
HAL Id: hal-02361307
https://hal.science/hal-02361307

Submitted on 12 Nov 2020

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

The -Secretase-Derived C-Terminal Fragment of APP,
C99, But Not A , Is a Key Contributor to Early
Intraneuronal Lesions in Triple-Transgenic Mouse

Hippocampus
I. Lauritzen, R. Pardossi-Piquard, C. Bauer, E. Brigham, J.-D. Abraham, S.

Ranaldi, P. Fraser, P. St-George-Hyslop, O. Le Thuc, V. Espin, et al.

To cite this version:
I. Lauritzen, R. Pardossi-Piquard, C. Bauer, E. Brigham, J.-D. Abraham, et al.. The -Secretase-
Derived C-Terminal Fragment of APP, C99, But Not A , Is a Key Contributor to Early Intraneuronal
Lesions in Triple-Transgenic Mouse Hippocampus. Journal of Neuroscience, 2012, 32 (46), pp.16243-
16255. �10.1523/JNEUROSCI.2775-12.2012�. �hal-02361307�

https://hal.science/hal-02361307
https://hal.archives-ouvertes.fr


Neurobiology of Disease
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Euromédecine, CNRS UMR 3145, SysDiag, 34184 Montpellier, France, and 4Center for Research in Neurodegenerative Diseases, University of Toronto,
Toronto, Ontario M5S3H2, Canada

Triple-transgenic mice (3xTgAD) overexpressing Swedish-mutated �-amyloid precursor protein (�APPswe ), P310L-Tau (TauP301L ), and
physiological levels of M146V-presenilin-1 (PS1M146V ) display extracellular amyloid-� peptides (A�) deposits and Tau tangles. More
disputed is the observation that these mice accumulate intraneuronal A� that has been linked to synaptic dysfunction and cognitive
deficits. Here, we provide immunohistological, genetic, and pharmacological evidences for early, age-dependent, and hippocampus-
specific accumulation of the �-secretase-derived �APP fragment C99 that is observed from 3 months of age and enhanced by pharma-
cological blockade of �-secretase. Notably, intracellular A� is only detectable several months later and appears, as is the case of C99, in
enlarged cathepsin B-positive structures, while extracellular A� deposits are detected �12 months of age and beyond. Early C99 pro-
duction occurs mainly in the CA1/subicular interchange area of the hippocampus corresponding to the first region exhibiting plaques and
tangles in old mice. Furthermore, the comparison of 3xTgAD mice with double-transgenic mice bearing the �APPswe and TauP301L

mutations but expressing endogenous PS1 (2xTgAD) demonstrate that C99 accumulation is not accounted for by a loss of function
triggered by PS1 mutation that would have prevented C99 secondary cleavage by �-secretase. Together, our work identifies C99 as the
earliest �APP catabolite and main contributor to the intracellular �APP-related immunoreactivity in 3xTgAD mice, suggesting its
implication as an initiator of the neurodegenerative process and cognitive alterations taking place in this mouse model.

Introduction
Alzheimer’s disease (AD) is an age-related neurodegenerative
disorder characterized by the accumulation of extracellular senile
plaques mainly composed of hydrophobic amyloid-� (A�) pep-
tides (Glenner and Wong, 1984; Masters et al., 1985) and intra-
cellular filamentous aggregates of the microtubule-associated
protein Tau (neurofibrillary tangles) (Grundke-Iqbal et al.,
1986). The amyloid cascade hypothesis predicts that the accumu-
lation and aggregation of A�, and particularly small aggregated

A� oligomers (Walsh and Teplow, 2012), triggers a pathological
chain of events that ultimately produces the pathological and
clinical symptoms of AD (Hardy and Higgins, 1992; Hardy and
Selkoe, 2002). A� has also been reported to accumulate inside
neurons, but the role of intracellular A� in AD pathogenesis is
still debated (Gouras et al., 2005; LaFerla et al., 2007; Bayer and
Wirths, 2010).

A� is derived from combined proteolytic cleavages of the amy-
loid precursor protein (�APP). The action of �-secretase [�-site
APP cleaving enzyme 1 (BACE1)] liberates a membrane-associated
C-terminal fragment C99, which is subsequently cleaved by �-
secretase, thereby yielding A� peptides of various lengths (38–43 aa)
(Checler, 1995). Among them, A�42 has a higher propensity to ag-
gregate than A�40 and is considered to be the most toxic A� species
(Jarrett et al., 1993).

One of the most widely used AD animal models is a triple-
transgenic mouse (3xTgAD) that overexpresses two mutant pro-
teins, namely �APPswe and TauP301L, and harbors normal levels of
PS1M146V (Oddo et al., 2003). This mouse develops extracellular am-
yloid deposits and neurofibrillary tangles relatively lately and in ex-
pected AD-affected brains areas such as the hippocampus,
amygdala, and cortex. Moreover, these animals develop an early and
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age-dependent increase of intraneuronal
A�-related immunoreactivity (Oddo et al.,
2003; Hirata-Fukae et al., 2008; Mastrangelo
and Bowers, 2008) that was reported to cor-
respond to genuine intracellular A� (Oddo
et al., 2003; Billings et al., 2005). Interest-
ingly, the deficiencies in long-term potenti-
ation and cognitive impairments better
correlated with the appearance of this intra-
neuronal staining than with the presence of
extracellular A� deposits (Billings et al.,
2005). However, the molecular nature of
A�-related immunoreactivity has been re-
cently disputed. Thus, a recent paper
claimed that full-length �APP rather than
A�, accumulates in the 3xTgAD mice (Win-
ton et al., 2011). We demonstrate here that
most of the early and age-dependent accu-
mulation of intracellular A�-like immuno-
reactivity corresponds to another �APP by-
product, the �-secretase-derived fragment
C99, which accumulates in a region-specific
manner.

Materials and Methods
Animals. 3xTgAD (harboring PS1M146V, �APPswe,
and TauP301L transgenes) and nontransgenic (wild-
type) mice (Oddo et al., 2003) were generated from
breeding pairs provided by Dr. F. LaFerla (Uni-
versity of California, Irvine, CA). To produce
double-transgenic animals [2xTgAD (PS1WT,
�APPswe, and TauP301L)], triple-transgenic mice
(3xTgAD) were crossed first with the wild-type
mice, and the F1 progeny was then intercrossed
giving 25% of homozygous mice expressing
PS1WT, �APPswe, and TauP301L, as described pre-
viously (Oddo et al., 2008). All mice were kept on
the original 129/C57BL6 background strain. An-
imals were housed with a 12 h light/dark cycle
and were given ad libitum access to food and wa-
ter. Animals were 2–24 months of age of either
sex. All experimental procedures were in accor-
dance with the European Communities Council
Directive of 24 November 1986 (86/609/EEC)
and local French legislation.

