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bstract

Evidence is accumulating for a role for amyloid peptides in impaired synaptic plasticity and cognition, while the underlying mechanisms
emain unclear. We here analyzed the effects of amyloid peptides on NMDA-receptor function in vitro and in vivo. A synthetic amyloid
eptide preparation containing monomeric and oligomeric A� (1-42) peptides was used and demonstrated to bind to synapses expressing
MDA-receptors in cultured hippocampal and cortical neurons. Pre-incubation of primary neuronal cultures with A� peptides significantly

nhibited NMDA-receptor function, albeit not by a direct pharmacological inhibition of NMDA-receptors, since acute application of A�
eptides did not change NMDA-receptor currents in autaptic hippocampal cultures nor in xenopus oocytes expressing recombinant NMDA-
eceptors. Pre-incubation of primary neuronal cultures with A� peptides however decreased NR2B-immunoreactive synaptic spines and
urface expression of NR2B containing NMDA-receptors. Furthermore, we extended these findings for the first time in vivo, demonstrating
ecreased concentrations of NMDA-receptor subunit NR2B and PSD-95 as well as activated �-CaMKII in postsynaptic density preparations
f APP[V717I] transgenic mice. This was associated with impaired NMDA-dependent LTP and decreased NMDA- and AMPA-receptor
urrents in hippocampal CA1 region in APP[V717I] transgenic mice. In addition, induction of c-Fos following cued and contextual fear
onditioning was significantly impaired in the basolateral amygdala and hippocampus of APP[V717I] transgenic mice. Our data demonstrate

efects in NMDA-receptor function and learning dependent signaling cascades in vivo in APP[V717I] transgenic mice and point to decreased
urface expression of NMDA-receptors as a mechanism involved in early synaptic defects in APP[V717I] transgenic mice in vivo.

2007 Elsevier Inc. All rights reserved.
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r
. Introduction
In Alzheimer’s Disease research, emphasis is shifting
owards the study of the early phases of the disease also
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eferred to as “mild cognitive impairment”, based on the hope
hat the disease could be reversible at this point. The “early”
tages are characterized by subtle cognitive dysfunction in
he absence of neuronal loss, a condition well mimicked by

PP transgenic mice. A central role for amyloid peptides in

arly synaptic dysfunction and cognition is gaining experi-
ental support (Lambert et al., 1998; Moechars et al., 1999;
ewachter et al., 2002; Postina et al., 2004; Dodart et al.,

mailto:fredvl@med.kuleuven.be
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002; Cleary et al., 2005; Klyubin et al., 2005; Puzzo et
l., 2005; Walsh et al., 2005a,b; Lesne et al., 2006; Gong et
l., 2006; Snyder et al., 2005, for reviews see Selkoe, 2002;
alsh and Selkoe, 2004; Walsh et al., 2005a,b; Small et al.,

001; Small, 2004). Nevertheless, the molecular mechanisms
nderlying the synaptic dysfunction remain to be resolved in
ivo.

Transgenic mice that overexpress mutant APP display
arly deficits in synaptic plasticity and memory, even before
eveloping the typical AD pathology, which progressively
orsens with age (Moechars et al., 1999; Chapman et al.,
999; Dewachter et al., 2002; Oddo et al., 2003). We previ-
usly demonstrated that deficits in LTP in the hippocampal
A1 region and cognitive defects in APP[V717I] transgenic
ice can be rescued by inhibiting amyloid peptide produc-

ion (Moechars et al., 1999; Postina et al., 2004). Because
hese deficits precede the development of senile plaques
nd amyloid angiopathy, the high-molecular weight fibril-
ar amyloid peptides cannot be the trigger (Moechars et al.,
999). Instead, amyloid derived diffusible ligands (ADDLs)
r oligomeric amyloid peptides are more and more con-
idered the predominant species interfering with neuronal
ctivities and particularly with LTP (Walsh et al., 2002,
005a,b). ADDLs and oligomeric amyloid peptides accumu-
ate in AD brain (Gong et al., 2003) as well as in brain of
PP transgenic mice (Lesne et al., 2006; Oddo et al., 2003).
DDLs bind to a subset of synaptic terminals (Lacor et al.,
004) and incubation of oligomeric amyloid peptides during
60 min disrupts LTP (Lambert et al., 1998; Wang et al.,

002). Elegant in vitro studies have recently demonstrated
hat amyloid peptides can affect synapse composition and
tructure (Lacor et al., 2007) and can drive loss of surface glu-
amate receptors, i.e. NMDA- and AMPA-receptors (Snyder
t al., 2005; Almeida et al., 2005; Hsieh et al., 2006; Goto
t al., 2006; Lacor et al., 2007), mechanisms that potentially
nderlay defects in synaptic plasticity and eventually synaptic
oss (Hsieh et al., 2006; Shankar et al., 2007). Whether amy-
oid peptides can cause a direct pharmacological inhibition
f NMDA-receptor currents, and the molecular mechanisms
f early synaptic plasticity in vivo in APP transgenic mice
emain to be further resolved.

In this work, we addressed these questions to contribute to
ur understanding of the role of amyloid peptides on synap-
ic defects and particularly NMDA-receptor function in vitro
nd in vivo, in APP[V717I] transgenic mice. We demon-
trate that a synthetic amyloid peptide preparation containing
onomeric and oligomeric but not fibrillar amyloid peptides,

ound to synapses expressing NR2B containing NMDA-
eceptors in cultured hippocampal and cortical neurons.
re-incubation of primary neurons with this amyloid pep-

ide preparation significantly attenuated NMDA-mediated
ncrease of cytosolic calcium, in contrast acute application

f A� peptides did not change NMDA-receptor currents
n autaptic hippocampal cultures nor in xenopus oocytes
xpressing recombinant NMDA-receptors. This indicates
hat A� peptides affected NMDA-receptor function, but not
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y a direct pharmacological modulation of the receptors.
re-incubation of primary neurons with the amyloid pep-

ide preparation however decreased NR2B-immunoreactive
pine density and surface expression of NR2B. We further
xtended our findings to the in vivo situation and demonstrate
olocalization of amyloid peptides and NMDA-receptors
n stratum radiatum of hippocampal CA1 region. In addi-
ion, postsynaptic concentrations of NR2B and PSD-95 were
ignificantly decreased in brain of APP[V717I] transgenic
ice. This correlated with impaired NMDA-dependent LTP

nd decreased NMDA-receptor activation in hippocampal
A1 region in APP[V717I] transgenic mice. Furthermore,
MDA-dependent signaling cascades involved in learning

nd memory were impaired, reflected in decreased concen-
rations of activated �-CaMKII in postsynaptic densities in
PP[V717I] transgenic mice, and decreased induction of c-
os following fear conditioning in APP[V717I] transgenic
ice. Our data gain insight in the mechanisms involved in

itro and in vivo, in amyloid induced synaptic dysfunction,
eregulation of NMDA-receptor function and downstream
ignaling cascades involved in learning in memory.

