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Autophagy, a major degradative pathway for proteins and organelles, is essential for survival of mature neurons. Extensive
autophagic-lysosomal pathology in Alzheimer’s disease brain contributes to Alzheimer’s disease pathogenesis, although the
underlying mechanisms are not well understood. Here, we identified and characterized marked intraneuronal amyloid-b peptide/
amyloid and lysosomal system pathology in the Alzheimer’s disease mouse model TgCRND8 similar to that previously described
in Alzheimer’s disease brains. We further establish that the basis for these pathologies involves defective proteolytic clearance
of neuronal autophagic substrates including amyloid-b peptide. To establish the pathogenic significance of these abnormalities,
we enhanced lysosomal cathepsin activities and rates of autophagic protein turnover in TgCRND8 mice by genetically deleting
cystatin B, an endogenous inhibitor of lysosomal cysteine proteases. Cystatin B deletion rescued autophagic-lysosomal pathology, reduced abnormal accumulations of amyloid-b peptide, ubiquitinated proteins and other autophagic substrates within
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autolysosomes/lysosomes and reduced intraneuronal amyloid-b peptide. The amelioration of lysosomal function in TgCRND8
markedly decreased extracellular amyloid deposition and total brain amyloid-b peptide 40 and 42 levels, and prevented the
development of deficits of learning and memory in fear conditioning and olfactory habituation tests. Our findings support the
pathogenic significance of autophagic-lysosomal dysfunction in Alzheimer’s disease and indicate the potential value of restoring
normal autophagy as an innovative therapeutic strategy for Alzheimer’s disease.

Keywords: autophagy; lysosome; cystatin B; cathepsin; Alzheimer’s disease
Abbreviations: Ab = amyloid-b peptide; APP = amyloid precursor protein; CBKO = cystatin B knockout;
LC3 = microtubule-associated protein 1 light chain 3

Introduction
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Lysosomes (DeDuve and Wattiaux, 1966) are acidified vesicular
organelles containing over 60 proteases and other acid hydrolases
(Turk et al., 2003) that degrade macromolecules delivered by two
converging pathways, endocytosis and autophagy. The endocytic
pathway transports extracellular materials and certain plasma
membrane proteins to lysosomes through early endosomes and
late endosomes/multivesicular bodies (Piper and Luzio, 2001).
The autophagic pathway delivers intracellular constituents to lysosomes by several processes, which include chaperone-mediated
autophagy, microautophagy and macroautophagy (Mizushima
et al., 2008). Chaperone-mediated autophagy, shown to be defective in several neurodegenerative diseases, involves the facilitated direct entry into lysosomes of selected cytosolic proteins
containing a chaperone-mediated autophagy-targeting motif
(Cuervo, 2010). Macroautophagy mediates the bulk degradation
of cytoplasm and is the principal mechanism for the turnover of
organelles. Macroautophagy is also a vital pathway for degrading
abnormal and aggregated proteins, particularly under stress or
injury conditions (Rubinsztein, 2006; Levine and Kroemer, 2008)
including neurodegenerative protein misfolding diseases.
During macroautophagy (hereafter referred to by the general
term ‘autophagy’), an elongated membrane structure envelopes
cytoplasmic constituents and encloses to form an autophagosome,
which subsequently fuses with lysosomes to effect degradation of
substrates (see DeDuve and Wattiaux, 1966; Nixon, 2006 for
glossary). Late endosomes/multivesicular bodies containing endocytosed cargoes destined for degradation may also fuse with
autophagosomes before lysosomal clearance (Fader and
Colombo, 2009). Both autophagy and the endocytic pathway
are considered to be major pathways for amyloid precursor protein
(APP) processing and amyloid-b peptide (Ab) generation (Nixon,
2007; Pickford et al., 2008), particularly under Alzheimer’s
disease-related conditions. Although Ab may be generated at several sites in cells, the Ab generated in endosomes and autophagic
vacuoles and delivered to lysosomes is mainly cleared through
lysosomal proteolysis under normal conditions (Nixon, 2007).
Dysfunction of the endosomal–lysosomal pathway causes the
earliest known neuronal pathology in Alzheimer’s disease and is
promoted by genetic factors that cause early onset Alzheimer’s
disease or increase Alzheimer’s disease risk (for reviews, see
Nixon and Cataldo, 2006; Nixon et al., 2008). Preceding the appearance of neurofibrillary tangles and neuritic plaques, neuronal

endosomes enlarge, reflecting an abnormal acceleration of endocytosis (Cataldo et al., 2008; Jiang et al., 2010). Lysosome proliferation in affected neurons, indicating the early mobilization of the
lysosomal system, accompanies the initial appearance of extracellular b-amyloid (Cataldo et al., 1996) and is followed by development of striking pathology of the autophagic-lysosomal pathway,
including robust, relatively selective accumulation of autophagic
vacuoles and lysosomal dense bodies in dystrophic neurites
throughout the Alzheimer’s disease brain (Nixon et al., 2005; Yu
et al., 2005). The autophagy pathology in Alzheimer’s disease
brain resembles that induced by knocking out specific cathepsins
or by administering lysosomal protease inhibitors (Felbor et al.,
2002; Koike et al., 2005; Boland et al., 2008). These observations
and others showing that Ab and other autophagic substrates, such
as the autophagosome marker microtubule-associated protein 1
light chain 3 (LC3), accumulate intraneuronally in vesicular compartments in Alzheimer’s disease brain have suggested that autolysosomal proteolysis is markedly impaired in Alzheimer’s disease
(Boland et al., 2008; Nixon et al., 2008). This conclusion is underscored by the recent observation that presenilin 1 is essential for
lysosomal acidification and autophagy and that mutations of presenilin 1 in early-onset familial Alzheimer’s disease cause marked
loss of these functions (Lee et al., 2010).
In the present study, we investigated the possibility that improving neuronal autophagic-lysosomal proteolytic function in a mouse
model of Alzheimer’s disease pathology would ameliorate brain
pathology and prevent neuronal dysfunction and memory decline.
TgCRND8 mice, overexpressing a version of APP695 including
Swe and Ind mutations and producing more Ab42 than Ab40
(Chishti et al., 2001), develop lysosomal system pathology, accumulate intraneuronal Ab and robustly deposit b-amyloid extracellularly in neuritic plaques, leading to marked memory deficits
(Janus et al., 2000). We sought to increase cathepsin activities
in autolysosomes and lysosomes of TgCRND8 mice by deleting
the gene for cystatin B (or stefin B) (Pennacchio et al., 1998) to
relieve inhibition of multiple cathepsins. The cystatin B knockout
(CBKO) mice that were crossed with the TgCRND8 mice were
generated as a model of the recessively inherited neurodegenerative disorder, myoclonus epilepsy of type 1, in which the loss of
cystatin B leads to loss of cerebellar granule cells, progressive cerebellar atrophy and loss of motor coordination (Pennacchio et al.,
1998). Despite these deficits in this model, cystatin B deletion
represented a strategy to selectively enhance the activities of cysteine proteases and test the hypothesis that improving lysosomal
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Materials and methods
Animals and tissue preparation
All animal procedures were performed following the National Institutes
of Health Guidelines for the Humane Treatment of Animals, with approval from the Institutional Animal Care and Use Committee at the
Nathan Kline Institute for Psychiatric Research. Animals of both sexes
were used in this study. CBKO mice were initially from Dr Richard M.
Myers at Stanford University School of Medicine (Pennacchio et al.,
1998), and were on a 129X1/SvJ (129X1) strain background.
TgCRND8 mice, which express mutant human APP, Swedish
(K670N/M671L) plus Indiana (V717F) mutations, were created on a
129S6/SvEvTac (129S6) strain background by Dr David Westaway at
the University of Toronto (Chishti et al., 2001). The CBKO mice were
bred to the TgCRND8 mice to generate CBKO + / /APP + / double
heterozygotes that were bred with CBKO to generate CBKO / /
APP + / . Subsequently, CBKO / /APP + / were crossed with CBKO
to accelerate the generation of CBKO / /APP + / . The breeding process generated four main types of experimental animals: (i) wild type;
(ii) CBKO; (iii) TgCRND8; and (iv) CBKO/TgCRND8 (i.e. the CBKO /
/APP + / )—all on a 129X1  129S6 strain background. All mice
were genotyped by polymerase chain reaction. The mice were studied
at 6.0  0.2 months of age, which is simply described as
‘6-month-old’ or ‘6 months of age’ hereafter, except where otherwise
indicated.
To obtain tissues for experiments, animals were anaesthetized with a
mixture (0.01 ml/g body weight, intraperitoneally) of ketamine
(10 mg/ml) and xylazine (1 mg/ml). Mice for light microscopic analyses
were usually fixed by cardiac perfusion using 4% paraformaldehyde in
0.1 M sodium cacodylate buffer [pH 7.4, Electron Microscopy Sciences
(EMS), Hatfield, PA, USA]. Following perfusion fixation, the brains
were immersion-fixed in the same fixative overnight at 4 C. For conventional transmission electron microscopic study, 4% paraformaldehyde was supplemented with 2% glutaraldehyde (EMS). For
biochemical analyses, including western blotting, enzymatic activity
assays and enzyme-linked immunosorbent assay, the brains were
quickly frozen on dry ice and stored at –70 C. In some cases, when
both morphological and biochemical analyses were planned on the

same mouse, the brain was removed after brief perfusion with
saline. One hemisphere was frozen at –70 C and the other half was
immersion-fixed in 4% paraformaldehyde for three days at 4 C.

