these ABs
accelerate the assembly of different types of AP aggre-
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gates, following prior binding to a specific ganglioside
(81). For instance, Dutch- and Italian-type APs require
GM3 ganglioside for their assembly (82). The Arctic-type
AB, in contrast to the wild type and other variant forms,
shows a markedly rapid and higher level of amyloid fi-
bril formation in the presence of sodium dodecyl sulfate
or GMI ganglioside (83). Recent studies indicate that a
toxic, soluble AP assembly is formed in the presence of
liposomes containing GM1 ganglioside more rapidly and
to a greater extent from a hereditary variant-type (“Arc-
tic’) AP than from wild-type AB (84). Toxic soluble A
is also formed from soluble AB through incubation with
natural neuronal membranes prepared from aged mouse
brains in a GM1 ganglioside-dependent manner. These
examples suggest that local gangliosides play a crucial role
in the region-specific AB deposition in the brain.

The role of GSLs in APP processing in AD brain

The exact role of GSLs, particularly gangliosides, on
APP processing has not been fully clarified. Zha et al. (85)
reported that exogenously added GM1 promoted AP
biosynthesis and decreased soluble APPa secretion in
SH-SY5Y and COS7 cells stably transfected with human
APP695 cDNA, suggesting a regulatory role for GMI in
the APP processing pathway. Importantly, GMI1 increased
a-secretase cleavage products as well, indicating that the
effect on APP processing was not a specific increase in
BACEI activity. Tamboli et al. (86) demonstrated that GSLs
were implicated in the regulation of proteolytic process-
ing and subcellular transport of APP. Inhibition of GSL
biosynthesis reduced the secretion of sAPP and AP in
different cell types, including human neuroblastoma
SH-SY5Y cells, whereas the addition of exogenous brain
gangliosides reversed these effects. Biochemical and cell
biological experiments demonstrated that pharmacologi-
cal reduction of cellular GSL levels inhibits maturation
and cell surface transport of APPB. In the GSL-deficient
cell line GM95, cellular levels and maturation of APP@ are
also significantly reduced as compared with normal B16
cells. Thus, enzymes involved in GSL metabolism might
represent targets to inhibit the production of Afs. In
the present context, Sawamura et al. (87) found that in
GSL-deficient cells, the secretion of sAPPa and the gen-
eration of a C-terminal fragment cleaved at the a-site dra-
matically increased, whereas 3-cleavage activity remained
unchanged and the epsilon-cleavage activity decreased
without alteration of the total APP level. Thus, the cellular
levels of GSLs may be involved in the pathological process
of AD by modulating APP cleavage. Kitazume et al. (88)
reported that BACEI is involved in the proteolytic cleav-
age and secretion of a Golgi-resident sialyltransferase, {3-
galactoside o2,6-sialytransferase (ST6Gal I) that produces
a sialyl a2,6-galactose residue, suggesting the possible ex-
istence of other glycosyltransferases in the rafts. ST6Gal I
secretion is increased in BACEI-transgenic mice and de-
creased in BACEI-knock-out mice (89), confirming the in-
volvement of BACE1 in ST6Gal I secretion in vivo. These
data indicate that enhancement of BACEI activity may
down-regulate APP sialylation to attenuate A production,
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thereby contributing to prolonging the course of disease
development (90).

