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Alterations in the lipid composition of endosomal–lysosomal membranes may constitute an early event in Alzheimer’s disease (AD) pathogen-
esis. In this study, we investigated the possibility that GM2 ganglioside accumulation in a mouse model of Sandhoff disease might be associated
with the accumulation of intraneuronal and extracellular proteins commonly observed in AD. Our results show intraneuronal accumulation of
amyloid-� peptide (A�)-like, �-synuclein-like, and phospho-tau-like immunoreactivity in the brains of �-hexosaminidase knock-out (HEXB
KO) mice. Biochemical and immunohistochemical analyses confirmed that at least some of the intraneuronal A�-like immunoreactivity (iA�-
LIR) represents amyloid precursor protein C-terminal fragments (APP-CTFs) and/or A�. In addition, we observed increased levels of A�40 and
A�42 peptides in the lipid-associated fraction of HEXB KO mouse brains, and intraneuronal accumulation of ganglioside-bound A� (GA�)
immunoreactivity in a brain region-specific manner. Furthermore,�-synuclein and APP-CTFs and/or A�were found to accumulate in different
regions of the substantia nigra, indicating different mechanisms of accumulation or turnover pathways. Based on the localization of the accu-
mulated iA�-LIR to endosomes, lysosomes, and autophagosomes, we conclude that a significant accumulation of iA�-LIR may be associated
with the lysosomal–autophagic turnover of A� and fragments of APP-containing A� epitopes. Importantly, intraneuronal GA� immunoreac-
tivity, a proposed prefibrillar aggregate found in AD, was found to accumulate throughout the frontal cortices of postmortem human GM1
gangliosidosis, Sandhoff disease, and Tay–Sachs disease brains. Together, these results establish an association between the accumulation of
gangliosides, autophagic vacuoles, and the intraneuronal accumulation of proteins associated with AD.

Introduction
Alzheimer’s disease (AD) is a progressive neurodegenerative dis-
ease that is characterized neuropathologically by extracellular
amyloid-� peptide (A�) plaques and intraneuronal neurofibril-
lary tangles (Selkoe, 2002). Processing of the amyloid precursor
protein (APP) is initiated via the proteolytic activities of �- or

�-secretase, which cleave the ectodomain of APP to generate sol-
uble N-terminal APP fragments (�- or �-sAPP), and membrane-
tethered C-terminal fragments (�- or �-CTFs) of APP. A� is then
generated by the stepwise proteolytic cleavage of APP by
�-secretase [or BACE (�-site APP cleaving enzyme)] and
�-secretase (Selkoe, 2002).

Recent studies highlighted several common neuropathologi-
cal features shared by lysosomal storage diseases (LSDs) and age-
related neurodegenerative diseases such as AD and Parkinson’s
disease (Boland et al., 2010; Zhang et al., 2010; Mattsson et al.,
2011; Shachar et al., 2011; Xu et al., 2011). Glycosphingolipid
storage disorders (GSLs) are a subgroup of LSDs caused by mu-
tations in hydrolase or activator protein genes involved in the
catabolism of GSLs such as gangliosides (Xu et al., 2010). The
GM1 and GM2 gangliosidoses are complex LSDs and, in most
cases, present with a progressive and severe neurodegenerative
course that includes mental retardation, dementia, motor dys-
function, sensory deficits, and seizures. GM1 gangliosidosis is a
neurosomatic disease caused by mutations in the GLB1 (�-
galactosidase) gene and is characterized by excessive accumulation of
GM1 ganglioside and related sphingolipids (Brunetti-Pierri and
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Scaglia, 2008). GM2 gangliosidoses are a group of inherited dis-
orders caused by excessive accumulation of GM2 ganglioside and
related sphingolipids due to mutations in either the HEXA (�-
hexosaminidase A) gene as in Tay–Sachs disease (TS), or the
HEXB (�-hexosaminidase B) gene as in Sandhoff disease (SD)
(Mahuran, 1999).

Altered ganglioside metabolism in the brain has been observed in
association with aging and AD (Ariga et al., 2008; Yamamoto et al.,
2008; Chan et al., 2012), and it is proposed that abnormalities in
ganglioside metabolism might contribute to AD pathogenesis by
promoting A� aggregation via the formation of ganglioside-A�
(GA�) complexes in membrane microdomains (Yanagisawa, 2011).
In addition, ganglioside accumulation in lysosomes has been re-
cently linked to disruption of autophagy (Boland et al., 2008; Tam-
boli et al., 2011), providing a potential pathway linking altered lipid
composition of the lysosomal membranes to aberrant lysosomal–
autophagic turnover of proteins in LSDs and AD.

In the current study, we describe the characterization of
heterozygous (HEXB HZ) and homozygous (HEXB KO) mouse
models of SD by immunohistochemical and biochemical ap-
proaches. Immunohistochemical analysis of HEXB KO mice dem-
onstrated extensive accumulation of A�-like immunoreactivity
(A�-LIR) and GA�-like immunoreactivity (GA�-LIR) in most
brain regions, intraneuronal �-synuclein immunoreactivity in the
substantia nigra compacta (SNC), and phosphorylated tau (pTau)
immunoreactivity in the medulla and spinal cord. Biochemical anal-
ysis of APP metabolism revealed that, although full-length APP
levels in the HEXB KO mice are comparable with age-matched wild-
type mice, APP-CTFs and A� levels are significantly higher in HEXB
KO mice. In addition, we show that the frontal cortices of human
gangliosidoses brains (GM, SD, TS) accumulate intraneuronal GA�
immunoreactivity, a proposed prefibrillar aggregate found in AD.

Materials and Methods
Mice. Brains from 4- to 4.5-month-old mice, heterozygous or homozy-
gous for the HEXB gene on a C57BL/6 background, were provided by Dr.
Thomas Seyfried (Boston College, Boston, MA). The HEXB mice were
made by disruption of the murine HEXB gene and transferring this gene
into the mouse genome through homologous recombination and em-
bryonic stem cell technology as previously described (Sango et al., 1995).
For Western blotting, six wild-type mice (two males and four females);
seven HEXB HZ mice (two males and five females), and seven HEXB KO
mice (two males and five females) were used. For immunohistochemis-
try, three wild-type and three HEXB KO mice of either sex were used.