Subcellular fractionation for isolation
of autophagic vacuoles and lysosomes
from brain tissue
For each mouse genotype, cerebral cortices from five or more brains
were pooled. Using a protocol modified from Marzella et al. (1982),
the samples were homogenized and subjected to differential centrifugation to separate a fraction enriched in autophagic vacuole, lysosomes and mitochondria as described previously (Cuervo et al.,
1995; Singh et al., 2009). The different organelles in this fraction
were isolated by floatation in a discontinuous gradient of metrizamide
(50, 26, 24, 20 and 10%). A fraction containing mainly autophagosomes (AV10) was recovered in the 10–20% interface, a fraction enriched in autophagolysosomes (AV20) was isolated at the 20–24%
interface, and lysosome-enriched fraction was recovered in the
24–16% interface. These fractions were washed by centrifugation in
0.25 M sucrose and pellets were immersed in a cacodylate fixation
buffer for electron microscopic analysis or analysed directly by western
blot or enzyme assay. A fraction enriched in endoplasmic reticulum
resealed vesicles (microsomes) and the cytosolic fraction was obtained
in the pellet and supernatant, respectively, after centrifugation of the
supernatant at 100 000 g for 1 h.

Antibodies for immunocytochemistry,
immunofluorescence, western blotting
and enzyme-linked immunosorbent
assay
The following antibodies were used in this study: RU2, rabbit polyclonal antibody directed against mouse cathepsin D (made in-house,
diluted 1:5000–10 000 for immunofluorescence and immunocytochemistry and 1:5000 for western blotting); D-2-3, sheep polyclonal
antibody directed against human cathepsin D (made in-house, diluted
1:1000 for immunofluorescence); cathepsin B rabbit polyclonal antibody directed against human cathepsin B (Cortex Biochem,
CR6009RP, diluted 1:400 for immunocytochemistry); cathepsin L
rabbit polyclonal antibody directed against human cathepsin L
(Athens Research and Technology, 01-12-030112, diluted 1:400 for
immunocytochemistry); cystatin B rabbit polyclonal antibody directed
against rat cystatin B (made in-house, diluted 1:100 for western
blotting and 1:10 for immunocytochemistry); rat monoclonal antibody
directed against mouse lysosomal membrane associated protein 2
(Developmental Studies Hybridoma Bank, University of Iowa,
ABL-93, diluted 1:100 for immunofluorescence); LC3 rabbit polyclonal
antibody directed against rat LC3 (microtubule associated protein 1
light chain 3) (made in-house, diluted 1:2000 for western blotting);
LC3 rabbit polyclonal antibody directed against an N-terminal portion
of human LC3 (Novus Biologicals, NB100-2200, diluted 1:1000 for
western blotting); LC3 polyclonal antibody directed against rat LC3
(diluted 1:250 for immunofluorescence, a gift from Dr Y. Uchiyama,
Juntendo University Graduate School of Medicine, Japan); lysobisphosphatidic acid monoclonal antibody directed against rat lysobisphosphatidic acid (a gift from Dr Jean Gruenberg, University of
Geneva, Switzerland); ubiquitin mouse monoclonal antibody directed
against bovine ubiquitin (Chemicon, MAB1510, diluted 1:300 for
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proteolytic function in TgCRND8 mice would ameliorate
Alzheimer’s disease-related pathologies. Cystatin B, an endogenous inhibitor of cysteine proteases, is a member of the stefin
family (Type 1 cystatins) (Turk et al., 2008) within the cystatin
superfamily (Tizon and Levy, 2006; Turk et al., 2008). Although
cystatin B is reported to be present in several intracellular sites
(Riccio et al., 2001; Alakurtti et al., 2005), we show here that it
is prominently localized to compartments of the lysosome system,
and that reducing cystatin B levels enhances lysosomal enzyme
activities thereby stimulating lysosomal protein turnover. We further demonstrate that enhancing lysosomal proteolysis exerts significant therapeutic effects in TgCRND8 mice, including an
improved clearance of autophagy substrates resulting in reduced
levels of intracellular and extracellular Ab and reversal of multiple
cognitive deficits. Our findings underscore the pathogenic importance of lysosomal system dysfunction in Alzheimer’s disease and
establish proof of concept that enhancing lysosome function in
Alzheimer’s disease models and, by extension in Alzheimer’s disease, may ameliorate neuropathology and cognitive deficits.
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Ultrastructural analyses
For electron microscopy, vibratome brain sections were cut and
post-fixed in 1% osmium tetroxide. Following alcohol dehydration,
sections were embedded in EPONÕ resin (EMS) and ultrathin sections
prepared and stained with uranyl acetate and lead citrate. Material
was viewed with a Philips CM 10 electron microscope equipped
with a digital camera (Hamamatsu, model C4742-95) aided by
AMT Image Capture Engine software (version 5.42.443a). For light
microscopic examination, 1 mm sections were stained with toluidine
blue.

Analysis of proteolysis
Total protein degradation in cultured primary fibroblasts or neurons
was measured by metabolic labelling (Auteri et al., 1983; Cuervo
et al., 2004) with a 48 h pulse with [3H]-leucine (2 mCi/ml) to
preferentially label long-lived proteins. During the chase, aliquots of
the medium taken at different time points were precipitated in trichloroacetic acid and proteolysis was measured as the percentage of
the initial acid-precipitable radioactivity (protein) converted to
acid-soluble radioactivity (amino acids and small peptides) over time.

Enzymatic activity assays for cathepsins
Cathepsin D activity was assayed as pepstatin-inhibitable activity
toward 14C-labelled methemoglobin, and cathepsin B and cathepsin
L activities were assayed by measuring aminomethyl coumarine
(AMC) released from Z-Arg-Arg-AMC (specific for cathepsin B) and
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Z-Phe-Arg-AMC (specific for cathepsin B and L). Detailed protocols
were described previously (Yang et al., 2009) and are also provided
in the online Supplementary Methods.

Contextual fear conditioning
Protocols were the same as those described previously (Ohno et al.,
2001; Kimura and Ohno, 2009). The training session for contextual
fear conditioning consisted of a 180 s exploration period followed by
two conditioned stimulus-unconditioned stimulus pairings separated by
1 min interval (foot shock intensity, 1.0 mA; duration, 2 s). After the
last shock, the mice (wild-type n = 10, CBKO n = 10, TgCRND8 n = 9,
and CBKO/TgCRND8 n = 7; all 6-months-old) were allowed to stay in
the chamber for another 30 s and were then returned to their home
cages. Contextual fear memory was measured by scoring freezing behaviour (the absence of all but respiratory movement) for 180 s with a
FreezeFrame automated scoring system (Coulbourn Instruments,
Allentown, PA, USA) when the mice were placed back into the same
conditioning chamber 24 h after training (Supplementary Methods).

Odour habituation test
The same set of mice used for contextual fear conditioning (wild-type
n = 10, CBKO n = 9, TgCRND8 n = 8 and CBKO/TgCRND8 n = 7)
were individually housed for at least 72 h and tested in their home
cages for olfactory investigation behaviour in an odour habituation test
(Sundberg et al., 1982) using previously described methods (Wesson
et al., 2010) (Supplementary Methods). Measures of odour investigation behaviour (n = 7 odours) were recorded over two daily sessions.
Normalized investigation data were analysed with ANOVA followed by
Fisher’s protected least significant difference.
Protocols for primary cell cultures, immunolabeling, immunoblotting,
immunoprecipitation, enzyme-linked immunosorbent assay and generation of an anti-cystatin B antibody can be found in the online
Supplementary Methods.