Interaction of gangliosides and Af3s in neuronal cells

PC12 pheochromocytoma cells (PC12 cells) derived
from an adrenal medulla pheochromocytoma in the
New England Deaconess Hospital strain of rats (91) have
been widely used as a model system for studying neuro-
nal functions, because they develop neurite-like processes
when exposed to nerve growth factor (NGF) (92). Inter-
estingly, GM1 has been shown to increase the viability of
PCI12 cells exposed to hydrogen peroxide or AB25-35 (15).
PC12 cells transfected with a mutant gene expressing the
Swedish APP double mutation were more sensitive to
oxidative stress than cells transfected with wild-type APP
or vector-transfected cells. GM1 enhanced the viability of
the cells transfected with the mutant gene. Exposure to
hydrogen peroxide or AB25-35 results in a partial in-
activation of Na®, K™-ATPase and increases malondial-
dehyde accumulation in PC12 cells. Several papers have
documented the involvement of GMI ganglioside or
cholesterol in amyloid fibril formation in PC12 cells.
Wang, Rymer, and Good (93) reported that reduction
of either cholesterol or membrane-associated sialic acid
residues in PCI2 cells significantly reduced AB-induced
GTPase activity, a mechanism implicated in AB toxicity.
Wakabayashi and Matsuzaki (94) reported the effect of
AB1-42 in PCI2 cells with or without NGF-induced dif-
ferentiation. AB1-42 was weakly cytotoxic to untreated
cells, the viability of which was 70% even after 72 h in-
cubation. In contrast, AB1-42 was remarkably cytotoxic to
NGF-differentiated PC12 cells. After 24 h incubation, the
viability was reduced to 56%, and at 72 h of incubation,
the viability was further lowered to 28%. Further studies
indicate that AP aggregation also occurs in lipid rafts me-
diated by a cluster of GMI, resulting in AB-induced toxicity
in PC12 cells (95). Yuyama, Yamamoto, and Yanagisawa
(96) reported that chloroquine treatment induced accu-
mulation of GMI in PC12 cells, resulting in accelerated
amyloid fibril formation from soluble AB. Wakabayashi
et al. (97) reported the interaction of fluorescein-labeled
AB (FL-AB) with PC12 cells using confocal laser micros-
copy. FL-AB colocalized with GM1-rich domains on cell
membranes and accumulated in a concentration- and time-
dependent manner, leading to cytotoxicity. Yamamoto
et al. (98) investigated whether GM1 ganglioside on the
surface of PC12 cells is sufficiently potent to induce the
assembly of an exogenous soluble AB. A marked AB as-
sembly was observed in the culture of NGF-treated PC12
cells. Notably, immunocytochemistry revealed that despite
the ubiquitous surface expression of GM1 throughout cell
bodies and neurites, AB assembly initialy occurred at the
terminals of SNAP25-immunopositive neurites. Ap assem-
bly in the culture was completely suppressed by coincuba-
tion of AP with Ctxb, a natural ligand for GM1 ganglioside,
or 4396C, a monoclonal antibody specific to GAB.

A caveat to the above studies on detection of GM1 using
Ctxb (96-98) is that Ctxb is not specific to GMI. In fact, it
is widely known that Ctxb also interacts, albeit with a lower
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affinity, with a wide variety of ligands, including fucosyl-
GMI1, GD1b, and even lipid A (99, 100). Thus, despite the
claim that AP interacts with GM1 in PC12 cells to provide
“seeding” for amyloid to accumulate, we contend that
AP is most likely interacting with fucosyl-GM1 in this cell
line (Fig. 5), based on a series of immunocytochemical
and biochemical studies (101). This is because differen-
tiated PC12 cells express fucosyl-GM1 with no or very
little GM1, and it is the former that interacts with this
ligand (see Fig. 6), as reported previously (102-105). Thus,
interaction of A with gangliosides to effect amyloid ac-
cumulation may not be limited to GM1; indeed, other gan-
gliosides are also involved, as shown by Yanagisawa, Ariga,
and Yu (101).

Concerning the mechanism of action of AP peptides, it
has been shown that treatment of the human monocytic
cell line THP-1 with AB1-40 or AB25-35 resulted in in-
creased release of cytotoxic cytokines such as interleukin
(IL)-1B, IL-6, and TNF-a from these cells (106). How-
ever, treatment of AR-activated THP-1 cells with GM1 or
several other gangliosides, but not neutral GSLs, signifi-

Phase view

None

AB
(1-40)

FL-AB
(1-40)

FL-AB
(1-42)

H33258

cantly decreased the release of these cytokines (106).
Furthermore, GMI stimulates the expression of ubiquilin
1 in human neuroblastoma cells and rat cortical neurons,
whereas other gangliosides and asialo-GM1 do not. Ubi-
quilin 1 is a candidate gene for AD and has been shown
to modulate components of the y-secretase complex in
the proteolytic processing of APP. Thus, further investi-
gation of the interaction of GM1 and ubiquilin 1 in the
etiology and pathology of AD is warranted (107). Whether
ubiquilin acts to modulate cytotoxic cytokines is another
possibility that remains to be elucidated.

MICRODOMAINS OR LIPID RAFTS

During the early 1990s, the concept of membrane “flask-
shaped” morphological units, termed “caveolae,” was in-
troduced. These membrane microdomain structures are
characterized by the presence of the scaffold protein
caveolin (8, 108), and they are enriched with various
lipids, such as cholesterol, GSL, and sphingomyelin. The

Fluorescein

25um

Fig. 5. Accumulation of AP in PC12 cells expressing no GM1. PCI2 cells were cultured in the presence or
absence of AB1-40 (2.5 pg) or FL-AB (1-40 or 1-42) (2.5 ug) for 48 h. The nuclei were stained with Hoechs

33258 (2 pg/ml) (101).
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GQ1b -

1 2 3 2 3
Lane 1, Human brain gangliosides;
2, Fuc-GM1;

