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Abstract

Transgenic mouse models with knock-in (KI) expression of human mutant amyloid precursor

protein (APP) and/or human presenilin 1 (PS1) may be helpful to elucidate the cellular

consequences of APP and PS1 misprocessing in the aging brain. Age-related alterations in total

numbers of neurons and in numbers of synaptophysin-immunoreactive presynaptic boutons

(SIPB), as well as the amyloid plaque load were analyzed in the hippocampal dentate gyrus (DG),

CA3, and CA1–2 of 2- and 10-month-old APPSL/PS1 homozygous KI, APPSL (expressing human

mutant APP751 carrying the Swedish [K670N/M671L] and London [V717I] mutations under

Thy-1 promoter), and PS1 homozygous KI mice (expressing human PS1 mutations [M233T and

L235P]). APPSL/PS1 homozygous KI mice, but neither APPSL mice nor PS1 homozygous KI

mice, showed substantial age-related loss of neurons (−47.2%) and SIPB (−22.6%), specifically in

CA1–2. PS1 homozygous KI mice showed an age-related increase in hippocampal granule cell

numbers (+37.9%). Loss of neurons and SIPB greatly exceeded the amount of local extracellular

Aβ aggregation and astrocytes, whereas region-specific accumulation of intraneuronal Aβ
preceded neuron and synapse loss. An age-related increase in the ratio of SIPB to neuron numbers

in CA1–2 of APPSL/PS1 homozygous KI mice was suggestive of compensatory synaptic

plasticity. These findings indicate a region-selectivity in intra- and extraneuronal Aβ accumulation

in connection with neuron and synapse loss in the hippocampus of APPSL/PS1 homozygous KI

mice.
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1. Introduction

The mechanistic relationships among the neuropathologic hallmarks of Alzheimer’s disease

(AD) remain incompletely understood. Early synaptic dysfunction and neuron loss in

hippocampal and neocortical circuits are nowadays considered the strongest correlates of

cognitive decline in AD [1–4]. Supported by compelling genetic data on early-onset familial

AD, the amyloid beta-peptide (Aβ)-centric theory holds that Aβ is involved in the

pathogenesis of sporadic AD [2,5], although in recent years this view has been challenged

[6,7]. While different species and forms of Aβ aggregates exist, Aβ42 has recently been

suggested to be the most pathogenic [8]. In addition, differential toxicity may exist between

extracellular aggregates of thioflavin S-positive plaques, soluble Aβ aggregations in the

form of oligomers, and intracellular Aβ species [9–11].

The elucidation of the cascade of events and the contribution of human mutant amyloid

precursor protein (APP), human presenilin 1 (PS1), and the various species and forms of Aβ
to age-related neuron and synapse loss is far from conclusive [12–18]. Our initial study on

4.5- and 17-month-old double transgenic APP751SL/PS1M146L mice revealed significant

age-related loss of synaptophysin-immunoreactive presynaptic boutons (SIPB) extending

beyond the regions of extracellular Aβ deposits but in association with intraneuronal Aβ
[15]. Moreover, a 30% loss of hippocampal neurons in 17-month-old APP751SL/PS1M146L

mice (APP751SL mice that carry the Swedish and London mutations KM670/671NL and

V717I under the control of the Thy-1 promoter together with human mutant PS1 M146L

under the control of the HMG promoter) was shown to be largely plaque-independent [11],

reinforcing the idea of complex interactions between neuron loss, Aβ deposits, intraneuronal

Aβ, and PS1-mediated effects on hippocampal synaptic and neuronal integrity.

To gain further insight into the mechanistic relationship between neuron and synapse loss, as

well as the impact of mutant PS1 on impairments of synaptic function apart from its

contribution to altered APP processing and Aβ generation, we used in the present study the

homozygous APPSL/PS1ho KI mouse model, that express two mutations in the human APP

gene as well as two human PS1 mutations knocked-in into the mouse PS1 gene in a

homozygous (ho) manner. Coexpression of M233T/L235P mutations into the endogenous

PS1 locus potentiates pathology to the extent that some lines begin to develop intraneuronal

Aβ at about 2 months of age [19], followed by the development of neuritic plaques in

neocortex and hippocampus and impairment of cognitive function at the age of 6 months, as

revealed using the Y-maze and the T-maze continuous alteration task [20]. Major deficits in

long-term potentiation (LTP) have also been reported in the APPSL/PS1ho KI mice, as early

as 6 months of age [19–21]. The APPSL/PS1ho KI model is of particular interest as it

exhibits substantial age-related neuron loss in the pyramidal layer of the hippocampus (up to

50%) [22], a finding supporting the notion that intraneuronal Aβ-species may posses toxic
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properties. However, the regional and temporal pattern of neuron and synapse loss in this

model has not been described in detail.

