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Neuronal and synaptic degeneration are the best pathological correlates for memory decline in Alzheimer’s disease (AD). Although the
accumulation of soluble low-molecular-weight amyloid-� (A�) oligomers has been suggested to trigger neurodegeneration in AD,
animal models overexpressing or infused with A� lack neuronal loss at the onset of memory deficits. Using a novel in vivo approach, we
found that repeated hippocampal injections of small soluble A�1– 42 oligomers in awake, freely moving mice were able to induce marked
neuronal loss, tau hyperphosphorylation, and deficits in hippocampus-dependent memory. The neurotoxicity of small A�1– 42 species
was observed in vivo as well as in vitro in association with increased caspase-3 activity and reduced levels of the NMDA receptor subunit
NR2B. We found that the sequestering agent transthyretin is able to bind the toxic A�1– 42 species and attenuated the loss of neurons and
memory deficits. Our novel mouse model provides evidence that small, soluble A�1– 42 oligomers are able to induce extensive neuronal
loss in vivo and initiate a cascade of events that mimic the key neuropathological hallmarks of AD.

Introduction
Substantial synaptic and neuronal losses are observed in the early
stages of Alzheimer’s disease (AD) when the loss of hippocampus-
dependent memory becomes clinically detectable (Gómez-Isla et
al., 1996; Scheff et al., 2006; Crews and Masliah, 2010). The per-
forant pathway provides input from the entorhinal cortex (EC) to
the dentate gyrus (DG), and is one of the earliest and most se-
verely affected pathways in AD (Gómez-Isla et al., 1996; Scheff et
al., 2006). Individuals with mild cognitive impairment (MCI), a
prodromal state of AD, have 32% fewer neurons in the EC and
show synaptic loss in the DG, which correlates with cognitive
deficits (Gómez-Isla et al., 1996; Scheff et al., 2006). This cellular
disconnection suggests that the DG may be one of the earliest sites

to display synaptic defects, and that attenuating degeneration in
this area could prove useful in preventing memory deficits in AD.

Recent studies have emphasized the toxic role of soluble low-
molecular-weight amyloid-� (A�) oligomers such as dimers,
trimers, tetramers, nonamers, and dodecamers, which have all
been individually identified as the main neurotoxic culprit (Lam-
bert et al., 1998; Lesné et al., 2006; Shankar et al., 2008; Ono et al.,
2009). Given the rapid oligomerization of A�, some authors have
suggested that toxicity could be due to A� species ranging from
10 to 100 kDa present in the AD brain at the same time, rather
than to just one particular type of oligomer (McLean et al., 1999;
Hepler et al., 2006; Martins et al., 2008).

Thus far, the neurotoxic effect of low-molecular-weight A�
oligomers was tested exclusively on primary neuronal cultures or
organotypic brain slices since no appropriate animal model is
currently available to determine the neurodegenerative effect of
A� species in vivo (Lambert et al., 1998; Lesné et al., 2006; Hung
et al., 2008; Shankar et al., 2008). Some of these studies have
observed memory impairment following single brain infusion
(Lesné et al., 2006; Shankar et al., 2008), but the toxicity of small
A�1– 42 oligomers in vivo still needs to be established. The A�
toxicity could not be determined using an osmotic pump system
for prolonged administration of more mature A� species, which
dynamically continues to oligomerize during this time and may
stick into the pump (Malm et al., 2006; Miller et al., 2009; Ji et al.,
2011). Other reports have shown that transgenic models overex-
pressing A� develop early synaptic alterations but lack the exten-
sive cell death seen at the onset of memory decline in AD (Irizarry
et al., 1997; Chishti et al., 2001; Oddo et al., 2003).
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In this study, we developed a new in vivo approach to analyze
the toxic effects of small, soluble A�1– 42 oligomers. To avoid any
confounding effects of anesthetic agents on intracellular path-
ways and tau metabolism (Planel et al., 2007), A�1– 42 injec-
tions were performed in awake, freely moving mice. We found
that repeated intrahippocampal injections led to A� deposition,
marked neuronal loss, and tau hyperphosphorylation and that the
sequestering agent transthyretin (TTR) attenuated the effects of
A�1–42 oligomers.

Materials and Methods
Mice. Twelve-month-old female C57BL/6 mice were used in this study.
All experiments were performed with the approval of the local Animal
Resources Committee, following standards for the care and use of labo-
ratory animals and French and European Community rules.

Surgical procedures and injection. Bilateral cannulae (328OPD-2.8/Spc
with a removable dummy wire; Plastics One) were stereotaxically im-
planted into the DG of the hippocampus (coordinates with respect to
bregma: �2.2 mm anteroposterior [AP], � 1.4 mm mediolateral [ML],
�2.1 mm dorsoventral [DV], according to the Paxinos and Franklin
mouse brain atlas) (Paxinos and Watson, 2005) in anesthetized mice
(100 mg/kg of ketamine and 10 mg/kg of xylazine, i.p.). After 1 week of

recovery, awake and freely moving mice were
injected with 0.2 �g/�l of soluble A�1– 42 oli-
gomers (rPeptide) coincubated or not with
full-length native human TTR (Abcam), 0.2
�g/�l of scrambled A�1– 42 (rPeptide), and an
equal volume (2 �l) of vehicle buffer (50 mM

Tris, 1 mM EDTA, pH 7.5) at a rate of 0.4 �l/
min via cannulae PE50 tubing (Plastics One)
connected to a 10 �l Hamilton syringe pump
system (KDS310; KD Scientific). The tubing
was left in place for another 3 min at the end of
each injection, and the cannulae capped to pre-
vent reflux of the injected solution.

