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According to the “amyloid hypothesis of Alzheimer’s
disease,” �-amyloid is the primary driving force in
Alzheimer’s disease pathogenesis. Despite the devel-
opment of many transgenic mouse lines developing
abundant �-amyloid-containing plaques in the brain,
the actual link between amyloid plaques and neuron
loss has not been clearly established, as reports on
neuron loss in these models have remained contro-
versial. We investigated transgenic mice expressing
human mutant amyloid precursor protein APP751
(KM670/671NL and V717I) and human mutant prese-
nilin-1 (PS-1 M146L). Stereologic and image analyses
revealed substantial age-related neuron loss in the
hippocampal pyramidal cell layer of APP/PS-1 double-
transgenic mice. The loss of neurons was observed at
sites of A� aggregation and surrounding astrocytes
but, most importantly, was also clearly observed in

areas of the parenchyma distant from plaques. These
findings point to the potential involvement of more
than one mechanism in hippocampal neuron loss in
this APP/PS-1 double-transgenic mouse model of Alz-
heimer’s disease. (Am J Pathol 2004, 164:1495–1502)

The neuropathology of Alzheimer’s disease (AD) is char-
acterized by aggregates of extracellular �-amyloid (A�),
the formation of neurofibrillary tangles, neuronal and syn-
aptic dysfunction, and loss of neurons and synapses.1,2

One of the most challenging aspects of the elucidation of
AD pathogenesis is unraveling putative associations and
causative links between these AD hallmarks. According
to the “amyloid hypothesis of AD,” accumulation of A� in
the brain is the primary driving force in AD pathogene-
sis.3 This hypothesis is supported by the fact that muta-
tions in the amyloid precursor protein (APP) and in pre-
senilins 1 (PS-1) and 2, causing early-onset cases of AD,
modify APP processing and result in enhanced genera-
tion of A�.2,3 However, despite the development of vari-
ous APP transgenic mouse models,4–6 the actual link
between amyloid plaques and neuron loss has not been
clearly established.7,8 In particular, reports on neuron
loss in mice transgenic for APP or PS-1 have remained
controversial.8–12 We have recently developed a novel
transgenic mouse model of AD expressing human mutant
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APP751 (carrying the Swedish and London mutations
KM670/671NL and V717I, Thy1 promoter) and human
mutant presenilin-1 (PS-1 M146L, HMG promoter) in neu-
rons.13 With the aim to rigorously investigate whether
production and aggregation of A� or expression of mu-
tant PS-1 may lead to neurotoxicity in vivo, we examined
the hippocampus of APP/PS-1 double-transgenic mice
as well as of mice transgenic only for human mutant PS-1
with detailed design-based quantitative and imaging
techniques (the hippocampus was chosen due to its
central role in the neuropathology of AD). In this article,
we report a substantial age-related loss of hippocampal
pyramidal cells in the APP/PS-1 double-transgenic mice.
Neuronal loss within the hippocampus was greater than
could be explained solely by the accumulation of extra-
cellular �-amyloid. Rather, areas at a distance from
plaques clearly showed loss of neurons. Therefore, we
propose that additional factors significantly contribute to
neuron loss in this model of AD.

Materials and Methods

Transgenic Mice

The following groups of mice were examined: 4.5-month-
old wild-type control mice (n � 6; body weight [BW] �
20.83 � 0.70 grams), 17-month-old wild-type control
mice (n � 6; BW � 29.83 � 2.36 grams), 4.5-month-old
transgenic mice expressing human mutant APP751 (car-
rying the Swedish and London mutations KM670/671NL
and V717I, Thy1 promoter) and human mutant preseni-
lin-1 (PS-1 M146L, HMG promoter; n � 6; BW � 19.67 �
0.22 grams), 17-month-old APP/PS-1 double-transgenic
mice (n � 7; BW � 22.86 � 0.80 grams), and 17-month-
old PS-1 single-transgenic mice (n � 7; BW � 30.43 �
3.05 grams; mice were generated at Centre de Recher-
che de Paris, Vitry sur Seine, France). Recently, a de-
tailed description of these transgenic mice has been
given.13,14 APP/PS-1 double-transgenic mice were gen-
erated by crossing PS-1 (HMG PS1 M146L) homozygous
mice to hemizygous APP (Thy1 APP751 SL) transgenic
mice. The PS-1 mice had been back-crossed on a
C57Bl6 background for more than six generations,
whereas the APP mice were on a CBA (12.5%) � C57Bl6
(87.5%) background. Hemizygous PS-1 littermates were
used in the present study. Control wild-type mice were on
a C57Bl6 background. All mice were female and all ex-
periments were performed in accordance with German
animal protection law.