The present study was designed to test the hypothesis that coexpression of human APPSL

with PS1 under the endogenous mouse promoter results in age-related loss of neurons and

synapses in a hippocampal region-specific manner. We investigated age-related changes in

the total numbers of neurons, SIPB, as well as the accumulation of intraneuronal and

extracellular Aβ in the hippocampus of various strains of the APPSL/PS1 KI mouse model

using design-based stereology and quantitative neuroanatomical techniques.

2. Experimental Procedures

2.1 Animals

The following groups of 2-month-old (M2) and 10-month-old (M10) mice were obtained

from Sanofi-Aventis Centre de Recherche de Paris (Vitry sur Seine, France): APP mice

(transgenic mice expressing human mutant APP751 carrying the Swedish [K670N/M671L]

and London [V717I] mutations; mouse Thy-1 promoter) (n = 9; 6 males, 3 females), PS1ho

mice (expressing human PS1 mutations [M233T and L235P] knocked-in into the mouse PS1

gene in a homozygous manner) (n = 9; 7 males, 2 females), and APP/PS1KI mice

(expressing both the aforementioned APP and PS1ho mutations) (n = 8; 5 males, 3 females).

In the case of APPSL/PS1ho KI mice, an additional group of 6-month-old (M6) mice was

included in the study (n = 5; 4 males, 1 female). A detailed description of these mice was

reported earlier [19,22]. Due to the complicated genetic background of these mice, we could

not include wild-type mice in the present study. All experiments were approved by the

Aventis Animal Care and Use Committee, in accordance with standards for the care and use

of laboratory animals formulated by the French and European Community (Centre National

de la Recherche Scientifique - Institute of Laboratory Animal Resources).

2.2 Tissue Processing

Mice were anesthetized and perfused transcardially as previously described [11]. The brains

were rapidly removed from the skulls and halved in the sagittal plane. The left hemispheres

were cryoprotected by immersion in 30% sucrose, quickly frozen and cut into series of 30

µm-thick coronal sections. These series of sections were then divided into subseries of every

10th section, yielding 10 series of 5 to 8 sections containing the whole hippocampus in each

animal. From these materials, three 1:10 series of sections from the left hemisphere of each

animal were used for different experimental purposes.

One series was mounted on glass slides, dried, defatted with Triton X-100 (0.025%, 20 min;

Merck, Darmstadt, Germany) and stained with cresyl violet (0.01%, 15 min). A second

series was used for immunohistochemical detection of synaptophysin (mouse monoclonal

anti-synaptophysin antibody; 1:2,000; Chemicon, Souffelweyersheim, France; avidin-biotin

immunoperoxidase labeling) as previously described [15]. The Mouse-On-Mouse

immunodetection kit (Vector Laboratories, Peterborough, UK) was used according to the

manufacturer’s protocol to minimize background labeling and labeling of intraparenchymal

IgG molecules. Control experiments comprised incubations without primary antibody and
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incubations without use of the Mouse-On-Mouse immunodetection kit (Vector

Laboratories). All incubations were performed with free-floating sections under exactly

identical conditions. After immunohistochemical procedures, sections were mounted on

gelatinized glass slides, dehydrated, coverslipped, and coded. The code was not broken until

all analyses were completed.

A third series was used for immunohistochemical detection and quantification of Aβ and

glial fibrillary acidic protein (GFAP) as recently described [11]. Immunohistochemistry on

free-floating sections was performed using standard immunofluorescence labeling

procedures. Briefly, sections were washed 3×15 minutes in 0.1 M Tris-buffered saline (TBS,

pH 7.6), with the addition of 0.3% Triton X-100 (TBS-T), preincubated at room temperature

(20°C). Sections were then treated with 10% fetal calf serum and 4% non-fat-dry-milk in

TBS, to block non-specific binding sites, and then incubated overnight at 4°C in the

following primary antibodies: monoclonal mouse anti-GFAP IgG1 clone G-A-5 (Sigma, St.