3, PC12 cell total lipids;

Fig. 6. Reactivity of cholera toxin B-subunit (Ctxb) in PC12 cells.
PC12 cells did not express GM1 (A), but expressed FucGM1 that
reacted with Ctxb (B). Total lipids extracted from the PC12 cells
were subjected to HPTLC-overlay assay with biotin-conjugated Ctxb
(2.5 pg/ml). Resorcinol-HCI reagent was used for ganglioside
detection. Lane 1: human brain ganglioside mixture; lane 2:
authentic sample of fucosyl-GM1 (FucGM1); lane 3: total lipids
extracted from PC12 cells (101).

concentrations of GM1 ganglioside and cholesterol are
higher in the membrane domains than in any other mem-
brane substructures (8). There are numerous examples
of such a raft clustering process, one of which is the for-
mation of caveolae. Caveolae are surface invaginations,
50 to 100 nm in diameter, containing raft lipids and the
protein caveolin. The caveolins form oligomers, and for-
mation of caveolae is probably driven by protein polymer-
ization in the cellular membranes (109). These specialized
membrane domains are also known as “lipid rafts” (110).
The original concept of rafts was used as an explanation
for the transport of cholesterol from the trans-Golgi to the
plasma membrane. Increasing evidence implicates lipid
rafts not only in the sorting and trafficking of biomate-
rials through the secretary and endocytic pathways, but
also in lipid homeostasis and tumorigenesis. Together
with many signaling molecules, lipid rafts are implicated
as platforms for assembly and launching of signaling cas-
cades (9). Thus, lipid rafts contain not only lipid compo-
nents, but also numerous signaling molecules such as
glycosylphosphatidylinositol (GPI)-anchored proteins and
receptor- or nonreceptor-type tyrosine kinases, which mod-
ulate various physiological processes in cells (9).

Lipid rafts are too small to be seen by standard micro-
scopic techniques. It is impossible to isolate lipid rafts in
their native state. Detergentresistant membranes (DRMs),
containing clusters of many rafts, can be isolated by ex-
traction with Triton X-100 or other detergents (9). Because
of their detergent resistance and composition, lipid rafts are
also referred to as glycolipid-enriched membranes (GEMs)
(111), glycosynapses (108), detergent-insoluble glycolipid-
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enriched membranes (112), or DRMs. If cholesterol is ex-
tracted by methyl-B-cyclodextrin or complexed by saponin,
the raft proteins usually, but not always, become detergent
soluble (113). The concept of microdomains mediating
cell adhesion, particularly carbohydrate-dependent adhe-
sion coupled with signaling, was developed only recently,
and these domains are termed “glycosynapses” (108, 114).
Hakomori (108) defined the microdomains as caveolae/
rafts containing cholesterol/sphingomyelin-enriched mem-
branes and caveolin. A glycosynapse is enriched in clustered
glycoconjugates in a GEM to which glycoconjugate ligands
bind. The glycoconjugates may be GSLs, O-linked glyco-
proteins, or N-linked receptor-type glycoproteins, which are
associated with signal transducers, tetraspanins (including
proteolipid proteins), and membrane lipids.

Various methods used to isolate or distinguish mem-
brane microdomains have been devised during the past
decade, although none of them are satisfactory for de-
fining microdomains with subtle differences in chemical
composition and physical properties (115). Triton X-100
has been the most popular detergent in the isolation of
microdomains. Many investigators have used the zwitter-
ionic detergent CHAPS as an alternative to Triton X-100
to generate DRMs (116). Recently, the detergents poly-
oxyethylene 10 oleyl ether (Brij96) and polyoxyethylene
20 oleyl ether (Brij98) have been used for isolation of
lipid rafts (117). The DRM fractions isolated using Triton
X-100 are considerably heavier than those isolated from
homogenates treated with Brij96 (118).

Membrane lipid rafts are reported to be heterogeneous
in size and composition (117, 119-121), which is probably
the result of using different isolation procedures. Lipid
rafts of different lipid and protein compositions appear
to be localized to different regions of cells (121) and vary
in size distribution (119). Rouvinski et al. (116) pointed
out the size heterogeneities of three CHAPS-insoluble
complexes that all contain cholesterol and GMI1. Large
complexes are enriched in caveolin, and medium-size com-
plexes are enriched in prion protein. APP is primarily
confined to small assemblies. The distribution of GD3 and
GMI1 gangliosides within rafts, either isolated from rat
cerebellum or in intact cerebellar granule neurons, has
been found to be different, suggesting yet another type of
heterogeneity for rafts (120). In addition, rafts have been
found to consist of multilayer components; uropod rafts
(U rafts) at each cell pole are enriched in GM1, whereas
leading-edge rafts (1 rafts) are enriched in GM3 (122).