A� preparation and TTR-A� mixture.
A�1– 42 peptide solution was prepared as de-
scribed previously (Kuperstein et al., 2010;
Broersen et al., 2011). Briefly, A�1– 42 peptide
and scrambled A�1– 42 were dissolved at a con-
centration of 1 mg/ml in 99% hexafluoroiso-
propanol (HFIP) (Sigma-Aldrich). The HFIP
was evaporated using a gentle stream of nitro-
gen gas and the peptide film was dissolved at a
final concentration of 1 mg/ml in dimethyl-
sulfoxide (DMSO; Sigma-Aldrich). Complete
removal of DMSO was achieved by eluting
A�1– 42 peptide from a 5 ml HiTrap desalting
column (GE Healthcare) with 50 mM Tris, 1
mM EDTA buffer at pH 7.5. A�1– 42 concentra-
tion was measured using a BCA protein assay
kit (Pierce). A�1– 42 was kept on ice until the
experiments were started with a maximum lag
time of 30 min. Samples were kept on ice until
the experiments were started, with a maximum
lag time of 30 min. The biophysical and biolog-
ical properties of this A� preparation had been
previously characterized by others (Kuperstein
et al., 2010; Broersen et al., 2011). The prepa-
ration was checked by transmission electron
microscopy (TEM): aliquots (5 �l) of the
A�1– 42 preparation were adsorbed to carbon-
coated grids (Euromedex) for 1 min. The grids
were blotted, washed twice in droplets of
Milli-Q water, and stained with 1% (w/v) ura-
nyl acetate. Samples were studied with a Zeiss
EM902 microscope. Full-length native human
TTR was freshly diluted in PBS 10 mM before
adding A� at the molar ratio indicated in the

text. The neutral pH mixture was kept at 37°C during 24 h before admin-
istration in vitro and in vivo.

Primary hippocampal culture. Primary cultures of hippocampal neu-
rons were prepared from C57BL/6 mouse fetuses at embryonic day 16.
Hippocampal tissues were treated with 0.25% trypsin for 20 min at 37°C
and dissociated by trituration. Cells were plated onto poly-D-lysine-
coated (0.1 mg/ml) wells in Minimum Essential Medium supplemented
with 10% horse serum, 25 mM D-glucose, 2 mM L-glutamine, 3 mM so-
dium pyruvate, and 1% penicillin/streptomycin/ amphotericin (Sigma-
Aldrich), and incubated at 37°C in a humidified 5% CO2 atmosphere.
After 3 h all media were replaced with Neurobasal medium supple-
mented with 2% B27, 0.5 mM L-glutamine, and 0.5% penicillin/strepto-
mycin/amphotericin, and primary neurons were cultured for 7 d.

MTS and resazurin cell viability assays. The percentage of living neu-
rons in culture was evaluated by the measurement of absorbance follow-
ing MTS or resazurin bioreduction, according to the manufacturer’s
protocol (Promega). Briefly, MTS or resazurin was added to the Neuro-
basal medium containing the cells (v/v ratio of 1:5). After 1.5 h of incu-
bation at 37°C, absorbance was recorded at 490 nm for the MTS assay and
at 570 nm for the resazurin assay.

Western blot analysis. Primary hippocampal cultures were washed with
cold 10 mM PBS and scraped into cold radioimmunoprecipitation assay

Figure 1. General profiles of A�1– 42 oligomers injected in vivo and oligomerization of A�1– 42 over time. A, Representative

immunoblot of the A�1– 42 solution used in our mouse model. The A�1– 42 preparation is kept at 25°C for 1 h before administration

and is almost exclusively composed of low-molecular-weight A�1– 42 oligomers as revealed by electrophoresis on an SDS-NuPAGE

Novex 4 –12% Bis-Tris gel system using the A� antibodies 6E10 and 3D6. B, Representative 6E10-immunoblots of A�1– 42

oligomerization. Soluble A�1– 42 forms higher molecular weight (MW) oligomers over time and its concentration decreases in

favor of insoluble A�1– 42 species, which were recovered from the side of low-adhesion tubes with formic acid treatment. Scram-

bled A�1– 42 (A�scr) is not recognized by the 6E10 antibody (n � 3 for each gel in 3 independent experiments). C, The A�1– 42

solution was verified in nondenaturing condition by TEM 1 h (i–iii) and 24 h (iv–vi) after preparation (i and iv, �30000, scale bars

0, 5 �m; ii and v, �85000, scale bars 0, 1 �m; iii and vi, �140000, scale bars 0, 1 �m).
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(RIPA) buffer (Pierce) supplemented with 0.5% CHAPS (GE Health-
care), protease inhibitors (Roche), 0.125 mM okadaic acid, and 1 mM

sodium orthovanadate. For immunoblot analyses following in vivo ex-
periments, hippocampus sections extending 1 mm on either side of the
injection site were quickly dissected on ice using a coronal brain matrix
(EMS). The tissue was immediately frozen on dry ice before being stored
at �80°C until use, and homogenized into cold RIPA solution. In vitro
and in vivo samples were sonicated, gently agitated for 45 min at 4°C, and
centrifuged at 11500 � g for 20 min at 4°C. The total protein content of
the resulting supernatant was determined using a BCA protein assay kit.