Louis, MO, USA, catalog #G3893, dilution 1:1,600) raised against purified GFAP from pig

spinal cord and rabbit anti-mouse polyclonal antiserum 730 (against human Aβ and P3;

generously provided by Dr. Gerd Multhaup; [21,23], dilution 1:1,500) raised against a

synthetic peptide corresponding to human Aβ−40. Following incubation in primary antibody,

the sections were rinsed 3×15 minutes in TBS and incubated with secondary antibodies for

1.5 hours at room temperature. Donkey anti-mouse IgG Alexa Fluor 488 (1:100; Molecular

Probes, Eugene, OR, USA) and donkey anti-rabbit IgG Alexa Fluor 594 (1:100; Molecular

Probes) were used as secondary antibodies. Sections were washed, counterstained with

Hoechst 33342 (1:500; Sigma), mounted on glass slides and coverslipped with 80%

glycerol-TBS. The expected cellular morphology and distribution of staining for each

primary antibody were consistent with earlier studies. All secondary antibody combinations

were carefully examined to ensure that there was no crosstalk between fluorescent dyes or

cross-reactivity between secondary antibodies.

2.3 Stereologic analyses

Stereologic analyses were carried out using a computer-based stereology workstation

consisting of a modified light microscope (Olympus BX50 with UPlanApo objectives 10×

[N.A. = 0.4], 20× [oil; N.A. = 0.7], 40× [oil; N.A. = 1.0], and 100× [oil; N.A = 1.35];

Olympus, Tokyo, Japan), a motorized specimen stage for automatic sampling (Ludl

Electronics, Hawthorne, NY, USA), a focus drive linear encoder (Ludl Electronics), a CCD

color video camera (HVC20AMP; Hitachi, Tokyo, Japan), and stereology software

(StereoInvestigator v. 7.00.03; MBF Bioscience, Williston, VT, USA).

The sections stained with cresyl violet were used to estimate the volumes of the following

regions in the hippocampus with the Cavalieri principle (as shown in Figure 2 in [24]:

stratum moleculare of the DG (SM), stratum lucidum of CA3 (SL), and stratum radiatum of

CA1–2 (SR). Estimates were obtained with a 10× objective by tracing the boundaries of

these regions according to Franklin and Paxinos [25] on video images displayed on the

computer screen.

The same sections were used to estimate total numbers of neurons in DG, CA3, and CA1–2

with the Optical Fractionator (see Figures 1 and 4 in [24]). All neurons whose nucleus top
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came into focus within unbiased virtual counting spaces distributed in a systematic-random

fashion throughout the regions of interest were counted. Estimated total neuron numbers

were calculated from the number of counted neurons and the sampling probability (all

details of the counting procedure are summarized in Table 1).

Finally, the sections processed for the detection of Aβ and GFAP were used to determine the

amount of extracellular Aβ aggregates in the different regions of the hippocampus.

Estimates were obtained with point counting and results from the sections immunoprocessed

for the detection of Aβ and GFAP were used to calculate 'reconstructed' numbers of neurons

as previously described [11], assuming that the space within a given region in the

hippocampus occupied by extracellular Aβ aggregates and surrounding astrocytes would

have contained neurons at the same mean neuronal density as the other parts of this region.

The unreconstructed numbers of neurons that were used to determine the mean neuronal

density of a region were estimated as described above. The reconstructed numbers of

neurons were used throughout the study and referred to as the total number of neurons.

2.4 Image analysis

The sections immunohistochemically labeled for synaptophysin were used to determine the

SIPB densities in regions of the hippocampus mentioned above as described in [15]. Briefly,

five high-resolution photomicrographs were taken from each selected area at about 2 µm

below the upper surface of the sections (i.e., when the SIPB were clearly in focus) with a

digital camera (F-view, Olympus) attached to an Olympus AX-70 microscope (UPlanApo

objectives 100× [oil; N.A = 1.35]; Olympus). In the case of the APPSL and the APPSL/

PS1ho KI mice, photomicrographs were taken exclusively from regions free of Aβ deposits

and Aβ aggregation-related alterations of normal SIPB morphology. Aβ deposits were

clearly recognizable as round or oval structures not immunoreactive for synaptophysin and

surrounded by multiple enlarged SIPB and disturbed neuropil.