Results
TgCRND8 mice exhibit marked
autophagic-lysosomal dysfunction
Neurons in affected brain regions of 6-month-old TgCRND8 mice,
immunolabelled with an antibody (RU2) against mouse cathepsin
D, exhibited strikingly enlarged cathepsin D-positive lysosomal
compartments with reduced numbers of normal-sized lysosomes
(Fig. 1A2). Although only rarely seen in 2-month-old TgCRND8
mice (Fig. 1A1), these giant compartments progressively increased
in number and size to at least 12 months of age (Fig. 1A3) and
were absent in age-matched wild-type mice (Fig. 1A4). Giant
cathepsin D-positive compartments were most abundant in the
hippocampal CA1 sector, including the pyramidal cell layer
(Fig. 1A1–3) and neuronal processes within the stratum radiatum
(e.g. Fig. 6A3, arrowheads) and, at a lower density, in the CA3
sector and cerebral cortex (data not shown). Antibodies against
cathepsin B and cathepsin L revealed similar patterns (data not
shown).
The enlarged size of cathepsin D-positive compartments in
TgCRND8 mice (Fig. 1B1) compared to wild-type mice
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immunofluorescence); ubiquitin polyclonal antibody directed against
human ubiquitin (Dako, Z 0458, diluted 1:1500 for western blotting);
glial fibrillary acidic protein mouse monoclonal antibody directed
against pig glial fibrillary acidic protein (Sigma, G3893, diluted 1:400
for immunofluorescence); Iba-1 rabbit polyclonal antibody directed
against the C-terminus of the microglia/macrophage-specific protein
Iba-1 (Waco Chemicals, 019-19741, diluted 1:500 for immunofluorescence); neuronal nuclei mouse monoclonal antibody directed against
neuronal nuclei protein from mouse brain (Millipore, MAB377MI,
diluted 1:50). Antibodies directed against APP, Ab and/or other APP
proteolytic species included: 22C11 mouse monoclonal antibody directed against the N-terminus (amino acids 66–81) of APP695
(Millipore, MAB348, diluted 1:100 for immunocytochemistry); 6E10
(mouse monoclonal antibody specific to Ab1-16, diluted 1:1000 for
western blotting) and 4G8 (mouse monoclonal antibody specific to
Ab17-24, diluted 1:250 for immunocytochemistry), both from
Covance (Emeryville, CA,USA; catalogue No: SIG-39320 and
SIG-39220, respectively); R226 (polyclonal antibody specific to Ab42,
diluted 1:500 for immunocytochemistry), the kind gift of Dr Pankaj
D. Mehta (Institute for Basic Research in Developmental Disabilities,
Staten Island, NY, USA); C1/6.1 monoclonal antibody against the
C-terminal 20 residues of APP (made in-house, diluted 1:400 for
immunocytochemistry) (Mathews et al., 2002); and additional mouse
monoclonal antibodies—the generous gift of Dr Marc Mercken
(Janssen Pharmaceutica/Johnson & Johnson, Belgium) (Mathews
et al., 2002): JRF/AbN/25 (specific to Ab1-7, diluted 1:500 for
immunocytochemistry), JRF/Abtot/17 (specific to Ab1-16, diluted
1:500 for immunocytochemistry and 1:1000 for western blotting),
JRF/cAb40/10 (specific to Ab40, diluted 1:500 for immunocytochemistry), JRF/cAb42/26 (specific to Ab42, diluted 1:500 for
immunocytochemistry).
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6- (A2) and 12-month-old (A3) TgCRND8 (strain 129S6) and 12-month-old wild-type (WT) (A4) mice (n = 3–6 mice per age per
genotype) immunostained with an antibody against mouse cathepsin D (RU2). Representative microphotograph images depict abundant
abnormally enlarged lysosome-related granules in CA1 neurons of TgCRND8 at 6- and 12-months of age. (B) Images of the CA1 sector
from toluidine blue-stained 1 mm thick sections that were derived from vibratome sections of 12-month-old TgCRND8 (B1) and wild-type
(B2) immunostained with RU2. Toluidine blue-stained structures are in blue/purple and RU2-stained granules are in black and denoted by
arrowheads. (C) Vibratome brain sections from 6-month-old TgCRND8 were immunostained with the anti-cathepsin D antibody RU2 and
then processed for electron microscopy embedding. Areas of the hippocampal CA1 sector containing RU2-positive giant granules (as
those seen in Fig. 1A2) were selected for ultrathin sectioning. The electron micrograph shows that a neuronal soma (asterisk) contains two
giant RU2-positive granules decorated by strong diaminobenzidine products (arrows). (D) Electron micrographs of the CA1 hippocampal
area in 6-month-old TgCRND8 mice depict giant granules (arrows) with single-limiting membranes, containing undigested materials.
Scale bars: 10 mm (A and B); 2 mm (C, D1 and D3); 500 nm (D2). CatD = cathepsin D; CRND8 = TgCRND8.

(Fig. 1B2) was more evident in vibratome sections of hippocampus
immunostained with cathepsin D antibodies, which were then
embedded in EPON, cut into 1 mm sections and stained with toluidine blue (Fig. 1B). At the ultrastructural level, the cathepsin

D-stained granules were abnormally large and located within
neuronal soma (Fig. 1C) and processes (data not shown). Given
that the highly electron dense diaminobenzidine (DAB) product,
reflecting strong cathepsin D immunoreactivity, in the

Downloaded from brain.oxfordjournals.org at New York University on December 29, 2010

Figure 1 Abnormal lysosome-related compartments in the brains of TgCRND8. Sections from the hippocampal CA1 sector of 2- (A1),
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immunofluorescent labelling of brain sections from 12-month-old TgCRND8 and wild-type (WT) mice (n = 3 mice per genotype) with an
antibody against cathepsin D (CatD) (rabbit polyclonal antibody RU2 for A, C and D, sheep polyclonal antibody D-2-3 for B) and an
antibody directed against either a lysosomal marker, lysosomal membrane associated protein 2 (LAMP-2) (A), an autophagosomes/
autolysosomes marker, LC3 (B), a late endosome marker, lysobisphosphatidic acid (LBPA) (C), or ubiquitin (D). The arrowheads in the
overlays depict those giant granules which display double-immunostaining. Images shown are all from the hippocampal CA1 sector. Scale
bars: 5 mm (A–D). CRND8 = TgCRND8.

immunoelectron microsocopy samples (e.g. Fig. 1C) prevented a
clear viewing of the contents within these granules, we performed
additional ultrastructural analysis. In conventionally processed electron microscopy samples, these giant lysosomal compartments in
the cell bodies and neurites of CA1 neurons appeared as
electron-dense, single-membrane-limited structures of 1.5–3.0 mm
diameter containing incompletely digested materials, including
membranous structures and a minor lipopigment component
(Fig. 1D1–D3 and Supplementary Fig. 1), and therefore could be
classified as autolysosomes. To determine whether or not these
compartments existed in glial cells, we performed double immunofluorescent labelling with an antibody to cathepsin D and an antibody against a marker for either astrocytes (glial fibrillary acidic
protein) or microglia (Iba-1) (Supplementary Fig. 2) and found no
cathepsin D-labelled giant autolysosomes in cells with either the
glial fibrillary acidic protein or the Iba-1 signal. However, most, if
not all, of these giant autolysosomes exist within neuronal
nuclei-stained neurons (Supplementary Fig. 2), consistent with
the neuronal localization of these giant autolysosomes as shown
in Fig. 1B–D and Supplementary Fig. 1.
In double immunofluorescence studies supporting the identification of these giant granules as autolysosomes, the cathepsin
D-positive giant compartments in TgCRND8 (Fig. 2A–C) were
found to be co-immunolabelled by markers for lysosomes
(lysosomal membrane associated protein 2, Fig. 2A), autophagosomes/autolysosomes (LC3, Fig. 2B) or late endosomes