Immunohistochemical analyses. Animals were
deeply anesthetized with pentobarbital and per-
fused transcardially with cold PBS followed by
4% paraformaldehyde/PBS. Brains were post-
fixed another 24 h and then embedded in paraffin
using standard protocols. Coronal sections (8
�m) were cut on a microtome and processed for
immunohistochemistry using the following anti-
bodies: 2H3 [residues 1–12 of human A�; 1:800;
Dr. D. Schenk, Elan Pharmaceuticals, South San
Francisco, CA (Lefranc-Jullien et al., 2006)],
FCA18 [free residue Asp 1 common in human
and mouse A� and C99 sequences (Barelli et al.,
1997); 1:800], 82E1 [human A� residues 1–16
(Horikoshi et al., 2004); IBL; 1:100], 4G8 (resi-
dues 17–24 of human A�; Covance; 1:1000),
�-A�42(A�42-specific;BioSource/Invitrogen;1:1000),22C11(�APPN-termi-
nal; Millipore; 1:1000), �APPcter [recognizing human and mouse �APP C-ter-
minal; 1:1000 (Pardossi-Piquard et al., 2009)], and �-Cathepsin B (Millipore;
1:200). Sections were treated for 6 min with formic acid (90%), blocked for
1 h with BSA (5%)/Tween 20 (0.05%), and then incubated at 4°C overnight

with primary antibodies diluted in BSA (2.5%)/Tween 20 (0.05%). After
washes, sections were incubated with secondary antibodies [HRP-
conjugated (1:1000; Jackson ImmunoResearch) or fluorescent Alexa Fluor
antibodies, Alexa 488- and Alexa 594-conjugated (Invitrogen; 1:1000)] at
room temperature during 1 h. Cathespin B labeling was visualized using the
Vectastain ABC kit (Vector) and streptavidin-Alexa 594 (Invitrogen;

Figure 1. 2H3 and FCA18 antibodies yield distinct intracellular staining in 3xTgAD mouse hippocampus. A, Schematic illustra-
tion of antibody epitopes and theoretical interaction with �APP and its fragments. The 2H3 antibody directed against the first 12
aa of the N-terminal of A� recognizes �APP, C99, and A�, but not AICD. The FCA18 antibody is directed against the free aspartyl
N-terminal A� residue and recognizes C99 and A� but not �APP or AICD. B, Immunohistochemical staining in the subiculum of the
hippocampus (see inset) of 3xTgAD animals (13-month-old males) with 2H3 (left panels) or FCA18 (right panels). Immunoreac-
tivity was revealed by horseradish peroxidase/DAB staining. Both antibodies yield a labeling that occurs mainly in the subiculum/
CA1 interchange of the hippocampus (B, top panels). Higher magnification reveals both intracellular (arrows) and extracellular
(arrowhead) staining (B, middle panels). Note that the intracellular staining obtained with 2H3 (B, bottom left panel) is evenly
distributed within neurons soma, while FCA18 labeling appears clearly punctiform. Scale bar: (in B) Top panels, 250 �m; middle
panels, 60 �m; bottom panels, 20 �m.
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1:1000). Fluorescent slides were incubated for 5 min with DAPI (Roche;
1:20,000) and coverslipped. Slides with HRP-conjugated antibodies were
incubated with DAB-impact (Vector), rinsed, and counterstained with cre-
syl violet. For DAB development, slides were analyzed using an optical light
microscope (DMD108; Leica). Immunofluorescence was visualized using
either an epifluorescence microscope (Axioplan2; Zeiss), or a confocal mi-
croscope (Fluoview10; Olympus) using excitation filters 340, 488, and 594.

Preparation of soluble and insoluble brain fractions. Mice were killed by
intraperitoneal injection of a lethal dose of pentobarbital. Dissected hip-
pocampi, cortices, or hemi-forebrains of 3xTgAD, 2xTgAD, and wild-
type mice were homogenized, respectively, in RIPA buffer (50 mM Tris,
pH 7.4, containing 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.5%
deoxycholate, 0.1% SDS, and protease inhibitor mixture). After lysis with
a Dounce homogenizer and brief sonication, proteins were ultracenti-

fuged (100,000 � g, 1 h, 4°C), and supernatants
were recovered as the soluble fractions. Pellets
containing insoluble material were mechani-
cally dissociated in formic acid (70%) and ul-
tracentrifuged (100,000 � g, 1 h, 4°C).
Supernatants were kept as the insoluble frac-
tion. Before any analysis, these fractions were
neutralized to pH 7.5 with 1 M Tris-HCl, pH
10.8, containing 25 mM betaine (20 times
dilution).

Immunoprecipitation. After preclearing of the ly-
sates with protein A-agarose (Sigma-Aldrich) (1 h,
4°C), C83, C99, and APP intracellular domain
(AICD) were immunoprecipitated using the Br188
antibody [directed against the �APP C-terminal
(Lefranc-Jullien et al., 2006), provided by Dr. M.
Goedert, Medical Research Center, Cambridge,
UK] from the soluble fractions, while A� pep-
tides were immunoprecipitated from both solu-
ble and insoluble fractions using the human-
specific 2H3 antibody. Immunoprecipitates were
recovered by overnight incubation at 4°C with
protein A-agarose. Beads were washed three
times with the above RIPA buffer and once with
PBS, and then analyzed by Western blotting.

In vitro �-secretase activity. Membrane frac-
tions of dissected cortices and hippocampi of
3xTgAD and nontransgenic (WT) mice were
prepared as described previously (Flammang et
al., 2012). Briefly, for �-secretase assay, mem-
brane fractions were solubilized in CHAPSO
(3-[(3-cholamidopropyl)dimethylammonio]-
2-hydroxy-1-propanesulfonate) (0.25%) and
incubated overnight at 37 or 4°C with re-
combinant substrate preparations (C100-
FLAG; 1% v/v) in absence or in the presence
of the �-secretase inhibitor difluoroketone-
167 (DFK-167) (50 �M) (Sevalle et al., 2009).
A� and AICD-FLAG were detected by West-
ern blotting using anti-A� 2H3 (1:1000; pro-
vided by Dr. D. Schenk) and/or anti-FLAG
(1:5000; Sigma-Aldrich) antibodies.

SDS/PAGE and Western blot analyses. Solu-
ble or membrane fractions (50 �g) or immu-
noprecipitated proteins were dissolved in SDS
sample buffer, separated on Tris-Tricine gels
(16% for A�, AICD, C83, C99) or Tris-glycine
gels (8% for �APP and actin). Proteins were
transferred to nitrocellulose membranes and
probedwiththeadequateantibody:polyclonalanti-
�APP (Br188; 1:1000), monoclonal anti-A� (2H3;
1:1000), and anti-actin (1:5000; Sigma-Aldrich).
Immunological complexes were revealed with
anti-rabbit or anti-mouse peroxidase antibodies,
followed by electrochemiluminescence (Lumi-
light Roche).