. Materials and methods

.1. Mice

The generation and basic characterization of transgenic
PP[V717I] mice used in this study, has been described
reviously (Moechars et al., 1999). These mice overex-
ress human mutant APP[V717I] under control of the mouse
hy1 gene promoter warranting neuron-specific and post-
atal expression of the transgene. The mice display memory
eficits before robust amyloid pathology develops (Moechars
t al., 1999; Van Dorpe et al., 2000; Dewachter et al., 2002).
or colocalization studies of amyloid peptides and NR2B,
ouble transgenic mice, co-expressing APPV717I and
S1A246E (APP[V717I] × PS1[A246E] transgenic mice)
oth under control of the Thy1 gene promoter were used,
isplaying higher concentrations of A� (1-42) peptides as
ompared to single APP[V717I] transgenic mice. Genera-
ion and characterization of PS1[A246E] transgenic mice has
een described previously (Dewachter et al., 2000, 2007). All
xperimental procedures were performed in accordance with
he regulations of, and authorized by the Ethical Commission
or Animal Experimentation of the K.U.Leuven.

.2. Aβ (1-42) oligomer (Aβoligo) and fibril formation

.2.1. Initial solubilization of Aβ peptide
A� (1-42) peptides (Bachem) were resuspended in

,1,1,3,3,3-hexafluoro-2-propanol (HFIP; H8508; Sigma)

00% HFIP to 1 mM and then aliquoted in centrifuge tubes.
he HFIP was allowed to evaporate in the fume hood, and

he resulting clear peptide films were dried under vacuum
nd stored desiccated at −20 ◦C. Immediately prior to use,
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he HFIP-treated aliquots were resuspended to 5 mM in anhy-
rous dimethyl sulfoxide.

.2.2. Aβ (1-42) oligomer- and fibril-forming conditions
A� (1-42) oligomers were prepared by diluting 5 mM A�

1-42) in DMSO to 100 �M in ice-cold cell culture medium
eurobasal and HCSS immediately vortexing for 30 s, and

ncubating at 4 ◦C for 24 h (Stine et al., 2003). A� (1-42)
brils were prepared by diluting 5 mM A� (1-42) in DMSO

o 100 �M in 10 mM HCl, immediately vortexing for 30 s,
nd incubating at 37 ◦C for 24 h (Stine et al., 2003).

.2.3. Analysis of Aβoligo by atomic force microscopy
nd Western blotting analysis

Samples containing A�oligo were prepared for AFM anal-
sis by spotting 10 �l of solution onto freshly cleaved mica
Ted Pella, Inc., Redding, CA). Protein was allowed to adhere
o the surface for 10 min at RT and then washed 2× with
dH2O to reduce background and eliminate salts and buffer
ontaminants. Analysis by atomic force microscopy was
erformed in tapping mode on the Nanoscope III (Digital
nstruments, Santa Barbara, CA) equipped with a Super-
harpSiliconTM cantilever (Nanoworld AG, Neuchatel,
witzerland). Composition of A�oligo was further analyzed
sing Western blotting analysis with anti-amyloid antibody
O2 (The Genetics Company Inc., Zurich, Switzerland) fol-

owing SDS-treatment and separation on 4–12% Nu-PAGE
el (Invitrogen, Belgium).

.3. Calcium measurements and immunocytochemistry
n primary neuronal cultures

Primary cortical and hippocampal cultures were derived
rom E18-embryo’s of wild type mice (FVB/N background)
s described previously (Dewachter et al., 2007). Intracel-
ular calcium measurements were performed at DIV10-12.
or immunocytochemistry, primary neuronal cultures were

ncubated during 30 min with oligomeric amyloid pep-
ides A� (1-42) (100 nM) (A�oligo). After two washes in
BS neurons were fixed in 4%PFA at RT during 20 min.
ouble-immunohistochemical staining was performed with
an-A�anti-Amyloid antibody (Ab-1, Oncogene Research
roducts, San Diego, CA) followed by anti-NR2B antibody
Ab109) (Abcam, Cambridge, UK) in permeabilizing condi-
ions (PBS with 0.1% TX-100). Alexa-488 and Alexa-594
oupled secondary antibodies (Molecular Probes, Invitro-
en, CA), or alternatively chromogenic substrates, DAB
nd Vector SG were used for detection. It must be noted
hat the Pan-A�anti-Amyloid antibody (Ab-1, Oncogene
esearch products, San Diego, CA) displays a very dis-

inct staining pattern (i.e. a punctuated staining pattern
nd staining of amyloid plaques) as compared to anti-

PP antibodies detecting the N-terminal or C-terminal
art of APP, which display a more diffuse (not punc-
uated) cytoplasmic and dendritic/axonal staining pattern.
or double-immunohistochemical staining of brain sections

2

p
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vibratome sections 40 �m) of APP[V717I] × PS1[A246E]
ransgenic mice, immunohistochemical staining was per-
ormed using standard protocols (Dewachter et al., 2002)
nd using Pan-A�anti-Amyloid antibody (Ab-1, Oncogene
esearch products, San Diego, CA) followed by anti-NR2B
ntibody (Ab109) (Abcam, Cambridge, UK).

For calcium measurements, primary neuronal cultures
ere incubated during 30 min with A�oligo (100 nM). [Ca2+]i
as measured with a monochromator-based imaging sys-

em consisting of a Polychrome IV monochromator (Till
hotonics, Martinsried, Germany) and a Roper Scientific
harge-coupled device camera connected to an Axiovert
00 M inverted microscope (Zeiss, Göttingen, Germany).
onochromator and camera were controlled by Metafluor

oftware (West Chester, PA). Primary neuronal cultures were
oaded with Fura-2 by incubating them for 30 min in a
tandard extracellular solution containing 2 �M Fura-2 ace-
oxymethyl ester. Fluorescence was measured during alterna-
ive excitation at 340 and 380 nm and corrected for the indi-
idual background fluorescence. The difference in the ratio of
he fluorescence at both excitation wavelengths (F340/F380)
efore and after NMDA stimulation was calculated per neu-
on and statistically analyzed by single factor ANOVA.

.4. Electrophysiology

.4.1. Hippocampal slices
Hippocampal slices were bathed in artificial CSF contain-

ng (in mM): 124 NaCl, 5 KCl, 26 NaHCO3, 1.24 KH2PO4,
.4 CaCl2, 1.3 MgSO4, 10 glucose, aerated with 95% O2 and
% CO2. Mice were anaesthetized with ether and decapi-
ated, and transverse slices (400 �m thick) were cut in cold
rtificial CSF using a vibratome and kept at room temperature
ntil placed in the interface recording chamber at 30 ◦C. Elec-
rophysiological recordings were begun not earlier than 3 h
fter dissection to allow recovery of the slice. The chamber
as perfused with artificial CSF (1 ml/min). Bipolar tungsten
icroelectrodes (World Precision Instruments, Sarasota, FL)
ere used to stimulate Schaffer’s collaterals, and evoked field
PSPs (fEPSPs) were recorded in the stratum radiatum of the
A1 region with low resistance (2 M�) glass microelectrodes
lled with 2 M NaCl. Test stimuli were 0.1 msec constant-
oltage pulses delivered every 30 s at an intensity sufficient
o evoke an ∼33% maximal response. LTP was induced by
lectrical high-frequency stimulation at an intensity evoking
50% maximal response. The slope of the fEPSP (milli-

olts per millisecond) was measured from the average wave
rom four consecutive responses. NMDAR responses were
ecorded in ACSF in the presence of 20 �M CNQX. AMPAR
esponses were calculated as total responses minus NMDAR
esponses. AMPAR and NMDAR responses were measured
t increasing stimulation intensity ranging from 2 to 12 V.
.4.2. Autaptic hippocampal neurons
Autaptic hippocampal neurons were cultured as described

reviously (Priller et al., 2007). Whole-cell recordings on
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utaptic hippocampal neurons were performed on in vitro
ays (DIV) 12–15 using an Axopatch-1D amplifier (Axon
nstruments) at room temperature. The standard extracel-
ular medium contained (in mM): 140 NaCl, 2.4 KCl, 10
EPES, 10 glucose, 4 CaCl2, 4 MgCl2 and 15 �M bicu-

ulline, 300 mOsm, pH 7.3. NMDA-EPSCs were measured
t 4 mM external Ca2+ in the presence of 5 �M 6-cyano-
-nitroquinoxaline-2, 3-dione (CNQX), 10 �M glycine and
n the absence of external Mg2+. Internal pipette record-
ng solution consisted of (in mM): 110 K-methanesulfonate,

