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Abstract Abeta accumulation has an important function

in the etiology of Alzheimer’s disease (AD) with its typical

clinical symptoms, like memory impairment and changes

in personality. However, the mode of this toxic activity is

still a matter of scientific debate. We used the APP/PS1KI

mouse model for AD, because it is the only model so far

which develops 50% hippocampal CA1 neuron loss at the

age of 1 year. Previously, we have shown that this model

develops severe learning deficits occurring much earlier at

the age of 6 months. This observation prompted us to study

the anatomical and cellular basis at this time point in more

detail. In the current report, we observed that at 6 months

of age there is already a 33% CA1 neuron loss and an 18%

atrophy of the hippocampus, together with a drastic

reduction of long-term potentiation and disrupted paired

pulse facilitation. Interestingly, at 4 months of age, there

was no long-term potentiation deficit in CA1. This was

accompanied by reduced levels of pre- and post-synaptic

markers. We also observed that intraneuronal and total

amount of different Abeta peptides including N-modified,

fibrillar and oligomeric Abeta species increased and coin-

cided well with CA1 neuron loss. Overall, these data

provide the basis for the observed robust working memory

deficits in this mouse model for AD at 6 months of age.

Keywords Neuron loss � Synaptic plasticity � Amyloid �
Atrophy � Pyroglutamate � Intraneuronal Abeta �
Oligomeres � LTP

Introduction

Transgenic mouse models are valuable tools to study the

etiology of human disorders, like Alzheimer’s disease

(AD). Many AD mouse models have been described so far,

however, none of them exhibits all AD-typical hallmarks.

Early pathological changes, such as deficits in synaptic

transmission [16], changes in behavior, differential gluta-

mate responses and deficits in long-term potentiation were

reported in mouse models for AD overexpressing amyloid

precursor protein (APP), the precursor of Ab peptides [26].

Learning deficits [1, 14, 29, 33] were evident in different

APP models, however, Ab-amyloid deposition did not

correlate with the behavioral phenotype [15]. The molecular

mechanism of Ab initiating the neurodegenerative process

remains so far unknown. In the past, toxic Ab has been

regarded as acting extracellulary, while recent evidence

points to toxic effects of Ab in intracellular compartments

(see [43, 47] for review). Moreover, it is now generally

accepted that the conformation of the most toxic forms of

Ab are oligomers, in addition to aggregated b-sheet con-

taining amyloid fibrils [19, 40]. It has been demonstrated

that soluble oligomeric Ab42, and not plaque-associated Ab
correlates best with cognitive dysfunction in AD [25, 27].

Moreover, oligomeres are formed preferentially within

neuronal processes and synapses rather than extracellu-

larly [41, 44]. Previously, we have reported that transient

intraneuronal Abeta rather than extracellular plaque

pathology correlates with neuron loss in the frontal cortex

of APP/PS1KI mice [5].
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In the present work, we used APP/PS1KI mice,

expressing transgenic human mutant APP751 including the

Swedish and London mutations on a murine knock-in (KI)

Presenilin 1 (PS1) background with two FAD-linked

mutations (PS1M233T and PS1L235P). Ab42 comprises 85%

of total Ab in this model, consisting of full-length and

heterogeneous N-terminal modified Ab variants. This is the

only mouse model so far, developing abundant hippo-

campal neuron loss at the age of 1 year [2]. We have

shown previously that these mice exhibit severe and early

learning deficits at the age of 6 months [46]. This obser-

vation prompted us to study the basis of these early

learning deficits using anatomical and physiological tech-

niques in more detail in the present report. We observed

that intraneuronal accumulation of different Ab peptides,

together with overall accumulation of fibrillar and oligo-

meric species, coincided with 30% CA1 neuron loss, 18%

hippocampus atrophy, and drastic reduction of synaptic

plasticity.