Sandwich ELISA analysis. A�40 and A�42 levels were measured in
the soluble and insoluble fractions (see above) using sandwich ELISA
kits detecting human A�40 and A�42, respectively (BioSource/Invit-
rogen). Using these kits, the minimal detectable amounts of human
A�42 is �10 pg/ml and of human A�40 is �6 pg/ml.

Surface-enhanced laser desorption ionization–time of flight mass spec-
trometry. PS20 ProteinChip reactive arrays (Bio-Rad Laboratories) were
used for the surface-enhanced laser desorption ionization–time of flight
(SELDI-TOF) experiments. 6E10 (directed toward residues 1–17 of hu-
man A�; 1 �g) was added to the chips and incubated for 2 h at room
temperature. Excess antibodies were then removed, and the chips were
incubated during 30 min in 20 �l of blocking buffer (1% BSA in Tris-
HCl, 100 mM, pH 8) at room temperature. Then, a 20 �l drop of samples

Figure 2. FCA18 reveals an early and age-dependent intracellular staining in the subiculum of 3xTgAD mice. A, FCA18-
associated immunohistochemical staining of brain sections (level of the CA1/subiculum; see inset) of 3xTgAD (3-, 6-, and 16-
month-old males) and WT (16-month-old males) mice. Epifluorescence images show FCA18-related intracellular punctiform
staining as early as at 3 months. B, Confocal images obtained with FCA18 (green), 82E1 (red), and merged images from 3-month-
old (top panels) and 16-month-old males (middle and bottom panels). Note the complete overlap between FCA18 and 82E1 in both
young and old animals. Scale bar: (in B) A, 250 �m; B, top and middle panels, 50 �m; B, bottom panels, 100 �m.
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was added to each spot, and the chips were in-
cubated overnight at 4°C. After washing, chips
were incubated with �-cyano-4-hydroxycin-
namic acid matrix solution [1 �l of 20% satu-
rated solution in 50% (v/v) acetonitrile and
0.25% trifluoroacetic acid]. The chips were air-
dried, read with the ProteinChip Reader Series
4000, and analyzed with the ProteinChip Sys-
tem, series 4000 software.

In vivo treatment with the �-secretase inhibi-
tor, ELND006. To confirm inhibition of
�-secretase activity in 3xTgAD mice after treat-
ment with a �-secretase inhibitor, a group of
8-month-old animals were treated with a single
oral dose of ELND006 [30 or 100 mg/kg; Elan
Pharmaceuticals, South San Francisco, CA
(Brigham et al., 2010; Schroeter et al., 2010)] or
with vehicle alone (methylcellulose/polysor-
bate 80; Sigma-Aldrich) via oral gavage. Ani-
mals were killed 6 h after administration, and
�-secretase activity was measured (see above).
A second group of animals was treated once
daily for 30 d with ELND006 (30 mg/kg) or
with vehicle alone via oral gavage. For six
ELND006-treated and control mice, hip-
pocampi were frozen on dry ice and stored at
�80°C until ELISA analysis of A� levels. For
three animals of each group, one-half of the
brains were postfixed in 4% paraformaldehyde
and embedded in paraffin for histological anal-
ysis, and the other half were used for mem-
brane preparation and analyzed for �APP,
C83, and C99 levels by Western blot analysis.

�-Secretase activity assay. Dissected hip-
pocampi and cortices from 4- and 13-month-old
nontransgenic (WT) and 3xTgAD mice were col-
lected and lysed with Tris-HCl (10 mM), pH 7.5,
and then homogenates were monitored for their
BACE1 activity as described previously (Andrau
et al., 2003). Briefly, samples (30 �g of proteins)
were incubated in a final volume of acetate buffer
(25 mM, pH 4.5, 100 �l) containing BACE1 sub-
strate [(7-methoxycoumarin-4-yl)-acetyl-
SEVNLDAEFRK(2,4-dinitrophenyl)-RRNH2;
10 �M; R&D Systems] in the absence or presence
of �-secretase inhibitor I (50 �M; PromoCell).
BACE1 activity corresponds to the �-secretase
inhibitor I-sensitive fluorescence recorded at 320
and 420 nm as excitation and emission wave-
lengths, respectively.

Statistical analysis. Statistical analyses were performed with Prism soft-
ware (GraphPad Software) by using the Mann–Whitney test for pairwise
comparisons or the Tukey one-way ANOVA test for multiple compari-
sons.

Results
3xTgAD mice display early and age-dependent intraneuronal
FCA18-related immunoreactivity in the subiculum of the
hippocampus
The 2H3 antibody recognizes the first 12 residues of the �� do-
main and therefore theoretically labels full-length �APP, C99,
and �� (Fig. 1�). In 13-month-old 3xTgAD mice, 2H3 (Fig. 1B,
left panels) reveals the presence of large dense senile plaques (ar-
rowhead) as well as an intracellular labeling (arrows) in the neu-
rons surrounding the senile plaques in the caudal hippocampus
at the area of the subiculum/CA1 interchange. A similar staining
pattern is observed with 4G8, another antibody recognizing res-
idues 17–24 of the human A� domain of �APP (data not shown).

We earlier developed an antibody directed against the free
aspartyl N-terminal residue of A� (FCA18) that therefore recog-
nizes both the �-secretase cleaved fragment C99 and free A�
peptides but neither full-length �APP nor N-terminal truncated
A� fragments (Barelli et al., 1997) (Fig. 1A). In the subiculum of
13-month-old 3xTgAD mice, FCA18 labels extracellular A� de-
posits (arrowhead) and also reveals a strong and punctiform in-
traneuronal labeling (arrows) clearly distinct from the more
uniform labeling obtained with 2H3 (Fig. 1B, right panels).

To more specifically focus on �APP catabolites and to avoid
any cross labeling with �APP itself, we examined the age-related
progression of FCA18-associated intracellular staining in the hip-
pocampus. We established that FCA18 staining appears in the
subiculum as early as �3 months of age in 3xTgAD mice (Fig.
2A,B). A progressive age-related increase in the number of
FCA18-positive neurons was observed until �16 months. In
these old mice, FCA18 also stained extracellular deposits distrib-
uted randomly throughout the subiculum (Fig. 2A,B), while no

Figure 3. In 3-month-old animals, FCA18 reveals a punctuate labeling that does not correspond to full-length �APP. A,
Confocal images obtained with FCA18 (green), 22C11 (red), and merge images in the subiculum of 3-month-old males. Note the
lack of overlap in the high-magnification images (bottom panels). B, Confocal images obtained with 2H3 (red), �APP Cter (green),
and merged images (right panels). Note that 2H3 reveals both punctiform and evenly distributed staining (see high magnification
in B, left bottom panel), while only the latter staining is observed with the �APPcter antibody. Accordingly, 2H3 reveals a subset
of punctiform label that remains unlabeled by �APPcter (see overlay in B, bottom right panel). C, Confocal images of double
labeling with 2H3 (red) and FCA18 (green) in 3-month-old 3xTgAD mice. Note the perfect overlap between 2H3 and FCA18 staining
in punctiform structures. Scale bar: (in C) A, B, Top panels, 50 �m; A, B, bottom panels, C, 10 �m.
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labeling was observed in wild-type mice whatever their age (Fig.
2A). A similar immunolabeling was obtained when visualizing
immunoreactivity by peroxidase/DAB development (data not
shown). Interestingly, 82E1, another antibody recognizing C99
and A�, but not full-length �APP (Horikoshi et al., 2004), re-
vealed an immunostaining that perfectly matched the one ob-
served with FCA18 whatever the age of the animals (Fig. 2B).