MgCl2, 10 NaCl, 40 HEPES, 0.6 EGTA, 2 MgATP, 0.3
a3GTP. Cells were voltage-clamped at −70 mV except for
ms depolarizations to 0 mV to elicit action potentials. Data
ere filtered at 1–2 kHz and acquired at 2–5 kHz using Igor

oftware (Wavemetrics). All chemicals were obtained from
igma unless specifically noted otherwise. Miniature EPSC
nalysis was performed manually using Synaptosoft software
ith an amplitude threshold of 5 pA.

.4.3. Xenopus oocytes
The expression plasmids for rat NR1-1a and NR2A sub-

nits and the mouse NR2B subunit have been previously
escribed (Paoletti et al., 1997). Xenopus oocytes express-
ng either NR1/NR2A or NR1/NR2B were prepared, injected,
oltage-clamped, and superfused as described (Paoletti et al.,
997). The standard solution superfusing the oocytes con-
ained (in mM): 100 NaCl, 5 HEPES, 0.3 BaCl2, and 10
ricine, pH was adjusted to 7.3 with KOH. NMDA currents
ere induced by simultaneous application of saturating con-

entrations of glycine and l-glutamate (100 �M each) and
ecorded at −60 mV.

.5. Biochemical analysis of postsynaptic density
roteins

Biochemical analysis of postsynaptic density proteins was
erformed as described previously (Dewachter et al., 2007).
riefly, postsynaptic densities (PSDs) were isolated from
ouse brains and separated from other synaptic elements

ased on insolubility in the detergent Triton X-100, using
standard protocol (Carlin et al., 1980) with minor modi-
cations. Cerebrum of age- and sex-matched APP[V717I]
nd non-transgenic mice (n = 12 for each genotype) (5
onths old) was used. Brains of two mice were pooled and

omogenized in 8 ml of ice-cold 0.32 M sucrose containing
rotease inhibitors (Amersham) and phosphatase inhibitors
NaF, sodium ortho-vanadate, okadaic acid) using a glass-
eflon homogenizer. Protease and phosphatase inhibitors
ere included in all buffers. The resulting homogenate was

entrifuged at 800 × g for 10 min. The supernatant was pel-
eted again at 9200 × g for 15 min, and the resulting crude
ynaptosomal pellet was resuspended in buffer B (0.32 M

ucrose and 1 mM HEPES), loaded onto a sucrose density
radient containing 15 ml each of 1.4 and 1.0 M sucrose, and
entrifuged at 82,500 × g for 60 min in a Beckman SW 28
otor. The band between 1.4 and 1.0 sucrose was collected

p
n
b
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nd diluted in buffer B to a volume of 10 ml. After adding an
qual volume of 1% (v/v) Triton X-100, the suspension was
tirred for 15 min at 4 ◦C and centrifuged at 32,800 × g for
0 min. The resulting pellet was resuspended in buffer B and
oaded on another sucrose density gradient containing 5 ml
f 2.0 M sucrose, 3 ml of 1.5 M sucrose and 3 ml of 1.0 M
ucrose. After centrifugation at 201,800 × g for 120 min in
he Beckman SW 40 rotor, the PSD fraction band between
.5 and 2.0 M sucrose was collected, diluted in buffer B to a
olume of 1.2 ml, mixed with an equal volume of 1% Triton
-100 in 150 mM KCl and centrifuged at 113,500 × g for
0 min. The resulting pellet containing PSDs was collected
n 20 mM HEPES buffer.

For analysis of protein concentrations in total brain
omogenates, cerebrum of one hemisphere of 5 months old
PP[V717I] and non-transgenic mice was homogenized in
.5 vol of ice-cold buffer containing 20 mmol/l Tris–HCl (pH
.5) containing a cocktail of proteinase inhibitors (Roche,
armstadt, Germany) and phosphatase inhibitors (NaF,

odium ortho-vanadate, okadaic acid). After centrifugation at
35,000 × g at 4 ◦C for 1 h, pellets were resuspended in Tris-
uffered saline containing protease inhibitors (Amersham)
nd phosphatase inhibitors (NaF, sodium ortho-vanadate,
kadaic acid). Proteins were denatured and reduced by heat-
ng (95 ◦C, 5 min) in sodium dodecyl sulfate-sample buffer
final 2% sodium dodecyl sulfate, 1% 2-mercaptoethanol)
nd separated on 4–12% NU-PAGE or Tris–glycine gels.
estern blotting was performed using anti-NR2B (Ab109),

nti-PSD-95 (Ab13552), anti-�-CaMKII (phospho T286)
Ab2724) antibody (Abcam Ltd., Cambridge, UK), and
ome-made rabbit polyclonal anti-LRP antibody F36/4,
aised against the C-terminus of LRP, for detection of the
espective proteins. Densitometric scanning of films and nor-
alization were performed using a diluted sample series

s described previously (Dewachter et al., 2002, 2007;
oechars et al., 1999). Normalization was performed to

RP, a protein present in the postsynaptic density, as well
s (in a similar analysis) to a non-specific protein band
etected with the LRP antibody, to correct for potential
rotein loading differences. Concentrations of LRP and the
on-specific protein band were not significantly different in
SDs derived from APP[V717I] and non-transgenic mouse
rain, and therefore used for normalization of protein loading.
oth normalizations yielded similar results, demonstrating
ecreased normalized concentrations of NR2B, PSD-95 and
-CaMKII in postsynaptic densities extracted form brain of
PP[V717I] transgenic mice as compared to non-transgenic
ice.

.6. Surface biotinylation of NR2B in primary neuronal
ultures
Following pre-incubation (30 min) of primary hippocam-
al neurons with A�oligo (300 nM) (or control medium),
eurons were placed on ice, rinsed in ice-cold PBS and incu-
ated in buffer containing 0.5 mg/ml sulfo-NHS-LC-biotin
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Pierce) (supplemented with A�oligo (300 nM) or without)
or 15 min at 4 ◦C. Neurons were rinsed twice in PBS con-
aining 50 mM NH4Cl and subsequently lysed in 600 �l DIP
uffer (PBS with 0.1% SDS, 1% Triton X-100, with com-
lete proteinase inhibitor (Roche)). Cell lysates (80%) were
ncubated with streptavidin agarose overnight. After rins-
ng (four times), proteins were denaturated and reduced by
oiling for 10 min in sample buffer (2% SDS, 1% BME
nal). Proteins were subsequently loaded on a 4–12% MES-
DS NuPAGE, and immunoblotted with anti-NR2B antibody
Abcam 109). Quantitation was performed by densitometric
canning.