The functional roles of microdomains or lipid rafts in
cellular processes are now beginning to unfold. In recent
years, several articles have documented the involvement of
these microdomains in the pathogenesis of certain neu-
rodegenerative diseases, such as AD, prion disease, HIV-1,
and acquired-immunodeficiency syndrome (113, 123).

AD-related components in membrane microdomains or
lipid rafts

There is increasing evidence that lipid rafts are involved
in a multitude of cellular functions and may be targets of
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neurodegenerative diseases such as prion disease and AD
(113). In AD, lipid rafts may play an important role in
proteolytic processing and regulation of APP cleavage.
Several reports have documented that lipid rafts or DRMs
from cultured cells and mammalian brains contain many
AD-related lipids (see Table 1). GM1 and other ganglio-
sides are present in highly organized and functionally
essential microdomains (lipid rafts) of neuronal mem-
branes, together with cholesterol and phospholipids (43,
112, 120, 124, 125). Fucosylated gangliosides, such as a-
fucosyl and a-galactosyl-GM1, have been found in lipid
rafts of PC12 cells (105). Ceramide (126) and ceramidase
(127) are reported as components of lipid rafts. Neutral
ceramidase was found to be enriched in the raft micro-

domains with cholesterol and GM1 (127). Most of the
neutral sphingomyelinase activity is in the rafts, suggest-
ing that the conversion of sphingomyelin to ceramide in
rafts is an important event in neural cell apoptosis (126).
Wang et al. (128) reported a close association of the Neu3
(the ganglioside-specific) sialidase with caveolin-rich mi-
crodomains using HeLa cells and Neu3-transfected COS-1
cells. Plasma membrane ganglioside sialidase has been
proven as a marker of lipid rafts and is codistributed with
the raft markers ganglioside GM1, flotillin, Src family ki-
nases, and GPI-anchored protein (125).

In addition to the various lipid components, APP itself
is expressed in lipid rafts (129-137). The AB-bearing C-
terminal fragment produced by B-secretase (134, 138), the

TABLE 1. Raft components related to Alzheimer’s disease

Components Tissues/cells References
GM1 Synaptosomes in apoE-knock-in 42
Mouse brain
Plasma membrane 125
Rat kidney 127
GM1, GM3, and globoside Neuro2a cells 111
GM1 and GD3 Rat cerebeller granule neurons and cerebellum 120
GMI1 and GM2 AD brain 124
Fucogangliosides PCI12 cells 105
Ceramide LA-N-5, F11, and HOG cells 126
Ceramidase Rat kidney 127
Ceramidase and sphingomyelinase LA-N-5, F11, and HOG cells 126
Sialidase Plasma membrane 125
Sialidase (Neu3) HelLa cells, COS-1 cells 128
Amyloid B-precursor protein (APP) Rat brain 129
Cerebral cortex of AD brain 130
Madin-Darby canine kidney and P19 cells 131
Neuro2a cells 132
BASE1-HEX cells 133
APP-transfected cells 134
AD brain 135
SH-SY5Y neuroblastma cells 136
C2C12 cells 137
APP C-terminal fragments (CTF2) Mouse brain 138
APP-transfected cells 134
APP N-terminal fragments (sAPP) Epithelial cells 139
Amyloid B-protein (AB) Rat brain 129
SH-SY6Y neuroblastma cells 140
Tg2576-transgenic mouse (AD) 141
AR dimers Tg2576-transgenic mouse (AD) 141
AB oligomers C2C12 cells 137
B-secretase (BACEL; Asp2) Tg2576-transgenic mouse (AD) 141
SH-SY5Y neuroblastma cells 145
SH-SY5Y neuroblastma cells 146
Mouse embryonic fibroblasts 21
BASE1-HEX cells 133
A high-molecular-weight complex of BACE AD brain 135
a-Secretase COS7 transfectants 142
CHO transfectants 143
Neuro2a cells transfected with PSEN1 144
Mouse brain 138
vy-Secretase (PSENI1, presenilin 1) Rat brain 129
Cerebral cortex of AD brain 147
APP-transfected cells 134
BASE1-HEX cells 133
Mouse brain 138
ApoE Tg2576-transgenic mouse (AD) 141
Tau Tg2576-transgenic mouse (AD) 141
Plasmin Hippocampal neurons of AD brain 148
Rat hippocampal neurons 149
Heparan sulfate proteoglycans (Glypican 1) SH-SY5Y neuroblastoma cells 136