Tissue Preparation, Immunohistochemistry, and
Lectin Histochemistry

Mice were anesthetized with chloral hydrate and sacri-
ficed by intracardial perfusion fixation with tyrode fol-
lowed by the fixative containing 4% paraformaldehyde,
15% picric acid, and 0.05% glutaraldehyde in phosphate
buffer. Brains were removed rapidly, halved in the me-
diosagittal line, and post-fixed for 2 hours at 4°C in the
fixative, omitting the glutaraldehyde. Brain tissue was

then cryo-protected by immersion in 30% sucrose in
Tris-buffered saline at 4°C overnight. Afterward, brains
were quickly frozen and stored at �80°C until further
processing. The right cerebral hemispheres were cut
frontally into entire series of 30-�m thick sections on a
cryostat (Leica CM 3050, Nussloch, Germany) and were
used for qualitative immunohistochemical visualization,
and for the analysis of dying cells with the terminal de-
oxynucleotidyl transferase [TdT](Boehringer Mannheim,
Indianapolis, IN)-mediated dUTP nick-end labeling
(TUNEL) assay as recently described for frozen sec-
tions.15 The entire left hemispheres were cut sagitally and
every tenth section was mounted on a glass slide, dried,
defatted with Triton X-100, and stained with cresyl violet
as described.16 Another series of every tenth section of
each left hemisphere was used for immunohistochemical
detection and quantification of extracellular A� and GFAP
(ie, glial fibrillary acidic protein as a marker for astro-
cytes). Immunohistochemistry was performed using stan-
dard immunofluorescence-labeling procedures. The fol-
lowing primary antibodies were used: monoclonal mouse
anti-GFAP 1:1600 (Sigma, St. Louis, MO), polyclonal rab-
bit anti-mouse GFAP 1:1600 (DAKO, Glostrup, Denmark),
monoclonal mouse anti-neuronal nuclei antibody 1:100
(MAB377; Chemicon, Temecula, CA), and rabbit anti-
mouse polyclonal antiserum 730 1:5000 (against human
A� and P3).17 Donkey anti-rabbit IgG Alexa Fluor 488
1:100, donkey anti-rabbit IgG Alexa Fluor 594 1:100, and
donkey anti-mouse IgG Alexa Fluor 488 1:100, (Molecular
Probes, Eugene, OR) were used as secondary antibod-
ies. A third series of every tenth section of each left
hemisphere was used for detection and quantification of
extracellular A� by thioflavine S staining. Finally, lectin
histochemistry with Lycopersicon esculentum (tomato lec-
tin) and bright-field microscopy was used to identify mi-
croglia, according to standard protocols.18 Briefly, tissue
sections were blocked in methanol solution containing
2.5% of a 30% solution of hydrogen peroxide for 2 hours,
incubated with lysis buffer (Hank’s balanced saline solu-
tion containing 1% of each of the following: 1 mol/L
MgCl2, 1 mol/L CaCl2, Tween 20, and bovine serum
albumin) for 2 hours, and left overnight in 1:100 biotinyl-
ated tomato lectin solution (Vector Laboratories, Peter-
borough, UK) made up in lysis buffer. Following rigorous
washes in TBS, lectin binding was visualized using the
standard ABC-HRP method, with 3,3-diaminobenzidine
as chromogen. Negative control sections were incubated
with tomato lectin solution containing the corresponding
inhibitory substrate, 400 mmol/L N-acetylglucosamine.