Materials and methods

Transgenic mice

The generation of APP/PS1KI mice has been described

previously [2]. All mice named as PS1KI were homozy-

gous for the mutant PS1 knock-in transgene (KI). The APP/

PS1KI mice harbored one hemizygous APP751SL trans-

gene in addition to homozygous PS1KI. The mice were

backcrossed for more than ten generations on a C57BL/6J

genetic background. APP/PS1KI were crossed with PS1KI

mice generating again APP/PS1KI and PS1KI mice,

therefore all offspring carried homozygous PS1KI alleles.

Mice carrying the additional APP transgene were identified

by tail biopsy followed by PCR specific for the APP

transgene sequence (forward primer: 50-GTAGCAGAG

GAGGAAGAAGTG-30; reverse primer: 50-CATGACCTG

GGACATTCTC-30). Only littermates were used for the

described experiments. Hemizygous APP/PS1KI mice

(hemizygous for PS1KI and for APP) were generated by

backcrossing APP/PS1KI mice with wildtype C57Bl6/J6

mice. All animals were handled according to German

guidelines for animal care.

Immunohistochemistry and histology

Mice were anaesthetized and transcardially perfused with

ice-cold phosphate-buffered saline (PBS) followed by 4%

paraformaldehyde. Brain samples were carefully dissected

and post-fixed in 4% phosphate-buffered formalin at 4�C.

Immunohistochemistry was performed on 4 lm paraffin

sections as described previously [48]. We used antibodies

against N-unmodified Ab at position 1 [AbN1(D)], race-

mized aspartate at position 1 [AbN1(rD)], against

pyroglutamate at position 3 [AbN3(pE)] (generous gift of

Dr. T. Saido, RIKEN Institute, Japan) [36], and OC anti-

body detecting fibrillar oligomers (generous gift of Drs. C.

Glabe and R. Kayed) [18]. Biotinylated secondary anti-

rabbit and anti-mouse antibodies (1:200) were purchased

from DAKO. Staining was visualized using the ABC

method, with a Vectastain kit (Vector Laboratories) and

diaminobenzidine as chromogen. Counterstaining was

carried out with hematoxylin.

Immunohistochemical quantification of Ab peptides

Three hippocampal sections from each APP/PS1KI mouse

(n = 5), which were at least 50 lm far from each other,

were randomly chosen and stained with antibodies against

N-modified and fibrillar Ab. Quantification of the relative

density of intraneuronal immunoreactivity was done using

the software program Cell F (Olympus) in single optical

images. For this purpose, high-magnification images

(4009) of amyloid plaque-free CA1 regions were taken.

After defining the color threshold, which remains unchan-

ged during measurement of the whole series, the CA1

granule cell layer was manually delineated as the region of

interest. The image was then binarized and a relative

staining intensity of the surface area in the defined region

of interest was calculated. For quantification of the total

hippocampal Ab load, lower magnification (1009) images

were used and the whole hippocampus was manually

delineated as the region of interest. All images were taken

using an Olympus BX-51 microscope equipped with an

Olympus DP-50 camera. All data are given as mean

values ± SEM.

Stereologic quantification of total numbers of neurons

Mice were anaesthetized and transcardially perfused as

previously described [38]. The brains were carefully

removed from the skull, post-fixed for 2 h and dissected.

The left brain halves were cryoprotected in 30% sucrose,

quickly frozen and cut frontally into series of 30 lm thick

sections. Every tenth section was systematically sampled,

stained with cresyl violet and used for stereological anal-

ysis of the hippocampal volume and the number of CA1

neurons. The hippocampal cell layer CA1 was delineated

on cresyl violet-stained sections. Using a stereology

workstation (StereoInvestigator; MicroBrightField, Willis-

ton, VT, USA) and a 1009 oil lens, all neurons whose

nucleus top came into focus were counted using the Optical

Fractionator. In addition, volumes of the investigated brain

regions were calculated from the delineated areas with

Cavalieri’s principle.
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Protein extraction

For dot blot assays and western blotting, proteins were

homogenized in a Dounce-homogenizer in 2.5 ml 2% SDS,

containing complete protease inhibitor (Roche). Homoge-

nates were sonified for 30 s and subsequently centrifuged

at 80,000g for 1 h at 4�C. The supernatants were imme-

diately frozen and stored at -80�C until further analysis.