(lysobisphosphatidic acid, Fig. 2C), consistent with the convergence of both the autophagic and endocytic pathways on these
compartments. Interestingly, cathepsin D-positive giant autolysosomes were also labelled by anti-ubiquitin antibody (Fig. 2D) that,
together with the data shown in Fig. 8, indicates accumulation of
ubiquitinated proteins within these compartments, which are incompletely degraded.
To investigate whether or not autophagic proteolysis may be
impaired, we studied LC3-II, a membrane-associated form of
LC3 that first appears on newly formed autophagosomes and is
then normally degraded quickly by lysosomal enzymes after
autophagosome/lysosome fusion (Mizushima and Yoshimori,
2007). Using subcellular fractionation on metrizamide density gradients, we isolated lysosomes and autophagic vacuoles of relatively
lower and higher density from the brains of 12-month-old
TgCRND8 and wild-type mice, and confirmed their identities
based on their characteristic ultrastructural features as previously
described (Cuervo et al., 1995; Cao et al., 2006), and the presence of LC3-II (Fig. 3A) and cathepsin D immunoreactivity (e.g.
Fig. 3A, B, top) on immunoblot analyses. Consistent with our previous immunocytochemical studies, immunoblot analysis showed
that the two autophagic vacuole fractions and lysosome fractions
from TgCRND8 mice contained abnormally high levels of LC3,
including very high proportions of LC3-II (Fig. 3A). In contrast,
LC3-II was much lower in the corresponding wild-type fractions
relative to LC3-I/total LC3 (Fig. 3A), indicating efficient
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Figure 2 Markers/substrates of the endocytic-autophagic-lysosomal pathways presenting in the giant autolysosomes. Double
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Figure 3 Delayed degradation and accumulation of LC3-II and Ab within autophagic-lysosomal compartments in the brains of TgCRND8.
Subcellular fractions containing the autophagic-lysosomal compartments AV10, AV20 and lysosomes were isolated from brains of
12-month-old TgCRND8 and wild-type (WT) (n = 6 per genotype), and equal amounts of protein from each fraction were subjected to
sodium dodecyl sulphate polyacrylamide gel electrophoresis and processed for western blotting (WB) with an antibody directed against
cathepsin D (CatD) (A, B, top panels), LC3 (A) or 6E10 (B). Immunoblot for cathepsin D showing that the AV10, AV20 and lysosome
fractions exhibit strongest cathepsin D signals, confirming the autophagic-lysosomal origin of these fractions. Corresponding ponceau S
stained blots are shown below LC3 antibody-probed blots as loading controls (A). (C) Double immunofluorescent labelling showing that
most giant autolysosomes and some smaller lysosomes were co-immunolabelled (C3) by RU2 (C1) and 4G8 (C2) in the CA1 sector of a
6-month-old TgCRND8. Granules displaying only RU2 signal or 4G8 signal are labelled with arrows and arrowheads, respectively.
(D) Detection of giant autolysosomes in the CA1 sector by additional antibodies directed against various regions of the Ab domain,
including JRF/AbN/25, JRF/Abtot/17, 4G8 and JRF/cAb42/26. The images are representative of the results from three 12-month-old
mice per genotype. Scale bars: 10 mm (C); 20 mm (D). AV10 = early autophagic vacuole/autophagosome; AV20 = late autophagic
vacuole/autolysosome; CRND8 = TgCRND8; Cyto = cytosol; ER = endoplasmic reticulum-enriched; Homo = homogenate;
Lyso = lysosome; Mito = mitochondria.
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Deletion of cystatin B enhances
lysosomal activities and accelerates
protein turnover
We observed no detectable differences in brain protein levels of
cystatin B between wild-type and TgCRND8 mice (Supplementary
Fig. 3). Therefore, it is unlikely that cystatin B elevation contributes
to the lysosomal pathology in these mice. We evaluated cystatin B
deletion in this study, however, as a strategy to enhance cathepsin
activities and further assess lysosomal proteolysis enhancement as
a possible therapeutic approach in this Alzheimer’s disease mouse
model. Previous immunocytochemical studies have yielded conflicting results regarding the subcellular locations of cystatin B,
which have included localization to nucleus, cytosol and punctate
structures within the cytoplasm (for review, see Joensuu et al.,
2008). In the present study, primary cortical neurons from
wild-type mice transfected with red fluorescent protein-tagged
mouse cystatin B DNA plasmid exhibited a predominantly
punctate staining pattern with less intense signal in the cytoplasm.
The majority of cystatin B-positive granular compartments were
also labelled by the lysosomal marker, LysoSensor (Fig. 4A), and
with a specific anti-mouse cathepsin D antibody (Fig. 4B).
Immunocytochemical studies performed on mouse brain sections,
using an affinity purified polyclonal antibody that detects no protein band at the molecular weight of cystatin B in CBKO mice
(Supplementary Fig. 3), showed that vesicular compartments in
cortical neurons were prominently labelled by cystatin B antibody,
many of which were co-labelled by anti-lysosomal membrane
associated protein 2 antibody (Fig. 4C). These data, therefore,
support the conclusion that cystatin B was located at least partly
in lysosomal compartments as well as in cytoplasm, where entry
into the autophagy system may be expected during normal autophagic turnover of cytoplasm.
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Reduced cystatin B expression has been previously shown to
correlate with increased cathepsin activities (Rinne et al., 2002).
We confirmed and extended this finding by revealing that enzymatic activities of cathepsin B, cathepsin L and cathepsin D were
higher in 6-month-old CBKO brains (n = 14) than in wild-type
brains (n = 16), which were conducted separately from, but similar
to, those shown in Fig. 7 and therefore not shown. The higher
cathepsin D activity found in CBKO brain is interesting given that
cathepsin D is an aspartyl protease. Moreover, in metabolic analyses of protein turnover (Cuervo et al., 2004) in immortalized
fibroblasts from wild-type and CBKO mice, degradation of
long-lived proteins, the principal substrates for lysosomal proteases, was significantly higher in cells from CBKO mice than in
wild-type mice under both basal (Fig. 5A1) and inducible
(Fig. 5A2) conditions. These increases in protein degradation
were mainly of lysosomal origin because differences between
CBKO and wild-type cells were almost completely eliminated
when lysosomal proteolysis was blocked with the serine protease
inhibitor leupeptin and ammonium chloride, which neutralizes the
acidic pH of lysosomes (Fig. 5A1 and A2). Similarly, in primary
neuronal cultures maintained in neurobasal medium supplemented
with B27, degradation of long-lived proteins was significantly
higher in neurons from CBKO mice than in wild-type mice
(Fig. 5B).

Deletion of cystatin B reverses
lysosomal system pathology and
intracellular amyloid-b peptide
accumulation in TgCRND8 mice
To examine effects of cystatin B deletion on lysosomal pathology
in the TgCRND8 brain, we immunolabelled brain sections from
groups of wild-type, CBKO, TgCRND8 and CBKO/TgCRND8
mice at 6 months of age with various cathepsin antibodies. The
abundant numbers of giant autolysosomes seen in TgCRND8
(Fig. 6A3) were strikingly reduced in CBKO/TgCRND8 mice,
while normal-sized lysosomes increased in abundance (Fig. 6A4)
yielding an intracellular lysosomal pattern similar to that of
wild-type mice (Fig. 6A1) or CBKO mice (Fig. 6A2). Antibodies
to cathepsin B (Fig. 6B) and cathepsin L (Fig. 6C) yielded similar
results. In addition to reversing intracellular autophagic-lysosomal
pathology, cystatin B deletion nearly completely eliminated intracellular 4G8-immunoreactivity in the hippocampus of CBKO/
TgCRND8 mice in immunocytochemical analyses (Fig. 6D).

Cystatin B deletion in TgCRND8
enhances brain lysosomal activities and
promotes clearance of proteins within
lysosomal compartments
Enzymatic activities of cathepsin B (Fig. 7A), cathepsin L (Fig. 7B)
and cathepsin D (Fig. 7C1) in brain homogenates from
6-month-old mice were higher in CBKO brains than in wild-type
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autolysosome turnover of LC3-II in wild-type mice but impaired
LC3-II turnover in TgCRND8 mice (also see Fig. 8D).
Further, immunoblot analyses with monoclonal antibody 6E10
on subcellular fractions of TgCRND8 brains revealed accumulation
of Ab within autophagic-lysosomal compartments (Fig. 3B, middle
and bottom). Double immunofluorescence labelling of tissue sections using monoclonal antibody 4G8 to detect APP-related metabolites, including Ab, revealed abundant 4G8 signal in most
cathepsin D-positive giant autolysosomes and in some smaller
lysosomes in CA1 neurons of TgCRND8 mice (Fig. 3C) but no
4G8 immunolabelling in wild-type mice (not shown, but see
Figs 3D and 4G8: TgCRND8 versus wild-type). Additional immunocytochemistry with antibodies against a panel of APP epitopes exhibited immunoreactivity in granular compartments of
TgCRND8 mice when we used antibodies against sequences
within Ab, such as JRF/AbN/25, JRF/Abtot/17, and JRF/cAb42/
26 (Fig. 3D), but not antibodies directed against sequences within
the N-terminus or the extreme C-terminal portion of APP (22C11
and C1/6.1, respectively) (data not shown). These analyses
demonstrated that Ab is not efficiently degraded by lysosomal
hydrolases and therefore, accumulates in autophagic vacuoles
and lysosomes.
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Figure 4 Subcellular localization of cystatin B. Cultured mouse primary neurons (A and B) were transfected for 1 day with red fluorescent
protein (RFP)-tagged mouse cystatin B (CstB) DNA plasmid (OriGene, custom-made ExactORF cDNA clone) according to the procedure
provided by the manufacturer, and were then incubated with LysoSensor (Invitrogen) for 2 h to label lysosomal structures, left unfixed but
were mounted with anti-fade mounting medium and examined under a confocal microscope (A), or fixed for double labelling using
anti-cathepsin D antibody RU2 (B). (C) Brain sections from a wild-type mouse were double-immunolabelled with a homemade affinity
purified anti-rat cystatin B antibody and an anti-lysosomal membrane associated protein 2 (LAMP-2) antibody. Arrowheads depict cystatin
B-positive granular compartments co-labelled with LysoSensor (A). Scale bar: 10 mm (A–C).