Photography

All photomicrographs shown in Figure 1 were produced
using a Nikon DXM 1200F digital camera (Nikon, Tokyo,
Japan) and ACT-1 software (Nikon, Tokyo, Japan). Final
images were constructed using Corel Photo-Paint version
11. With respect to Figures 2, 3 and 5, photomicrographs
were produced using an Olympus U-CMAD-2 digital
camera (Tokyo, Japan). Between six and eight images
were captured for the composite in Figures 2 and 3,
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Figure 1. Age-related astrocytosis, aggregation of A� aggregates, and loss of neurons in APP/PS-1 double-transgenic mice. Immunohistochemical analysis of the
hippocampus of control mice (A and B), transgenic mice expressing human mutant presenilin-1 (PS-1 M146L, HMG promoter; C and D), and transgenic mice
expressing human mutant amyloid precursor protein (APP) 751 (KM670/671NL and V717I, Thy1 promoter) and human mutant PS-1 (E to L). A, C, and E:
Representative low-power photomicrographs from the hippocampus of 4.5-month-old mice, showing immunohistochemical staining for GFAP (red) and NeuN (green).
B, D, and F: Representative low-power photomicrographs from the hippocampus of 17-month-old mice, showing immunohistochemical staining for GFAP (red) and
NeuN (green). In all pictures, the dentate gyrus is seen on the left, and the CA3 and hilar region on the right. Note the strong increase in GFAP immunoreactivity in
the APP/PS-1 double-transgenic mice. Furthermore, neuron loss was seen in the pyramidal cell layer of the 17-month-old APP/PS-1 double-transgenic mice (arrows in
F). G and H: Representative low-power photomicrographs from the hippocampus of a 4.5-month-old (G) and a 17-month-old (H) APP/PS-1 double-transgenic mouse
showing immunohistochemical staining for NeuN (red) and �-amyloid 40–42 (A�, green). Note the age-related extracellular A� aggregation and neuron loss in the
APP/PS-1 double-transgenic mice, particularly in the CA3 region. I, K, and L: Representative high-power photomicrographs from the CA2 region of 17-month-old
APP/PS-1 double-transgenic mice, showing immunohistochemical staining for NeuN (red) and A� 40–42 (green) (I), GFAP (red) and A� 40–42 (green) (K), or GFAP
(red) and NeuN (green) (L). There were regions free of neurons in the vicinity of A� aggregations, but neuron loss was also found at distance from A� aggregations
(arrows in I). The regions surrounding the A� aggregations were partly occupied by astrocytes (shown in K). However, the amount of neuron loss exceeded the
accumulation of aggregated A� and surrounding astrocytes (arrows in L). Bar, 250 �m in A to F, 150 �m in G and H, 20 �m in I to L.
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which represent the entire hippocampus. These images
were made into one montage using image software
(AnalySIS-pro, Münster, Germany). Images in Figure 5
were processed with Imaris imaging software (Bitplane,
Zurich, Switzerland). Only minor adjustments of contrast
and brightness were made, which in no case altered the
appearance of the original materials.

Stereologic Analyses

The granule and pyramidal cell layers were delineated on
all cresyl violet-stained sections of the left hemisphere
showing the hippocampus, as recently described.15 Es-
timates of layer volumes were made using Cavalieri’s
principle.19 Total numbers of neurons were evaluated
with the Optical Fractionator (Micro Bright Field, Williston,
VT).20 Table 1 summarizes the details of the counting
procedures. The series of sections from the left hemi-
sphere of the 17-month-old APP/PS-1 double-transgenic
mice stained for A� and GFAP by immunohistochemistry
or with thioflavine S were used to investigate the volume
percentage of the hippocampal cell layers as well as of
the entire hippocampus which was occupied by aggre-
gated A� and surrounding astrocytes. This was per-
formed using point counting methods as described in the
literature.21 For technical reasons, one 17-month-old
APP/PS-1 double-transgenic mouse could not be ana-
lyzed in this way. The percentage of the volume of the
hippocampus occupied by aggregated A� and sur-
rounding astrocytes in the 4.5-month-old APP/PS-1 dou-
ble-transgenic mice was less than 1% and was therefore
not considered further.

Statistical Analysis

Differences between groups were tested with analysis of
variance (analysis of variance) followed by post-hoc Bon-
ferroni’s multiple comparison tests for pair-wise compar-
isons. Correlations between numbers of neurons and
plaque load were tested with linear regression analysis.

Statistical significance was established at P � 0.05. All
calculations were performed using GraphPad Prism version
4.00 for Windows (GraphPad Software, San Diego, CA).

Results

Substantial Age-Related Loss of Hippocampal
Pyramidal Cells in APP/PS-1 Transgenic Mice