Immunohistochemistry. Human and mouse brains were fixed in
neutral-buffered formalin (NBF) (Thermo Fisher Scientific), processed
in a Tissue-Tek VIP 5 tissue processor (Sakura Finetek), and embedded
in paraffin (Tissue-Tek TEC 5; Sakura Finetek). Samples were sectioned
at a thickness of 5 �m on an HM 325 microtome (MICROM Interna-
tional). Sections were then dewaxed in xylene (Thermo Fisher Scientific)
and rehydrated. The endogenous peroxidase activity was quenched for 30
min in 3% H2O2. Sections were blocked for 30 min with Rodent Block M
(Biocare Medical). Epitope retrieval was performed for 20 min in either 70%
formic acid for A� antibodies or citrate buffer, pH 6.0 (Lab Vision) for pTau
antibodies. Sections incubated without primary antibodies were included as
negative controls. For peptide competition experiments, 50-fold molar ex-
cess rat A�1–40 peptide (AnaSpec) or 100-fold molar excess human A�1–40

peptide (Covance) was incubated with A� antibody 4G8 at room tempera-
ture for 30 min before the addition to the mouse or human sections, respec-
tively. Sections were washed in Tris-buffered saline (TBS), incubated with
appropriate HRP polymer-conjugated secondary antibodies and developed
with Betazoid DAB chromogen kit (Biocare Medical). The nuclei were coun-
terstained in Mayer’s hematoxylin (Sigma-Aldrich), and sections were
mounted with Cytoseal mounting media (Richard-Allan Scientific). Images
were captured on a Nikon Eclipse 90i microscope using NIS Element soft-
ware (Micron Optics).

For fluorescence staining, sections were permeabilized with 0.25%
Triton X-100 for 15 min, blocked with 3% goat serum in TBS for 1 h at
room temperature, and incubated with primary antibodies overnight at
4°C. Sections were washed the following day, incubated with the second-
ary antibodies green fluorescent Alexa Fluor 488 and red fluorescent
Alexa Fluor 594 (Invitrogen; 1:500) for 1 h at room temperature, and
mounted with Vectasheild (Vector Laboratories). Images were captured
on an Olympus BX61 upright microscope with an attached Olympus
DP71 camera.

The following primary antibodies were applied overnight at 4°C:
mouse anti-PHF Tau-pThr231, clone AT180 (Thermo Fisher Scientific;
1:200); mouse anti-�-Synuclein, clone 4D6 (Abcam; 1:1000); mouse
anti-EEA-1, clone 14/EEA-1 (BD Biosciences; 1:500); mouse anti-
Lamp-1, clone 25/lamp-1 (BD Biosciences; 1:500); mouse anti-Rab7,
clone Rab7-117 (Sigma-Aldrich; 1:500); rat anti-GFAP, clone 2.2B10
(Invitrogen; 1:500); rabbit anti-LC3 (MBL; 1:1000); mouse anti-A�,
clone 4G8, which recognizes amino acids 17–24 of the human A� and
detects A�, full-length APP, and C-terminal fragments of APP (Covance;
1:500); rabbit anti-A�40, clone FCA3340 (1:500), and rabbit anti-A�42,
clone FCA3542 (1:500) (Barelli et al., 1997); mouse anti-A�40, clone
1C8-C8 (1:500), and mouse anti-A�42, clone Pan1G6 (1:500), were gifts
from Dr. Joseph Buxbaum (Mount Sinai School of Medicine, New York,
NY) (Parvathy et al., 2001); mouse anti-GA�, clone 4396C (1:100), was a
gift from Dr. Katsuhiko Yanagisawa (Research Institute of National Center
for Geriatrics and Gerontology, Obu, Aichi, Japan) (Hayashi et al., 2004).

Brain tissue homogenization and mouse A� extraction. Brains were ho-
mogenized and mouse A� was extracted for ELISA analysis as described
previously (Schmidt et al., 2005a,b). Brain hemispheres were homoge-
nized by 5 ml glass tissue grinder (20 strokes) at 10% w/v (wet brain
weight) in ice-cold tissue homogenization buffer (THB) [250 mM su-
crose, 20 mM Tris-HCl, pH 7.4, 1 mM EDTA, 1 mM EGTA, 1 mM Na3VO4,
100 mM NaF, 1 �M pepstatin, 1 mM PMSF, and EDTA-free Mini-
Complete protease inhibitor mixture tablet (Roche)]. Soluble mouse A�
was extracted by adding diethylamine (DEA) buffer (0.4% DEA in 100
mM NaCl) to 10% homogenate at ratio of 1:1 (v/v). The samples were
then rehomogenized by six strokes using a 5 ml glass grinder and were
centrifuged at 100,000 � g for 1 h at 4°C. The resulting supernatant was
neutralized with 0.5 M Tris-HCl, pH 6.8, to a final concentration of 0.045
M, vortexed briefly, and divided into three to four aliquots. Lipid-bound
A� was extracted from the pellet (P1) as described previously (Boland et
al., 2010). The pellet was resuspended at 10% w/v of initial wet weight in
ice-cold RIPA buffer (10 mM Tris-HCl, pH 8, 150 mM NaCl, 0.5% NP-40,
0.5% sodium deoxycholate, 0.1% SDS, 5 mM EDTA, 1 mM EGTA, 1 mM

PMSF, and EDTA-free Mini-Complete protease inhibitor mixture tab-
let) and sonicated with Branson Sonifier for 10 s on ice. The samples were
cleared from debris by centrifugation at 10,000 � g for 10 min at 4°C, and
the supernatant was saved for further analysis. The levels of soluble and
lipid-bound A�40 and 42 were measured using ELISA kits (Wako Chem-
icals; no. 294-64701 for A�40 and 292-64501 for A�42), according to the
manufacturer’s instructions. For A� Western blots, 200 �g of protein
from each fraction was run on a 10 –20% Tricine gel at constant current
of 0.04 A for 3 h. The gel was transferred to a polyvinylidene difluoride
(PVDF) membrane by wet transfer at 25 V for 1 h. The blot was incubated
overnight at 4°C with either rabbit anti-A�40, clone FCA3340 (1:1000),
or rabbit anti-A�42, clone FCA3542 (1:1000).

Protein extraction and Western blotting. For total protein extraction,
RIPA buffer was added to 10% homogenate at a ratio of 1:1 (v/v), vor-
texed briefly, and kept on ice for 30 min. The samples were then centri-
fuged at 20,000 � g for 10 min at 4°C, and the supernatant was saved for
Western blotting analysis. For quantitative measurements of sAPP�, full-
length APP was immunodepleted from 200 �g of whole-tissue extracts
using 369 antibody, which recognizes the C terminus of APP. 369 was
added to a final dilution of 1:100 and immunoprecipitated using A/G
Plus-Agarose beads (Santa Cruz Biotechnology). The supernatant (flow
through) was then used to measure the levels of sAPP� using Western
blotting after normalization to the levels of GAPDH.