SIPB were detected by an image analysis system using AnalySIS-pro software (Soft

Imaging System, Münster, Germany), slightly modified for detection of grayscale puncta as

previously described [15,26]. All measurements were performed on a single focal plane.

Shading error correction was performed before measurements to correct for irregularities in

illumination of the microscopic field. Furthermore, background levels were equalized. The

detection thresholds were tested in a pilot experiment; corresponding values were stored in

the computer program and kept at the same levels for all samples. From these data, SIPB

density per µm2 was calculated in each area for each section. The procedure resulted in 75–

120 photomicrographs for SM, SL, and SR per animal (5 photomicrographs × 3 areas × 5 to

8 sections). The mean SIPB density was calculated per region in each animal.

2.5 Calculation of SIPB numbers and SIPB-to-neuron ratio

Total uncorrected SIPB numbers were calculated by multiplying the SIPB densities with the

corresponding volume data in each animal. To take the impact of Aβ deposits on SIPB

numbers into account, the percent volume occupied by Aβ deposits and Aβ aggregation-

related alterations in SIPB morphology in SM, SL, and SR was subtracted from the total

volume of the investigated hippocampal subregions. Multiplying these values by the
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corresponding SIPB densities resulted in corrected SIPB numbers, which were used

throughout the study and referred to as total SIPB numbers.

Because SIPB densities were analyzed in one focal plane, it should be noted that the

calculated SIPB numbers are not unbiased [24]. The calculations did not take the dimensions

of the investigated parameter, i.e. 1/µm2 (SIPB density) and mm3 (volume) into account.

Distribution plots for SIPB size were obtained [15]. These plots were comparable among

animals, and the average SIPB size was not dependent on the plane of section.

SIPB-to-neuron ratios were obtained for each animal by dividing the corrected total SIPB

numbers with the reconstructed total number of neurons per hippocampal subregion. Note

that this ratio is dimensionless as it is obtained from calculated SIPB numbers.

2.6 Statistical analysis

For all groups of mice, means and standard error of the mean were calculated for all

measured variables. Generalized linear model univariate analysis of variance, with age and

genotype as fixed factors, was performed to compare effects on volumes, total numbers of

neurons, and total SIPB number. When statistically significant differences were found in the

univariate analysis of variance calculations, data from the 2-month-old animals were

compared with the corresponding data from the 10-month-old animals (and, in the case of

APPSL/PS1ho KI mice, to 6-month-old animals as well) of the same genotype with

Bonferroni post-hoc tests. Statistical analyses for SIPB-to-neuron ratio were only carried out

for animals with observed age-related changes in total neuron or SIPB numbers. Effects

were considered statistically significant if their associated p value was smaller than 0.05.

Calculations were performed using SPSS (v. 12.0.1 for Windows; SPSS, Chicago, IL, USA).

Graphs were constructed using GraphPad Prism (v. 4.00 for Windows; GraphPad Software,

San Diego, CA, USA).

2.7 Photography

Photomicrographs were produced by digital photography using an Olympus DP 70 digital

camera attached to an Olympus AX 70 microscope and cellP software (v. 2.3; Soft Imaging

System, Münster, Germany). The final figures were constructed using Adobe Photoshop

CS5.1 (Adobe Systems, San Jose, CA, US). Only minor adjustments of contrast and

brightness were made, without altering the appearance of the original materials.

3. Results

Table 2 summarizes the p values of the generalized linear model univariate analysis of

variance for volumes, total numbers of neurons, and total SIPB numbers.

3.1 Age-related reductions in regional volumes in the hippocampus of APPSL/PS1ho KI
mice

Generalized linear model univariate analyses showed a significant effect of age, but no

significant effects of genotype, or interactive effects of age and genotype, on the volume of

SR of CA1–2. No significant effects were found for volumes of SM of the DG and SL of
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CA3. Adding animal’s sex as covariate did not change the results. Bonferroni post-hoc tests

indicated age-related reductions in volumes of SM and SR between 2-month-old and 10-

month-old APPSL/PS1ho KI mice (SM: −23.7%, p = 0.049, and SR: −31.8%, p = 0.001;

Figure 1).