.7. Quantitation of NR2B-IR spine density in primary
euronal cultures

Following pre-incubation of primary hippocampal neu-
ons with A�oligo (300 nM), neurons were rinsed in PBS, and
rocessed for immuncytochemistry with anti-NR2B antibody
Ab109) (Abcam, Cambridge, UK), followed by Alexa-594
oupled secondary antibodies (Molecular Probes, Invitrogen,
A). Quantitation of NR2B-immunoreactive spine density
as performed on control and A�oligo (300 nM) treated neu-

ons (n = 3 dishes each). Neurons were randomly selected per
ish, and for each neuron two to three dendritic segments
ere selected used to determine NR2B-immunoreactive

pine density and length. Microscopic images were recorded
nd digitalized with a 3 CCD color video camera, and
nalyzed with dedicated software (Leica QWin Standard
2.8; Leica, Cambridge, UK). NR2B-IR spines were counted
anually and were defined as protrusions that could be dif-

erentiated from the dendritic shaft and restricted to those
hat were visible in the x- and y-axes. Spine density was
alculated by dividing the number of NR2B-IR spines per
easured dendrite length.

.8. Analysis of c-Fos induction following training in
ear conditioning test

Behavioral tests were performed conforming with the
ociety of Animal Experimentation policy. Mice express-

ng mutant APP[V717I] under control of the Thy1 promoter
nd non-transgenic littermates were used (Moechars et al.,
999); for each line, naı̈ve animals were used as controls
hile the other groups were trained (n = 4–5). Fear con-
itioning experiments were performed in a standard fear
onditioning chamber with a grid floor connected to a current
hocker (Med. Associates, Inc., St. Albans, VT). Freezing
as quantified automatically using a video-based conditioned

ear testing system, FreezeFrame (Actimetrics Software,
vanston, IL). Animals were placed in the shock chamber: at
0, 210 and 360 s, they received electric shocks (2 s, 0.5 mA,

ith extra light) always proceeded by 28 s of noise (tone of
000 frequency). Forty-five minutes after the end of train-
ng, they were replaced for 5 min in the chamber and the
one was presented during 3 min. Finally, the animals were

N
v
(
i
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acrificed 60 min after the end of training and perfused for
mmunocytochemistry.

Immunohistochemical analysis: Perfusion of the brains
nd c-Fos detection were performed as described else-
here (Filipkowski et al., 2000; Savonenko et al., 2003).
riefly, mice were anesthetized with an overdose of chlo-

al hydrate and immediately perfused with ice-cold saline
ollowed by 4% paraformaldehyde in PBS, pH 7.4. The
rains were removed and stored in the same fixative at 4 ◦C
nd then in 30% sucrose with 0.02% sodium azide at 4 ◦C
ntil needed. Then the appropriate parts of the brain were
rozen in a heptane/dry ice bath. Coronal cryostat sections,
5 �m thick, were cut at −20 ◦C, washed in PBS, incu-
ated in 0.3% H2O2, incubated with anti-c-Fos antibody
1:1000, Santa Cruz Biotechnology, catalogue number sc-
2, Santa Cruz, CA, USA) for 48 h at 4 ◦C in PBS with
zide (0.01%) and normal goat serum (3%). After the sec-
ions were washed in PBS with Triton X-100 (0.3%, Sigma),
ncubated with goat anti-rabbit biotinylated secondary anti-
ody (1:1000, Vector Laboratories, Burlingame, CA, USA)
n PBS/Triton and normal goat serum (3%) for 2 h, washed in
BS/Triton, incubated with avidin–biotin complex (1:1000,
:1000, in PBS/Triton, Vector) for 1 h and washed in PBS.
he immunostaining reaction was developed using the DAB

ablet sets (catalogue number D-4293, Sigma) enhanced
ith ammonium-nickel sulphate (0.1%, Sigma). The sections
ere mounted on gelatin-covered slides, air-dried, dehy-
rated in ethanol solutions and xylene, and embedded in
ntellan (Merck, Darmstadt, Germany). During immunocy-

ochemical analysis and c-Fos counting, the experimenter
as blind to genotype and treatment of the mice. The number
f c-Fos-positive nuclei (c-Fos grains) was determined using
mageJ 1.32j software (NIH, USA) by dividing the number
f c-Fos grains of the basolateral–lateral amygdala by the
rea occupied by this region whereas in the hippocampus,
he number of c-Fos positive cells in CA1 region was taken.
ata are presented as mean ± S.E.M. Since the data were
ot distributed normally, the results were transformed using
ox-Cox transformation (JMP3.2.6; SAS Institute Inc.) and
nalyzed using Analysis of Variance (ANOVA); the signifi-
ance of differences was determined using pairwise analysis.

. Results

.1. Impaired hippocampal CA1 LTP and
MDA-receptor function in APP[V717I] transgenic mice

APP[V717I] transgenic mice display impaired long-term
otentiation in the hippocampal CA1 region (Moechars et
l., 1999; Dewachter et al., 2002; Postina et al., 2004). LTP
easured in APP[V717I] mice involves the modulation of

MDA-receptors since administration of 50 �M APV pre-
ented induction of LTP in identical experimental conditions
Fig. 1A and B). To further analyze NMDA-receptor function
n APP[V717I] transgenic mice we measured NMDA and
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Fig. 1. NMDA-dependent long-term potentiation and NMDA-receptor responses are impaired in APP[V717I] transgenic mice. (A) The percentage of poten-
tiation of field EPSPs recorded before and after tetanic stimulation of Schaffer’s collaterals in brain slices of APP[V717I] transgenic mice and control mice.
Each data point shown is the mean ± S.E.M. of results from six individual mice of each genotype. (B) Application of D-APV (50 �M) precludes induction
of LTP by tetanic stimulation in the experimental conditions used for measuring LTP in APP[V717I] transgenic mice and control mice. (C and D) Plot of
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MDAR-responses and AMPAR responses by the appropriate use of spec
ice and non-transgenic mice by stimulation of the Schaffer’s collaterals
MDAR responses (C) (p < 0.05 from 6 mV onwards; n = 5 APP[V717I] m
ice (p < 0.05 from 6 mV onwards; n = 5 APP[V717I] mice; n = 5 non-trans

MPA receptor responses in the CA1 region of hippocam-
al slices. Pharmacological isolation of NMDAR responses
y addition of 20 �M CNQX to the medium, revealed a
ignificant and pronounced decrease in NMDAR responses
n CA1 of APP[V717I] transgenic mice compared to non-
ransgenic mice (Fig. 1C). AMPA receptor responses were
lso reduced – albeit to a lesser extent – in hippocampal
lices of APP[V717I] transgenic mice as compared to non-
ransgenic mice (Fig. 1D).

.2. Amyloid peptides bind to clustered sites containing
MDA-receptor

To analyze the effect of oligomeric amyloid peptides
n NMDA-receptor function, oligomeric amyloid peptides
ere generated and characterized as described (Stine et al.,
003). Pre-existing structures in solutions of A� (1-42) pep-
ides were removed by dissolving lyophilized A� (1-42)

n HFIP followed by evaporation of the HFIP and storage
s peptide films (Stine et al., 2003). Before use, peptides
ere resuspended to a final concentration of 5 mM in anhy-
rous dimethylsulfoxide (DMSO). Oligomers were formed

b
t
p
e

kers, measured as extracellular fEPSP induced in APP[V717I] transgenic
creasing current intensities. This demonstrates a significant reduction in

5 non-transgenic mice) and AMPAR responses (D) in CA1 in APP[V717I]
ice).

fter dilution in cell culture medium by incubation at 4 ◦C
uring 24 h resulting predominantly in 2–8-nm oligomeric
tructures (Lacor et al., 2004). Atomic force microscopy
onfirmed the presence of small globular structures with a
-height ranging between 2 and 8 nm (Supplementary data,
ig. 1S). No fibrils were detected in the oligomeric amyloid
eptide preparations – further denoted as A�oligo – under
hese conditions. Characterization of the A�oligo in SDS-
AGE revealed the presence of SDS-resistant mono-, di-, tri-
nd tetrameric amyloid peptides (Supplementary data, Fig.
S).