Figure 5 Cystatin B deletion elevating lysosomal protein degradation. (A) Rates of proteolysis of long-lived proteins in fibroblasts from
wild-type (WT) and CBKO (CB / ) mice maintained in the presence (A1) or absence (A2) of serum. Where indicated a combination of
ammonium chloride and leupeptin (leup) was added to inhibit proteolysis in the lysosomal compartment. Values are mean + SEM of three
different experiments with triplicate samples. Mean differences between the untreated wild-type and CBKO (i.e. without lysosomal
inhibitors) at each time point were analysed by two-tailed Student’s t-test. *P 5 0.05. (B) Rates of proteolysis of long-lived proteins in
primary neurons from wild-type and CBKO mice maintained in neurobasal medium supplemented with B27. Mean differences between
wild-type and CBKO at each time point were analysed by two-tailed Student’s t-test. *P 5 0.05.
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Figure 6 Elimination of giant autolysosomes in the brains of CBKO/TgCRND8. Vibratome (A–C) or paraffin (D) brain sections from a
group of wild-type, CBKO, TgCRND8 and CBKO/TgCRND8 mice (strains: 129S6  129X1 for the four genotypes) at 6 months of age
were processed with antibodies to cathepsin D (RU2) (A), cathepsin B (B), cathepsin L (C) or Ab (4G8) (D). All images are from the
hippocampal CA1 sector showing reduction of giant autolysosomes—revealed by antibodies to either cathepsins or Ab—in the CBKO/
TgCRND8 compared to TgCRND8. The images in (A) are representative of the results from 9–13 mice per genotype, while those in (B–D)
are from 3–4 mice per genotype. Arrowheads (A3) depict giant autolysosomes within the stratum radiatum. Scale bars: 20 mm (A–D).
CatB = cathepsin B; CatD = cathespin D; CatL = cathepsin L; CRND8 = TgCRND8.
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cathepsin L (CatL; B) and cathepsin D (CatD; C1) activities in brain homogenates of wild-type, CBKO, TgCRND8 and CBKO/TgCRND8
(all 6-month-old, n = 9–12 for each genotype). (C2) The cathepsin D activity shown in (C1) was recalculated against the tubulinnormalized cathepsin D values obtained from immunoblots probed with anti-cathepsin D (RU2) and anti-tubulin to yield the cathepsin
D-specific activity. Values are the mean  SEM for each group. Mean differences between genotypes were analysed by one way ANOVA
followed by post hoc Bonferroni’s multiple comparison tests. *P 5 0.05, **P 5 0.01.

and TgCRND8 brains. Cystatin B deletion also elevated the activities of these cathepsins in CBKO/TgCRND8 brains relative to the
corresponding protease activities in TgCRND8 mice (Fig. 7A-C1).
The specific enzymatic activity of cathepsin D was also determined
as cathepsin D enzymatic activity per unit cathepsin D protein, as
detected by quantitative immunoblot analysis. The results
(Fig. 7C2) showed significantly higher specific activity of cathepsin
D in CBKO compared to TgCRND8 (P 5 0.05, one way ANOVA
followed by post hoc Bonferroni’s multiple comparison tests).
Comparisons made between two groups by unpaired two-tailed
Student’s t-test also revealed differences between CBKO and
TgCRND8 (P = 0.004), or CBKO/TgCRND and TgCRND8
(P = 0.03), and a trend of differences between wild-type and
CBKO (P = 0.07) or TgCRND8 (P = 0.08). Due to the unavailability
of reliable cathepsin B or cathepsin L antibodies for detecting
mouse cathepsin B or cathepsin L by immunoblotting, we could
not obtain the specific enzymatic activity for cathepsin B or cathepsin L. However, based on the similar results shown in Fig. 7A and
B compared to Fig. 7C1, it is predicted that cathepsin B and/or
cathepsin L may display trends in specific activity similar to that of
cathepsin D for each genotype.
To assess if there were beneficial effects of these cystatin B
deletion-induced changes in cathepsin activities on protein degradation/clearance in TgCRND8, we examined key proteins in isolated autophagic vacuole and lysosomes by western blotting.

First, intracellular Ab abundance was markedly reduced in the
autophagic vacuole and lysosome fractions isolated from CBKO/
TgCRND8 brains compared with those from TgCRND8 mice
(Fig. 8A), consistent with the extent of intracellular Ab clearance
seen by immunocytochemistry (Fig. 6D). Similarly, levels of high
molecular weight ubiquitinated proteins (sizes 4 150 kDa) were
decreased in the autophagic vacuole and lysosome fractions
from CBKO/TgCRND8 brains (Fig. 8B, panel 1 versus 3). In addition, LC3-II immunoreactivity in the autophagic vacuole and
lysosomal compartments from CBKO/TgCRND8 brains was also
markedly reduced compared with amounts in corresponding
TgCRND8 fractions (Fig. 8C, panel 1 versus 3).
Due to the difficulty in finding a common loading control for
subcellular fractions, ponceau S stained blots were used as loading
controls (Fig. 3A and Fig. 8A–C). To further validate whether or
not same/similar amounts of proteins were loaded for samples
from the different genotypes (e.g. CBKO/TgCRND8 versus
TgCRND8 in Fig. 8A–C), AV20 and Lyso fractions from the four
genotypes of mice were loaded onto one gel and the blots were
probed with an anti-cathepsin D or anti–LC3 antibody (Fig. 8D).
While the corresponding ponceau S-stained blots (Fig. 8D) displayed similar staining intensities and patterns of bands among
the four genotypes—indicating comparable loading, the
anti-cathepsin D antibody revealed that in both the AV20 and
Lyso fractions the levels of the 50 kDa cathepsin D proform and
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Figure 7 Cystatin B deletion in TgCRND8 elevating cathepsin activities. Results of enzymatic activity assays for cathepsin B (CatB; A),
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Figure 8 Cystatin B deletion in TgCRND8 promoting clearance of Ab, ubiquitinated proteins and LC3-II in isolated autophagic-lysosomal
compartments. Subcellular fractions containing the autophagic-lysosomal compartments AV10, AV20 and lysosomes were isolated from
brains of 6-month-old TgCRND8 and CBKO/TgCRND8 (n = 8 per genotype). Equal amounts of proteins from each fraction were subjected to sodium dodecyl sulphate polyacrylamide gel electrophoresis and processed for western blotting with an antibody directed against
Ab (A), ubiquitin (B) or LC3 (C), and representative blots are shown. (D) AV20 and Lyso fractions from all four genotypes were loaded
onto one gel and processed with an anti-cathepsin D (RU2) or anti-LC3 antibody. Corresponding ponceau S-stained blots are shown
below the antibody-probed blots as loading controls (A–D). AV10 = early autophagic vacuole/autophagosome; AV20 = late autophagic
vacuole/autolysosome; CRND8 = TgCRND8; Cyto = cytosol; ER = endoplasmic reticulum-enriched; Homo = homogenate;
Lyso = lysosome; WB = western blotting; WT = wild-type.

the 32 kDa cleaved form were higher in samples of CBKO (compared to wild-type) and CBKO/TgCRND8 (compared to
TgCRND8), the latter is in contrast to the observed low levels of
Ab (Fig. 8A), ubiquitinated proteins (Fig. 8B) and LC3-II (Fig. 8C)
in CBKO/TgCRND8 (compared to TgCRND8). Differences in the
levels of LC3, especially LC3-II, were also observed among the
four genotypes (Fig. 8D). Comparing the cathepsin D signals
with the LC3-II signals (Fig. 8D) revealed that higher levels of
cathepsin D in CBKO and CBKO/TgCRND8 are associated with
lower levels of LC3-II, consistent with efficient degradation of
LC3-II in these mice. In contrast, in the presence of apparently
higher cathepsin D protein levels in TgCRND8 than in wild-type,
the levels of LC3-II are still higher in TgCRND8 than in wild-type

(similar to the results in Fig. 3A), suggesting inefficient cathepsin D
proteolytic activity toward LC3-II.