ApoE, apolipoprotein E.
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APP N-terminal fragment (139), and ABs (129, 140, 141)
have been identified in lipid rafts of cultured cells and
mammalian brains. a-Secretase (135, 142-144), B-secretase
(BACE1, Asp-2, memapsin-1) (21, 141, 143, 145, 146), and
PSENT1 (y-secretase) (129, 133, 134, 138, 147), apoE, and
tau are also known to be present in lipid rafts (141).
Lipid rafts also express plasmin (148, 149) and glypican 1
(136). All these components may potentially contribute
to the pathogenic mechanisms of AD, either by the for-
mation of amyloid aggregates or by participating in the
signaling pathways leading to apoptosis.

APP processing and lipid rafts

Lipid rafts have been implicated as sites for amyloid-
ogenic processing of APP. APP present in the inside and
outside of raft clusters seems to be cleaved by B-secretase
and a-secretase, respectively (132, 137). The pathology of
AD is closely correlated with the processing of APP and is
sensitive to membrane alterations in levels of cholesterol
and gangliosides. The cleavage by secretases occurs pre-
dominantly in post-Golgi secretory and endocytic com-
partments and is influenced by cholesterol, indicating
a role of the membrane lipids in proteolytic processing
of APP(.

BACE1 (Asp 2) is a membrane-bound protease and is
considered to be the major B-secretase that cleaves APP in
the trans-Golgi network, an initial step in the pathogenesis
of AD. Increasing evidence points to a close connection
between cholesterol homeostasis and APP processing
and AB production. Although cholesterol, gangliosides,
BACE]L, and vy-secretase, as well as AR, are supposed to be
localized to rafts, there might be a yet-unknown biological
function underlying these connections.

Grimm et al. (21) measured membrane fluidity of
isolated DRM fractions from membrane preparations by
anisotropy determination, and determined the cholesterol
content of these fractions by a coupled enzymatic assay.
They found that membrane fluidity is changed in
embryonic PSENI/PSENQ_/ ~ mouse fibroblasts, along
with altered cholesterol content in the DRM fraction of
these cells. The ganglioside levels are enhanced in the
absence of PSEN1. Sawamura et al. (41) reported that the
levels of insoluble AB1-42 in the low-density DRMs were
markedly increased in transgenic mice expressing mutant
PSEN2 (N1411I), compared with transgenic mice expres-
sing wild-type PSEN2. In this case, the level of sphingo-
myelin decreased significantly, but not the level of
gangliosides. Yamamoto et al. (42) reported that the
concentration of GM1 in DRMs of synaptosomes increased
with age and that this increase was more pronounced in
brains of knock-in mice homozygous for the human apoE
€4 allele, compared with those harboring two €3 alleles. In
this case, they suggested that aging and apoE4 expression
cooperatively accelerated AP aggregation in the brain
through an increase in the level of GMI in particular
microdomains of neuronal membranes. These results
suggest that AR accumulation in these microdomains is
an early event in the process of AD development (42).
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AP dimers and oligomers in lipid rafts

AB dimers are reported to be present in lipid rafts at
the time when memory impairment begins in the Tg2576
APP-overexpressing transgenic mouse model of AD (141).
After dimeric AR began to accumulate in lipid rafts of
the brain, apoE and then phosphorylated tau accumu-
lated. Kim, Yi, and Ko (137) reported that AR oligomer-
ization was accelerated by the application of lipid rafts
isolated from ganglioside-rich CoCly cells, and this was
not observed with lipid rafts isolated from ganglioside-
poor cells such as SK-N-MC and HeLa cells. Interest-
ingly, lipid raftinduced AP oligomerization is inhibited
in CHO-1KI cells, which are defective with regard to gan-
glioside biosynthesis. This indicates that AR oligomeriza-
tion requires gangliosides that are enriched in the lipid
rafts. Early evidence indicated that fibrillary aggregates of
AB are neurotoxic. Recent reports suggest, however, that
the toxicity of AB and other amyloidogenic proteins lies
not in the insoluble amyloid fibrils or larger aggregates
but rather in soluble small oligomeric species, which sug-
gests that a more important goal for AD therapy is to
find compounds capable of blocking A oligomerization
(150). AB oligomers appear immediately after the incu-
bation of AP with lipid rafts isolated from the brain tissues
of rats. However, these oligomers are typically not con-
verted into A fibrils, even after 4 days of incubation (137).
Recent studies suggest that AB aggregation also occurs in
lipid rafts mediated by a cluster of GM1. One study exam-
ined the effects of representative compounds on AB ag-
gregation and fibril destabilization in the presence of
GMI-containing raft-like liposomes (96). However, Yu
et al. (151) reported that methods for biochemical iso-
lation of these microdomains may produce artifacts. When
synthetic AB1-40 monomers were added to the brain frag-
ment at a final concentration of 2.1 uM, followed by ho-
mogenization and isolation of lipid rafts by an established
method, AB1-40 accumulated as oligomers in the lipid
raft fraction. However, in the absence of a brain homog-
enate, synthetic AB1-40 did not accumulate in the lipid
raft fraction. These results imply that exogenous A3 can
be associated with lipid rafts, and ABs bound to rafts can
form oligomers during the isolation of lipid rafts. In con-
clusion, the exclusive expression of these components
suggests a critical and decisive role for lipid rafts in A3
generation and processing in AD (113).