Equal amounts of total protein from each sample were prepared in 5�
Laemmli buffer, boiled at 95°C for 5 min, and loaded onto SDS-PAGE
gels (4% NuPage–12% Bis-Tris; Bio-Rad) with NuPage MES buffer (In-
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vitrogen) at 200 V for 45 min. The proteins were then blotted onto PVDF
membranes (Bio-Rad) for 120 min at 30 V. The blots were blocked over-
night in 5% nonfat milk (Santa Cruz Biotechnology) and incubated with
the following primary antibodies: mouse anti-GAPDH, clone 6C5 (Santa
Cruz Biotechnology; 1:1000); mouse anti-APP, clone 22C11, which rec-
ognizes amino acids 66 – 81 of APP (N terminus) and detects full-length
APP and sAPP� (Millipore; 1:1000); rabbit anti-APP (C terminus), clone
369, which recognizes APP (C terminus) and detects full-length APP and
C-terminal fragments of APP (Buxbaum et al., 1990) (1:2500); rabbit
anti-LC3 (MBL; 1:2000); mouse anti Rab7, clone Rab7-117 (Sigma-
Aldrich; 1:1000); guinea pig anti-p62 (American Research Products;
1:1000); goat anti-Lamp-2, clone C-20 (Santa Cruz Biotechnology;
1:1000). The blots were washed the following day with TBS and were then
incubated with horseradish peroxidase-conjugated secondary antibodies
at a dilution of 1:10,000 (Vector Laboratories) for 1–2 h. Signals were
detected by chemiluminescence using the enhanced chemiluminescence
system (Pierce) on a Fujifilm LAS-3000 developer.

Thin-layer chromatography analysis of gangliosides. Human brain tis-
sue was homogenized in 2:1 CHCl3/MeOH using a rotor stator homog-
enizer at 50% power for 20 s (200 �l of 2:1 CHCl3/MeOH mixture for
every 10 mg of brain tissue). The homogenized mixture was vortexed for
30 min at room temperature and centrifuged at 10,000 � g for 5 min at
room temperature to separate the solids. The extract was then transferred
to a 1.5 ml centrifuge tube, mixed with 20 �l of PBS/100 �l of CHCl3/
MeOH, vortexed, and centrifuged at 10,000 � g for 5 min at room tem-
perature. The upper aqueous phase was removed and transferred to a
C-18 Sep-Pak cartridge (prewetted with 1 ml of MeOH, preequilibrated
with 1 ml of 25% MeOH in deionized H2O). The Sep-Pak cartridge was
washed with 1 ml of deionized H2O, and samples were eluted with 0.5 ml
of 100% MeOH directly into a 1 ml conical glass vial. The liquid was
evaporated using a Speed-Vac for 30 min, and the ganglioside prepara-
tions were solubilized in 20 �l of 2:1 CHCl3/MeOH. The ganglioside
preparation was spotted on a preheated TLC plate and developed using
200 ml of 60:40:9 CHCl3/MeOH/CaCl2 (0.02% in water), and the gan-
glioside bands were visualized using resorcinol stain.

Statistical analysis. The densitometric value of each specific band was
obtained using MultiGauge (Fujifilm) software and normalized to
GAPDH as a housekeeping gene and presented as mean � SEM. One-
way ANOVA with Bonferroni’s post test was performed using GraphPad
Prism, version 5.00 for Windows (GraphPad Software).

Results
A�-like, �-synuclein-like, and tau-like immunoreactive
materials accumulate intraneuronally in the brains of HEXB
KO mice
To determine whether a deficiency in lysosomal �-hexosa-
minidase activity results in the accumulation of pathological pro-
teins associated with AD, we conducted immunohistochemical
(IHC) analyses on coronal brain sections of HEXB KO mice and
age-matched wild-type controls. We first examined the protein
levels and brain distribution of APP and its processing products
(APP-CTFs and A�) using the monoclonal antibody 4G8, which
recognizes residues 17–26 of A�. We observed 4G8-positive in-
traneuronal staining in most brain regions, including the cortex
(Fig. 1a), hypothalamus (Fig. 1b), hippocampus (Fig. 1c), olfac-
tory bulb (Fig. 1d), preoptic area (Fig. 1e), superior colliculus
(Fig. 1f), midbrain (Fig. 1g), pons (Fig. 1h), medulla (Fig. 1i), and
spinal cord (Fig. 1j).

Next, we examined the accumulation of �-synuclein-like im-
munoreactivity (�-syn-LIR) in HEXB KO mice. As shown in Fig-
ure 2A, intraneuronal �-syn-LIR was detected in the substantia
nigra compacta (SNC) but not in the substantia nigra reticula
(SNR). In contrast, 4G8 immunoreactivity was detected in the
SNR but not the SNC, indicating that �-synuclein and APP/APP-
CTFs/A� accumulate in different regions of the SN.

In addition to A� and �-synuclein, phosphorylated tau
(pTau) is another protein that accumulates in brain neurons in

several neurodegenerative diseases. IHC analysis using the anti-
body AT8, which detects pTau(Ser202) and pTau(Thr205),
showed intraneuronal AT8-positive pTau-like immunoreactivity
(pTau-LIR) in the medulla and the gray matter of the spinal cord
of HEXB KO mice (Fig. 2B).

APP-CTFs and lipid-associated A� accumulate in the brains
of HEXB KO mice
Since the monoclonal antibody 4G8 detects full-length APP,
APP-CTFs, and A�, we sought to determine the identity of the
intraneuronal 4G8-immunoreactive protein species mentioned
above. We measured the levels of APP, sAPP�, APP-CTFs, and
A� in 4- to 4.5-month-old HEXB HZ and HEXB KO mice. The
levels of full-length APP and APP-CTFs were determined in brain
homogenates by Western blotting using the APP C terminus-
specific antibody 369. To measure sAPP� levels, full-length APP
was immunodepleted from cell lysates using the antibody 369,
and the depleted lysates were studied by Western blotting using
the APP N terminus-specific antibody, 22C11 (as described in
Materials and Methods). As shown in Figure 3A, the levels of
full-length APP and sAPP� in HEXB KO mice were comparable
with those observed in age-matched wild-type mice, whereas the
levels of �- and �-CTFs were significantly higher (�1.5-fold; p �
0.05) in the HEXB KO mice (�-CTFs, 148 � 9.3%; �-CTFs,
141 � 11.3%). HEXB HZ mice showed a minor increase in the
levels of APP-CTFs (Fig. 3A), indicating that even modest alter-
ations in the activity of �-hexosaminidase may affect the metab-
olism of APP.