Equal amounts of total protein (30 �g/lane; 0.4 �g/lane for A�1– 42

preparations) were separated by SDS-NuPAGE Novex 4 –12% Bis-Tris
gel electrophoresis (Invitrogen) and transferred to Hybond-ECL mem-
branes (GE Healthcare) by electroblotting. Membranes were incubated
with blotting buffer containing 5% nonfat milk for 1 h at room temper-
ature and incubated with the appropriate primary antibody at 4°C over-
night. Tau phosphorylation was detected using AT8 (S202/T205), AT180
(T231), and AT270 (T181) antibodies, all purchased from Pierce; Tau
pS422 (Invitrogen); and AD2 against pS396/404 (Bio-Rad). Total tau was
investigated with an antibody which recognizes 19 phospho-independent
amino acids in the tau N-terminal region. The other antibodies used for
immunoblotting were as follows: anti-A� 6E10 (Covance), anti-spinophilin
(Millipore), anti-procaspase-3 and cleaved caspase-3 (Cell Signaling Tech-
nology), anti-NR2B (Cell Signaling Technology), and anti-GAPDH (Santa
Cruz Biotechnology).

Following primary antibody incubation, the membranes were washed,
treated with an horseradish peroxidase-labeled anti-rabbit or anti-mouse
secondary antibody (Vector Laboratories) for 1 h, washed again, and
chemiluminescence visualized by an ECL detection kit (GE Healthcare)
using Image Reader LAS-3000 (Fujifilm). Quantitative densitometric
analysis was performed using Multi-Gauge V3.0 software (Fujifilm). Re-
sults are all expressed normalized to GAPDH.

Formic acid treatment for insoluble A�1-42. To retrieve insoluble A�1– 42

stuck on the side of low-adhesion tubes, the solution containing soluble

A�1– 42 was removed and 75 �l of 100% formic acid was added to the tube
and vortexed for 1 min. The formic acid was evaporated using a gentle
stream of nitrogen gas and loading buffer containing 2 mM PBS, 60%
NuPAGE LDS buffer (Invitrogen), and 20% NuPAGE reducing agent
(Invitrogen) was added for immunoblot analysis.

Immunohistochemistry and staining with cresyl violet and Fluoro-Jade B.
Mice were anesthetized and transcardially perfused with 0.9% NaCl fol-
lowed by 4% paraformaldehyde (PFA) in 0.1 M PBS (pH 7.4). Brains were
dissected, immersed in 4% PFA for 48 h, incubated in 0.1 M PBS contain-
ing 15% sucrose for 24 h and finally frozen and stored until use. Immu-
nohistochemical staining was performed in free-floating coronal sections
(40 �m) obtained using a cryostat (Leica). Sections were treated with
0.01 M PBS containing 0.3% H2O2 for 30 min, blocked in 1% goat serum
for 1 h, and incubated overnight at 4°C with 6E10 or anti-TTR antibody
(Abcam) diluted in 0.01 M PBS containing 0.2% Triton X-100. Sections
were treated with 80% formic acid for 3 min before applying the 6E10
antibody. Biotinylated antibodies were detected by using the ABC com-
plex (Vector Laboratories) at room temperature for 2 h and labeling was
visualized by incubating sections with 0.1 M Tris buffer containing 0.05%
3,3�-diaminobenzidine (Sigma-Aldrich) and 0.05% H2O2. Sections were
rinsed three times for 10 min in 0.01 M PBS with 0.2% Triton X-100 after
each step. Sections were mounted on gelatin-coated glass slides, air-dried
for 2 h, dehydrated in an ascending alcohol series (30, 70, 95, and 100%;
5 min each), incubated three times in toluene for 5 min, and coverslipped
with VectaMount Permanent (Vector Laboratories).

For cresyl violet staining, mounted cryosections were rinsed for 1 min
in 0.01 M PBS, incubated in a 0.5% cresyl violet solution (Sigma-Aldrich),
transferred for 1 min to a 0.5% acetic acid solution, decolored in an
alcohol series (70, 95, and 100%; 20 s each), and finally immersed in
toluene (three times for 5 min each) before being coverslipped. Staining
with Fluoro-Jade B (Millipore), a marker for damaged neurons, has pre-
viously been described in detail (Schmued and Hopkins, 2000). Positive
Fluoro-Jade B objects around the site of injection for each animal were
quantified on five hippocampal slices that were 200 �m apart. Quantifi-

Figure 2. Neuronal deaths induced by A�1– 42-oligomer deposition and tau phosphorylation following repeated intrahippocampal injections. A, Bilateral cannulae were stereotaxically im-

planted in the DG. One week following surgery, A�1– 42 oligomers (A�; 0.2 �g/�l; 2 �l) and vehicle (Ctl) were simultaneously injected collaterally in awake, freely moving mice once a day for 6

consecutive days and killed 24 h following the last injection. B, Representative accumulation of A�1– 42 oligomers in the DG on a section immediately next to the cannulae insertion site. Bottom,

Representative staining with Fluoro-Jade B, cresyl violet, cleaved caspase-3 antibody, and NR2B antibody. C, Quantification of Fluoro-Jade B staining within the DG 24 h following the last injection.