For synaptosome enrichment, brain hemispheres were

homogenized in 109 volume of 0.32 M sucrose, 5 mM

HEPES, pH 7.5 including complete protease inhibitor

(Roche) using a glass-teflon homogenizer. Homogenates

were centrifuged at 10,000g for 10 min and the supernatant

was centrifuged at 12,000g for additional 20 min. The

resulting pellet contains the crude synaptosomal fraction.

Dot blot

For the dot blot, protein extracts were applied to nitrocel-

lulose membranes and air dried. Membranes were blocked

in 10% non-fat dry milk in TBS-T (10 mM Tris pH 8.0,

150 mM NaCl, 0.05% Tween 20) and incubated with the

primary antibody (N1D, generous gift of Dr. T. Saido; OC

and I-11 were a generous gift of Drs. C. Glabe and R.

Kayed) for 1 h at room temperature. After washing in

TBS-T, the membranes were incubated with horseradish-

peroxidase conjugated secondary antibodies and developed

using enhanced chemiluminescence. Quantification was

done by densitometry of Dot blot signals using ImageJ

software (NIH, http://rsb.info.nih.gov/ij).

Western blot

Electrophoresis was performed using 4–12% sodium

dodecylsulfate–polyacrylamide gels (Vario-Gel, Anamed,

Germany). Proteins were transferred to nitrocellulose

membranes by semi-dry blotting and membranes were

probed with antibodies against PSD-95, SNAP25 and

neuron-specific clathrin light chain (generous gift from

Synaptic Systems, Göttingen, Germany). Quantification

was done by densitometry of Western blot bands using

ImageJ software (NIH, http://rsb.info.nih.gov/ij). Normal-

ization was carried out using an antibody detecting Tubulin

(Chemicon).

Slice preparation for electrophysiology

Hippocampal slices were prepared using standard methods.

The brain was rapidly removed and cooled in an ice cold

solution containing 87 mM NaCl, 25 mM NaHCO3,

2.5 mM KCl, 1.25 mM NaH2PO4�H2O, 7 mM MgCl2,

0.5 mM CaCl2, 10 mM glucose, 75 mM sucrose. Brain

slices (400 lm) were cut with a vibratome. Slices were

stored submerged at room temperature (20�C) in an artifi-

cial cerebrospinal fluid (ACSF) solution for at least 1.5 h

before recording. The composition of the ACSF solution

was: 136 mM NaCl, 25 mM NaHCO3, 2.5 mM KCl,

1.25 mM NaH2PO4�H2O, 1 mM MgCl2, 2 mM CaCl2,

10 mM glucose. All solutions were bubbled with 95%O2/

5%CO2.

Electrophysiological recording and data analysis

A glass stimulating electrode filled with ACSF solution (1–

5 MX resistance) was placed on the surface of the stratum

radiatum of the hippocampus CA3 area for activation. The

extracellular field potentials were recorded in the stratum

radiatum of area CA1 with another glass electrode filled

with ACSF solution (1–5 MX resistance). Stimuli were

applied by an optically isolated stimulator (model 2100,

A-M Systems Inc., USA). Signals were low-pass filtered at

3 kHz and recorded by a low noise high gain amplifier.