The levels of A�40 and A�42 were measured in DEA-soluble
(soluble) and RIPA-soluble (lipid-associated) fractions prepared
from brain homogenates, as described previously (Boland et al.,
2010). A� levels in both fractions were measured by ELISA (Fig.
3B) and Western blotting (Fig. 3C). Interestingly, the levels of
both A�40 and A�42 were significantly (p � 0.05) elevated in the
lipid-associated fraction of HEXB KO mice (A�40, 129 � 9%;
A�42, 137 � 7%). In the soluble fraction, A�40 levels were only
slightly higher in HEXB KO mice (114 � 5%), and A�42 levels
were similar to wild type (Fig. 3B). In addition, immunoblotting
using A�40-specific antibody (FC3340) shows that the levels of
A�40 were elevated in the both the soluble and lipid-associated
fractions of HEXB KO mice (Fig. 3C).

A recent study demonstrated that intraneuronal APP, rather
than intraneuronal (iA�), accumulates in a mouse model of AD
(Winton et al., 2011). However, our results show that the levels of
APP-CTFs and A� increase significantly in HEXB KO mice, with-
out an increase in the levels of full-length APP. These results
indicate that the accumulated intraneuronal 4G8-positive A�-
LIR signals represent either APP-CTFs, A�, or both. To confirm
that full-length APP does not accumulate in HEXB KO mice, we
costained coronal brain sections with APP N terminus-specific
(22C11) and C terminus-specific (369) antibodies (Fig. 3D). Sig-
nals from the C terminus (369) antibody, but not the N terminus
(22C11), increased in the cortex and hippocampus of HEXB KO
mouse brains relative to age-matched wild-type mice, indicating
that APP-CTFs (rather than full-length APP) accumulate in the
brains of HEXB KO mice.

Intraneuronal A�-LIR accumulates in a region-specific
manner in HEXB KO mice
Based on the finding that A�40 and A�42 levels increase in HEXB
KO mice, and since 4G8 recognizes residues 17–26 of A�, we
sought to determine whether some of the intraneuronal 4G8 sig-
nals observed in HEXB KO mice represent authentic A�. Coronal
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brain sections from 4-month-old HEXB KO mice and age-
matched wild-type mice were stained with A�40- and A�42-
specific antibodies (FC3340 and FC3542, respectively). In
addition, serial sections were stained using an antibody for
NeuN, a marker for neurons. As shown in Figure 4, NeuN-
positive neurons in the cortex (Fig. 4b,b�), subiculum (Fig. 4d,d�),
dentate gyrus (Fig. 4f), and CA3 region of the hippocampus (Fig.
4h) appeared swollen with accumulated storage material. Simi-
larly, accumulation of intraneuronal A�40- and A�42-like im-
munoreactivity (iA�40-LIR and iA�42-LIR, respectively) was
observed in the cortex (Fig. 4b1,b1�,b2,b2�), subiculum (Fig.
4d1,d1�,d2,d2�), dentate gyrus (Fig. 4f1,f2), and CA3 region of the
hippocampus (Fig. 4h1,h2) of HEXB KO mouse brains.

Notably, the neurons of the CA1 region of the hippocampus
appeared normal (Fig. 4j). Similarly, iA�-LIR was found to accu-

mulate in the CA3 region (but not the CA1 region) of the hip-
pocampi of HEXB KO mice (Fig. 4, compare h1, h2, with j1, j2).
Interestingly, Suzuki et al. (2003) reported similar preferential
accumulation of �-synuclein in the CA3, but not the CA1, region
of the hippocampi of HEXB KO mice, suggesting regional differ-
ences in neuronal susceptibility.

Ganglioside-bound A� accumulates in HEXB KO mice
The observed increase in the levels of A�40 and A�42 in the
lipid-associated fraction suggested that the increase in GM2
levels in HEXB KO mice may account for increased murine A�
association with cellular membranes. Hence, we studied the
accumulation of GA� in the HEXB KO mice by immunohis-
tochemistry. Coronal brain sections of HEXB KO and age-
matched wild-type mice were stained with 4396C antibody, an

Figure 1. Widespread intraneuronal 4G8 immunoreactivity in the brains of HEXB KO mice. Coronal brain sections of HEXB KO mice were stained with 4G8 antibody, which recognizes amino acids
17–24 of A� and detects A�, full-length APP and APP-CTFs. Intraneuronal 4G8 signals were observed in most brain regions, including the cortex (a), hypothalamus (b), hippocampus (c), olfactory
bulb (d), preoptic area (e), superior colliculus (f ), midbrain (g), pons (h), medulla (i), and spinal cord (j). Scale bars: a–j, 200 �m.
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antibody that specifically detects GA�. As shown in Figure 5A,
intraneuronal 4396C immunoreactivity increased in the
subiculum and cortex of HEXB KO mice relative to wild-type,
indicating that GA�-LIR accumulates in these mice. In addi-
tion, 4396C immunoreactivity was found to colocalize with
iA�42-LIR (Fig. 5A) and with iA�40-LIR (data not shown),
indicating that some of the accumulated iA� in HEXB KO
mice is bound to gangliosides.

Furthermore, we conducted colocalization studies for iA�-
LIR and glial fibrillary acidic protein-like immunoreactivity
(GFAP-LIR) to confirm that A�-LIR accumulates in neurons
rather than in glia (Fig. 5B). GFAP-LIR-positive cells did not
accumulate iA�-LIR. In addition, the morphology of the GFAP-
positive cells in the cortex (Fig. 5Bb), subiculum (Fig. 5Bd), and
CA3 region of the hippocampus (Fig. 5Bf,Bh) of HEXB KO mice
indicated reactive gliosis.

Intraneuronal A�-LIR accumulates in endosomal–lysosomal
compartments and in undegraded autophagosomes
The accumulation of iA�-LIR in the HEXB KO mice could be a
result of either increased A� generation as a result of prolonged
presence of �-CTFs in endocytic compartments or reduced A�
clearance by the lysosomes, or both. To determine whether iA�-
LIR accumulates in the endosomal–lysosomal system, we tested
for colocalization of iA�42-LIR (Fig. 6A) and iA�40-LIR (data
not shown) with markers of early endosomes (EEA1), late endo-
somes (Rab7), or lysosomes (Lamp-1) by IHC. In the wild-type
mice, iA�-LIR colocalized with the endosomal marker EEA1 and
the lysosomal marker Lamp-1. In contrast, in the HEXB KO mice,
enlarged EEA1-, Rab7-, and Lamp-1-positive compartments co-
localized in part with iA�-LIR (Fig. 6A). These results indicate
that iA�-LIR accumulates in different compartments of the en-
dosomal–lysosomal system in HEXB KO mice.