Marked surface (MS) versus total surface (TS) counted (n � 4, ***p � 0.001). D, Representative immunoblots of A�1– 42 oligomer profiles 24 h following the last injection. E, Representative

6E10-immunostained section showing cannulae insertion. F, Representative accumulation of A�1– 42 oligomers and cell death when the A�1– 42 preparation is injected in the more ventral part of

the hippocampus (�3.4 mm AP, �2.0 mm ML, �2.4 mm DV from bregma) in sections stained with the 6E10 antibody and cresyl violet. G, Representative DG sections stained with 6E10 antibody

and cresyl violet following collateral injections (1 per day for 6 d) of vehicle (Ctl) and scrambled A�1– 42 (A�scr; 0.2 �g/�l; 2 �l). H, Representative immunoblots of tau phosphorylation in the dorsal

hippocampus of mice injected collaterally with vehicle (Ctl) and A�1– 42 oligomers for 6 d. Bottom, Densitometric quantification of changes expressed as the mean ratio of phospho-tau to total tau

antibody (Tau N-ter) staining. Error bars indicate� SEM. **p �0.01. I, Representative AT8-immunostained section 24 h and 5 d after the last injection (n �4, two independent experiments). Scale

bars: 50 �m.
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cations were made by two independent researchers (N.Z. and R.C.), and
both observers were blinded to treatment group membership.

Images for immunohistochemical and cresyl violet staining were cap-
tured using a Leica DMRB microscope equipped with a Leica DC 300FX
digital camera and a Leica 2.5� objective. Fluoro-Jade B staining was
analyzed using an Axio Imager.Z1 ApoTome microscope (Zeiss)
equipped with an AxioCam MRm Zeiss camera and visualized with a
green filter.

Passive avoidance conditioning. Passive avoidance training was per-
formed 24 h after the last A� injection as described previously (Martins et
al., 2008). Briefly, mice bilaterally injected in the DG with A�1– 42 oli-
gomers, TTR-A�, or vehicle were trained at this memory task 24 h after
the end of the six daily injections. During training, we recorded latency to
enter the dark chamber where a slight footshock (0.3 mA, 2 s) was deliv-
ered. Retention was tested 24 h later with a criterion time of 300 s.

Y-maze test. Five days after the last injection, mice were tested for
hippocampus-dependent spatial memory using a two-trial Y-maze task
as described previously (Troquier et al., 2012). Briefly, the arms of the
maze were 22 cm long, 6.4 cm wide, and 15 cm deep. The floor of the
maze was covered with sawdust that was mixed after each trial to elimi-
nate olfactory cues. Various extra-maze cues were placed on the sur-
rounding walls. Experiments were conducted with an ambient light level

of 6 lux. During the exposure phase, mice were
assigned to two arms (the “start arm” and the
“other arm”) that they were allowed to explore
ad libitum for 5 min, without access to the third
arm of the maze (the “novel arm”) blocked by
an opaque door. The assignment of arms was
counterbalanced within each experimental
group. Mice were then removed from the maze
and returned to their home cage for 2 min.
During the test phase, mice were placed at the
end of the same start arm and allowed to ex-
plore ad libitum all three arms for 2 min. The
amount of time spent in each of the arms was
recorded using EthovisionXT (Noldus).

Data analysis and statistics. Statistical
analysis of multiple samples was performed
using the appropriate ANOVA, and simple
main effects were analyzed using the F test
when the interaction was significant. Tukey’s
HSD test was used for post hoc pairwise com-
parisons when necessary. The statistical sig-
nificance between two samples was analyzed
using an unpaired Student’s t test. The �
level used was p � 0.05.

Results
Profile of soluble A�1– 42 oligomers
Given the complexity of the biophysical
environment of A� aggregation in vivo,
we analyzed the dynamic features of this
process under simplified and controlled
conditions in vitro using synthetic A�
preparations. To identify toxic A� species,
we used a standardized assay to generate
oligomers from synthetic A� that were
previously assessed under denaturing
and nondenaturing conditions using
TEM, atomic force microscopy, Four-
ier transform infrared spectroscopy,
electrospray-ionization mass spectrom-
etry, and nuclear magnetic resonance
spectroscopy (Kuperstein et al., 2010;
Broersen et al., 2011). As previously
shown by others at both the biophysical
and biological levels (Kuperstein et al.,
2010; Broersen et al., 2011; Soura et al.,

2012), the preparation of soluble A�1– 42 oligomers used here is
almost exclusively composed of low-molecular-weight A�1– 42

species, including monomers, dimers, trimers, and tetramers
(Fig. 1A).

In the in vivo approach that we describe here, the A�1– 42 so-
lution was freshly prepared on the first and fourth days of injec-
tion, and the remainder of the solution was aliquoted and
conserved at �80°C for use in the next 2 d. As described previ-
ously, there was no change in the profile of A�1– 42 oligomers
between freshly prepared A�1– 42 solution and that frozen at
�80°C for 3 d (Fig. 1B) (Broersen et al., 2011). Small A�1– 42

species obtained 1 h following preparation had dynamically oli-
gomerized over time to form larger oligomers (Fig. 1B). The level
of soluble A�1– 42 oligomers was inversely proportional to that of
insoluble oligomers, which were found to stick to the sides of
low-adhesion tubes over time. These results were confirmed in
nondenaturing conditions by TEM, where A� fibril formations
were only apparent following incubation of A�1– 42 solution dur-
ing 24 h (Fig. 1C).