3.2 Region-specific differences in immunohistochemical detection of Aβ aggregates

Quantifications showed a relative amount of extracellular Aβ aggregates and surrounding

astrocytes in the cell layers of 0.7% in DG, 0.2% in CA3, and 0.2% in CA1–2 of 10-month-

old APPSL mice, and 6.4% in DG, 6.1% in CA3, 4.3% in CA1–2 in 10-month-old APPSL/

PS1ho KI mice (Figure 2; plaque load data for white matter regions are provided separately).

PS1ho KI mice did not exhibit extracellular Aβ aggregates.

3.3 Age-related changes in total numbers of neurons

Generalized linear model univariate analyses showed significant effects of age on total

number of neurons of neurons in CA1–2, of genotype on total number of neurons in DG and

CA1–2, and the interaction between age and genotype on total number of neurons in CA1–2.

Adding sex as covariate did not change the results. At the age of 2 months, the total number

of neurons did not differ between APPSL, PS1ho KI and APPSL/PS1ho KI mice in any

hippocampal region. Bonferroni post-hoc tests indicated an age-related increase in total

number of neurons in DG of PS1ho KI mice (+37.9%, p = 0.006), while a decrease of 47.2%

was found for the total neuron number in 10-month-old CA1–2 APPSL/PS1ho KI mice

compared to 2-month-old animals (p = 0.002, Figures 3D–F, 4, 5 and Table 2). The means

of total number of neurons in CA1–2 in 6-month-old APPSL/PS1ho KI mice were

directionally lower (but not statistically significant) as compared to 2-month-old mice

(−17.9%; p = 0.267, Figure 6B). Means and standard errors of uncorrected total neuron

numbers are given in Figure 7.

3.4 Alterations in SIPB morphology due to Aβ deposits

Regions directly adjacent and surrounding the Aβ deposits showed overt morphological

alterations in synaptophysin immunoreactivity, while no synaptophysin immunoreactivity

was observed within the core of the Aβ deposits (Figure 8). As in our previous study [15],

we observed considerably enlarged SIPBs close to the Aβ deposits in the brain of APPSL

mice and APPSL/PS1ho KI mice (Figure 8).

3.5 Age-related reductions in SIPB numbers in CA1–2 of APPSL/PS1ho KI mice

Generalized linear model univariate analyses showed significant effects of genotype on total

SIPB number in SM and SR, and of the interaction between age and genotype on total SIPB

number in SM. Adding sex as covariate did not change the results. Bonferroni post-hoc tests

on total SIPB numbers in SM and SL did not show significant age-related changes specific

for a certain genotype. Bonferroni post-hoc tests on the total SIPB number in SR showed a

significant age-related reduction in SR of 10-month-old APPSL/PS1ho KI mice compared to

2-month-old animals (−22.6%, p = 0.012; Figures 3C, 5). Although the mean total SIPB

number in SR of 6-month-old APPSL/PS1ho KI mice was at the same level as in SR of 10-

month-old APPSL/PS1ho KI mice (Figure 6A), post-hoc tests on age-related changes of total
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SIPB numbers in SR between 6-month-old and 2-month-old APPSL/PS1ho KI mice did not

reach statistical significance (p = 0.075). Means and standard errors of SIPB densities and

uncorrected SIPB numbers are given in Figure 7.

3.6 Age-related increases in SIPB-toneuron ratio in CA1–2 of APPSL/PS1ho KI mice

Analyses of SIPB-to-neuron ratio focused on those regions and groups of mice showing age-

related altered numbers of neurons and SIPB, namely the DG of PS1ho KI mice and the

CA1–2 of APPSL/PS1ho KI mice. In these groups, the mean SIPB-toneuron ratio in the

CA1–2 of 10-month-old APPSL/PS1ho KI mice was 50.6% higher compared to 2-month-old

animals, (p = 0.006; Figure 3I), and 70.2% higher compared to 6-month-old animals (p <

0.001; Figure 6C). In contrast, the mean SIPB-to-neuron ratio in the DG of PS1ho KI mice

did not differ between 10-month-old and 2-month-old animals (Figure 3G).