In addition, we tested the colocalization of iA�-LIR with the
autophagosomal marker (LC3II) to test the possibility that iA�
might accumulate in undegraded autophagosomes (Fig. 6B). The
antibody used recognizes the cytoplasmic (LC3I) and the
membrane-bound (LC3II) forms of LC3. Upon induction of au-
tophagy, LC3I gets converted to LC3II, which in turn binds to the
membrane of forming autophagosomes (Noda et al., 2009).
LC3II is normally degraded rapidly upon fusion of the autopha-
gosome with lysosomes. Hence, the accumulation of LC3II-
positive vesicular structures is indicative of defects in the fusion
of autophagosomes with lysosomes, clearance of autophago-
somes, or both. As shown in Figure 6Ba–Bc, LC3-positive mate-
rial in the wild-type mice was mostly soluble, and this material
was distributed throughout the cell bodies and axons, indicating
that the majority of LC3 is present as LC3I. iA�-LIR localized to
small vesicular compartments that failed to colocalize with the
compartments that stained for LC3I. In contrast, LC3 immuno-
reactivity in HEXB KO mice was present within small vesicular
structures that clustered in the cell body (Fig. 6Bd), indicating
that LC3II is accumulating in HEXB KO mice, an observation
consistent with the hypothesis that autophagy may be defective in
the neurons of these mice. Most importantly, iA�-LIR colocal-
ized with LC3II immunoreactivity in HEXB KO mice, suggesting
that iA� may be accumulating in undegraded autophagosomes
(Fig. 6Bf).

Recently, Boland et al. (2010) suggested that the accumulation
of autophagosomes in mouse models of LSDs is due to the im-
paired lysosomal clearance of the autophagic vacuoles (AVs)
rather than enhanced induction of autophagy. The inefficient
clearance of the autophagosomes by the lysosomes may occur
due to impaired fusion with the lysosomes or the inability of the
lysosomes to degrade the vacuoles. To examine fusion between
the autophagosome and endosomal/lysosomal compartments,
we monitored colocalization of the autophagosomal marker
(LC3II) with the early endosomal marker (EEA1) and the lyso-
somal marker (Lamp-1). As shown in Figure 6B, LC3II colocal-
ized with EEA-1 (Fig. 6Bj–Bl) and Lamp-1 (Fig. 6Bp–Br) in
HEXB KO mice, indicating that autophagosomes fuse with endo-
somes and lysosomes in HEXB KO mice.

To confirm that HEXB KO mice have dysfunctional au-
tophagy and reduced lysosomal clearance, we measured the pro-
tein levels of LC3I, LC3II, p62, Rab7, and Lamp-2 by Western
blotting (Fig. 6C). Although p62 and Rab7 were only slightly
elevated in HEXB KO mice (p62, 106 � 2.5%; Rab7, 108 � 6%),
the ratio of LC3II/LC3I increased by 1.35-fold relative to age-
matched wild-type mice (135 � 12%), consistent with the pres-

Figure 2. Accumulation of �-synuclein and pTau in HEXB KO mice. A, Brain sections of HEXB
KO mice were costained with anti-�-synuclein (a, b) and 4G8 anti-A� (c, d) antibodies.
�-Synuclein-LIR was detected in the SNC (b, b�), whereas intraneuronal 4G8 signals were
detected in the SNR (d, d�). B, Immunohistochemical analysis of wild-type and HEXB KO mice
using an antibody (AT8) that detects Tau phosphorylated at serine 202 and threonine 205 shows
that pTau accumulates in the gray matter of the spinal cord (b) and the medulla (d) of HEXB KO
mice. Arrows point to intraneuronal signals. Scale bars: a– d, 500 �m; b�, d�, 200 �m.
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ence of dysfunctional autophagosomal–lysosomal turnover in
HEXB KO mice.

Human Sandhoff brains accumulate APP-CTFs,
intraneuronal A�, and ganglioside-bound A�
To test whether human gangliosidoses brains (Table 1), in-
cluding SD, exhibit obvious A� histopathology, fixed cortical

sections obtained from three SD brains (1, 1, 2 years), two
GM1 gangliosidosis brains (1, 19 years), and three TS brains
(4, 27, 45 years) were immunostained using the monoclonal
antibody 4G8. The total ganglioside levels in the cortices of the
different brain samples were analyzed by thin-layer chroma-
tography (Fig. 7A). Purified GM1, GM2, and GM3 ganglio-
sides were loaded as markers to monitor the electrophoretic

Figure 3. Accumulation of APP-CTFs and lipid-associated A� in HEXB KO mice. A, Western blot analysis, using 369 antibody to detect full-length APP and APP-CTFs and 22C11 antibody to detect
sAPP�, shows significant increases in the levels of �-CTF and �-CTF in HEXB KO mice relative to wild-type (WT). No significant changes were observed in the levels of full-length APP or sAPP� levels.
(For APP, �- and �-CTF analysis, n � 6 for WT, n � 7 for HZ, n � 7 for KO. For sAPP�, n � 3 for WT, n � 4 for HZ, n � 4 for KO). B, ELISA measurement of A�40 and A�42 levels shows significant
increase in the levels of lipid-associated A�40 and A�42 in the HEXB KO mice (n�6 for WT; n�7 for HZ; n�7 for KO). Shown are mean�SEM (*p�0.05; **p�0.01; ***p�0.001). C, Western
blot analysis using A�40-specific antibody (FCA3340) shows increase in the levels of A�40 in the soluble and lipid-associated fractions of HEXB KO mice. The levels of A�42 were not detectable by
Western blotting. D, Brain sections were costained with antibodies that recognize either the N terminus (22C11) or C terminus (369) of APP. Although the signals from APP-C terminus (369) antibody
seem to accumulate in the cortex (d) and hippocampus (h) of HEXB KO mice, no change is observed in the signals from APP-N terminus (22C11) antibody (c, g). Scale bars: a– h, 200 �m.
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mobility of the individual ganglioside species (labeled as
“standards”).

As shown in Figure 7B, the SD brains (Fig. 7Be–Bg), GM1
gangliosidosis brains (Fig. 7Bh,Bi), and the TS brains (Fig. 7Aj–
Al) showed obvious intraneuronal 4G8 immunoreactivity. Typ-
ical amyloid plaques were observed in the AD brain (75 years), as
expected (Fig. 7Bd). To confirm that 4G8 staining of the human
gangliosidoses brains is specific, cortical sections derived from
human SD and control brains were immunostained either with
4G8 only, with 4G8 preincubated with 100� molar excess of
A�1– 40 peptide, or with secondary antibody only (Fig. 7C). No
staining was observed if the cortical sections were not treated with
the primary antibody (Fig. 7Cc,Cf), or if the 4G8 primary anti-
body was preincubated with A�1– 40 peptide (100� molar ex-
cess) (Fig. 7Cb,Ce).