Data were collected at 5 kHz using NeuroMatic (Version

1.86) in Igor Pro (WaveMetrics, Inc, USA) via a PCI 6024

(National Instruments Inc., USA). An input–output curve

was generated to determine the stimulus strength needed to

elicit a half-maximal field excitatory post-synaptic poten-

tial (fEPSP). Baseline fEPSP was determined using the

half-maximal stimulus intensity, and a low stimulation

frequency (0.033 Hz) by a dual-pulse protocol (interpulse

interval was 40 ms). After establishment of the baseline

fEPSP, we determined whether long-term potentiation

(LTP) could be elicited in the slice. The LTP protocol

consisted of three trains of 100 Hz for 1 s, with an interval

of 10 s. After the third high frequency stimulus (HFS), the

baseline stimulus was applied again, and the post-HFS

fEPSP was determined. The amplitude of the first nega-

tive peak of the fEPSP was measured as an index of

synaptic efficacy. Paired pulse facilitation (PPF) was

calculated as the ratio between the second and first neg-

ative peak amplitude of the fEPSP (40 ms interpulse

interval) before (before high frequency stimulation, HFS)

and after LTP (between 15 and 25 min after the last

HFS). LTP was calculated by averaging the normalized

fEPSP amplitude collected between 15 and 25 min after

the last HFS.

Statistical analysis

Differences between groups were tested with either one-

way analysis of variance (ANOVA) or unpaired t tests.

All data were given as mean values ± SEM. Significance

levels were given as follows: ***P \ 0.001; **P \ 0.01;

*P \ 0.05. All calculations were performed using Graph-

Pad Prism version 4.03 for Windows (GraphPad Software,

San Diego, CA, USA).
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Results

Immunohistochemical analysis of Ab peptides

Strong immunoreactivity with antibodies AbN1(D) starting

at position 1 with aspartate, AbN1(rD) starting at position 1

with racemized aspartate, AbN3(pE) starting at position 3

with cyclized glutamate and OC recognizing fibrillar

oligomers was detected already at 2 months of age within

CA1 neurons. Their staining intensity increased signifi-

cantly at the age of 6 months (Fig. 1). PS1KI control

animals were constantly negative (not shown). Quantifi-

cation of the different Ab peptides in CA1 neurons

revealed that all four antibodies showed a strong increased

intraneuronal staining between 2 and 6 months of age,

however, with varying degrees. The amount increased as

follows: AbN1(D) by 301%, AbN1(rD) by 297%,

AbN3(pE) by 435%, and OC by 51%. In addition, the total

Ab load of Ab peptides was assessed in the entire

hippocampal area and showed an age-dependent increase

for AbN1(D) by 529%, for AbN1(rD) by 486%, for

AbN3(pE) by 1,076%, and for OC by 178%. Interestingly,

the spatial pattern of plaque deposition did not correlate

with the observed CA1 neuron loss since extracellular

plaques were not found in a significant amount decorating

the somata of CA1 pyramidal neurons (Fig. 1).

Dot blot analysis of Ab peptides

The antibodies OC and I-11 have been previously shown in

dot blot assays to detect oligomeric and fibrillar Ab species

depending on their conformation. OC recognizes fibrillar

oligomers and mature fibrils, whereas I-11 recognizes only

Ab oligomers [18]. Therefore, we used this established

method to study the accumulation profile of the respective

Ab peptides in dot blots of whole brain protein lysates.

Between 2 and 6 months of age, all antibodies detected

significantly elevated peptide levels (N1D with 227%, I-11

Fig. 1 Representative hippocampus sections and quantification of

6-month-old APP/PS1KI mice stained with antibodies against

Ab forms including peptides starting with aspartate AbN1(D) (a, b),

racemized aspartate AbN1(rD) (c, d), AbN3(pE) against pyrogluta-

mate at position 3 (e, f), and OC against fibrillar oligomers and fibrils

(g, h). Quantitative analysis revealed a significant increase of all Ab

peptides in total hippocampus, as well as in CA1 pyramidal neurons

(i–t) at 6 months compared with 2-month-old APP/PS1KI mice

(n = 5 per group). Values are given as mean values ± SEM,

***P \ 0.001; **P \ 0.01; *P \ 0.05. Scale bars 200 lm

(hippocampus: a, c, e, g) and 50 lm (CA1: i, j, l, m, o, p, r, s)
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with 50% and OC with 157%) (Fig. 2). Antibody I-11 did

not work in immunohistochemistry.