Our previous studies have shown that these APP/PS-1
double-transgenic mice express human mutant APP and
PS-1 in various neuronal populations, including the hip-
pocampal pyramidal and granule cells.13 Moreover,
these mice produce intracellular A� and later develop
extracellular A� aggregates, beginning in the cortex,
subiculum, and hippocampus at 3 months of age.13,14 To
directly visualize the effects of expressing human mutant
APP and PS-1 on A� aggregation and on the morphology
of glial and neuronal cells in the mouse hippocampus, we
performed several immunohistochemical analyses on
frontal brain sections. Similar to that found in human AD,
the amount of extracellular A� aggregates increase as
the APP/PS-1 double-transgenic mice age (Figure 1, A to
H). Chronic activation of microglia to form brain macro-
phages was evident in the aged APP/PS-1 animals, par-
ticularly related to plaques but also in the surrounding
parenchyma (Figure 2). Importantly, we observed a clear
age-related loss of neurons in the pyramidal cell layer of
the hippocampus (Figure 1F). We confirmed this qualita-
tive finding quantitatively by conducting a detailed anal-
ysis with design-based stereology on cresyl violet-
stained sagittal sections of the other cerebral
hemispheres (Figure 3 and 4). We found a substantial
loss of pyramidal neurons in the hippocampus of 17-
month-old APP/PS-1 double-transgenic mice compared
to 4.5-month-old APP/PS-1 double-transgenic mice
(�35%; P � 0.001) as well as compared to 4.5-month-old
and 17-month-old wild-type controls (�34% [P � 0.001]
and �25% [P � 0.05], respectively) and to 17-month-old

Figure 2. Representative high-power photomicrographs from the hippocampus of a 17-month-old APP/PS-1 double-transgenic mouse (A) and a 17-month-old
control mouse (B), stained with tomato lectin histochemistry for chronically activated microglia. Note the strong activation of microglia in the hippocampus of
the APP/PS-1 double-transgenic mouse related to plaques (white arrows) but also within the pyramidal cell layer (CA3, black arrows) and within the molecular
layer (arrowheads). Microglial activation was not observed in the hippocampus of 4.5-month-old APP/PS-1 double-transgenic mice or in the hippocampus of
the PS-1 single-transgenic mice (data not shown). Bar, 50 �m.
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PS-1 single-transgenic mice (�31%; P � 0.001). In con-
trast, there was no hippocampal neuron loss in 17-month-

old PS-1 single-transgenic mice as compared to 17-
month-old wild-type controls (P � 0.05), indicating that
the expression of humant mutant PS-1 did not result in
neuron loss per se (Figure 4D).

No Hippocampal Granule Cell Loss in
APP/PS-1 Transgenic Mice

By applying the same methodology to the dentate gyrus,
we did not observe hippocampal granule cell loss at 17
months of age in the APP/PS-1 double-transgenic mice
as compared to 17-month-old PS-1 single-transgenic
mice (P � 0.05), and compared to 17-month-old wild-
type controls (P � 0.05) (Figure 4C).

Less Plaque Load Than the Level of
Hippocampal Pyramidal Cell Loss in
APP/PS-1 Mice

We observed no increase in the local neuron density
surrounding the A� aggregates (see Figure 1, E, F, H, I,
and L as well as Figure 3C). This indicates that extracel-
lular A� has not simply displaced neuronal cell bodies.
Rather the observation of cells positive for both NeuN and
TUNEL reactivity in the immediate vicinity of plaques
(Figure 5) indicated that the observed hippocampal neu-
ron loss in APP/PS-1 double-transgenic mice was, at
least in part, connected to extracellular accumulation of
A�. We therefore attempted to find a correlation between
hippocampal neuron loss and extracellular accumulation
of A� by quantifying the amount of extracellular A� ag-
gregation within different layers of the hippocampus of
the APP/PS-1 double-transgenic mice, using a combina-
tion of immunofluorescence imaging and stereologic
analysis. Interestingly, we found no correlation between
the numbers of hippocampal pyramidal neurons and the
percentage of the volume of either the hippocampal py-
ramidal cell layer or the entire hippocampus occupied by
aggregated A� and surrounding astrocytes (ie, the
plaque load) in the APP/PS-1 double-transgenic mice
(r2 � 0.001 and r2 � 0.080, respectively; Figure 4, F and
H). Importantly, we found the plaque load (averaging
approximately 10%) to be considerably smaller than the
level of hippocampal pyramidal cell loss in these mice
(Figure 4F; results obtained on thioflavine S-stained sec-
tions were even somewhat smaller, details not shown). By
comparison, a higher plaque load than presented here,
was reported within the dentate gyrus of these APP/PS-1
double-transgenic mice in a previous study.14 The poly-
morph layer of the dentate gyrus was included for anal-
ysis in the study by Blanchard et al,14 which showed a
very high amount of plaque load (see also Figure 1H).
Our analysis focused on the granule cell layer of the
dentate gyrus, showing a considerably smaller plaque
load than the polymorph layer (Figure 1H).