Addition of A�oligo to cultured primary hippocampal
nd cortical neurons during 30 min, resulted in a specific
inding pattern that exhibited abundant punctuated sites
ithin neuronal arbors. Double staining for amyloid peptides

nd NMDA-receptor revealed a substantial overlap between
ynapses that bind A�oligo and synapses that stain for anti-
R2B (Fig. 2A–C). The incubation needed for effective

inding of A�oligo to the synapses is closely in line with the
iming of the impairment of synaptic plasticity in hippocam-
al slices (Lambert et al., 1998; Walsh et al., 2002; Dewachter
t al., 2002).
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Fig. 2. Amyloid peptides substantially colocalize with NMDA-receptor subunit NR2B at synaptic contacts in primary cortical and hippocampal neurons
and in vivo, in stratum radiatum of the hippocampal CA1 region. (A and C) Double-immunofluorescent staining with anti-pan �-amyloid antibody (A) and
anti-NR2B (B) of primary cortical neurons, incubated with A�oligo for 30 min, reveals a substantial overlap between synapses that bind A�oligo and synapses
that express NMDA-receptor subunit NR2B (merged image C). Similar results were obtained in hippocampal neurons (results not shown). (D and E) Double
immunofluorescent (D) and immunohistochemical (E) staining reveal the presence of �-amyloid peptides and NMDA-receptor subunit NR2B localized in
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b staining
s ile fluo
h

r
h
o
B
t
i
p
m
a
c
N
w
p
r
c

b
p
u
d

3
N

p
c

n
o
r
w
N
n
c
P
t
n
s

e
a
a
m
s
t
a
p
E
a
m
a

lose proximity in the stratum radiatum of the hippocampal CA1 region
ecause of higher A� (1-42) concentrations. Note the abundant punctuated
taining, DAB, NR2B), (blue staining, Vector SG, �-amyloid peptide), wh
igher magnification of the indicated regions is presented in the insets.

The colocalization of amyloid peptides and NMDA-
eceptor was further analyzed in vivo by double immuno-
istochemical and by double immunofluorescent staining
f brain sections of old APP[V717I] × PS1[A246E] mice.
oth methods demonstrate the presence of amyloid pep-

ides in close proximity of NR2B containing NMDA-receptor
n the stratum radiatum of the CA1 region of the hip-
ocampus (Fig. 2D and E). While the immunofluorescent
ethod was less sensitive than the immunohistochemical

pproach, it allowed a more clear-cut evaluation of the colo-
alization of amyloid peptides and the NR2B-subunit of the
MDA-receptor (Fig. 2D). Immunohistochemical staining
ith the Pan-A�anti-Amyloid antibody further revealed the
rominent and abundant punctuated staining in the stratum
adiatum of the hippocampus in close proximity of NR2B-
ontaining receptors (Fig. 2E).

The experimental observation of the substantial overlap
etween synapses that bind or contain A�oligo or amyloid
eptides and synapses that express NMDA-receptors incited
s to test whether ADDLs affect NMDA-receptor function
irectly.

.3. Pre-incubation with amyloid peptides inhibits
MDA-receptor mediated calcium ion influx
We measured the effect of A�oligo and fibrillar amyloid
eptides on NMDA-induced changes in intracellular calcium
oncentration ([Ca2+]i) in primary cortical and hippocampal

p
d
b
a

of APP[V717I] × PS1[A246E] transgenic mice, used in this experiment
pattern following chromogenic immunohistochemical staining (E) (brown

rescent staining was less sensitive it clearly reveals colocalization (D). A

eurons. Application of NMDA (100 �m) in the presence
f glycine (10 �M) and in the absence of Mg2+, caused a
apid increase in [Ca2+]i in all neuronal cultures analyzed,
hich became progressively restored upon washing out the
MDA. Pre-incubation of primary hippocampal and cortical
eurons with 100 nM A�oligo for 30 min, resulted in a signifi-
ant attenuation of NMDA-induced [Ca2+]i increase (Fig. 3).
re-incubation of primary neuronal cultures with concentra-

ion up to 1 �M fibrillar amyloid peptides during 30 min did
ot attenuate NMDA-induced [Ca2+]i increase (results not
hown).

To analyze whether A�oligo have a direct pharmacological
ffect on NMDA-receptors, we analyzed the effects of acute
pplications of A�oligo on the NMDA currents recorded in
utaptic hippocampal glutamatergic neurons. For measure-
ents of acute effects of A�oligo using patch clamp analysis,

ynaptic currents were measured 5 min before the applica-
ion of A�oligo, throughout the application, and up to 5–7 min
fter the application. Acute application of A�oligo (A�1-42)
eptides up to 1 �M did not significantly affect NMDA-
PSC amplitude nor AMPA-EPSC amplitudes (Fig. 4A
nd B). Moreover, no differences in spontaneous NMDA
EPSC amplitudes or frequency were detected upon acute

pplication of A�oligo (Fig. 4C). Short-term plasticity, i.e.

aired-pulse facilitation of NMDA-currents and paired-pulse
epression of AMPA-currents, was not significantly changed
y acute application of A�oligo (Fig. 4D and E). Also acute
pplication of amyloid fibrils did not reveal any significant
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Fig. 3. NMDA-induced calcium influx is attenuated in primary hippocampal and cortical neuronal cultures following pre-incubation with A�oligo. (A) Applica-
tion of NMDA (100 �m) in the presence of glycine (10 �M) and the absence of Mg2+, caused a rapid [Ca2+]i increase in Fura-2-loaded primary hippocampal and
cortical neuronal cultures, while washing out of the NMDA progressively restored [Ca2+]i. Representative traces of NMDA-induced increase in ratio F340/380
in primary cortical and hippocampal neurons following 30 min treatment with A�oligo (A� (1-42)) (100 nM) (light grey traces, light grey dots) or without
( increas
h ut A�o
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dark traces, dark dots) are presented. (B) Quantitation of NMDA-induced
ippocampal (right panel) neurons following 30 min treatment with or witho
efore and after application of NMDA was measured. Bars represent averag

ifferences in any of the parameters measured, i.e. AMPA-
PSC, spontaneous mEPSC amplitude and frequency and
aired-pulse depression (Fig. 4F and G).

We also tested the effect of acute applications of A�oligo
n recombinant NMDA-receptors expressed in Xenopus
aevis oocytes. A�oligo were applied during the activa-
ion of NMDA-receptors by long application of glutamate
nd glycine (each at 100 �M). No significant change of
on currents was measured upon application of A�oligo in
R1/NR2B as well as in NR1/NR2A expressing oocytes

Fig. 5; 99 ± 2% of the current before application of A�oligo,
= 5 for both types of receptors).

The combined data demonstrate that oligomeric amy-
oid peptides do not directly modulate the activation
nd conductance properties of native and recombinant

MDA-receptors. The need for the pre-incubation with
�oligo indicated on the other hand that the A�oligo dis-

urbed NMDA-receptor mediated synaptic currents by other
echanisms.

s
t
c
p

e in intracellular calcium concentration in primary cortical (left panel) and

ligo (A� (1-42)) peptides (100 nM). The difference between ratio F340/380
E.M. (*p < 0.05, n = 3 experiments, n = 75 neurons for each condition).