Figure 3. Time-dependent deposition of A�1– 42 oligomers and neuronal death. Representative DG sections following single

(A) or multiple (B) injections of A�1– 42 oligomers (A�) and vehicle (Ctl) at the time points indicated and stained with the 6E10

antibody and cresyl violet. Scale bars: 50 �m (n � 4 for each time point, two independent experiments).
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Repeated injections of soluble A�1– 42

oligomers in mice
To examine the neurotoxic effect of A� in
vivo, bilateral cannulae were implanted in
the DG and collateral injection of vehicle
and soluble A�1– 42 oligomers was done
once a day for 6 consecutive days (Fig.
2A). Twenty-four hours following the last
injection, we observed that soluble A�1– 42

oligomers had consistently accumulated
in the DG, extending up to �1 mm on
either side of the injection site. Pro-
nounced neuronal death was seen in the
vicinity of oligomer deposition and was
accompanied by decreased levels of the
NMDA receptor subunit NR2B and in-
creased levels of cleaved caspase-3, the ac-
tive form of the enzyme (Fig. 2B,C).
Hippocampal protein extraction was per-
formed to determine the profile of toxic
A�1–42 oligomers that had accumulated for
3 d or 6 d (Fig. 2D). Similar proportions of
the various A�1–42 oligomers were obtained
following 3 and 6 d of injection, with more
pronounced A�1–42 deposits after 6 d. These results suggest that
low-molecular-weight A� oligomers are able to accumulate at the
level of the cell bodies of the granule neurons in a time-dependent
manner.

Cell death was not restricted to the dorsal hippocampus, but was
also observed in the ventral part of the hippocampus where A�1–42

oligomers accumulated following modification of the injection site
(Fig. 2F). As an additional control, scrambled A�1–42 peptide was
injected into the hippocampus and had no neurotoxic effect when
compared with vehicle (Fig. 2G). Immunolabeling with AT8 (S202/
T205) revealed an increase in tau phosphorylation whereas AT180
(T231), AD2 (S396/404), AT270 (T181), Tau pS422, or the
phosphorylation-independent total tau antibody Tau N-ter showed

no signal difference between vehicle- and A�-injected hippocam-
pus (Fig. 2H,I). Interestingly, no more AT8 staining was observed
5 d following the last A� injection (Fig. 2I), suggesting that tau phos-
phorylation returns to basal levels as A� is gradually washed out of
the brain over time, as shown below (Fig. 3).

Time-dependent deposition of A�1– 42 oligomers
Single and multiple injections were done to characterize the dy-
namic deposition of A�1– 42 oligomers and neuronal death in the
DG. Five minutes following a single injection, a large amount of
low-molecular-weight A�1– 42 oligomers was found in proximity
of the injection site (Fig. 3A). A�1– 42 oligomers were cleared
gradually and no cell loss was observed at any time point follow-
ing a single injection. In mice injected once a day for 3 d, a small

Figure 4. Neurotoxicity induced by soluble A�1– 42 oligomers in primary hippocampal culture is accompanied by tau phosphorylation, increased caspase-3 activity, and decreased levels of

spinophilin and NR2B subunit. A, MTS and resazurin assays following 72 h treatment with vehicle (Veh), 2 �M of scrambled A�1– 42 oligomers (A�scr), or 2 �M of soluble A�1– 42 oligomers (A�)

kept at 25°C for 1 h before administration. The histograms are mean values expressed as a percentage of control (cultures without any treatment). B, C, Representative immunoblots of tau

phosphorylation (B) as well as spinophilin, procaspase-3 and cleaved caspase-3, NR2B, and GAPDH (C) from neurons treated with vehicle (Ctl) or soluble A�1– 42 oligomers (2 �M). For tau

phosphorylation, densitometric quantification of changes is expressed as the mean ratio of phospho-tau to total tau antibody (Tau N-ter) staining. Results are all expressed normalized to GAPDH.

Error bars indicate SEM. *p � 0.05, **p � 0.01, ***p � 0.001 (3 independent experiments performed in duplicate).

Figure 5. Neurotoxicity induced by soluble A�1– 42 oligomers prepared 1 or 24 h before administration. A, Profiles of A�1– 42

oligomers kept at 25°C for 1 h (A� 1 h) or 37°C for 24 h (A� 24 h) before administration. B, Representative DG sections 24 h

following the last injection (6 injections, 1 per day) of A�1– 42 oligomers (1 and 24 h; 0.2 �g/�l; 2 �l) or vehicle (Ctl) stained with

the 6E10 antibody and cresyl violet. Scale bars: 50 �m (n � 4, two independent experiments). Bottom, Resazurin assays on

neuronal cultures treated with vehicle (Veh) or 2 �M of A� 1 h or A� 24 h. Histograms show mean values expressed as a percentage

of controls (cultures without any treatment) � SEM. *p � 0.05, **p � 0.01 (3 independent experiments performed in duplicate).

C, Hippocampal A�1– 42 oligomer profiles 24 h following the last injection (6 injections, 1 per day) using the 6E10 antibody.

Bottom, The membrane was incubated with the anti-mouse secondary antibody (AB) without the 6E10 primary mouse monoclo-

nal antibody (n � 4, two independent experiments).
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but apparent neuronal death was seen in areas where higher levels
of A� had accumulated (Fig. 3B). A�1– 42 oligomers were also
washed out over time following six injections and extensive neu-
ronal loss was detected 48 and 72 h following the last injection.

Effects of A�1– 42 oligomers in vitro
Soluble A�1– 42 oligomers were added to primary hippocampal
cultures to delineate the cellular mechanisms that could underlie
their toxicity. Neuronal viability was decreased following treat-

ment for 72 h with 2 �M of soluble A�1– 42

oligomers as compared with vehicle alone
or 2 �M of scrambled A�1– 42 (Fig. 4A).
A�1– 42 species administered to cultured
neurons induced tau hyperphosphoryla-
tion on the same epitope as in our in vivo
model, namely Ser202 and Thr205 (Fig.
4B). Neuronal death induced by A�1– 42

was accompanied by a decrease in the syn-
aptic marker spinophilin at 24, 48, and
72 h, whereas the increased levels of spi-
nophilin in vehicle-treated wells over time
reflected the formation of new synaptic con-
nections under control conditions (Fig. 4C).
We observed that cleaved caspase-3, the ac-
tive form of the enzyme, is increased during
the process of neuronal death. Decreased
levels of the NMDA receptor subunit NR2B
were also found at all time points following
A�1–42 treatment.