To rule out any putative contribution of full-length �APP to
FCA18 and 82E1-associated immunoreactivities in young mice, we
performed double-immunostaining experiments with FCA18 and
22C11 (a �APP N-terminal specific antibody recognizing �APP but
not C99). 22C11 labeled a higher number of neurons than FCA18 in

both the subiculum (Fig. 3A, top panels)
and CA1 pyramidal layer (data not shown).
Moreover, high-magnification images
showed an evenly cytoplasmic/membrane-
associated staining with 22C11 while the
FCA18 labeling was more discrete and
strongly punctuate (Fig. 3A, bottom pan-
els). This dichotomy in this anatomical la-
bels and the complete absence of overlap in
merged images demonstrated that FCA18-
linked immunoreactivity could not be ac-
counted for an aspecific cross-reaction with
�APP. This was even reinforced by the com-
parison of the staining obtained with 2H3
and with a �APPcter antibody in young
3xTgAD mice (Fig. 3B). Low-magnification
analysis revealed an apparent overlap be-
tween the two labels (Fig. 3B, top right
panel). However, high-magnification im-
ages delineated a 2H3-positive punctiform
staining in a subset of neurons within the
subiculum that did not colocalize with the
�APPcter antibody (Fig. 3B, bottom right
panel). This punctiform labeling matched
that observed with FCA18 (Fig. 3C). These
data indicate that, as theoretically predicted,
2H3 antibody can label both �APP, A� and
C99, and, even if most of the 2H3 staining
corresponds to full-length �APP, the 2H3/
FCA18 overlapping label indeed corre-
sponds to either A� or C99, or to a mix of
these �APP-derived catabolites but not
�APP itself.

FCA18-related intracellular label in
young 3xTgAD mice hippocampi
corresponds to C99 but not to
A� peptides
FCA18 revealed an intracellular immuno-
staining in 3-month-old mice, but in these
young animals, under our experimental
conditions, we were unable to detect any
staining when using specific C-terminal
antibodies directed against A�40 (data
not shown) or A�42 (Fig. 4A, top panel),
whereas the neurons were indeed 22C11
positive. In older mice (16 months of age),
the A�42-specific antibody stained a sig-
nificant number of amyloid plaques and
also revealed a low intracellular puncti-
form staining in the subiculum (Fig. 4A,

bottom panels). The intracellular 22C11 staining was similar to
the one obtained in young animals and was completely distinct
from the A� staining (no overlap in the merged images; Fig. 4A,
right panels). The A�-specific intracellular labeling was only de-
tectable in animals of 6 months of age and beyond and was re-
stricted to the neurons within the subiculum area. Thus, double-
labeling experiments with 2H3 and the A�42-directed antibody
in 8-month-old mice confirmed a punctiform staining localized
to identical intracellular structures, although the labeling with
A�42 remained low compared with that observed with 2H3 (Fig.
4B). Double labeling with the mouse monoclonal 82E1 and a
rabbit polyclonal antibody specific to the lysosomal protein Ca-

Figure 4. Genuine intraneuronal A� staining is absent in young mice and remains low at later ages. A, Confocal images of
anti-A�42 (green) and 22C11 (red) staining in the subiculum of 3-month-old (top panels) and 16-month-old (bottom panels)
3xTgAD males. Note the absence of overlap in the merged images (right panels). B, Confocal microscopy images of double-staining
experiments with A�42 (green) and 2H3 (red) in 8-month-old animals. The punctiform staining obtained with both antibodies is
localized in identical intracellular structures (yellow color in merged images). C, Double immunostaining of 82E1 (green) and
anti-cathepsin B (CatB) (red) in 16-month-old animals showed that the intracellular structures accumulating C99 and A� corre-
spond to CatB-positive structures. Note the enlarged CatB structures in cells colabeled with 82E1 (arrowhead), compared with
CatB-positive structures without 82E1 labeling (arrow). In these mice, CatB was also found in extracellular deposits (C, bottom
panels). Scale bar: (in C) A, 25 �m; B, C, top panel, 10 �m; C, bottom panel, 50 �m.
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thepsin B (CatB) indicated that the intracellular sites accumulat-
ing C99 and A� correspond to lysosomes or lysosome-derived
structures (Fig. 4C, top panels). Interestingly, CatB-positive
structures were enlarged in 82E1-positive neurons (arrowhead)
compared with those without 82E1 immunoreactivity (arrow),
suggesting that these structures could correspond to au-
tophagolysosomes (autophagic vacuoles fused with lysosomes)
reflecting lysosomal dysfunction. Supporting the presence of au-
tophagy, we were able to detect a small and age-dependent in-
crease in autofluorescence also observed in absence of antibodies.
This autofluorescence is observed only when increasing drasti-
cally the laser sensitivity and corresponds to lipofuscin granules
reflecting lysosomal dysfunction (data not shown) (Nixon et al.,
2000; Pasternak et al., 2004). Finally, as previously described,
CatB was found in extracellular deposits (Cataldo and Nixon,
1990; Mueller-Steiner et al., 2006) (Fig. 4C, bottom panels).

We attempted to confirm the absence or very low levels of A�
peptides in transgenic animals younger than 6 months of age by
performing biochemical analysis of A�40 and A�42 levels in dis-
sected hippocampi of 3xTgAD mice (Fig. 5). In 3-month-old
mice, the levels of A�42 or A�40 in both soluble (RIPA-
extracted) and insoluble (formic acid-extracted) fractions were
below the limit of detection of the BioSource sandwich ELISA kit
(see Materials and Methods) (Fig. 5A) and comparable with
background levels measured in negative controls (10-month-old
wild-type animals). Very low levels of A�40 and A�42 appeared
detectable at 6 months of age in soluble and insoluble fractions,
respectively. These peptides progressively increased with age and
became particularly abundant in plaque-bearing animals (i.e., at
16 months of age and after). These findings were confirmed by
SELDI-TOF mass spectrometry (Fig. 5B) that revealed the lack or
very low levels of A� in 3- and 6-month-old animals, respectively,
in both soluble and insoluble fractions. In agreement with ELISA
data, SELDI-TOF analyses confirmed the occurrence of A�40
and A�42 in 10-month-old 3xTgAD mice but not in wild-type

animals used as negative controls (with respect to human speci-
ficity of 6E10 antibodies; Fig. 5B). It should be noted that these
analyses did not evidence other C-terminal truncated A� species,
apart from a very faint detection of A�1–38 in 24-month-old
3xTgAD animals (Fig. 5B).