Cystatin B deletion decreases amyloid
plaque load and total amyloid-b peptide
levels in TgCRND8 brains
Antibodies to Ab40 (Fig. 9A) or Ab42 (Fig. 9B) revealed fewer
amyloid plaques in 6-month-old CBKO/TgCRND8 mice
(Fig. 9A2and B2) compared with age-matched TgCRND8 mice
(Fig. 9A1 and B1). Amyloid load in cortical or hippocampal regions
in CBKO/TgCRND8 mice (n = 12; 3 males + 9 females) was

Downloaded from brain.oxfordjournals.org at New York University on December 29, 2010

D

270

| Brain 2011: 134; 258–277

D.-S. Yang et al.

significantly lower compared to that in TgCRND8 mice (n = 10; 9
males + 1 female) based on quantifications performed with antibodies to Ab40 (Fig. 9A3, P 5 0.001 for both cortex and hippocampus) or Ab42 (Fig. 9B3, P 5 0.005 or 50.001 for either cortex
or hippocampus, respectively).

Ab40 and Ab42 level measurements by enzyme-linked immunosorbent assay (Fig. 9C) confirmed plaque quantifications by
showing significantly lower total Ab40 (43%, P 5 0.001) and
Ab42 (34%, P 5 0.001) in brain homogenates of 6-month-old
CBKO/TgCRND8 mice (n = 13; 3 males + 10 females) than in

Downloaded from brain.oxfordjournals.org at New York University on December 29, 2010

Figure 9 Reduction of amyloid load and Ab levels in the brains of CBKO/TgCRND8. Immunocytochemistry using antibodies to Ab40 (A)
or Ab42 (B) revealed reduction of amyloid deposition in 6-month-old CBKO/TgCRND8 compared to age-matched TgCRND8. (A3 and
B3) Results of quantification of amyloid load detected with antibodies to Ab40 (A3) or Ab42 (B3) in the cerebral cortex (CTX) and the
hippocampus (Hipp) from TgCRND8 (n = 10; 9 males + 1 female) and CBKO/TgCRND8 (n = 12; 3 males + 9 females), expressed as the
percent difference from TgCRND8. Values are the mean  SEM for each group. Significant differences were analysed by two-tailed
Student’s t-test. *P 5 0.005, **P 5 0.001. (C) Levels of Ab40 and Ab42 in the brains of 6-month-old TgCRND8 (n = 11; 9 males + 2
females) and CBKO/TgCRND8 (n = 13; 3 males + 10 females) were measured in formic acid-extracted, sucrose homogenates using an
enzyme-linked immunosorbent assay method. Values are the mean  SEM for each group. Significant differences were analysed by
two-tailed Student’s t-test. (D) Western blotting (WB) using the antibody JRF/Abtot/17 (top) on brain homogenates from 6-month-old
TgCRND8 and CBKO/TgCRND8. The glyceraldehyde 3-phosphate dehydrogenase (GAPDH) blot serves as a loading control. Graphs are
results of densitometric analyses of Ab (bottom left) or APP holoprotein (bottom right) signals normalized by the glyceraldehyde
3-phosphate dehydrogenase signals (**P 5 0.01, #P = 0.72, n = 8 per genotype, two-tailed Student’s t-test). (E) Immunoprecipitation (IP)
of brain homogenates with 6E10 followed by western blotting (WB) with 22C11. APP Holo = APP holoprotein and holoprotein derivatives;
CRND8 = TgCRND8; CstB = cystatin B. Scale bars: 500 mm (A1, A2, B1 and B2).
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Cystatin B deletion restores learning
and memory functions in TgCRND8
mice
Contextual fear conditioning

C

Figure 10 Improved behavioural performance in the CBKO/
TgCRND8. (A) Effects of CBKO on impaired contextual fear
memory in TgCRND8 mice. The 6-month-old wild-type (WT)
(n = 10), TgCRND8 (n = 9), CBKO (n = 10) and CBKO/
TgCRND8 (n = 7) were trained with two conditioned
stimulus-unconditioned stimulus pairings for contextual fear
conditioning. Only TgCRND8 mice show significantly lower
levels of contextual freezing than wild-type control mice when
tested 24 h after training (*P 5 0.05; two-tailed Student’s
t-test). There is a trend toward increases in freezing of CBKO/
TgCRND8 mice as compared to that of TgCRND8 mice
(P = 0.08). (B) Reversal of APP olfactory behaviour phenotype in
CBKO/TgCRND8 mice. Results from an odour habituation test
from 6-month-old wild-type (n = 10), TgCRND8 (n = 8), CBKO
(n = 9) and CBKO/TgCRND8 mice (n = 7). Odour investigation
duration was normalized to a maximum value of ‘1’ per odour
for each mouse. TgCRND8 mice (pink) displayed an increased

To test the effects of CBKO on memory, we analysed mice with a
hippocampus-dependent contextual fear conditioning paradigm
(Fig. 10A), which has been widely used for evaluating learning
and memory deficits in APP transgenic mice (Kobayashi and
Chen, 2005). In this test, mice learn to associate a distinct context
(conditioned stimulus or chamber) with an aversive unconditioned
stimulus (or foot-shock) that takes place in the context. Wild-type
mice exhibited a robust conditioned fear response as measured by
freezing (the absence of all movement except for that needed for
breathing) when placed back into the conditioning chamber 24 h
after training. TgCRND8 mice showed a significantly reduced duration of contextual freezing in comparison to wild-type littermate
controls (55%, P 5 0.05). In contrast, CBKO and CBKO/
TgCRND8 mice showed equivalent durations of freezing that
were not significantly different from those of wild-type controls.
A fairly strong trend toward increases in freezing levels of CBKO/
TgCRND8 mice compared to those of TgCRND8 mice (P = 0.08,
two-tailed Student’s t-test) indicated the abilities of CBKO mice to
improve contextual memory deficits found in TgCRND8 mice.

latency to habituate to novel odours in comparison to wild-type
(blue) and CBKO mice (orange), which was reversed when
TgCRND8 was crossed with CBKO (CBKO/TgCRND8, green).
*P 5 0.05, **P 5 0.01, CBKO/TgCRND8 versus TgCRND8;
#P 5 0.01, ##P 5 0.0001, wild-type versus TgCRND8; ANOVA
and Fisher’s protected least significant difference. (C)
Comparison of the results from the two behavioural assays. To
test a correlation between contextual and olfactory memory
performances, percent freezing levels in the contextual fear
conditioning are plotted against percent reductions of habituation from Trial 1 to Trial 2 in the odour habituation test.
CRND8 = TgCRND8.
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TgCRND8 mice (n = 11; 9 males + 2 females). Consistent with
these enzyme-linked immunosorbent assay data, immunoblot
analysis of brain homogenates using JRF/Abtot/17 (Fig. 9D, top)
revealed substantially reduced signals from the Ab immunoreactive
bands in 6-month-old CBKO/TgCRND8 mice than in TgCRND8
mice. Quantification of the Ab signals after being normalized by
the glyceraldehyde 3-phosphate dehydrogenase signals showed
significant differences in the Ab levels between CBKO/TgCRND8
and TgCRND8 (Fig. 9D, bottom left; **P 5 0.01, n = 8 per genotype). In contrast, TgCRND8 and CBKO/TgCRND8 displayed
comparable levels of APP holoprotein (Fig. 9D, top and bottom
right; #P = 0.72, n = 8 per genotype) and sAPPa or sAPPb
as measured by immunoprecipitation–western blot analysis
(Fig. 9E). Immunoblot analysis of brain homogenates using 6E10
also revealed differences in the levels of Ab, but not APP holoprotein, between TgCRND8 and CBKO/TgCRND8 (not shown),
similar to the above results detected by JRF/Abtot/17.
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Discussion
We have shown that aggressive amyloidosis and neuritic plaque
development in TgCRND8 mice (Chishti et al., 2001) is accompanied by extensive autophagic-lysosomal pathology similar to that
seen in Alzheimer’s disease brain (Cataldo et al., 1996; Nixon
et al., 2005), reflecting defective proteolytic clearance of autophagic substrate. Moreover, we establish proof of concept that
partially restoring lysosomal proteolytic function in TgCRND8
mice significantly ameliorates lysosomal system pathology, intraneuronal Ab accumulation, amyloid plaque formation, and

memory and learning deficits in the TgCRND8 model. These effects underscore the pathogenic significance of lysosomal system
dysfunction in Alzheimer’s disease and they demonstrate the value
of reversing this dysfunction as a potential therapy for Alzheimer’s
disease.
Autophagic-lysosomal pathology in the TgCRND8 mice, carrying APP with two familial Alzheimer’s disease mutations, is nearly
as florid as that seen in the presenilin/APP mouse model of
Alzheimer’s disease (Nixon et al., 2005; Yu et al., 2005), indicating that APP mutations alone can promote autophagic-lysosomal
pathology in the absence of mutant presenilin, a genetic factor
that greatly accelerates this pathology (Cataldo et al., 2004b;
Nixon, 2007). Autophagic vacuole-filled dystrophic neurites are
more prominent and widespread in Alzheimer’s disease than in
other adult onset neurodegenerative diseases, and achieve the severity of lysosomal system pathology seen in lysosomal storage
disorders caused by mutations of cathepsins or other mechanisms
that reduce lysosomal proteolytic activity (Nixon et al., 2008). The
marked autophagic-lysosomal system pathology in TgCRND8 mice
included development of strikingly enlarged lysosome-related
compartments in cortical and hippocampal neurons, which have
been seen in several other models of b-amyloidosis with prominent intracellular Ab accumulation (Langui et al., 2004; Belinson
et al., 2008). We found that these compartments were positive
not only for typical components of lysosomes, but also for markers
of autophagosomes/autolysosomes (i.e. LC3) and late endosomes
(i.e. lysobisphosphatidic acid) indicating an impairment in the
clearance of autophagic substrates as well as endocytosed cargoes
that reach lysosomes when late endosomes/multivesicular bodies
fuse with autophagosomes (Filimonenko et al., 2007; Fader and
Colombo, 2009).