Interaction of A with gangliosides in lipid rafts or
membrane microdomains may play a critical role in the
pathogenesis of AD

As indicated above, gangliosides are enriched in the
lipid rafts of brains of AD patients (124). Molander-Melin
etal. (124) reported the presence of gangliosides in DRMs
isolated from 10 AD and 10 age-matched control brains.
DRMs from the frontal and temporal cortices of AD brains
contained a significantly higher concentration of gan-
gliosides GM1 and GM2. The DRMs derived from tem-
poral cortex of AD patients were depleted of cholesterol
and constituted a lower proportion of wet tissue weight,
compared with control subjects. An increased proportion
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of GM1 and GM2 in DRMs accelerates the formation of
AB plaque at an early stage, which may gradually lead
to membrane raft disruptions and thereby affect cellular
functions. Increased levels of GMI in DRMs, especially
in the frontal cortex, may favor conversion of AB to the
insoluble form and promote plaque formation. Although
a significant loss of gangliosides was found in the AD
brain, the reduction was not reflected in the ganglioside
content of DRMs from AD brain, which instead showed
significantly increased levels of GM1 and GM2. Although
the data are yet to be confirmed, they indicate that the
raft-associated gangliosides, especially GM1, may play a
role in conversion of AB to the insoluble form to promote
plaque formation, resulting in the progression of AD.
The authors further speculated that DRM with a high
density of GM2 is related to dendritiogenesis (152). Inter-
action of AB and GM2 is not excluded, although its bind-
ing is less tight than binding to GM1 (11, 54).

There have been several in vitro studies concerning the
involvement of lipid raft-associated components in the
pathogenesis of AD. Mizuno et al. (153) reported that
a conformationally altered form of AB, which acts as a
“seed” for amyloid fibril formation, may be generated in
intracellular cholesterol-rich microdomains. Among major
brain gangliosides (GM1, GDIa, GD1b, and GT1b), GMI-
AB exhibits the strongest seeding potential, especially
under B-sheet-forming conditions (72). Seeding forma-
tion is facilitated by cholesterol; AR binding to GMI is
markedly accelerated in a cholesterol-rich environment
(154). Increases in intramembrane cholesterol content,
which are likely to occur during aging, appear to be a
risk factor for amyloid fibril formation (154). In addi-
tion, these investigators reported the involvement of
lipid rafts as the interaction sites for soluble A to form
toxic AR aggregation (155). Lipid rafts containing gan-
glioside clusters may serve as a conformational catalyst
or chaperones to generate a membrane-active form of
AB with seeding ability rather than providing a specific
binding site for the protein (155). Further studies indi-
cate that aggregation of soluble AB is readily induced
by its interaction with lipid raftlike model membranes
composed of GM1-cholesterol-sphingomyelin (1:1:1) (73,
154), and that A becomes neurotoxic upon incubation
with these liposomes (156). After AR binds to raft-like
membranes, the protein can translocate to the phospha-
tidylcholine membranes to which soluble AB does not
bind (155). These findings suggest the relevance of GM1
and other gangliosides in AD pathology, for example, in
inducing aggregation of soluble AP in a raft-associated
process (155).

GAB, found in brains exhibiting early pathological
changes in AD plaques, has been suggested to accelerate
amyloid fibril formation by acting as a seed, as described
above (78). GAB may be generated in the lipid rafts or
lipid raftlike microdomains in neurons because of an
increase in the local concentration of cholesterol, and
then accelerates AR aggregation after its transport to the
neuronal surface and/or shedding into the extracellular
space (156). It may also be worth examining in future

studies whether GAB causes impairment of neuronal,
particularly lipid raftrelated, functions before extraneu-
ronal A deposition (157). Alternatively, GAB itself can
be noxious per se; it has been reported previously that
disruption of membranes (55) and alteration of bilayer
organization (53) can be induced by generation of GA
on the membranes (Fig. 7).