.4. Synaptic expression of NR2B containing
MDA-receptors is decreased following long-term

ncubation with amyloid peptides

To analyze whether A�oligo can affect synaptic expres-
ion of NMDA-receptors and thereby affect NMDA-receptor
unctioning, we analyzed synaptic expression of NR2B in
rimary hippocampal neurons following incubation with
�oligo. Following pre-incubation of primary hippocampal
eurons with A�oligo (300 nM), the number of NR2B-
mmunoreactive spines per dendrite length was significantly
ecreased compared to control conditions (Fig. 6A), as
emonstrated by immunofluorescent staining with anti-
R2B antibody. These observations are in line with the recent
emonstration of amyloid induced decrease in surface and

ynaptic expression of NMDA-receptors and phosphoryla-
ion of NR2B at Tyr-1472 (Snyder et al., 2005). We further
onfirmed decreased surface expression of NR2B following
re-incubation of primary hippocampal neurons with A�oligo.
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Fig. 4. No direct pharmacological effect of A�oligo on NMDA-receptor currents in primary autaptic hippocampal neurons. Evoked and spontaneous neurotrans-
mitter release in control cells and after acute application of A�oligo (1 �M). (A) Representative AMPA-EPSC traces from control and A�oligo-treated neurons
(left). AMPA-EPSC amplitude in neurons from control (n = 30) and A�oligo-treated cells (n = 30) (right). (B) Representative NMDA-traces from control and
A�oligo-treated neurons (left). NMDA-EPSC amplitude in neurons from control (n = 14) and A�oligo-treated cells (n = 14) (right). (C) Representative mEPSC
trace with A�oligo application after 60 s indicated by arrow. mEPSC frequency in control (n = 27) and A�oligo-treated neurons (n = 25) (left) and mEPSC
amplitude in control cells (n = 27) and after A�oligo application (n = 25) (right). (D and E) Paired-pulse stimulation after acute application of A�oligo. (D)
Representative AMPA-traces from control and A�oligo-treated neurons (left) induced by paired-pulse depression. Quantification of paired-pulse depression of
AMPA-currents from control (n = 12) and A�oligo-treated neurons (n = 19) (right). (E) Representative NMDA-traces from control and A�oligo -treated neurons
(left) induced by paired-pulse facilitation. Quantitation of paired-pulse facilitation of NMDA-currents from control (n = 12) and A�oligo-treated cells (n = 12)
(right). (F and G) Evoked and spontaneous neurotransmitter release and paired-pulse stimulation in control cells and after acute A�-fibril application (1 �M).
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F) AMPA-EPSC amplitude in control (n = 21) and A�-fibril treated neuron
pplication (n = 15) (right). (G) mEPSC amplitude in control (n = 21) and A
rom control (n = 8) and A�-fibril treated cells (n = 11) (right).

estern blotting analysis following biotinylation demon-
trated decreased ratios of the concentrations of biotinylated
R2B to total NR2B following pre-incubation with A�oligo

Fig. 6B).

.5. Expression of postsynaptic proteins is affected in
ivo in APP[V717I] transgenic mice

We next analyzed postsynaptic NMDA-receptor expres-
ion in vivo by analyzing postsynaptic densities extracted
rom brains of APP[V717I] transgenic mice. PSD fractions

ere purified from mouse brain by a protocol that is based
n its resistance to solubilization by Triton X-100, consist-
ng essentially of two sequential sucrose density gradients
Dewachter et al., 2007). Quantitative analysis of the NMDA-

t
t
p
s

8) (left) and mEPSC frequency in control cells (n = 21) and after A�-fibril
treated cells (n = 15) (left) and paired-pulse depression of AMPA-currents

eceptor subunit NR2B, the postsynaptic protein PSD-95 and
-CaMKII kinase phosphorylated at Thr-268, was performed
n isolated PSD fractions from APP[V717I] transgenic and
on-transgenic mice, and compared after normalization to the
ostsynaptic protein, LDL receptor-related protein (LRP).
oncentrations of NR2B, PSD-95 and phosphorylated �-
aMKII were significantly lower in PSD preparations from
rains of APP[V717I] transgenic mice as compared to non-
ransgenic mice (Fig. 6C). Concentrations of NR2B, PSD-95,
hosphorylated �-CaMKII and LRP were however not signif-
cantly decreased in total brain homogenates of APP[V717I]

ransgenic mice as compared to non-transgenic mice, at
his age (5 months old). PSD-95 is a major protein at the
ostsynaptic density, which binds to NMDA-receptor NR2
ubunits (Sheng and Pak, 1999) and is important in anchor-
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Fig. 5. No direct pharmacological inhibiton of acute A�oligo application on recombinant NMDA-receptors expressed in xenopus oocytes. No reduction of
NMDA-receptor current was measured in Xenopus laevis oocytes expressing functional recombinant NR1-1a/NR2A (A) or NR1-1a/NR2B receptors (B)
following acute application of A�oligo (A� (1-42)) (100 nM) during long application of glutamate and glycine (100 �M each); recording at −60 mV.

Fig. 6. Synaptic expression of NR2B containing NMDA-receptors is decreased following long-term incubation with A�oligo. (A) Immunofluorescent staining
of primary hippocampal neurons following incubation in control conditions or A�oligo (300 nM, 1 h), with anti-NR2B antibody, reveals a decrease in NR2B-
immunoreactive dendritic spines following A�oligo treatment. Quantitation of NR2B-positive synaptic density relative to control conditions in A�oligo treated
primary hippocampal cultures, reveals a significant decrease in NR2B synaptic expression (p < 0.05, n = 10 and n = 12 neurons for, respectively, A�oligo treatment
and control conditions). (B) Surface expression of NR2B analyzed by surface biotinylation at 4 ◦C is significantly decreased following pre-incubation with
A�oligo. Quantitation of the ratio of biotinylated to total NR2B reveals a significant decrease following pre-incubation with A�oligo (p < 0.05, n = 9; n = 8, A�oligo;
control). Representative Western blots immunostaining biotinylated NR2B and total NR2B are presented in the upper panel. (C) Analysis of the concentration
of postsynaptic density proteins extracted from brains of APP[V717I] mice and non-transgenic mice, reveals a significant decrease in the concentration of
NR2B, PSD-95 and �-CamkII phosphorylated at Threonine 268, after normalization to LRP in APP[V717I] mice (p < 0.05, n = 12 APP[V717I] transgenic
mice and n = 12 non-transgenic mice; brains of two mice were pooled for extraction of postsynaptic densities, Western blotting was performed in triplicate).
Representative Western blots of postsynaptic density preparations are presented in the left panel. Analysis of total brain homogenates revealed no significant
changes in the concentrations of NR2B, PSD-95, �-CamkII PThr-268 and LRP in brain of APP[V717I] mice (n = 5 APP[V717I] transgenic mice and n = 5
non-transgenic mice). Representative Western Blots of protein extracts from total brain homogenates are presented in the right panel.
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Fig. 7. Signaling pathways activated by NMDA-receptor activation are affected in the brain of APP[V717I] mice: Cued and contextual fear conditioning induced
expression of c-Fos is attenuated in APP[V717I] transgenic mice. (A and B) Immunohistochemical staining of c-Fos is induced by fear conditioning training in
the hippocampus (CA1 field) (A) and basolateral–lateral amygdala (B) in non-transgenic (left column) and APP[V717I] mice right column). Two representative
mice from each group are shown. Note a more intense c-Fos induction in non-transgenic compared to APP[V717I] mice in hippocampus (A) and amygdale (B).
(C and D) Quantitation of c-Fos immunoreactivity reveals increased c-Fos expression in both regions, however the increase in APP[V717I] mice is significantly
lower as compared to non-transgenic mice in hippocampal CA1 region (C) and basolateral amygdala (D). Graphs present means ± S.E.M.; *p < 0.05; ***p < 0.001.
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ng glutamate receptors to signaling proteins and the neuronal
ytoskeleton at the synapse (Hering and Sheng, 2001). In
rimary hippocampal neurons PSD-95 expression at the post-
ynaptic density is decreased before synaptic degeneration
Almeida et al., 2005). In addition, decreased concentra-
ions of phosphorylated �-CaMKII in PSD preparations
f APP[V717I] transgenic mice suggest impaired NMDA-
ependent signaling in brain of APP[V717I] transgenic mice.