Giant neuronal autolysosomes reflect
reduced lysosomal proteolysis
Reduced lysosomal degradation of autophagic substrates in neurons of TgCRND8 mice is indicated by the delayed turnover of
LC3-II—a marker of autophagosomes that is normally rapidly
degraded after fusion with lysosomes (Mizushima and Yoshimori,
2007). LC3-II accumulated in autophagic vacuoles and lysosomes,
and was at highest levels in the higher density autophagic vacuole
fraction (i.e. AV20) containing the highest proportions of
post-fusion autophagic vacuoles, indicating impaired degradation
within autolysosomes. Elevated levels of ubiquitinated proteins in
isolated autophagic vacuoles or lysosomes from TgCRND8 mice
are further evidence for impaired autophagy in light of previous
evidence that ubiquitinated proteins can be autophagy substrates
and accumulate in neurons of autophagy-deficient mice (Klionsky,
2006; Komatsu et al., 2006). Also supporting our conclusion, the
morphology of giant autolysosomes resembles that of
ceroid-containing autophagic vacuoles that develop when lysosomal degradation is inhibited by deleting one or more cathepsins
(Felbor et al., 2002; Koike et al., 2005) or by using cysteine protease inhibitors or general lysosomal enzyme inhibitors (Ivy et al.,
1984; Boland et al., 2008).
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Recent work has shown that novel odour investigation behaviour
positively correlates with Ab burden in the brain (Wesson et al.,
2010). We, therefore, measured novel odour investigation times in
an odour habituation task (Wesson et al., 2010) with a particular
focus on whether olfactory behaviour mirrored the pathological
reversal in the CBKO/TgCRND8 mice.
Mice were presented in their home cages with cotton-applicator
sticks laced with odour. Each odour was delivered across four
successive trials and the duration of time spent investigating
the odour recorded across trials was used to quantify olfactory
habituation. Similar to previous reports in another APP transgenic
mouse line (i.e. Tg2576) (Wesson et al., 2010), we found that
TgCRND8 mice had an increased latency to habituate to novel
odours in comparison to age-matched controls (Fig. 10B). There
was a significant overall group effect, reported as [F(groups,
degrees of freedom) = score, P-value], [F(3, 237) = 14.59,
P 4 0.0001], a repeated measures effect [F(3, 237) = 1000.33,
P 5 0.0001], as well as a significant interaction [F(9,237) = 3.45,
P = 0.0004]. The significant effect of repeated measures
indicated that all groups were eventually able to habituate to
odours by the fourth trial, however, with slight differences
(Fig. 10B). Post hoc analyses of the group effect showed that
wild-type, CBKO and CBKO/TgCRND8 mice habituated more rapidly to novel odours in comparison to TgCRND8 mice, achieving
statistical significance by the second trial: wild-type
[F(1, 120) = 19.45, P = 50.0001]; CBKO [F(1, 121) = 10.23,
P = 0.0018];
CBKO/TgCRND8
[F(1, 104) = 7.05, P = 0.009].
Importantly, CBKO and CBKO/TgCRND8 mice did not significantly differ from wild-type mice across either Trials 2 or 3 (P 4 0.05).
These data demonstrate a reversal of the olfactory behaviour
phenotype observed in TgCRND8 by virtue of crossing
TgCRND8 with CBKO mice.
To examine the relationship between the memory phenotypes
in both behavioural assays, we plotted freezing levels in the contextual fear conditioning (a hippocampal memory measure) versus
reductions of probability investigating during Trial 2 compared to
Trial 1 in the odour habituation test (an olfactory short-term working memory measure) (Fig. 10C). Both tasks clearly revealed poor
performances for TgCRND8 mice, while the other three groups
performed well and did not differ from each other. Therefore,
our results consistently demonstrate that cystatin B deletion improves memory in TgCRND8 transgenic mice in two different
learning paradigms.

D.-S. Yang et al.
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Clearance of amyloid-b peptide within
autolysosomes/lysosomes and its
impairment in TgCRND8 mice