To further evaluate this difference between neuron loss
and plaque load, we calculated “reconstructed” numbers
of hippocampal pyramidal cells of the 17-month-old APP/
PS-1 double-transgenic mice on the assumption that the
space within the hippocampal pyramidal cell layer occu-
pied by aggregated A� and surrounding astrocytes
would have contained neurons at the same mean neuro-
nal density as the other parts of this layer. However, the
mean “reconstructed” number of hippocampal pyramidal
cells of the APP/PS-1 double-transgenic mice was signif-

Figure 3. Representative low-power photomicrographs of 30-�m thick
sagittal sections of the hippocampus of 17-month-old control mice (A), mice
transgenic for human mutant presenilin-1 (B), and mice double-transgenic
for human mutant APP751 and human mutant presenilin-1 (C), respectively.
Sections were stained with cresyl violet and represent the same parasagittal
level in the mouse brain (bar, 200 �m). Insets, high-power photomicro-
graphs of the granule cell layers (dentate gyrus, DG) and the pyramidal cell
layers (area CA3) representative of the magnification at which the stereo-
logical estimates were made (bar, 15 �m). Small rectangles depict the
positions at which the inset photomicrographs were taken. Sections like
these were used for quantification of hippocampal volumes and the total
number of hippocampal pyramidal cells and granule cells.

Neuron Loss in APP/PS-1 Transgenic Mice 1499
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icantly smaller than the mean number of hippocampal
pyramidal cells in the 4.5-month-old APP/PS-1 double-
transgenic mice (�28%; P � 0.01) as well as in the
4.5-month-old wild-type controls (�26%; P � 0.05; Figure
4K). This indicated a loss of neurons at sites of A� ag-
gregates and surrounding astrocytes but also, most im-
portantly, neuron loss distanced from A� aggregates.
Accordingly, many regions within the hippocampal pyra-
midal cell layer of the 17-month-old APP/PS-1 double-
transgenic mice were visibly free of neurons, even though
they showed no signs of aggregated A� or astrocytes
(Figure 1L).

Discussion

The expression of human mutant APP and human mutant
PS-1 (but not human mutant PS-1 alone) caused substan-
tial hippocampal pyramidal cell loss in the present trans-
genic model of AD. The lack of correlation between the
numbers of pyramidal cells and the plaque load was in

line with a study reporting little or no correlation between
the level of neuron loss and the amount of extracellular
A� in human AD.22 However, one cannot entirely exclude
that the lack of correlation between the number of pyra-
midal cells and the plaque load within the hippocampus
of the 17-month-old APP/PS-1 double-transgenic mice
was due to inter-individual variation in the number of
hippocampal neurons between these mice before the
onset of AD-like pathology (see supporting data on ww-
w.amjpathol.org). A previous study reported significant
neuron loss in the hippocampal CA1 region in APP trans-
genic mice which seemed to correlate well with the
amount of extracellular A� aggregates within the hip-
pocampus.9 In this study by Calhoun et al,9 however, the
correlation was based on inclusion of both homozygous
and hemizygous transgenic mice in the calculations, with
the latter showing hardly any extracellular A� aggregates
and normal neuron numbers (see supporting data). Other
studies have failed to find hippocampal neuron loss in
APP and APP/PS-1 transgenic mouse models.10,11 Fur-

Figure 4. Results of stereologic examinations. Control mice (C), transgenic mice expressing human mutant presenilin-1 (PS-1), and transgenic mice expressing
human mutant amyloid precursor protein and human mutant PS-1 (APP/PS-1) were compared. A, C, E, G, and I: Results obtained for the left hippocampal granule
cell layer (dentate gyrus). B, D, F, H, and K: Results obtained for the left hippocampal pyramidal cell layer (CA1–3). A and B: Volumes of the cell layers. C and
D: Numbers of neurons. E and F: Correlation between numbers of neurons (y-axis) and the percentage of the volume of the corresponding cell layer occupied
by aggregated A� and surrounding astrocytes in the APP/PS-1 double-transgenic mice (x-axis). G and H: Correlation between numbers of neurons (y-axis) and
the percentage of the volume of the entire hippocampus occupied by aggregated A� and surrounding astrocytes in the APP/PS-1 double-transgenic mice (x-axis).
I and K: “Reconstructed” numbers of neurons, calculated assuming that in the hippocampus of the APP/PS-1 double-transgenic mice, the space within the
corresponding cell layer occupied by aggregated A� and surrounding astrocytes would have contained neurons at the same mean neuronal density as the other
parts of the corresponding cell layer. Dots represent individual data; lines represent mean data. M4.5, 4.5-month-old animals; M17, 17-month-old animals. *, P �
0.05; **, P � 0.01; ***, P � 0.001. In E to H, the curves indicate the upper and lower boundaries of the 95% confidence intervals of the corresponding regression
lines. In all cases, the slope of the regression line was not statistically significantly different from zero (P � 0.05). Differences between groups were tested with
analysis of variance (analysis of variance), followed by post-hoc Bonferroni’s multiple comparison tests for pair-wise comparisons. Statistical significance was
established at P � 0.05.