.6. Signaling pathways downstream of the
MDA-receptor are disturbed in brain of APP[V717I]
ice

We further extended our findings to the analysis of
MDA-dependent downstream signaling pathways involved

n learning and memory. APP[V717I] and non-transgenic
ice were subjected to a context- and cue-dependent fear

onditioning paradigm, in which mice learn to associate
novel context (experimental chamber) or cue (auditory

one, 90 dB, 3.0 kHz, 30 s) with a foot shock (0.5 mA,
s) after triple pairing. Cue-dependent fear conditioning

s dependent on intact amygdala, while context-dependent
ear conditioning requires both hippocampus and amygdala
Maren and Holt, 2000; Maren and Quirk, 2004). Mice were
acrificed 60 min after the end of the training. Immunohis-
ochemical analysis demonstrated that c-Fos expression was
nduced by the fear conditioning training in the hippocampus
CA1 field) and in the basolateral–lateral amygdala in both
on-transgenic and APP[V717I] transgenic mice (p < 0.001)
Fig. 7). The increase in c-Fos was however much lower in
he APP[V717I] mutant mice, i.e. 35% for the amygdala
nd 43% in CA1 (p < 0.02 for both) (Fig. 7). We conclude
hat cognitive training induced the expression of c-Fos in
he CA1 region of the hippocampus as well as in the lateral-
asolateral nuclei of the amygdala, but the induction of c-Fos
as significantly attenuated in APP[V717I] transgenic mouse
odel, indicative for impaired learning-dependent signaling

n APP[V717I] transgenic mice.

. Discussion

In this study we analyzed the mechanisms involved in
ynaptic dysfunction in APP[V717I] transgenic mice, a
ouse model that appears to mimic early cognitive impair-
ent in the early phases in Alzheimer’s Disease (Moechars

t al., 1999; Dewachter et al., 2002). Transgenic mice that
verexpress mutant APP display early deficits in synaptic
lasticity and memory (Moechars et al., 1999; Chapman et
l., 1999; Dewachter et al., 2002; Oddo et al., 2003). A crucial
ole for amyloid peptides in the disruption of synaptic plas-
icity and cognition is supported by a variety of data (Lambert

t al., 1998; Moechars et al., 1999; Dewachter et al., 2002;
odart et al., 2002; Cleary et al., 2005; Klyubin et al., 2005;
uzzo et al., 2005; Walsh et al., 2005a,b; Lesne et al., 2006;
ong et al., 2006; Snyder et al., 2005, for reviews see Selkoe,

b
c
n
r

f Aging 30 (2009) 241–256

002; Walsh and Selkoe, 2004; Walsh et al., 2005a,b; Small
t al., 2001; Small, 2004), while the mechanisms involved
emain unclear. Our current data provide a combined in vitro
nd in vivo analysis, which contribute to the understanding of
echanisms involved in synaptic defects in APP transgenic
ice, in vivo.
We here demonstrate that NMDA-dependent long-term

otentiation and NMDA- and AMPA-dependent excitatory
ynaptic transmission is significantly impaired in hippocam-
al CA1 region of APP[V717I] transgenic mice. Our findings
hereby extend previous reports demonstrating impaired
MPA- and NMDA-dependent synaptic transmission by
iral expression of mutant APP in organotypic hippocampal
ultures (Kamenetz et al., 2003), to APP transgenic mice. To
urther analyze the mechanisms involved in NMDA-receptor
ysfunction we used a combined in vitro and in vivo analysis.
ncubation of primary neuronal cultures with A�oligo resulted
n a punctuated synaptic staining pattern that substantially
verlapped with NR2B synaptic staining in hippocampal and
ortical neuronal cultures. These data are in line with previous
eports demonstrating that amyloid peptides bind to a subset
f synaptic terminals on excitatory but not inhibitory neurons
Lacor et al., 2004, 2007). It must be noted that A� exists
n several different physical states, including monomers,
nsoluble fibrils as well as soluble oligomers, which further
omprise small SDS-resistant oligomers, including di-, tri-,
etramers, and dodecamers (Lesne et al., 2006; Oddo et al.,
003; Walsh et al., 2002). The preparation of A�oligo used
n the present study consisted of a non-fibrillar A� prepa-
ation, comprising oligomeric amyloid peptides, which after
DS-treatment are detected as monomers and di-, tri-, and

etramers on Western Blot. Small SDS-resistant oligomers
ave previously been shown to potently inhibit LTP following
5–60 min pre-incubation in hippocampal slices (Lambert et
l., 1998; Wang et al., 2002; Klyubin et al., 2005). Our in vitro
ata were further extended in vivo, demonstrating colocaliza-
ion of anti-amyloid stained puncta and anti-NR2B staining
n the stratum radiatum of the hippocampal CA1 region,

region displaying decreased NMDA-receptor dependent
ynaptic transmission.

Our data further indicate that A�oligo impaired NMDA-
eceptor function, most probably not by a direct pharmaco-
ogical inhibition but rather by affecting synaptic expression
f NMDA-receptors. Pre-incubation of primary neuronal cul-
ures with A�oligo significantly impaired NMDA-induced
alcium influx. In contrast, direct application of A�oligo did
ot affect NMDA-receptor currents in primary autaptic neu-
ons, nor in xenopus oocytes overexpressing recombinant
MDA-receptors. The analysis of a direct pharmacological

ffect of amyloid peptides is not only fundamentally impor-
ant, but is also therapeutically relevant. The slow effects
n NMDA-receptor functions are proposed to be exerted

y affecting synaptic surface expression of NMDA-receptors
ontaining NR2B subunit. Because pre-incubation of primary
euronal cultures with A�oligo resulted in decreased NR2B
eactive spine density and decreased NR2B surface expres-
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ion as revealed by biotinylation. These data are consistent
ith previous data demonstrating that amyloid peptides affect

urface NMDA-receptor expression in vitro, in primary neu-
onal cultures (Snyder et al., 2005; Lacor et al., 2007).
ccumulating evidence supports the hypothesis that amy-

oid peptides affect synapse composition and structure (Lacor
t al., 2007) and can drive loss of surface glutamate recep-
ors, i.e. NMDA- and AMPA-receptors as well as molecules
nvolved in the anchoring of these receptors in the postsy-
aptic membrane, like PSD-95 (Snyder et al., 2005; Almeida
t al., 2005; Hsieh et al., 2006; Goto et al., 2006; Lacor et
l., 2007). Our data confirm the published in vitro data, but
mportantly these data are now extended, for the first time in
ivo by demonstrating changes in composition of the postsy-
aptic density, i.e. decreased NR2B and PSD-95 expression
n APP[V717I] transgenic mice.