Neurotoxicity of A�1– 42 oligomers 1
and 24 h after preparation
One strategy to prevent the neurotoxicity
of soluble A�1– 42 oligomers would be to
find ligands that can bind to various
A�1– 42 species and prevent their deleteri-
ous effects. TTR is an interesting candi-
date because it has been found to be the
major A�-binding protein in the CSF and
to bind A�1– 42 species with high affinity
(Schwarzman et al., 1994; Carro et al.,
2002). Since a coincubation time of 24 h
has been found to be necessary for the
formation of the TTR-A� complex in
vitro at 37°C and neutral pH (Du and
Murphy, 2010), we first assessed the
toxicity of A�1– 42 in these conditions.
As reported previously, TTR tetramer
assembly is strongly favored at neutral
pH but can also dissociate slowly into
monomers (Du and Murphy, 2010).

A clear self-association of smaller
A�1– 42 oligomers to form higher molecu-
lar weight A�1– 42 oligomers was observed
within 24 h at 37°C when compared with
A�1– 42 solution kept at 25°C for 1 h (Fig.
5A). Both preparations induced similar
A�1– 42 deposition and neuronal death
following daily injection over 6 d (Fig.
5B). Cell death was also observed in neu-
ronal cultures following application of
A�1– 42 preincubated for 1 h at 25°C or for
24 h at 37°C, although the solution con-

taining smaller A�1– 42 oligomers was more toxic (p � 0.05).
The difference in profiles between A�1– 42 solutions preincu-
bated for 1 or 24 h was conserved following in vivo injections,
with decreased amounts of low-molecular-weight species after
24 h of preincubation (Fig. 5 A, C). The �25 kDa band ob-
served in vehicle- and A�-treated hippocampi results from the
nonspecific interaction of the anti-mouse secondary antibody
used with the 6E10 antibody (Fig. 5C).

Figure 6. Sequestration of soluble A�1– 42 oligomers with TTR. A, Representative 6E10-immunoblot of soluble A�1– 42 oli-

gomers 1 or 24 h following A�1– 42 preparation with TTR (TTR-A�, molar (M) ratio of 2:1) or A�1– 42 alone (A�) at the temperature

indicated. B, Increasing doses of TTR mixed with A�1– 42 at 37°C during 24 h promoted the sequestration and retrieval of soluble

A�1– 42 oligomers on an SDS-NuPAGE gel system using the 6E10 antibody. Lower levels of insoluble A�1– 42 stuck to the side of

low-adhesion tubes were recovered with formic acid treatment while increasing the TTR concentration in A�1– 42 solutions (right

blot) (n � 3 for each gel, 3 independent experiments).

Figure 7. Neuronal death, tau phosphorylation, and memory deficits induced by A�1– 42 oligomers are attenuated by TTR. A,

Representative DG section 24 h after the last injection (1 per day during 6 d) with A�1– 42 oligomers alone (0.2 �g/�l, 2 �l) or with

TTR (TTR-A�, molar ratio of 2:1), TTR alone, or vehicle (Ctl), kept at 37°C for 24 h before administration. Scale bars: 50 �m. B,

Representative immunoblots of hippocampal tau phosphorylation in mice injected collaterally with A�1– 42 oligomers and TTR-

A�. Densitometric quantification of changes is expressed as the mean ratio of AT8 antibody to total Tau N-ter. Error bars indicate�
SEM. *p � 0.05 (n � 4, 2 independent experiments). C, D, Mice bilaterally injected in the DG with control vehicle, A�1– 42

oligomers, or TTR-A� were tested in the passive avoidance memory task (C) and the Y maze (D). During the passive avoidance

conditioning, latency of entry into the dark compartment was evaluated during the training phase and the testing phase 24 h later.

For the Y maze, we analyzed the percentage of time spent in the arm (other) already explored during the training phase and the

new arm available during the testing phase. Values are mean latency � SEM. *p � 0.05, **p � 0.01, ***p � 0.001 (n � 8 for

each experimental group for the passive avoidance task, n � 4 for each experimental group for the Y maze).
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Sequestration of A�1– 42 oligomers
by TTR
The sequestration of A� by TTR has been
suggested to regulate the transport and
clearance of A� from the CNS to prevent
its deposition and toxicity (Schwarzman
et al., 1994; Link, 1995; Du and Murphy,
2010). Using in vitro conditions, we eval-
uated which potential toxic A� species
could complex with TTR during the oli-
gomerization process. A�1– 42 peptides
and TTR were coincubated at 25°C or
37°C for 24 h at a molar TTR-A� ratio of
2:1 (Fig. 6A). As indicated above, leaving
A� peptides in low-adhesion polystyrene
tubes leads to their aggregation and depo-
sition on the plastic walls over time. Se-
questration with TTR permitted higher
levels of soluble A�1– 42 oligomers to be
retrieved than with A�1– 42 alone, espe-
cially at 37°C. The amount of soluble
A�1– 42 oligomers retrieved depended on
the concentration of TTR in the mixture
and was inversely proportional to the
amount of insoluble A�1– 42 oligomers re-
trieved with formic acid treatment (Fig.
6B). As shown previously (Du and Mur-
phy, 2010), these results suggest that TTR
is capable of binding various soluble
A�1– 42 species and preventing their oli-
gomerization into longer insoluble amy-
loid fibrils.