CA1 neuron loss and hippocampus atrophy

Neuronal loss was quantitatively assessed by design-based

stereology. In 6-month-old APP/PS1KI mice, a 33% loss

of pyramidal cells within the pyramidal layer of CA1 in

the hippocampus was detected, compared to 6-month-old

PS1KI littermate control mice (Fig. 3a). Previously we

have demonstrated that 2-month-old APP/PS1KI mice

showed a normal number of CA1 neurons and a 50%

reduction at the age of 1 year [2]. In addition, 6-month-old

APP/PS1KI mice exhibited a decreased volume of the CA1

pyramidal cell layer of 30% (Fig. 3b), and a total hippo-

campal atrophy of 18% (Fig. 3c).

Western blot analysis of pre- and postsynaptic markers

Synaptosome-associated protein of 25 kDa (SNAP25) is a

highly conserved protein anchored to the cytosolic face of

membranes and is required for exocytosis of presynaptic

vesicles. Clathrin consists of heavy chains and light chains.

The neuron-specific light chains are enriched in synaptic

nerve terminals participating in presynaptic vesicle endo-

cytosis. PSD-95 is a major protein at the postsynaptic

density and has an important function in regulating the

surface expression of glutamate receptors, thereby repre-

senting a critical factor regulating synaptic plasticity. We

quantified the levels by Western blot in whole brain extracts

and synaptosome enriched fractions of 2 and 6 month-old

mice. At 2 months, there was no difference between APP/

PS1KI and PS1KI control mice. In whole brain Western

blots only PSD-95 levels were significantly reduced at the

age of 6 months in APP/PS1KI mice (Fig. 4a). Of interest,

the levels of all three markers were significantly decreased in

synaptosome-enriched fractions at that time point (Fig. 4b).

Synaptic transmission

In order to study synaptic plasticity, we recorded field

excitatory postsynaptic potentials (fEPSP) evoked by

stimulation of the Schaffer collaterals in CA1 stratum

radiatum in slices taken from mice at 2, 4 and 6 months

of age. We found no significant differences of fEPSPs

between APP/PS1KI (0.51 ± 0.08 mV) and PS1KI (0.8 ±

Fig. 2 Dot blot analysis of APP/PS1KI brain extracts at 2 and

6 months of age. Values are given as mean values ± SEM

***P \ 0.001; **P \ 0.01; *P \ 0.05

Fig. 3 a Stereological cell

counting of CA1 neurons of

6-month-old APP/PS1KI

(n = 7) and PS1KI

(n = 6) mice revealed a 33%

reduction. b A significant

difference in the volume

of the CA1 pyramidal layer

was detected at 6 months,

corresponding to a reduction

of 30% (n = 6–7 per group).

c This results in an overall

hippocampus volume reduction

of 18%. d Representative

sections of cresyl-violett stained

PS1KI and APP/PS1KI mice

e at 6 months of age. Values are

given as mean values ± SEM,

**P \ 0.01; *P \ 0.05
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0.17 mV) mice at the age of 2 months. At 6 months of age,

we observed a significant reduction of fEPSPs in APP/

PS1KI (0.26 ± 0.05 mV) compared to PS1KI mice

(0.80 ± 0.17 mV) (Fig. 5a). We next examined long-last-

ing synaptic plasticity in hippocampal slices from mice at 2,

4 and 6 months of age by inducing long-term potentiation

(LTP) by tetanic stimulation. While no difference in

LTP was observed at 2 months between APP/PS1KI

(184.0 ± 13.2%) and PS1KI (162.9 ± 13.3%) and at

4 months of age between APP/PS1KI (155.4 ± 8.5%) and

PS1KI (161.2 ± 8.4%), at 6 months of age, APP/PS1KI

mice (106.3 ± 9.3%) showed a dramatic reduction. APP/

PS1KI hemizygous (with only 1 knock-in PS1 allele;

175.2 ± 16.3%), PS1KI (167.2 ± 8.2%) and wildtype

controls (169.6 ± 7.0%) showed the normal LTP pattern

(Fig. 5b–e). To analyze short-term synaptic plasticity, we

calculated PPF before and after LTP induction. At the age

of 6 months, WT and PS1KI mice exhibited a robust PPF,

which was significantly lower after induction of LTP. APP/

PS1KI mice failed to show this pattern and elicited no

significant difference at both time points. This lack of dif-

ference was attributable to a reduced PPF ratio before LTP

rather than after LTP (Fig. 5f).