THERAPEUTIC POTENTIALS OF GANGLIOSIDES
IN PATIENTS WITH AD

Neuronal progenitor cells (NPCs) are being considered
for treatment of neurodegenerative diseases associated
with B-amyloidosis in AD and DS (158). Transplantation of
NPCs may replace lost neurons and restore brain functions
in AD and AD/DS by reduction of neurotoxic amyloid and
by their antioxidant properties. The stimulatory effect of
AB on neurogenesis has recently been postulated. Zou
etal. (159) showed a novel function of monomeric AB1-40,
which is the major species found in physiological fluid, as
a natural antioxidant molecule that prevents neuronal
death caused by transition metal-induced oxidative dam-
age. Treatment of hippocampal neural stem cells with A3
peptide induced an increase in the number of newborn
neurons with no change in the rate of cell death or pro-
liferation (160), suggesting that the AR peptide could act
on neuronal progenitors and promote their differentia-
tion into neurons (161, 162). Taken together, neural cell
replacement therapy using NPCs in AD may be another
excellent strategy for removal of AP and oxidative damage
(162, 163).

Neural and glial cells organizing the central nervous
system (CNS) are generated from common NPCs during
neural development. Very different gangliosides are ex-
pressed in adult CNS and NPCs (4, 5, 164). In fact, NPCs
express several specific antigens, including several b-series
gangliosides, such as GD3, 9-G-acetyl GD3, GT1b, and
GQlb, and stage-specific embryonic antigens, such as
GQlba and HNK-1. Gangliosides are particularly abun-
dant in the nervous system, and their species and amounts
undergo dramatic changes during development in re-
sponse to environmental cues (3, 5). There has been in-
creasing interest in promoting resident NPCs in adults
for neural regeneration. It would be interesting to exam-
ine NPC-associated gangliosides for their role in adult
neurogenesis and neuroreplacement therapy in AD.
Clearly, this represents a growing and promising area for
AD therapy.

Beneficial effects of GM1 have been documented in the
treatment of stroke and spinal cord injuries, particularly
when the treatment is initiated within a few hours of the
acute event (165). Continuous intraventricular infusion of
GMI1 has been shown to have a modest beneficial effect in
early-onset AD (165-168). The optimal GM1 dose varied
between 20 and 30 mg/24 h. The patients became more
active, felt safer, and had improved reading comprehen-
sion and better feeling for language. NGFs and GM1 have
been used to inhibit progression of AD, but this treatment
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is still at an experimental stage, as are efforts to prevent
the formation of amyloid plaques (168).

Matsuoka et al. (169) reported the effect of peripher-
ally administered GM1 on the level of ABs in the brain
using mice bearing two human mutant genes, an exon 9
deletion in PSEN1 and the Swedish APP double mutation.
GM1-treated mice showed a substantial decrease in aggre-
gated AB1-40 and AB1-42 in the brain. This observation
suggests that in vivo GM1 administration may reduce or
prevent brain amyloidosis. The anti-amyloidogenic effect
was attributed to a “peripheral sink” effect, i.e., that GM1-
bound A alters central/peripheral dynamics, drawing
AP out of the brain. In addition, GM1-bound AR in the
blood is no longer available to cross the blood-brain bar-
rier (BBB) and incorporate into plaques centrally. Thus,
peripheral administration of GM1 may be effective in re-
ducing amyloid aggregation in AD. A potential difficulty,
however, in tapping the neuroprotective effects of GM1 is
the low level of gangliosides that can enter into the brain.
In this regard, Saulino and Schengrund (170) reported
that only ~1% of peripherally administered GM1 crosses
the BBB to enter the brain. One way around this problem
is the use of a more-permanent lyso derivative of GM1, -
Neu-5-AcGgOse4-2-p-erythro-1,3-dihydroxy-2-dichloroacetyl-
amide-4-trans-octadecene (LIGA 20). For example, LIGA
20 given after cortical thrombosis has been reported to
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reduce infarct size and associated cognitive deficits (171,
172). Oral administration of LIGA 20 protects neurons
against glutamate-induced neuronal death in rats without
producing the side effects typical of glutamate receptor
antagonists (173) and in mice subject to kainate-induced
seizures and apoptosis (174). The level of LIGA 20 in
brains of treated animals can reach a significantly higher
level than can GM1; moreover, animals treated with LIGA
20 showed no apparent biochemical or behavioral adverse
effects (173, 175), suggesting that this compound may be
useful as a neuroprotective agent in neuronal cell death
in AD.