TTR attenuation of the effects of
A�1– 42 oligomers
Even if A�1– 42 oligomers continued to accumulate in the brain
when mixed with TTR, the sequestration of A�1– 42 with TTR was
sufficient to reduce the toxicity induced by A�1– 42 oligomers
(Fig. 7A). In addition, tau epitopes Ser202 and Thr205 were
found to be unphosphorylated following the sequestration of
A�1– 42 by TTR (Fig. 7B). Next, we determined whether the neu-
rodegeneration induced by small A�1– 42 species promoted
hippocampus-dependent memory deficits using the passive
avoidance task and the Y-maze test (Fig. 7C,D). Decreased mem-
ory capacity in the A�-oligomer-injected group was attenuated
following TTR sequestration in both behavioral paradigms.

Using primary hippocampal cultures, decreased neuronal
survival following a 72 h treatment with 2 �M of soluble A�1– 42

oligomers was reversed by coincubation of A�1– 42 peptides with
TTR (Fig. 8A). As observed in vivo, the sequestration of A�1– 42

species by TTR reduced the level of tau hyperphosphorylation at
epitopes Ser202 and Thr205 seen after treatment with A�1– 42

alone (Fig. 8B). The increased caspase-3 activity and the reduced
levels of spinophilin and NR2B subunit seen following A�1– 42

treatment were also significantly reversed by TTR sequestration
(Fig. 8C).

Discussion
Marked synaptic and neuronal losses are detected in individ-
uals with MCI and early AD (Gómez-Isla et al., 1996; Scheff et
al., 2006; Arendt, 2009; Crews and Masliah, 2010). Despite recent
evidence suggesting that soluble A� oligomers may initiate
these early pathophysiological events (Hardy and Selkoe,

2002; Benilova et al., 2012), the neurotoxic effect of small A�
oligomers in vivo and the resulting impact on memory perfor-
mance needed to be established.

Our results indicate that a single daily intrahippocampal in-
jection of soluble A�1– 42 species for 6 d is able to induce oligomer
accumulation and extended neuronal death. Although the causal
link between the effects of anesthesia and AD still needs to be
firmly established, we performed A� injections in awake, freely
moving mice to avoid any confounding effects of anesthetic
agents on intracellular pathways related to A� and tau metabo-
lism. Indeed, several studies have shown that anesthesia is able to
affect tau phosphorylation, induce memory impairments, en-
hance fibril formation and the cytotoxicity of A�, increase plaque
deposition in an AD mouse model, and affect many other mole-
cules that were reported to be implicated in the evolution of AD
pathology, such as GSK3�, Erk1/2, Akt, JNK, PP2A, and
caspase-3 (Eckenhoff et al., 2004; Planel et al., 2007; Bianchi et al.,
2008; Whittington et al., 2011; Le Freche et al., 2012). A rela-
tively high concentration of A� was injected to accelerate am-
yloid deposition, a process that normally takes decades in AD
patients. The neuronal damage was associated with tau hyper-
phosphorylation and memory deficits. Our in vivo approach
has thus proven to be useful in mimicking the key neuropatho-
logical phenomena associated with AD and in providing evi-
dence that small soluble A� oligomers play a major role in the
etiology of the disease.

Consistent with our in vivo data, decreases in neuronal sur-
vival and synaptic marker as well as tau hyperphosphorylation
were also observed following the application of small soluble

Figure 8. TTR prevented the deleterious effects of soluble A�1– 42 oligomers in primary hippocampal cultures. A, Resazurin

assays following a 72 h treatment with vehicle (Veh), 2 �M of scramble A�1– 42 oligomers (A�scr), or 2 �M of soluble A�1– 42

oligomers alone (A�) or with TTR (TTR-A�; molar ratio of 2:1) kept at 37°C for 24 h before administration. B, C, Representative

immunoblots of tau phosphorylation (B) as well as spinophilin, caspase-3, NR2B, and GAPDH (C) for neurons treated with vehicle

(Ctl), A�, or TTR-A� (molar ratio of 2:1). For tau phosphorylation, densitometric quantification of changes is expressed as the

mean ratio of AT8 to Tau N-ter antibody. The histograms are mean values expressed as a percentage of control � SEM. * or **

indicates a statistical significant variation between Ctl and A�, and † or ‡ indicates a difference between A� and TTR-A�. * ,†p �
0.05, ** ,‡p � 0.01, ***p � 0.001 (3 independent experiments performed in duplicate).
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A�1– 42 oligomers to primary hippocampal cultures. Several lines
of evidence indicate that caspase-3 activation may participate in
apoptotic cell death and synaptic dysfunction in AD (Gervais et
al., 1999; D’Amelio et al., 2011). The progressive increase in
cleaved caspase-3 that we observed suggests that the activation of
this enzyme could be part of the molecular mechanism by which
soluble A�1– 42 oligomers induce neuronal damage. Previous
studies have shown that synaptic loss following treatment with
high concentrations or prolonged exposure of A� was associated
with rapid decrease in membrane expression of NMDA receptors
(Snyder et al., 2005; Lacor et al., 2007; Shankar et al., 2007). In line
with these reports, our results indicate that the NMDA receptor
subunit NR2B diminishes in a sustained fashion during the neu-
rodegenerative process initiated by soluble A�1– 42 oligomers in
vitro as well as in vivo.