Discussion

The data presented herein provide evidence that intraneu-

ronal accumulation of different Ab peptides correlates well

with a robust deficiency in synaptic transmission, neuron

loss, and hippocampus atrophy in the APP/PS1KI mouse

model for AD. Despite the fact that plaque-associated Ab
also increases with age, the spatial distribution did not match

with the pattern of neuron loss. In addition, a possible toxic

effect of soluble Ab species is likely to be negligible,

because other groups of neurons like dentate gyrus granule

cells, which do not accumulate intraneuronal Ab are unaf-

fected. Previously, we also have shown that (a) 85% of total

Ab in APP/PS1KI mice consist of Ab42, (b) that 1-year-old

mice exhibit a 50% CA1 neuron loss [2], and (c) that robust

learning deficits occur already at 6 months of age [46].

An emerging role of intracellular Ab accumulation has

been previously shown in human AD [7, 12]. It has been

observed that Ab localizes predominantly to abnormal

endosomes [3], multivesicular bodies and within pre- and

postsynaptic compartments [22, 42]. Takahashi et al. [41]

demonstrated that Ab42 aggregates into oligomers within

endosomal vesicles and along microtubules of neuronal

processes, both in Tg2576 neurons with time in culture, as

well as in Tg2576 and human AD brain. In good agreement

with these reports, we observed that different Ab peptides

strongly accumulate within CA1 neurons in the critical

period between 2 and 6 months of age. Pyroglutamate

AbN3(pE) species have been reported to be the dominant

Ab species in AD brain [36]. AbN3(pE)-42 has a higher

aggregation rate and shows an increased toxicity compared

to full-length Ab [13, 35] and in addition, N3(pE)-modified

peptides display an up to 250-fold increased acceleration of

the initial formation of Ab aggregates [37]. In the present

report, AbN3(pE) showed the strongest relative increase in

the accumulation profile, compared to the other investi-

gated Ab peptides. As expected, we also observed an age-

dependent increase of fibrillar and oligomeric Ab species

as shown by immunohistochemical and dot blot assays, as

it has been previously shown in the 3xTg-AD mouse model

[31]. Soluble oligomeric Ab42, and not plaque-associated

Ab correlates best with cognitive dysfunction in AD [25,

27]. Oligomers are formed preferentially intracellulary

within neuronal processes and synapses rather than

Fig. 4 Western blot analysis of pre- (clathrin light chain; SNAP25)

and post-synaptic markers (PSD-95). a While in whole brain lysates,

only the levels of PSD-95 declined significantly, b the levels of all

synaptic markers were decreased in synaptosome enriched fractions in

6-month-old APP/PS1KI mice. At 2 months, there was no difference

between APP/PS1KI and PS1KI control mice. Values are given as

mean values ± SEM, ***P \ 0.001; **P \ 0.01, *P \ 0.05
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extracellularly [41, 44], and cause synaptic alterations [20,

21]. On the other side, previous studies using post-mortem

AD brain sections have shown that intraneuronal Ab
immunoreactivity is not a predictor of brain amyloidosis,

neurofibrillary degeneration or neuronal loss [45].

Impairment of basal synaptic transmission has been

shown in a variety of other APP transgenic mouse models

[9, 16, 26]. In addition, deficits in induction of long-term

synaptic changes have also been observed in several APP

transgenic lines, like PDAPP mice [10, 23], APP London

[8, 26], Tg2576 [4] and the 3xTg-AD line [30].