Since 4G8 also recognizes APP, �-CTFs, and �-CTFs, it is
likely that at least some of the 4G8 staining observed in the
human gangliosidoses brains could result from APP-CTFs.
We measured the levels of APP and �-CTFs in fibroblast cell
lines derived from seven different SD patients and seven

healthy controls. As shown in Figure 7D, �-CTF levels increase
significantly in the SD cell lines relative to the healthy controls
(**p � 0.007). Supporting our findings, Tamboli et al. (2011)
reported recently strong accumulation of APP-CTFs in pri-
mary fibroblasts derived from patients with different sphingo-
lipid storage diseases.

Furthermore, we performed additional experiments using
A�40- and A�42-specific antibodies (FC3340 and FC3542, re-
spectively) to test whether the intraneuronal 4G8-immunore-
active material reflects accumulation of A�40, A�42, or both.
Unlike 4G8, which reacts with an array of APP fragments,
FC3340 and FC3542 are specific for A� peptides. As shown in
Figure 8A, the A�42-specific antibody (FC3542) showed signifi-
cant intraneuronal staining of the 1-year-old SD brain similar to
the staining observed with 4G8 (Fig. 8Aa,Ab). Similar results
were obtained for the other human gangliosidoses brains stained
with FC3542 and FC3340 (data not shown). FC3542 also stained
rare extracellular A�-like immunoreactivity in the 45-year-old
TS brain (Fig. 8Ad,Ae), and numerous plaques in the 75-year-old
AD brain (Fig. 8Ag,Ah).

Figure 4. Region-specific accumulation of A�-like immunoreactivity in HEXB KO mice. Coronal brain sections of wild-type and HEXB KO mice were stained with NeuN antibody (a–j), A�42-
specific antibody (FCA3542) (a1–j1), or A�40-specific antibody (FCA3340) (a2–j2). NeuN-positive neurons appeared swollen with vacuolar changes in the cortex (b, b�), subiculum (d, d�), dentate
gyrus (f ), and CA3 region of the hippocampus (h) of HEXB KO mice. Similarly, iA�-LIR accumulated in the cortex (b1, b1�, b2, b2�), subiculum (d1, d1�, d2, d2�), dentate gyrus (f1, f2), and CA3
region of the hippocampus (h1, h2). The morphology of NeuN-positive neurons appeared normal in the CA1 region of the hippocampus (j), and iA�-LIR was not observed in this region (j1, j2). DG,
Dentate gyrus. Scale bars: a–j, a1– d1, g1–j1, a2– d2, g2–j2, 500 �m; a�– d�, a1�– d1�, a2�– d2�, e1, f1, e2, f2, 200 �m.
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Finally, to test whether the human gangliosidoses brains ac-
cumulate GA�, the species that has been proposed to play a key
role in seeding A� aggregation, fixed cortical sections were im-
munostained using the 4396C monoclonal antibody that recog-
nizes GA� (Fig. 8B). 4396C immunoreactivity was not observed
in the control brains (Fig. 8Ba,Bb,Bi,Bj). In contrast, the young
human gangliosidoses brains (1– 4 years of age) showed promi-
nent 4396C staining (Fig. 8Bc–Bh). Interestingly, in the case of
the TS brains, the intensity of 4396C staining (TS4 � TS27 �
TS45) correlated with the extent of GM2 ganglioside accumula-
tion (Fig. 7A), consistent with the interpretation that the relative
intensity of 4396C staining parallels the relative concentrations of
GA�. It is also worth noting that the intraneuronal 4396C immu-
noreactivity was observed when the gangliosidoses brain sections
were subjected to detergent pretreatment as well as formic acid,
albeit the signal was stronger after using the detergent. In con-
trast, 4396C intraneuronal staining was not observed in the AD
brain after the detergent or formic acid pretreatments; only ex-
tracellular amyloid plaques were observed after formic acid pre-
treatment (Fig. 8Bp).

Discussion
Several recent studies have highlighted the neuropathological
similarities between AD and LSDs (Ohm et al., 2003; Treiber-
Held et al., 2003; Saito et al., 2004; Ohmi et al., 2009; Boland et al.,
2010; Zhang et al., 2010; Mattsson et al., 2011). AD and LSDs are
both characterized by defects in the endosomal–lysosomal and
lysosomal–autophagosomal pathways (Nixon, 2007; Pickford et
al., 2008), all of which are major pathways for APP processing and
A� generation (Caporaso et al., 1992, 1994). These defects may
contribute to the pathogenesis and progression of AD and LSDs
since they disrupt the sorting and recycling of lipids and proteins
and result in the accumulation of mutant and oxidized proteins,
protein aggregates, and damaged organelles in affected neurons
(Bahr and Bendiske, 2002; Nixon et al., 2008).

Lysosomal lipid accumulation has been linked to autophagic
dysfunction (Boland et al., 2008; Tamboli et al., 2011), suggesting
that changes in lipid composition of the lysosomal membranes
may alter the lysosomal–autophagic turnover of proteins in AD
and LSDs. In addition, a growing body of evidence suggests that

Figure 5. Ganglioside-bound A� (GA�) immunoreactivity colocalizes with iA�-LIR. A, Coronal brain sections from wild-type (a– c, g–i) and HEXB KO mice (d–f, j–l ) were costained with GA�
antibody (4396C) and A�42-specific antibody (FCA3542). GA� immunoreactivity as detected by 4396C antibody colocalized with iA�-LIR in the subiculum and cortex of HEXB KO mice (f, l ). Scale
bars: a–l, 200 �m. B, Coronal brain sections from wild-type and HEXB KO mice were costained with GFAP (red)- and A�40 and A�42 (green)-specific antibodies (FCA3340 and FCA3542,
respectively). Increased GFAP immunoreactivity and reactive gliosis were observed in the cortex (b), subiculum (d), and CA3 region of the hippocampus (f, h) of HEXB KO mice. Scale bars: a– h,
500 �m.
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age-related changes in the metabolism of gangliosides may con-
tribute to the pathogenesis of AD (Ariga et al., 2008; Yamamoto
et al., 2008). Gangliosides are sialic acid-containing glycosphin-
golipids that are predominantly present in the outer leaflet of the
plasma membrane. Deficiencies in the activities of lysosomal en-

zymes that degrade gangliosides lead to ganglioside accumulation
in cellular membranes. Neuronal accumulation of gangliosides in
LSDs may result in neurodegeneration by multiple mechanisms,
including alteration of calcium homeostasis, disruption of endo-
cytic trafficking, perturbation of the sorting and recycling of lip-