The above set of biochemical and immunohistological data
indicate that the FCA18-associated label in 3-month-old 3xT-
gAD mice cannot be accounted for A� species. As stated previ-
ously, FCA18 recognizes the free N-terminal aspartyl residue that
occurs in both A� species but also in the �-secretase-derived
catabolite C99. This fragment can undergo subsequent �- or
�-secretases cleavages yielding not only A� peptides but also C83
and AICD. In this context, we analyzed the levels of �APP, C99,
C83, A�, and AICD in whole-brain extracts of 2- to 18-month-
old 3xTgAD and wild-type mice (Fig. 6A–C). As expected, the
levels of �APP measured by Western blot were higher in 3xTgAD
mice (due to transgene expression) but remained unchanged
with age (Fig. 6A). Using the more sensitive immunoprecipita-
tion method, we observed an early (2-month-old) and age-
dependent increase in the levels of C99, C83, and AICD, in
3xTgAD mice (Fig. 6B). Conversely, and in agreement with
ELISA and mass spectrometry data, immunoprecipitable �� was
only observed in 13-month-old mice brains and increased there-
after in an age-dependent manner (Fig. 6C). Since immunohis-
tochemical experiments indicated an age-dependent increase
within the subiculum/hippocampal regions, we isolated hip-
pocampi of 6- and 18-month-old 3xTgAD and wild-type mice
and analyzed �APP levels by direct Western blotting and C99,
C83, and AICD expression by combined immunoprecipitation/
Western blot. In these conditions, C99, C83, and AICD levels
were clearly increased with age in 3xTgAD mice, while �APP
levels remained unchanged (Fig. 6D--F). This transgene-
associated enhancement of �APP catabolites was particularly
spectacular for C99 that was �16- and 25-fold higher than in
wild-type mice at 6 and 18 months of age, respectively (Fig.

Figure 5. ELISA and mass spectrometry analyses of A� species in 3xTgAD mice hippocampi. A, A�40 and A�42 levels were measured in soluble and insoluble fractions prepared from mice
hippocampi 3xTgAD (3-, 6-, 10-, 16-, and 24-month-old males) and control wild-type (10-month-old males) mice by sandwich ELISA technique (see Materials and Methods). Bars corresponding to
either A�40 or A�42 are expressed in nanograms per milligram of wet tissue. B, A�40 and A�42 levels were also analyzed at the indicated ages in soluble and insoluble fractions by SELDI-TOF mass
spectrometry using the 6E10 antibody (recognizing the first 12 aa of the N-terminal of A�). Note that both A�40 and A�42 remained undetectable by both ELISA and SELDI-TOF in hippocampi of
3-month-old 3xTgAD animals.

16248 • J. Neurosci., November 14, 2012 • 32(46):16243–16255 Lauritzen, Pardossi-Piquard et al. • C99, an Early Contributor to Neuronal Lesions in 3xTgAD Mice



6E,F), while C83 and AICD levels increased by approximately
fivefold to sixfold in 18-month-old 3xTgAD mice (Fig. 6E,F). In
complete agreement with the biochemical data described above,
immunohistochemical analysis comparing �APP expression (us-
ing the 22C11 antibody) and C99/A� expression (using the
FCA18 antibody) showed that the 22C11 staining was unchanged
with age, whereas a clear age-dependent increase in intracellular
and extracellular staining with FCA18 was observed (Fig. 6G).

C99 accumulation is specific to the hippocampal region in the
3xTgAD mouse
Is the age-dependent modification of C99, C83, and AICD levels
specific to the hippocampus? We performed biochemical analy-
ses of �APP and its catabolites in hippocampi and cortices of
13-month-old wild-type and 3xTgAD mice (Fig. 7A,B). Whereas
the expression of �APP in 3xTgAD mice was similar in these two
structures, the levels of C99 were strongly increased in the hip-

pocampi of 3xTgAD mice and only faintly
modified in the cortices (Fig. 7A,B).
Moreover, C83 and AICD levels were
higher in 3xTgAD hippocampi than in
wild-type mice while poorly detectable
and not quantifiable in cortices (Fig.
7A,B). Immunohistochemical analyses
corroborated the above data. FCA18 la-
beling was strong in the subiculum/hip-
pocampus and spread out intracellularly
and extracellularly, while a slight and re-
stricted intracellular labeling was ob-
served within cortical regions (Fig. 7C).
ELISA and mass spectrometry analyses
confirmed the occurrence of very low A�
levels in cortices of transgenic animals
whatever their age (data not shown).

To establish whether the specific hip-
pocampal accumulation of C99 could be ex-
plained by an enhanced production of C99
resulting from a higher �-secretase activity
in this brain region, we measured BACE1
activity (Andrau et al., 2003) in hippocampi
and cortices of both 4- and 13-month-
old animals. A significant inhibitor-specific
BACE1 activity was measured in both wild-
type and 3xTgAD animals that remained
similar in hippocampi and cortices of the
two mice lines, whatever their age (Fig. 7D).
This clearly indicates that region-specific
and time-dependent increase of C99 in 3xT-
gAD mice was not due to abnormally high
BACE1 activity.

In vivo treatment of 3xTgAD mice with
a selective �-secretase inhibitor,
ELND006, increases the levels of
intraneuronal FCA18-associated
staining
We postulated that, if the above-described
FCA18-associated intracellular labeling in-
deed corresponds to C99, �-secretase inhi-
bition should amplify this immunostaining,
while conversely A�-related label should be
wiped out or drastically decreased by
�-secretase blockade. We first established

that a 6 h treatment of 8-month-old 3xTgAD animals with
ELND006 (at both 30 and 100 mg/kg) fully reduced hippocampal
�-secretase-mediated productions of A� and AICD (Fig. 8A) mea-
sured in vitro, in a cell-free assay previously described (Flammang et
al., 2012). We therefore examined the influence of a chronic
treatment (30 d; 30 mg � kg�1 � d�1 of ELND006; 5- to 6-month-
old mice) on A� levels in 3xTgAD mice brains. Although the A�
levels are low at this age, ELISA measurements of A�40 and A�42
revealed a virtually complete reduction of both A� species in
ELND006-treated 3xTgAD mice (Fig. 8B). Concomitantly,
ELND006 increased the levels of the two �-secretase substrates
C99 and C83, while it did not influence �APP expression (Fig.
8C,D). Immunohistochemical analysis of ELND006-treated ani-
mals also showed a dramatic enhancement of FCA18-associated
intracellular punctiform staining (Fig. 8E, left panels), whereas
22C11 staining remained unchanged (Fig. 8E, right panels).
ELND006 also enhanced the 2H3-associated labeling (Fig. 8F,