Exogenous GM1 treatment has also been used to treat
symptoms of Parkinson’s disease, in both human and ani-
mal models. GM1 protects against nigrostriatal toxicity
and associated motor symptoms induced by l-methy-4-
phenyl-1,2,3,6-tetrahydropyridine in mice and monkeys
(171, 176-178). GM1 treatment restored cognitive and
motor function and prevented decline in function in a
90 week trial in monkeys (179). In a double-blind, placebo-
controlled study, Parkinson’s patients improved signifi-
cantly after 16 weeks of GMI treatment, compared
with both the placebo group and their own initial base-
lines (180). In addition to GM1, Schneider et al. (181)
reported potential neuroprotective and neurorestorative
roles for the synthetic ceramide analog 1-threo-1-phenyl-2-

Interactions of gangliosides and amyloid B-proteins in lipid rafts.
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decanoylamino-3-morpholino-1-propanol (1-PDMP) in
mouse models of Parkinsonism. In contrast to the p-isomer,
L-PDMP treatment caused an increase in brain GMI lev-
els in Parkinson models. Thus, administration of L-PDMP
as a means to elevate endogenous brain GMI levels
may hold promise as a potential neuroprotective or neu-
rorestorative therapeutic strategy for Parkinson’s disease.
Importantly, L-PDMP induces an increase in endogenous
GM1. Odaka et al. (182) reported that GM1 may act as
an immunogen in some patients who develop Guillain-
Barré syndrome following ganglioside therapy. Therefore,
L-PDMP might be useful as pivotal neuroprotective ther-
apy in AD.

Yanagisawa and Ihara (81) have reported that A adopts
an altered conformation through binding to GMI in brain,
which subsequently facilitates the assembly of soluble A
by acting as an endogenous seed, GAB. For this reason,
it would be advantageous to target endogenous seeds as
a therapeutic strategy. In fact, Hayashi et al. (156) devel-
oped a novel monoclonal antibody raised against purified
GAB from AD brain. Notably, this antibody, 4396C, sub-
stantially inhibits A assembly in vitro, specifically binds
to GAB and AB, and importantly, does not bind to either
monomeric AR or amyloid fibrils deposited as plaques. In
addition, this antibody potently inhibits the assembly of
APB1-40 and AB1-42 in vitro. Furthermore, Yamamoto et al.
(157) attempted peripheral administration of Fab frag-
ments of 4396C to transgenic mice expressing a mutant
APP gene, resulting in markedly suppressed AP deposi-
tion in the brain. These findings add a new dimension to
the development of novel therapeutic strategies by tar-
geting seeded AP in the brain, which selectively inhibits
the initial step of the pathological process of AD (52, 79).

Recent studies suggest that A aggregation occurs in
lipid rafts mediated by a cluster of GM1 (96). Interest-
ingly, rifampicin and nordihydroguaiaretic acid have been
shown to inhibit binding of A to GM1 liposomes by com-
petitively binding to the membranes and/or direct inter-
action with AB in solution, thus at least partly preventing
fibrils from forming. These small compounds can there-
fore be utilized for therapeutics. With the finding that
GApP has a conformation distinct from that of soluble Af,
it may be possible to develop a novel therapeutic strategy
to specifically inhibit the initiation of oligomerization-
polymerization of AB in the brain (156, 157).

CONCLUDING REMARKS

Gangliosides are known to play a neuroprotective role
in in vivo and in vitro models of neuronal injury. The
mechanisms of the neuroprotective effect of GM1 and
related gangliosides, however, are still obscure. Several
lines of evidence document the bifunctional roles of gan-
gliosides in in vivo and in vitro studies. Because ganglio-
sides are enriched in neuronal membranes and bind to
B-amyloid and APP, they are probably involved in the
conformational changes in these molecules that are a
hallmark of the pathogenesis of AD. Recent studies have

demonstrated that an increase in the level of GM1 results
in the aggregation of A in vitro and that AD brains
expressed unusual deposits, such as the GAB complexes.
These observations indicate that neuronal gangliosides
are involved in the accumulation of circulating AB to form
complexes that are expressed in AD brain. Because it has
been demonstrated that GMI1 possesses neurotrophic
properties, administration of GM1 may exert beneficial
effects in AD. Additionally, GM1 infusions may be useful
for the sequestration of excess Ap in AD patients to al-
leviate their toxic effects. Future studies should be di-
rected toward the therapeutic potentials of gangliosides
in AD.HE

The authors acknowledge the assistance of Drs. Makoto
Yanagisawa and Alex Chiu during the course of this investiga-
tion and the expert editorial help of Dr. Rhea Markowitz.
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