Figure 6. Dysfunction in lysosomal proteolysis leads to the accumulation of iA�-LIR in the endosomal–lysosomal system and undegraded autophagosomes. A, Coronal brain sections of
wild-type and HEXB KO mice were costained with A�42-specific antibodies (FCA3542) and markers of early endosomes (EEA1), late endosomes (Rab7), and lysosomes (Lamp-1). iA�-LIR colocalized
partially with EEA1 (a–f ), Rab7 (g–l ), and Lamp-1 (m–r) in HEXB KO mice. Images were taken from the subiculum. Scale bars, 50 �m. B, Immunohistochemical analysis shows the colocalization
of iA�42 (Pan1G6) with LC3 in undegraded autophagosomes in HEXB KO mice (d–f ). The autophagosomal marker (LC3) colocalizes with the early endosomal marker (EEA1) (j–l ) and with the
lysosomal marker (Lamp-1) ( p–r) in HEXB KO mice. Scale bars, 50 �m. C, Western blot analysis shows an increase in the LC3II/LC3I ratio and slight increases in the levels of p62 and Rab7 in HEXB
KO mice relative to wild type (n � 3 for WT; n � 3 for HZ; n � 3 for KO). Shown are mean � SEM.
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ids and proteins, impairment of autophagy, and/or reduction in
lysosomal proteolysis of material intended for terminal degrada-
tion (Pagano, 2003; Sillence and Platt, 2004; te Vruchte et al.,
2004; Boland et al., 2010; Lloyd-Evans et al., 2010).

To investigate whether the accumulation of gangliosides can
result in the accumulation of neuropathogenic proteins associ-
ated with AD, we examined the accumulation of APP-CTFs, A�,
�-synuclein, and pTau in a mouse model of SD, which was de-
veloped through targeted disruption of the HEXB gene (Sango et
al., 1995). The resulting deficiency in the both �-hexoaminidase
A and B in SD mice resulted in extensive accumulation of GM2
and asialo-GM2 (GA2) throughout the central and peripheral
nervous systems (Kolter and Sandhoff, 1998; Mahuran, 1999).
Beginning 3 months after birth, HEXB KO mice exhibited pro-
gressive neurologic disturbances that started with defects in bal-
ance and coordination and progressed into an almost complete
loss of hindlimb movement. HEXB KO mice die at the age of 4 –5
months due to their inability to eat, drink, or move (Sango et al.,
1995, 1996; Phaneuf et al., 1996). The neurologic features and
pathological findings of the SD mice are consistent with human
SD (Sango et al., 1995) and are thus considered to be a valuable
tool to study disease pathogenesis.

We observed extensive accumulation of 4G8-immuno-
positive signals in most brain regions and in the spinal cords of
HEXB KO mice (Fig. 1). We also observed accumulation of iA�-
LIR in specific brain regions (Fig. 4). In addition, we observed
accumulation of pTau in the medulla and spinal cords of HEXB
KO mice, and accumulation of �-synuclein in the SNC (Fig. 2).
Interestingly, 4G8 immunoreactivity in the SN did not over-
lap with �-synuclein, suggesting that APP/APP-CTFs/A� and
�-synuclein accumulate in different regions of the SN. The latter
may indicate different mechanisms of accumulation or turnover
pathways for APP/APP-CTFs/A� and �-synuclein in different
subregions of the SN. Regional differences in ganglioside metab-
olism have been suggested to underlie the distribution of neuro-
nal storage (Sango et al., 1995), indicating that the ganglioside
species involved in the accumulation of APP/APP-CTFs/A� may
be different from those involved in accumulation of �-synuclein.

Because APP and A� share many epitopes, the identity of
iA�-LIR has been recently attributed, at least in part, to intracel-
lular APP and/or �-CTFs (Winton et al., 2011). To determine the
molecular identity of the 4G8 signals, we performed immunohis-
tochemical and biochemical analyses of homozygous (HEXB
KO) and heterozygous (HEXB HZ) mouse models of SD. The

biochemical analyses of APP metabolism in HEXB HZ and KO
mice demonstrated that the levels of APP-CTFs and A� were
significantly increased, whereas the levels of full-length APP
were similar to those observed in wild-type littermates (Fig. 3).
The authenticity of the A�-LIR was established by ELISA mea-
surements (Fig. 3), Western blotting analysis (Fig. 3), and
immunohistochemistry using A�-specific C-terminal neo-
epitope antibodies (Fig. 4). In addition, immunohistochemi-
cal analysis using an APP N terminus antibody (22C11) and an
APP C terminus antibody (369) demonstrated that 22C11 im-
munoreactivity did not increase in the HEXB KO mice (Fig. 3).
Based on all of the above, we conclude that the accumulated
intraneuronal 4G8 signals represent accumulated APP-CTFs
and/or A� rather than full-length APP. We cannot exclude the
possibility that amyloid-� precursor-like protein 2 (APLP2)
might have contributed to part of the signal from antibody 369
(Slunt et al., 1994), but the A�-specific antibodies would not
be expected to cross-react with APLP2 since APLP2 lacks the
A� domain.

Worth mentioning, we did not observe iA� accumulation in
mouse models of other LSDs, such as Gaucher disease (L444P/
L444P GCase), Fabry disease (GLA�/�), and Pompe disease
(GAA�/�) (our unpublished observations).

Under normal conditions, A� generated in endosomes and
autophagosomes is cleared by lysosomes (Nixon, 2007). Recent
studies have shown that the accumulation of GSL in human H4
cells (Tamboli et al., 2011) and in mouse models of LSDs (Boland
et al., 2010) leads to impairment in the clearance of AVs. As a
result, we investigated the possibility that iA� might be accumu-
lating in endosomal–lysosomal compartments and in unde-
graded AVs. As expected, iA�-LIR was found to colocalize with
the autophagosomal marker LC3II, the late endosomal marker
Rab7, and the lysosomal marker Lamp-1. In addition, we ob-
served that, although autophagosomes fuse with both the
endosomes and lysosomes in HEXB KO mice, iA� remains un-
degraded, suggesting that impaired lysosomal clearance of AVs
contributes to the accumulation of iA�.