Figure 6. C99, C83, and AICD, but not �APP, accumulate with aging in hippocampi of 3xTgAD mice. Soluble extracts of whole hemi-
forebrains (A–C) or hippocampi (D–F ) of wild-type (WT) or 3xTgAD (AD) females were prepared at the indicated ages and then analyzed
by Western blot for �APP [with Br188 in soluble fractions (A, D)], for C99, C83, and AICD [with Br188 in immunoprecipitates of soluble
fractions (B, E)] and for A� [with 2H3 in immunoprecipitates of soluble and insoluble fractions (C)]. Actin was used as loading control, and
synthetic A�and AICD (10 ng) were used as standards. The bars in F represent�APP, C99, C83, and AICD immunoreactivities expressed as
percentage of those measured in wild-type mice hippocampi (taken as 100) and are the means of three distinct animals. Error bars indicate
SEM. *p�0.05; **p�0.001; ns, not statistically significant according to the Tukey one-way ANOVA test. G, Double immunostaining with
22C11 (red) and FCA18 (green) in the subiculum from 6- and 18 month-old 3xTgAD females. Note the high increase in FCA18 staining with
age, while the 22C11 staining remained unchanged. Scale bar, 100 �m.
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middle panel) that overlaid that observed with FCA18 (Fig. 8F,
right panel) and therefore confirmed that intracellular puncti-
form FCA18 and 2H3 labels correspond to the same �APP-
related fragment, the production of which is increased by
�-secretase inhibition and definitively identifies it as C99.

The accumulation of C99 is not due to a loss of
�-secretase function
The accumulation of C99 could result from a defect of its second-
ary processing by �-secretase. In this context, it is noteworthy
that 3xTgAD mice harbor the PS1M146V mutation that has been
initially described as a loss-of-function mutant (Chen et al.,
2002). Therefore, to determine whether a partial loss of
�-secretase function could be responsible for the C99 accumula-
tion, we performed genetic selection to obtain double-transgenic
mice (2xTgAD) harboring both �APPswe and TauP301L mutant
proteins but expressing endogenous wild-type PS1. In 13-
month-old 3xTgAD mice, A� was readily immunoprecipitable,
while it was almost undetectable in age-matched 2xTgAD mice
[see the very faint label in 2xTgAD mice (2AD) only observed
after long exposure in Fig. 9A]. ELISA analyses confirmed the
barely detectable levels of A�40 and A�42 in insoluble fractions
(Fig. 9B) as well as A�40 in soluble fraction (data not shown) of

2xTgAD mice brain samples. In 2xTgAD mice, expressions of
�APP, C99, C83, and AICD (Fig. 9C–E) were significantly higher
than in wild-type mice (as expected from �APP transgene expres-
sion), but remained identical to those recovered in 3xTgAD mice.
It has to be noted that AICD levels were identical in 2xTgAD and
3xTgAD mice, indicating that the PS1M146V mutation triggers
distinct effects on A� and AICD productions. Interestingly,
punctiform intraneuronal FCA18-like immunoreactivity was
similar in 3-month-old (Fig. 9F) and 13-month-old (Fig. 9G)
2xTgAD and 3xTgAD mice, while extracellular deposits were
only detected in 3xTgAD mice (Fig. 9G). Thus, these deposits
correlated with the presence of PS1M146V and were more likely
associated with A� production (much higher in 3xTgAD mice;
Fig. 9A,B) than with C99 (similar in 2xTgAD and 3xTgAD mice;
Fig. 9D,E). Incidentally, this further confirms that FCA18-
related intracellular staining in 3xTgAD mice corresponds to C99
and rules out the possibility that it could correspond to A�.

Finally, we used the enzymatic cell-free assay described above to
measure �-secretase activity in hippocampi and cortices of wild-type
and 3xTgAD mice (Fig. 10). These data did not reveal a decrease in
�-secretase activity in 3xTgAD mice. Indeed, in 3xTgAD mice, A� in
vitro production in hippocampi was slightly increased, rather than
decreased when compared with wild-type mice (Fig. 10A,B), in ac-

Figure 7. C99 strongly accumulates in hippocampi but not in cortices of 3xTgAD mice. A, Membrane fractions from cortices and hippocampi of wild-type (WT) and 3xTgAD (AD) females (13
months of age) were prepared as described in Materials and Methods and analyzed for �APP, C99, C83, and AICD expression using the BR188 antibody and revealed upon short and long exposures.
Actin was used as loading control. The bars in B are the means � SEM of six animals and represent the quantification of �APP, C99, C83, and AICD immunoreactivities expressed as respective
expressions measured in wild-type mice (taken as 100). *p � 0.01; **p � 0.005; and ns, not significantly different (Mann–Whitney test). C, Coronal sections of hippocampus and cortex of
13-month-old 3xTgAD mice were immunostained with FCA18 to detect intracellular and extracellular labeling. Labeling was visualized using peroxidase/DAB development, as described in Materials
and Methods. D, Dissected hippocampi and cortices from 4- and 13-month-old wild-type and 3xTgAD females were collected and monitored for their BACE1 activity in the absence (WT� and AD�)
or presence (WT� and AD�) of the BACE inhibitor I. Values of kinetic analyses of �-secretase activity corresponds to arbitrary fluorometric units recorded at 320 and 420 nm as excitation and
emission wavelengths, respectively.
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cordance with the immunoprecipitation and ELISA data of 2xTgAD
(PS1wt) versus 3xTgAD (PS1M146V) mice showing higher A� levels
in 3xTgAD. Consistent with the small but significant increase in
�-secretase activity in 3xTgAD hippocampi, we observed a signifi-
cant increase of the levels of PS1, Aph1, and Pen2, three protein
partners of the �-secretase complex, in hippocampi of 3xTgAD mice
(data not shown). Together, these data show that a loss of function in
�-secretase activity is not responsible for the specific accumulation
of C99 in the hippocampus.

Discussion
This paper unambiguously demonstrates an early, age-dependent,
and region-selective intracellular accumulation of the �-secretase-
derived �APP fragment, C99, in the 3xTgAD mouse. This accumu-
lation is particularly strong in the hippocampus and occurs firstly
and mainly in the CA1/subiculum area. The conclusion that C99,
rather than A� or full-length �APP, accumulates in young 3xTgAD
mice is based on multiple immunohistochemical, genetic, and phar-
macological experimental approaches and is supported by four lines
of independent data. First, two antibodies (FCA18 and 82E1) that
recognize A� and C99, but not full-length �APP, revealed an early
(3-month-old mice) and age-dependent punctuate intraneuronal
staining distinct from that observed with �APP N- or C-terminal-
directed antibodies. In addition, when using the immunoprecipita-

tion method or direct Western blot using purified hippocampal
membrane fractions, we observed an age-dependent increase in C99
levels and lack of changes in �APP expression. Second, A� was un-
detectable in 3-month-old mice whatever the technique used
(ELISA, immunoprecipitation, mass spectrometry, and immuno-
histochemical analysis using A�-specific antibodies) and became de-
tectable only several months later, as previously observed by others
(Hirata-Fukae et al., 2008). Third, the inhibitor (ELND006), which
inhibits �-secretase activity and thus A� production in 3xTgAD
mice, triggered a strong augmentation of C99 levels assessed by bio-
chemical approach and a concomitant increased intraneuronal
FCA18- and 82E1-related immunohistochemical staining in young
animals. Fourth, the comparison of 3xTgAD mice with age-matched
2xTgAD mice (expressing endogenous wild-type PS1) indicates that
both mouse strains exhibit similar C99 expression and FCA18-
associated intracellular staining, while 2xTgAD mice displayed
barely detectable A� levels and do not show extracellular deposits.
Overall, our study undoubtedly establishes that the punctiform in-
traneuronal label observed in situ in young 3xTgAD mouse hip-
pocampi corresponds to C99, which remains the main intracellular
accumulating catabolite in these mice.