Many recent studies have tried to identify one particular sol-
uble A� species as the toxic culprit in AD and several interesting
candidates have been proposed (Lambert et al., 1998; Lesné et al.,
2006; Hung et al., 2008; Shankar et al., 2008; Ono et al., 2009).
Unifying all of these findings, one could argue that different types
of soluble A� oligomers are deleterious and that we need to con-
sider their toxicity as a whole since they occur simultaneously in
the brain due to the rapid oligomerization process. Recently, sev-
eral small A� species have been detected in the AD brain and have
been proposed to induce the multiple biological effects attributed
to these oligomers in the disease (McLean et al., 1999).

Consistent with this hypothesis, we observed that our A� prepa-
ration was mainly composed of low-molecular-weight oligomers,
which rapidly self-associated to form larger oligomers. We observed
that the A� solution was more toxic when it contained an elevated
concentration of small A� species. Nevertheless, our A�1–42 prepa-
ration containing larger oligomers when kept at 37°C for 24 h was
also able to induce neuronal death in vitro and in vivo. Thus our data
seem more compatible with a dynamic interpretation of A� toxicity
rather than any specific toxic A� species with a defined structure that
is stable over time. Further investigation requires the determination
of whether the toxicity that we observed in vivo with A� can be
extended to other amyloidogenic proteins, but our model could be
used to answer this question. Further investigations are also needed
to determine the long-term effects of A� oligomers both at the mo-
lecular and behavioral levels.

If the neurotoxic effect of A� is attributable to a variety of
species acting together instead of one particular type of oligomer,
how can the accumulation of several soluble forms of A� disturb
the normal functioning of neurons? Although there is no clear
response to this question at present, it is likely that part of the
answer lies with the “sticky properties” of A� as observed here by
their adhesion to the walls of low-adhesion tubes. Indeed, there is
compelling evidence to suggest that small A� oligomers are
highly hydrophobic and could induce neurotoxicity by interact-
ing with lipid membranes, which in turn could alter membrane
trafficking and neuronal transmission (Tickler et al., 2005; Hung
et al., 2008; Benilova et al., 2012).

Various A� species could also exert toxic effects by binding dif-
ferent membrane proteins such as the cellular prion proteins (PrPc)
(Laurén et al., 2009), the metabotropic glutamate receptors
(mGLuR5) (Renner et al., 2010), the NMDA receptors (De Felice et
al., 2007), the acetylcholine receptors (Dougherty et al., 2003), and
the angiotensin II receptors (AbdAlla et al., 2009). We observed that
A� species accumulated mostly in the granule cell layer where these
receptors are mainly located in the DG. The retrieval of low-
molecular-weight A�1–42 oligomers following 6 d of injection (Fig.
2C) suggests that the interaction with receptors and lipid mem-

branes stabilized A� conformation, as observed when soluble
A�1–42 species bind to TTR (Fig. 6).

The sequestering agent TTR has been found to be the major
A�-binding protein in the CSF (Schwarzman et al., 1994; Carro et
al., 2002) and represents a potential biomarker for AD (Schultz et
al., 2010). The interaction of A� with TTR strongly depends on
the quaternary structure of TTR (Du and Murphy, 2010). TTR
monomers assemble into dimers that in turn self-associate to
form homotetramers. TTR monomers have previously been
shown to bind more extensively to A� monomers, impeding the
further growth of A� aggregates (Du and Murphy, 2010). On the
other hand, TTR tetramers interact more with A� aggregates
than with A� monomers and have been observed to disrupt fibril
formation (Du and Murphy, 2010). Thus, the sequestration of
discrete toxic species and the arrest of A� monomer growth into
multimers represent two possible mechanisms for the TTR-
mediated protection against A� toxicity. Our data are in line with
previous studies indicating that the overexpression of TTR re-
duces A� toxicity whereas its neutralization increases the AD-like
phenotype in transgenic mouse models (Stein and Johnson, 2002;
Stein et al., 2004; Choi et al., 2007; Buxbaum et al., 2008), al-
though other reports have shown no beneficial effects of TTR in
AD mouse models (Wati et al., 2009; Doggui et al., 2010). More-
over, decreased hippocampal TTR expression is associated with
memory deficits in aged rats and the complete deletion of TTR
leads to memory deficits during aging in mice (Brouillette and
Quirion, 2008).

Because of inappropriate animal models, the study of toxic
effect of small, soluble A� oligomers was restricted to neuronal
cultures or organotypic brain slice cultures (Lambert et al., 1998;
Lesné et al., 2006; Hung et al., 2008; Shankar et al., 2008; Ono et
al., 2009). In this study, we described a novel in vivo approach to
determine the toxicity of A�1– 42 preparations as a function of
their temporal profile. Since the intrahippocampal injections are
done in awake, freely moving mice there are no confounding
interference effects between any anesthetic agents and the A�
solution on intracellular pathways. The effects of soluble A�1– 42

oligomers were determined during the process of aging in 12-
month-old mice, and the collateral injection of soluble A�1– 42

oligomers and vehicle permitted the control of any alteration
within the same mouse. We observed that one injection per day of
low-molecular-weight A�1– 42 species for 6 d triggers key AD fea-
tures such as A� accumulation in a time-dependent manner,
marked neurodegeneration, abnormal tau phosphorylation, and
memory dysfunction.

Since substantial synaptic and neuronal losses are observed in
the early stages of AD when memory deficits become clinically
detectable, our animal model can now be used for further path-
way analysis involved in A� neurodegeneration.
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