In good agreement with these studies, we have shown that

the APP/PS1KI mouse line also exhibits strong deficits in

synaptic plasticity expressed LTP. Schaeffer collateral LTP

is considered a post-synaptic form of LTP in which activa-

tion of NMDA receptors leads to calcium entry, which then

induces LTP [6, 24, 28]. We observed that APP/PS1KI mice

with only one mutant PS1 allele, wildtype and PS1KI mice

showed a normal LTP pattern at 6 months. Previously,

synaptic transmission and hippocampal LTP has been shown

to be already altered in transgenic mice overexpressing only

FAD linked PS1 mutations [32, 39]. Therefore, the normal

LTP pattern in PS1KI control mice could be due to low

expression levels of endogenous murine PS1. We speculate

that there is a narrow period for the onset of the synaptotoxic

effect as (1) 4-month-old APP/PS1KI mice, and (2)

6-month-old APP/PS1KI hemizygous mice with only one

PS1 knock-in allele show no synaptic deficits. The LTP

normal pattern in 6-month-old APP/PS1KI hemizygous

mice also demonstrate that mutant APP751 Swedish/

London expression alone is not sufficient to elicit an effect.

The reduced LTP in 6-month-old APP/PS1KI mice is

corroborated by strongly reduced levels of the pre- and

postsynaptic markers in the synaptosome fraction. Inter-

estingly, post-synaptic density protein PSD-95 level was

already reduced in whole brain fractions, which might

indicate a stronger pathological effect at the post-synaptic

site.

Fig. 5 Electrophysiological

recordings of hippocampus

slices. a Half-maximal field

excitatory post-synaptic

potentiation (fEPSP) of

APP/PS1KI and PS1KI

demonstrate an age-dependent

significant decrease of fEPSP in

APP/PS1KI mice.

b Quantitative analysis of LTP

at 2, 4 and 6 months of age.

c The pattern of LTP was

similar in 2-month-old

APP/PS1KI (6 slices/5 mice)

and PS1KI mice (n = 5/4).

d The pattern of LTP was also

similar in

4-month-old APP/PS1KI

(9 slices/3 mice) and PS1KI

mice (n = 7 slices/3 mice).

e LTP was almost abolished in

APP/PS1KI

(n = 4 slices/3 mice), compared

to WT (n = 8 slices/5 mice) and

PS1KI control mice (n = 10

slices/4 mice) at the age of

6 months. f As expected the

difference between PPF before

and after high frequency

stimulation was significantly

reduced from that induced prior

to HFS in PS1KI and WT

control mice. This normal PPF

pattern was clearly absent in

6-month-old APP/PS1KI mice.

All data are given as mean

values ± SEM ***P \ 0.001;

**P \ 0.01; *P \ 0.05
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Volumetric measures of the hippocampus correlate well

with neuropathological markers to identify non-demented

individuals at risk to develop AD at a later age [11]. How-

ever, APP transgenic mouse models have not been reported

to develop considerable age-dependent hippocampal

atrophy. PDAPP mice revealed a 12.3% reduction of hip-

pocampus volume in transgenic mice compared with

wildtype controls. This reduction persisted without pro-

gression to an age of 21 months [34], thereby representing a

pattern more compatible with a developmental process. We

have shown in the present report that APP/PS1KI mice

develop hippocampal atrophy at the age of 6 months,

thereby reflecting an additional hallmark of human AD

pathology. The observed volume reduction is in the range of

patients with mild cognitive impairment (for example [17]).

In conclusion, we provide evidence that a variety of

different Ab peptides accumulate intra- and extracellularly

in the critical period between 2 and 6 months. Some of

these peptides, like AbN3pE and oligomeric species have

been reported to possess highly toxic properties. This

coincided with hippocampus atrophy, beginning CA1

neuron loss and synaptic failure, thereby linking Ab
accumulation with neurodegenerative mechanisms. These

observations also provide additional evidence that Ab is

able to trigger typical neurodegenerative mechanisms in

AD independent of neurofibrillary tangle formation.
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