Studies on the identification of intraneuronal label in 3xTgAD
mice have led to contrasted conclusions. Thus, a recent study

Figure 8. In vivo treatment of 3xTgAD mice with a selective �-secretase inhibitor, ELND006, reduces A�40 and A�42 levels and enhances C99 accumulation and FCA18-associated intracellular immuno-
staining. A, 3xTgAD mice were treated with a single oral dose of ELND006 of 30 mg/kg (D6-30) or 100 mg/kg (D6-100) (AD-D6) or with vehicle alone (AD-CT). Six hours after dosing, mice were killed and
�-secretase activity was measured in hippocampi using recombinant C100-Flag in a cell-free in vitro assay described in Materials and Methods. A�and AICD were monitored using a mix of two antibodies (2H3
and anti-Flag for A� and AICD detection, respectively) and revealed after short- and long-term gel exposures. Synthetic A� (10 ng) was used as standard. B–F, Mice (5- to 6-month-old females) were treated
oncedaily for30dwithELND006(30mg/kg)orwithvehicle. B,A� levelswerequantifiedbyELISAinsolubleandinsolublefractionspreparedfromhippocampi.Thebarsarethemeansofsixdistinctanimalsfrom
each group (duplicate measurements). Error bars indicate SEM. C, D, Membrane fractions were analyzed for �APP, C83, and C99 levels with BR188. Actin was used as loading control. The bars in D represent
�APP, C99, and C83 immunoreactivities expressed as percentage of their respective control levels recovered in wild-type mice (taken as 100) and are the means of three distinct animals. Error bars indicate SEM.
E, Immunostaining with FCA18 (green) and 22C11 (red) in CA1/subiculum of vehicle- (AD-CT) or ELND006-treated (AD-D6) mice. Note the high increase in FCA18 staining in AD-D6-treated mice, while the 22C11
staining was unchanged. F, Confocal images of double labeling with 2H3 (red) and FCA18 (green) correspond to FCA18/2H3 double immunolabeling. Scale bars: E, 50 �m; F, 10 �m.
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claimed that intracellular labeling in 3xTgAD mice corresponded to
full-length �APP but not A� (Winton et al., 2011), which was con-
firmed in another paper reporting mainly �APP and only minor
intraneuronal A� in hippocampi of 3xTgAD mice (Wirths et al.,
2012). These reports were in strong contradiction with Dr. F. LaFer-
la’s group, who originally argued that the intracellular immunoreac-
tive material accumulating in 3xTgAD mice brain corresponded to
A� (Oddo et al., 2003, 2008; Billings et al., 2005). Our study showing
an early accumulation of C99 agrees to some extent with both re-
ports. Thus, in agreement with Dr. F. LaFerla’s group, we found an

age-dependent increase in the levels of A� using ELISA and mass
spectrometry approaches but only after 6 months of age in these mice.
Therefore, clearly the earliest intracellular lesions are not due to genuine
A�. If one sticks to this conclusion, then one can agree with Dr. V. Lee’s
groupthat the intracellularearly labeldoesnotcorrespondtoA�(Win-
ton et al., 2011). However, our data do not support the conclusion of
Dr. V. Lee’s group that the age-dependent increase in intracel-
lular immunostaining corresponds to full-length �APP. In-
stead, we demonstrate that C99 constitutes the earliest
intracellular �APP-related immunoreactivity in 3xTgAD mice

Figure 9. C99, C83, and AICD, but not A�, accumulate in 2xTgAD brain hippocampi. A, A� levels were analyzed in soluble fractions of hippocampi prepared from wild-type (WT), double-
transgenic (2AD), and triple-transgenic (3AD) females (13 months of age) by immunoprecipitation/Western blot using the 2H3 antibody and revealed upon short and long exposures. Synthetic A�
peptide (10 ng) was used as standard. B, ELISA sandwich analysis of A�40 and A�42 levels in insoluble fractions of hippocampi of 2AD and 3AD males (*p � 0.05, Mann–Whitney test). C–E,
Membrane fractions of hippocampi from indicated mice (13 months of age of either sex) were analyzed for �APP (C), C99, C83, and AICD (D) expressions by Western blot and revealed upon short
and long exposures using the Br188 antibody. Actin was used as loading control, and synthetic AICD (10 ng) was used as standard. The bars in E correspond to �APP, C99, C83, and AICD
immunoreactivities expressed as percentage of respective expressions measured in wild-type mice (taken as 100) and are the means � SEM of four animals. *p � 0.001; ns, not statistically
significant according to the Tukey one-way ANOVA test. F, FCA18 labeling of 2xTgAD (2AD) and 3xTgAD (3AD) brain sections (subiculum; 3-month-old males) is revealed by fluorescence as described
in Materials and Methods. Scale bar: Right panel, 80 �m; left panel, 20 �m. G, 2H3- and FCA18-associated immunostainings of indicated transgenes (13-month-old males; subiculum) using
horseradish peroxidase/DAB development (see Materials and Methods). Both antibodies reveal both intracellular label (arrows) and extracellular plaques (arrowheads) in 3xTgAD mice, but no
extracellular deposits were detected in 2xTgAD mice. Scale bar: Left panel, 500 �m; middle panels, 100 �m; right panel, 15 �m.
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and that the levels of this catabolite increases with age, while
�APP levels remains unaffected.

How does C99 selectively accumulate at early stages in 3xT-
gAD mice hippocampus? The prime hypothesis could be an en-
hanced formation of C99. 3xTgAD mice harbor the �APP
Swedish mutation that has been shown to favor �-secretase-
mediated cleavage of �APP (Citron et al., 1992). However, al-
though we found higher levels of C99 in these mice when
compared with their wild-type congeners, we did not detect ob-
vious quantitative differences in BACE1 [the main cerebral
�-secretase (Vassar et al., 2009)] activity between wild-type and
transgenic animals or between hippocampi or cortices at the two
ages tested, 4 and 13 months of age. Therefore, BACE1 activity
and region distribution could not explain the region-specific ac-
cumulation of C99.