However, Tamboli et al. (2011) reported that the accumula-
tion of GSL in human H4 and SHSY-5Y cells leads to the accu-
mulation of APP-CTFs in undegraded AVs and stimulate
�-secretase activity, which, in turn, would be predicted to cause
increased production of intracellular and secreted A� peptides.
Together, these results suggest that the accumulation of iA� in
HEXB KO mice is probably due to the following: (1) increased

Table 1. List of human brain tissue samples analyzed in this study

ID no. Disorder Age (years) Sex Cause of death Brain regions

C1 Control 1 M Dehydration Frontal cortex, hippocampus
C2 Control 2 F Intussusception of the bowel Frontal cortex, hippocampus
C4 Control 4 F Asthma Frontal cortex, hippocampus
C27 Control 27 F Respiratory failure Frontal cortex, hippocampus
SD1a Sandhoff disease 1 M Complication of the disorder Frontal cortex, hippocampus
SD1b Sandhoff disease 1 F Unknown Frontal cortex
SD2 Sandhoff disease 2 Unknown Unknown Frontal cortex, hippocampus
GM1 GM-1 gangliosidosis 1 F Complication of the disorder Frontal cortex, hippocampus
GM19 GM-1 gangliosidosis 19 M Complication of the disorder Frontal cortex
TS4 Tay–Sachs disease 4 Unknown Unknown Frontal cortex
TS27 Tay–Sachs disease 27 F Complication of the disorder Frontal cortex, hippocampus
TS45 Tay–Sachs disease 45 M Complication of the disorder Frontal cortex
AD75 Alzheimer’s disease 75 M Unknown Frontal cortex

Human Sandhoff, GM1 gangliosidosis, Tay–Sachs, AD, and control brains analyzed in this study are designated as SDn, GMn, TSn, ADn, CAAn, and Cn, respectively. In each case, “n” represents the age of the patient at the time of death. Brains
from the two 1-year-old SD patients analyzed are designated as SD1a and SD1b. In each sample, genetic deficiency in enzyme activity and the resulting substrate (ganglioside) accumulation was confirmed by enzyme activity and thin-layer
chromatography analyses.
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generation in the autophagosomes and endosomes, (2) reduced
degradation by the lysosomes, or (3) some combination of (1)
and (2).

Moreover, Tamboli et al. (2011) reported the accumulation of
APP-CTFs in human fibroblasts derived from different LSD pa-
tients. In this study, we found that intraneuronal A�-LIR accu-
mulates throughout the frontal cortices of GM1, SD, and TS
patients (Fig. 7B), in a pattern similar to that observed in the
HEXB KO mice. Similarly, we observed intraneuronal accumu-
lation of GA�, a proposed prefibrillar aggregate found in AD

(Fig. 8B). These results indicate that the inefficient A� degrada-
tion by the lysosomes in LSDs and its accumulation in compart-
ments that favor A� aggregation might be a primary reason for
the pathology and neurodegeneration.

The relative contributions of intraneuronal and extracellular
A� to the overall neurotoxicity of the accumulated A� remain
unclear. Our data suggest that iA� plays at least some role in
disease pathogenesis. Neurotoxicity by iA�42 has been attributed
to A�42 accumulation in various organelles, including autopha-
gosomes (Yu et al., 2005), endosomes/lysosomes (D’Andrea et

Figure 7. Human Sandhoff brains accumulate intraneuronal 4G8 immunoreactivity and APP-CTFs. A, Thin-layer chromatography analysis of cortices derived from GM1 gangliosidosis (GM1), SD,
TS, AD, and age-matched controls, shows the levels of different gangliosides in each brain sample. B, GM1, SD, TS, AD, and age-matched control-derived cortical sections were immunostained using
the monoclonal antibody 4G8. The arrows indicate accumulation of intraneuronal APP/A�-LIR in 1-year-old (e, f ) and 2-year-old (g) SD brains; 1-year-old (h) and 19-year-old (i) GM1 brains;
4-year-old (j), 27-year-old (k), and 45-year-old (l ) TS brains. Scale bars: a–l, 200 �m. C, The specificity of 4G8 staining was confirmed by immunostaining cortical sections derived from human SD
and control brains with 4G8 antibody preincubated with 100� molar excess of A�1– 40 peptide (b, e), or with secondary antibody only (c, f ). Scale bars: a–f, 200 �m. D, Western blot analysis of
seven fibroblast cell lines derived from SD patients or healthy controls show significant accumulation of �-CTFs in the SD fibroblasts (**p � 0.007). Values are the mean of three individual
experiments. Error bars indicate SEM.
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al., 2001; Takahashi et al., 2002), and mitochondria (Caspersen et
al., 2005; Manczak et al., 2006). It has been suggested that
iA�42 exerts its neurotoxic effects by compromising the or-
ganelle membrane integrity, causing organelle leakage and
eventually leading to neuronal death (Yang et al., 1998; Glabe,
2001; Ling et al., 2009). Furthermore, it has been proposed
that the release of iA� into the extracellular space by exocyto-
sis contributes to extracellular amyloid deposition (Rajendran
et al., 2006). In support of this formulation, Yang et al. (2011)
recently highlighted the pathogenic importance of the lyso-
somal system by demonstrating that improving neuronal au-
tophagic–lysosomal proteolytic function in a mouse model of
AD reduced levels of intracellular and extracellular A� and
reversed multiple cognitive deficits.

In summary, our results suggest that the accumulation of gan-
gliosides may increase the accumulation of proteins associated
with AD by interfering with the lysosomal–autophagic turnover
of proteins (Boland et al., 2008), by enhancing the generation of
A� by activating �-secretase (Tamboli et al., 2011), or by a com-
bination of both mechanisms. In addition, the detection of GA�
in HEXB KO mice and human LSD samples indicates the pres-
ence of a specific A� conformer that is more resistant to degra-
dation and raises the question whether toxic A� oligomers form
in the cortices of the LSD patients. Together, these results estab-
lish an association between the accumulation of gangliosides and
the accumulation of aggregated proteins associated with AD. If
the linkage of these phenomena is due, at least in part, to the
promotion of accumulation of aggregated AD-related proteins, it

Figure 8. Human gangliosidoses brains accumulate intraneuronal ganglioside-bound A�. A, Immunostaining of human brain cortical sections using the antibodies 4G8, FC3542 (A�42-specific
antibody), and FC3340 (A�40-specific antibody) demonstrates that A�42 accumulates in SD (b) and TS brains (e). Extracellular A�-like immunoreactivity structures were observed in the
45-year-old TS brain (e). The arrows indicate accumulation of intraneuronal A�-LIR. Scale bars: a–f, 200 �m; g–i, 500 �m. B, Cortical sections obtained from control (1 year) (a, b), control (27
years) (i, j), GM1 (1 year) (c, d), SD (1 year) (e, f ), TS (4 years) (g, h), TS (27 years) (k, l ), TS (45 years) (m, n), and AD (75 years) (o, p) were stained with 4396C antibody to detect ganglioside-bound
A�. Scale bars: a, b, o, p, 200 �m; c–n, 50 �m.
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is possible that modulating ganglioside metabolism may delay or
prevent AD.
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