Table 1. Details of Counting Procedures to Evaluate Total Numbers of Neurons

Type of neuron Obj B (�m2) H (�m2) D (�m) t (�m) � OD � Q� CEpred[n]

Pyramidal cells 100� 591 5 100 8.4 342 1246 0.029
(CA1-CA3)
Granule cells 100� 591 5 100 8.4 158 1617 0.025
(dentate gyrus)

Obj., objective used; B and H, base and height of the optical disectors; D, distance between the optical disectors in orthogonal directions x and y;
t, measured actual average section thickness after histologic processing; � OD, average sum of optical disectors used; � Q�, average number of
neurons counted; CEpred[n], average predicted coefficient of error of the estimated total numbers of neurons.20

1500 Schmitz et al
AJP April 2004, Vol. 164, No. 4



thermore, a recent confocal analysis of APP transgenic
mice and human postmortem tissue indicated that neu-
ronal toxicity in AD is primarily associated with thioflavine-
S-positive fibrillary A� deposits.8 However, correlations
between the level of these deposits and actual neuron
loss were not demonstrated. Altogether, we assume that,
besides differences in quantitative analysis, the expres-
sion levels of APP and PS-1, the amount of generated A�,
and the time interval between the beginning of A� forma-
tion and the analysis of neuron loss were the major fac-
tors responsible for the differences between the present
and the previous studies8–11 on APP transgenic lines.
Finally, it has been suggested that mutated PS-1 may
already result in “degenerative-looking” neurons in the
hippocampus of transgenic mice.12 The authors of this
article concluded that PS-1 mutations may result in ac-
celerated age-related neurodegeneration, although they
did not conduct a detailed quantitative analysis of neuron
loss. We could not confirm this hypothesis in our study.

The results of the present study point to the involve-
ment of more than one mechanism in hippocampal neu-
ron loss in this APP/PS-1 double-transgenic mouse model
of AD. The first mechanism (replacement of neurons by
extracellular A� aggregates and surrounding astrocytes;
Figure 1, I, K, and L) confirms the recently introduced
concept of focal toxic A� deposits with a toxic gradient.8

In this respect, the role of reactive astrocytes around
neuropil A� deposits is still enigmatic. On the one hand,
the presence of astrocytes has been demonstrated to
enhance A�-induced neurotoxicity in hippocampal cell
cultures.23 On the other hand, adult mouse astrocytes
have been shown to degrade A� in vitro and in vivo.24

Similarly, whereas chronically activated microglia are
known to associate with A� plaques in human AD25,26

and in experimental conditions,27 their presence addi-
tionally within the neuropil points to a more widespread
and plaque-unrelated response in the APP/PS-1 double-
transgenic mice. With respect to the neuron loss which
cannot be explained by the concept of focal toxic A�
deposits with a toxic gradient, it is tempting to speculate
that the additional mechanisms are similar (or even iden-
tical) to those involved in alterations of synaptic, physio-
logical, and behavioral functions in other transgenic AD
models before the onset of extracellular A� aggrega-
tion.28,29 In this context, abundant intraneuronal A�40
and A�42 with concurrent neuronal stress markers has

been demonstrated before plaque formation in the
present APP/PS-1 mouse model.13,14 Therefore, part of
the hippocampal neuron loss may be caused by high
levels of intraneuronal A� independent of extracellular A�
aggregates. The soluble pool (intracellular and extracel-
lular) of A� may also contribute to neurodegeneration,
since soluble A� levels correlate better than insoluble
(extracellularly aggregated) A� levels with the severity of
AD30 and since a spatial segregation of A�-oligomeres
and thioflavine-S-positive deposits has recently been de-
scribed.31 Thus, APP/PS-1 mice allow us to determine the
exact roles of intracellular and extracellular A� in hip-
pocampal neuronal toxicity and to investigate the mech-
anisms of neuron loss in vivo.
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