Another possibility for explaining the accumulation of C99,
based on a simple precursor–product relationship, could be a
partial loss of �-secretase function due to the PS1M146V mutation
that would have impaired C99 secondary processing. However,
two lines of data rule out this hypothesis. First, the C99 accumu-
lation was identical in mice expressing endogenous wild-type PS1
or the PS1M146V mutated protein. Second, functional analysis of
�-secretase activity showed no evidence for a decrease of this
activity in 3xTgAD hippocampi when compared with wild-type
mice. Moreover, the treatment of the 3xTgAD mice with the
potent and selective �-secretase inhibitor ELND006 (Brigham et
al., 2010) led to a rapid and massive increase in C99 levels, indi-
cating a functional �-secretase. Since C99 is produced in a brain
area where �-secretase is functional, this means that, even at
young ages, mice likely produce A�, but that this fragment is
extremely labile and barely detectable in brain. Therefore, the
above data suggest that neither an enhanced BACE1-mediated
production nor a defective �-secretase-mediated secondary pro-
cessing could account for C99 accumulation.

Our work evidenced an accumulation of C99, and later A�, in
cathepsin B-positive granules corresponding to lysosomes or
lysosome-derived structures. Lysosomes constitute important

sites for �APP proteolytic cleavages. They display the substrate
�APP, the protein machinery (�- and �-secretases) and the en-
vironmental conditions (acidic pH) necessary and optimal for
C99 and A� production (Golde et al., 1992; Haass et al., 1992;
Pasternak et al., 2004). Furthermore, lysosomes that are enriched
in lysosome-specific proteases and hydrolases (cathepsins) are
also important in the degradation of �APP catabolites. In this
regard, it is important to note that amyloidogenic APP fragments
have been seen to accumulate in lysosomes after treatment with
alkalization drugs or protease inhibitors, as well as in Presenilin-1
knock-out cells lacking �-secretase activity (Golde et al., 1992;
Chen et al., 2000; Vingtdeux et al., 2007a,b; Asai et al., 2011).

It is well known that one of the earliest manifestations of Alzhei-
mer’s disease is an endosomal–lysosomal dysfunction with associ-
ated proliferation of lysosomes, upregulation of expression of
lysosomal hydrolases, and presence of enlarged endosomal struc-
tures (Cataldo et al., 2000; Pasternak et al., 2004). Moreover, defec-
tive lysosomal proteolysis can be accompanied by a failure of
autophagic degradation (Nixon et al., 2000; Nixon, 2006; Nixon and
Yang, 2011) and autophagic vacuoles can themselves be sites for
�APP proteolysis since these structures are enriched in both �- and
�-secretase activities (Yu et al., 2004; Cai et al., 2012). Our findings
showing the accumulation of C99 in enlarged cathepsin B-positive
structures enriched in autofluorescent pigments would be in agree-
ment with the presence of C99 in autophagolysosomal structures
and therefore agree with numerous emerging works using mouse
AD models, including the 3xTgAD mouse demonstrating a link be-
tween impaired clearance of amyloidogenic fragments (mainly A�)
and autophagosomal/lysosomal dysfunction (Caccamo et al., 2010;
Funderburk et al., 2010; Spilman et al., 2010; Butler et al., 2011;
Majumder et al., 2011; Yang et al., 2011).

Although the cause for C99 accumulation remains to be es-
tablished, it has been interesting to observe a paralleled increase
in AICD levels in both 2xTgAD and 3xTgAD mice that display an
identical C99 accumulation. Although AICD can theoretically be
produced in both amyloidogenic and nonamyloidogenic path-
ways (Konietzko, 2012; Pardossi-Piquard and Checler, 2012), we
and others have shown that AICD is preferentially derived from
C99 in the amyloidogenic pathway (Goodger et al., 2009; Belyaev
et al., 2010; Flammang et al., 2012). This fragment has been re-
ported to translocate into the nucleus and regulate transcription
and expression of a series of gene products involved in cellular
processes linked to or altered in AD (Beckett et al., 2012; Koni-
etzko, 2012; Pardossi-Piquard and Checler, 2012). In addition to
the increases in C99 and AICD levels, we also observed a concom-
itant enhancement of C83 expression. We recently showed
(Flammang et al., 2012), in agreement with others (Jäger et al.,
2009; Portelius et al., 2009), that C83 could derive from C99 by an
�-secretase-mediated process, suggesting that the increased C83
levels in the 3xTgAD mouse correspond to a secondary biogene-
sis event directly linked to prior C99 accumulation. Therefore,
the accumulation of C83 observed in ELND006-treated animals
could be due to the blockade of AICD production or to the accu-
mulation of its precursor C99.

Together, our work shows an early and brain-specific accumula-
tion of C99 in the hippocampus of the 3xTgAD mouse. This brain
region is the first to present both extracellular deposits and aggre-
gated intraneuronal Tau in older mice, suggesting a putative corre-
lation between C99 levels and the development of these anatomical
lesions. Apart from being the substrate for the generation of amy-
loidogenic fragments, A� and AICD, C99 may also have a more
direct role in AD pathogenesis (Oster-Granite et al., 1996; Nalbanto-
glu et al., 1997; Suh, 1997; Choi et al., 2001; Bittner et al., 2009;

Figure 10. �-Secretase activity and expression in wild-type (WT) and 3xTgAD mice. A, B,
Membrane fractions of dissected cortices and hippocampi from WT and 3xTgAD (AD) females
(13 months of age) were prepared as described in Materials and Methods. Then, �-secretase
cell-free assay using recombinant C100-Flag was performed for 16 h at 4 or 37°C, in presence or
absence of DFK-167. C100, AICD, and A� were detected using a mix of anti-Flag and 2H3
antibodies, and synthetic A� peptide (10 ng) was used as standard (note that short and long
exposure are shown). The bars in B correspond to AICD- and A�-like immunoreactivities ex-
pressed as percentage of control levels obtained in wild-type mice (taken as 100) and are the
means � SEM of six animals. *p � 0.05 according to the Mann–Whitney test.

Lauritzen, Pardossi-Piquard et al. • C99, an Early Contributor to Neuronal Lesions in 3xTgAD Mice J. Neurosci., November 14, 2012 • 32(46):16243–16255 • 16253



Mitani et al., 2012; Tamayev et al., 2012). Very interestingly, a recent
paper documents that sAPP� and/or C99, rather than A�, causes
memory deficits in a mouse model of dementia (Tamayev et al.,
2012). Moreover, although treatment with �-secretase inhibitors
have been shown to rescue memory deficits in mouse models of
Alzheimer’s disease (Comery et al., 2005; Martone et al., 2009) and
Down’s syndrome (Netzer et al., 2010), other studies have shown
that �-secretase inhibitors leading to strong accumulation of
C-terminal fragments (C83 or C99) have undesirable effects on syn-
apses (Bittner et al., 2009) and negatively affect cognitive function in
Tg2576 and wild-type mice, when administrated subchronically
(Mitani et al., 2012). Although the exact role of C99 in AD patho-
genesis remains to be elucidated, our work suggests that C99 should
be considered as an early and key contributor to anatomical lesions
in the 3xTgAD mouse.
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