Reversal of Alzheimer’s disease-related
pathologies in TgCRND8 mice by
cystatin B deletion
In this study, we have taken advantage of the CBKO mouse,
despite its limitations as being also a developmental disease
model, to determine whether or not increasing lysosomal proteolysis can rescue the pathophysiology seen in TgCRND8 mice.
Here we show that cystatin B deletion in TgCRND8 mice largely
reversed intracellular autophagic-lysosomal pathology and accumulation of incompletely digested substrates within autophagiclysosomal compartments, including the autophagosome marker
LC3-II, ubiquitinated proteins that accumulate when autophagy
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is blocked (Komatsu et al., 2006), as well as Ab that may be
generated in, or delivered to, lysosomes. It is interesting that not
only the intraneuronal Ab associated with giant autolysosomes
decreased in the CBKO/TgCRND8 brain but extracellular amyloid
load was also reduced, supporting a link between intracellular Ab
accumulation and extracellular amyloid deposition. In this regard,
it has been shown that the intralumenal vesicles (exosomes) in
multivesicular bodies contain Ab that can be released into the
extracellular space via exocytosis (Rajendran et al., 2006). It is
possible that autolysosomes can discharge their contents into the
extracellular space directly or indirectly by exchanging contents
with other compartments in the endocytic and autophagic pathways (Nixon, 2007; Nixon et al., 2008). Reduced intracellular and
extracellular Ab load in CBKO/TgCRND8 brains was not related to
a change in APP processing because levels of APP holoprotein,
sAPPa, sAPPb and APP CTF were similar in the brains of
TgCRND8 and CBKO/TgCRND8 mice.
Although autophagy modulation and not cystatin B is the main
focus of our study, our observations have provided additional evidence for the understanding of the function of cystatin B and its
role in regulating lysosomal proteolysis in vivo. Unlike other members of the cystatin superfamily, such as the secreted cystatin C
belonging to the cystatin family (Type 2) of the cystatin superfamily (Turk et al., 2008), we found using highly characterized
affinity purified antibodies, that cystatin B is localized mainly to
lysosomes and that its deletion stimulates lysosomal turnover of
proteins. Cysteine cathepsin activities were higher in the brains of
CBKO mice than wild-type and TgCRND8 mice, and similarly,
were increased in CBKO/TgCRND8 mice compared to
TgCRND8. These findings are consistent with those in cells from
patients with myoclonus epilepsy of type 1 (Rinne et al., 2002), in
which decreased levels of cystatin B messenger RNA and reduced
cystatin B activity correlated with increased activities of cathepsin
B, cathepsin L and cathepsin S. Interestingly, deletion of cystatin B
in our study also increases the activity of cathepsin D, an
aspartyl protease, which may suggest that enhanced activities of
cysteine proteases such as cathepsin B and cathepsin L as a result
of cystatin B deletion may promote the processing of cathepsin D
from its proform to its cleaved active forms—a process for the
activation of proteases that generally requires the involvement of
processing enzymes(s) (Erickson, 1989). Our observation that not
only the 32 kDa cleaved form, but also the 50 kDa proform, of
cathepsin D are increased in AV20 and Lyso fractions from
CBKO and CBKO/TgCRND8 brains (Fig. 8D), however, may
imply the involvement of additional mechanisms underlying the
effects of cystatin B deletion on cathepsin D, which remain to
be explored in future studies. Enhanced lysosomal clearance of
autophagic substrates in CBKO/TgCRND8 mice compared with
TgCRND8 mice also accords with a previous report that the proteolysis of myristoylated alanine-rich C kinase substrate
(MARCKS), a known substrate of cysteine cathepsins, is increased
in the brain and macrophages from CBKO mice and is blocked by
a cysteine protease inhibitor E64-d (Kopitar-Jerala and Turk,
2007).
The observations of reduced brain Ab levels and plaque load in
CBKO/TgCRND8 are similar to the findings from the study of
ablation of cystatin C in the hAPP-J20 Alzheimer’s disease
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Evidence is emerging that accumulation of intraneuronal Ab in
Alzheimer’s disease is an early event that precedes extracellular
Ab deposition (Takahashi et al., 2002; Cataldo et al., 2004a;
Billings et al., 2005) and is strongly implicated in the mechanism
of neurodegeneration in these models (Christensen et al., 2008).
Ab immunoreactivity has been previously detected by immunocytochemistry in early endosomes, late endosome/multivesicular
bodies and autophagic vacuoles in the brains of Alzheimer’s disease and Alzheimer’s disease mouse models (Takahashi et al.,
2002; Cataldo et al., 2004a; Yu et al., 2005; Belinson et al.,
2008). We detected Ab accumulation in intracellular cathepsin
D-positive compartments in TgCRND8 immunocytochemically,
and for the first time, directly demonstrated Ab accumulation
within isolated autophagic vacuoles and lysosomes, showing also
that Ab was the predominant APP-related metabolite in these
compartments.
Our data support previous evidence that APP is delivered to
autophagosomes (Pickford et al., 2008) and that Ab is both generated and degraded during autophagy (Yu et al., 2005; Nixon,
2007). Both endocytic and autophagic pathways are sites for APP
processing and Ab production, with dysfunction of the autophagy
pathway now being increasingly regarded as an important contributor to Ab accumulation in pathological conditions (Nixon,
2007). Ab and other APP metabolites generated in these compartments are presumably delivered at least in part to lysosomes for
degradation. Lysosomes are also the destination for internalized
substrates, including Ab that may be secreted from glia and neurons (Burdick et al., 1997; Chung et al., 1999). Several cathepsins,
including cathepsin B, cathepsin D and cathepsin E, can cleave
in vitro Ab (Mackay et al., 1997; Mueller-Steiner et al., 2006).
Moreover, increasing cathepsin B expression lowers brain Ab levels
(Mueller-Steiner et al., 2006), while Ab levels increase after cathepsin B deletion (Mueller-Steiner et al., 2006) or after perturbing
lysosomal degradative function with specific or general protease
inhibitors in brains of mice in vivo (Mielke et al., 1997). Ab from
all of the aforementioned potential sources would, therefore, be
expected to accumulate within lysosomal compartments if there
were deficits in lysosomal degradative function.
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Rescued memory performance in
TgCRND8 mice by cystatin B deletion
Memory performance in two distinct testing paradigms was almost
completely rescued in TgCRND8 mice after cystatin B deletion.
Memory deficits have been previously reported in TgCRND8
mice after the appearance of amyloid plaques (Janus et al.,
2000; Hyde et al., 2005), although deficits do not necessarily
correlate with levels of insoluble Ab in these mice (Hanna et al.,
2009) or other mouse models of amyloidosis (Holcomb et al.,
1999; Lesne et al., 2006). Whereas cystatin B deletion halved
amyloid plaque burden, it rescued lysosomal pathology and reversed intraneuronal Ab accumulation more completely. In this
regard, increasing evidence shows correlations between memory
deficits and intracellular Ab levels in mouse models in which intraneuronal Ab accumulates at an early age, including the APP/PS1KI
mice (Bayer and Wirths, 2008), the arcAb mice (Knobloch et al.,
2007) and the 3  Tg-Alzheimer’s disease mice (Billings et al.,
2005). Although it is difficult to unequivocally determine whether
intracellular, extracellular Ab species, or both are responsible for
causing memory deficits, our findings support the idea that
the extensive clearance of intraneuronal Ab accumulation by
restoring autolysosomal proteolysis can lead to improved
memory functions.

Targeting the autophagic-lysosomal
pathway at degradative stages
Autophagy has been implicated in various neurodegenerative diseases, including Alzheimer’s disease (Nixon, 2006; Mizushima
et al., 2008; Nixon et al., 2008; Shacka et al., 2008); however,
the site of impairment within the pathway varies in the different
disorders, which underscores the importance of correct targeting
of a putative therapeutic modulation of autophagy. The observed
therapeutic effects of improving lysosomal efficiency by cystatin B
deletion are consistent with evidence for impaired autophagic substrate proteolysis as a basis for dystrophic neurite pathology in
Alzheimer’s disease and Alzheimer’s disease mouse models
(Nixon, 2007; Boland et al., 2008). Our results established proof
of concept for lysosomal proteolysis restoration therapy in
Alzheimer’s disease. It remains to be seen whether inducing
autophagy in the absence of a correction of this proteolytic impairment would be therapeutic as seen in Huntington’s disease
and several other proteopathies (Sarkar and Rubinsztein, 2008).
We used cystatin B gene deletion simply as a tool to selectively
restore a more normal level of lysosomal proteolysis in TgCRND8
mice. However, it should be noted that it has been recently reported that cystatin B deficiency sensitizes cerebellar granule neurons to oxidative stress-induced cell death (Lehtinen et al., 2009),
while other reports showed that exogenously adding cystatin B
into cell culture is associated with cellular toxicity (Anderluh
et al., 2005; Ceru et al., 2008). Further, it has also been reported
that cystatin B is aggregate prone and overexpression of cystatin B
in neuroblastoma cells generates cytoplasmic aggregates (Cipollini
et al., 2008), and in cultured cells, cystatin B colocalizes with Ab
intracellular inclusions (Skerget et al., 2010). More importantly, in
humans, loss-of-function mutations in the gene encoding cystatin
B cause a developmental disorder, myoclonus epilepsy of type 1
(Joensuu et al., 2008), and cystatin B deletion in mice produces
similar developmental degenerative changes in the cerebellum and
brain atrophy and exhibits myoclonic seizure and ataxia
(Pennacchio et al., 1998; Shannon et al., 2002; Houseweart
et al., 2003). Previous studies have also reported gliosis in the
cerebral hemisphere of CBKO mice (Lieuallen et al., 2001;
Shannon et al., 2002) and a neuronal phenotype in which neuronal atrophy occurs in the superficial neurons of the prosubiculum,
and apoptotic bodies could also be found ‘after extensive, careful
searching’ (Shannon et al., 2002).
Consistent with these reports, we found neuronal cell death in
the cerebellar granular cell layer in the CBKO and, similarly, also in
the CBKO/TgCRND8 mice (not shown). However, examination of
neuronal nuclei staining in the hippocampus of 4- and
6-month-old mice, an area of interest in our study, revealed similar
staining patterns and cell densities among all four genotypes of
mice, without appreciable signs of cell loss in CBKO or CBKO/
TgCRND8 (Supplementary Fig. 4), which is consistent with our
electron microscopy observations (Supplementary Fig. 1), and
with the finding that CBKO mice have no measurable deficits in
contextual fear conditioning (Fig. 10)—a hippocampus-dependent
paradigm. As expected, CBKO mice showed more glial fibrillary
acidic protein-staining in the cerebral cortex compared to
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mouse model (Sun et al., 2008). However, the underlying mechanisms involved may or may not be the same given the differences
in a number of aspects between these two cystatins, which belong
to two families of the cystatin superfamily. These two cystatins
differ in the number of amino acids, chemical bonds, secretory
targeting signal, concentrations in body fluids, inhibitory properties, subcellular distribution, path of delivery into lysosomes,
functions in autophagy and types of diseases in which they are
involved/implicated (Machleidt et al., 1991; Abrahamson, 1994;
Turk et al., 1997, 2008; Tizon and Levy, 2006). As one of the
examples most relevant to our study, cystatin C has functions in
inducing autophagy via the mTOR signalling pathway (Tizon
et al., 2010), while cystatin B does not (unpublished data).
We have demonstrated a general defect in autophagy as a basis
for the pathology in the TgCRND8 mouse and reversal of the
deficit in autophagy as the basis for the therapeutic effects of
cystatin B deletion. We obtained other lines of evidence
showing that cystatin B deletion improves clearance of abnormally
accumulated proteins including Ab within autophagic-lysosomal
compartments, all supporting an autophagic mechanism for
explaining the beneficial effects of cystatin B deletion. The main
goal of our study was to investigate the impairments in autophagy
in an aggressive model of Alzheimer’s disease pathology—
TgCRND8 and possible therapeutic effects of lysosomal protease
enhancement rather than to compare the mechanisms of action
of the two cystatins. Nevertheless, it is necessary and interesting to clarify this latter issue in future studies to advance our
knowledge about the roles of these endogenous protease inhibitors in normal neuronal functioning and in neurodegenerative
diseases.
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