The exact molecular mechanisms underlying the changes
nduced by amyloid on NMDA-receptor expression in postsy-
aptic densities, and other synaptic proteins, remain unclear.
myloid peptides may interact with neuronal membranes by
on-specific associations or by pore-formation (Kayed et al.,
004). Alternatively, they can bind more specifically to partic-
lar membrane targets as effective ligands (Lacor et al., 2004,
007). Amyloid peptides bind with high affinity to alpha7
icotinic acetylcholine receptors (Wang et al., 2000; Dineley
t al., 2001) while ADDLs bind selectively to synaptic targets
hat are present in the postsynaptic density but are yet to be
dentified (Lacor et al., 2004, 2007). These interactions have
een proposed to deregulate ion homeostasis and signaling
ascades downstream the nicotinic acetylcholine receptor or
ther pathways (Vitolo et al., 2002; Wang et al., 2004; Puzzo
t al., 2005). Amyloid peptides affect NMDA-receptor traf-
cking, eventually mediated by alpha-7 nicotinic receptors
nd modulation of PP2B and STEP, resulting in tyrosine
hosphorylation of NR2B and affecting NR2B expression
Snyder et al., 2005, and references therein).

Amyloid peptides have been implicated in several other
ignaling cascades, i.e. inhibition of the PKA/CREB pathway
nd activation of the nitric oxide/cGMP/cAMP-responsive
lement-binding protein pathway (Vitolo et al., 2002; Puzzo
t al., 2005). Pharmacological studies suggested roles for sev-
ral kinases in amyloid induced LTP impairment, including
38MAPK (p38 mitogen-activated protein kinase), JNK (c-
un N-terminal protein kinase), and cdk5 (cyclin-dependent
inase 5) (Wang et al., 2004).

Recently, amyloid peptides were reported to employ sig-
aling pathways of LTD (like calcineurin and p38 MAP
inase activity) to drive endocytosis of AMPA-receptors, a
rocess sufficient to produce loss of dendritic spines (Hsieh
t al., 2006; Shankar et al., 2007). While deregulation of
inases and phosphatases might directly affect the phospho-
ylation of NMDA-receptor and its surface expression, also

ndirect effects might contribute like deregulation of glu-
amate receptor anchoring proteins (e.g. PSD-95), proteins
nteracting with glutamate receptors (e.g. EphB-receptor) or
roteins associated with the actin-cytoskeleton like drebrin,
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pinophilin. Furthermore, ADDLs have been reported to
nduce abnormal expression of the immediate early gene Arc
activity-regulated cytoskeletal-associated) protein (Lacor et
l., 2004). Arc protein is a synaptic F-actin coupled and
emory-related protein, in a manner predicted to cause

bnormal spine shape and receptor trafficking (Lacor et al.,
004, 2007).

It follows that the exact sequence of events leading from
myloid to decreased NMDA-receptor expression remains
nclear and that the exact contribution of the above men-
ioned mechanisms, their hierarchy of actions, parallel or
equential, are all to be determined in detail. It must how-
ver be concluded that amyloid peptide induced synaptic loss
oes involve NMDA-receptor dysfunction (Lacor et al., 2007;
hankar et al., 2007), indicating that this is an “early” event

n the amyloid induced synaptic changes. Our in vitro data
resented here are in line with the published data, which are
xtended now in vivo and correlated to electrophysiological,
ehavioral and biochemical analyses.

Long-term potentiation in the hippocampal CA1 region
as been intensely studied as a mechanism of learning and
emory at the cellular level, yielding a detailed insight

n the molecular mechanisms involved. Recently, the func-
ional link between long-term potentiation, the best studied
orm of synaptic plasticity, and memory became corrobo-
ated by the demonstration of LTP in vivo in a hippocampus
ependent learning task (Whitlock et al., 2006). LTP in
ippocampal CA1 can be initiated by Ca2+ entry through
MDA-receptors (Bliss and Collingridge, 1993). NMDA-
ependent Ca2+ influx thereby triggers a biochemical cascade
hat includes the activation of �-CaMKII by phosphorylation
t Threonine 268 and translocation to the postsynaptic den-
ity and eventually the activation of immediate early genes
IEGs) like c-Fos (Fleischmann et al., 2003). Activation of
ignaling pathways following NMDA-receptor activation or
etanic stimulation was demonstrated to be disrupted by sol-
ble A� oligomers in vitro (Vitolo et al., 2002; Snyder et al.,
005; Puzzo et al., 2005; Almeida et al., 2005), but analy-
is of the signaling cascades that are deregulated by amyloid
eptides in vivo is lacking. In hippocampus and amygdala
he immediate early gene c-Fos is induced following training
n a variety of learning tasks (Miyamoto, 2006; Tischmeyer
nd Grimm, 1999), while c-Fos deficiency impairs mem-
ry (Fleischmann et al., 2003). Several studies demonstrated
ssociation between NMDA-receptor activity and c-Fos reg-
lation in different models of synaptic plasticity (Cole et al.,
989; Herrera and Robertson, 1990; Aronin et al., 1991) as
ell as in long-term memory formation (Fleischmann et al.,
003; Savonenko et al., 2003) (for reviews, Kaczmarek and
haudhuri, 1997; Platenik et al., 2000; Kaczmarek, 2002).
e here report for the first time decreased concentrations of

ctivated and translocated �-CamkII in postsynaptic densi-

ies of APP[V717I] transgenic mice. Moreover, training in
he fear conditioning paradigm impaired the induction of c-
os protein in the hippocampus, and to a lesser extent in the
mygdala of APP[V717I] transgenic mice, indicating that
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he induction of immediate early genes by learning induced
MDA-dependent signaling cascades is deregulated also in
ivo.

In summary, our data demonstrate that A�oligo affect
MDA-receptor function, and suggest no direct phar-
acological inhibitory effect on NMDA-receptors, but

ndicate that A�oligo rather contribute to synaptic fail-
re by affecting synaptic expression of NMDA-receptor
ubunit NR2B and other synaptic proteins. We further-
ore report decreased NMDA-receptor and AMPA-receptor

esponses in APP[V717I] transgenic mice in hippocampal
A1 region, correlating with colocalization of NR2B and
myloid peptides in this region. The functional changes
ere further associated with decreased expression of NR2B,
SD-95 and activated �-CamKII in the postsynaptic densi-

ies in brains of APP[V717I] transgenic mice. Finally the
hanges in NMDA-receptor function and expression were
ssociated with deregulation of learning induced signaling
ascades as induction of c-Fos following fear conditioning
as significantly impaired in hippocampus and amygdala
f APP[V717I] transgenic mice. Our data yield insight
n the mechanisms involved in synaptic plasticity in vivo
n APP[V717I] transgenic mice, a model that mimics the
arly stages of Alzheimer’s Disease. We believe that a
omplete understanding of the early phases of AD, charac-
erized by early synaptic defects is not only fundamentally
mportant but is also absolutely required for the develop-

ent of therapeutic strategies that aim at curing AD at a
tage that the damage is still reversible. Our data thereby
ain insight in the mechanisms involved in early synap-
ic dysfunction, one of the most important targets for AD
herapy.
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