4. Discussion

4.1 Summary of results

The aims of the present study were to test the hypothesis that APPSL/PS1ho KI mice show

extensive loss of neurons and SIPB, whereas APPSL and PS1ho KI mice do not, and to

assess the relationships between neuron loss, synapse loss, extracellular Aβ aggregates, and

intraneuronal Aβ in DG, CA3, and CA1–2. We show that APPSL/PS1ho KI mice, but

neither APPSL mice nor PS1ho KI mice alone, are characterized by a marked age-related,

region-specific neuron and synapse loss specifically in the CA1–2 between 2 and 10 months

of age (Figures 4, 5). The loss of neurons within the CA1–2 coincided and surpassed SIPB

loss within the same region, while intraneuronal accumulation of Aβ preceded both events

[19]. Ultimately, the pathologic outcome is likely to be reflected by functional changes of

the Schaffer collaterals that are highly layer-specific in the CA1 field. These afferent fibers

may respond by degeneration, retraction, abnormal sprouting, or changes in targets within

the area they normally innervate, resulting in alterations in synaptic function and plasticity.

Furthermore, both SIPB and neuron loss greatly exceeded the local presence of extracellular

Aβ aggregations (as shown by calculating reconstructed total neuron numbers and corrected

SIPB numbers). These findings indicate that the synergistic action of both human mutant

APP and mutant PS1 in CA1–2 heralded substantial loss of neurons and SIPB and that

synaptic remodeling, reflected by an increased SIPB-to-neuron ratio, occurred

concomitantly. In contrast to the neuron loss found in the APPSL/PS1ho KI mice, a marked

increase in neuron numbers was observed in the DG of PS1ho KI mice, which hints at an

involvement of PS1 in neurogenesis.

4.2 Strengths and limitations of the study

Reduction of synaptophysin immunoreactivity in the hippocampus was found to be an early

marker in human AD [27]. Furthermore, a loss of synapses is one of the prime correlates

with cognitive decline and the duration of dementia in AD patients [28,29]. The relation

between synapse loss and the classical neuropathological hallmarks, such as Aβ plaques and

neurofibrillary tangles, has not been fully elucidated [30]. Exploring this relationship is

pivotal, as it might prove to be an important link in the chain connecting the molecular

pathology and clinical symptoms of AD, opening up new avenues for treatment strategies.
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The present study is the first high-precision, quantitative neuroanatomical study focusing on

age-related effects of human mutant APP and mutant PS1 on the numbers of neurons and

synapses, and levels of Aβ in hippocampal subregions of mouse brains. The use of knock-in

human PS1 into the mouse genome (under the mouse PS1 promoter) enhanced the biological

validity of the study. The design and results have been validated in our previous reports

[11,15].

Our study however has some limitations. First, the low number of mice in certain groups

(particularly 6-month-old mice) may have decreased the statistical power of finding

significant results across the three age groups of 2, 6, and 10-month-old mice. Directly

linked to this, another limitation is our inability to calculate the indirect effect of gender on

calculated parameters. Generalized linear model univariate analysis of variance allowed us

to detect genotype and age effect, but could not generate a value for sex effect. Lastly, our

quantitative analyses of SIPB numbers and SIPB-to-neuron ratios are not free of bias

because SIPB densities were analyzed in one focal plane and thus in two instead of three

dimensions. As we found similar distributions for individual SIPB sizes among groups and

independence of the average SIPB size from the plane of section, it is reasonable to state that

this limitation had no substantial impact on the results.

4.3 Age-related loss of neurons and SIPB in CA1–2 of APPSL/PS1ho KI mice

Age-related loss of neurons and SIPB was restricted to the CA1–2 region of APPSL/PS1ho

KI mice. Thus, neither the neuronal presence of mutant APP found in the DG and in CA3 of

APPSL/PS1ho KI mice [19,31], nor the sole presence of mutant PS1 expressed at

physiological levels by all cells in the brain of the PS1ho KI mice [19] was related to a

substantial hippocampal neuron and synapse loss. As intraneuronal Aβ accumulation was

apparent from 2 months of age in these mice, and occurred selectively in the CA1–2 of

APPSL/PS1ho KI mice, but neither in APPSL nor in PS1ho KI mice (also shown in [19,22]),

the observed age-related loss of neurons and synapses in the APPSL/PS1ho KI mice is

consistent with a causative involvement of an intraneuronal Aβ species. In agreement with

our findings, it was observed recently that intraneuronal accumulation of different Aβ
peptides between 2 and 6 months of age, together with overall accumulation of N-modified,

fibrillar and oligomeric species coincided well with drastic reduction of synaptic plasticity

of CA1–2 neurons in our APPSL/PS1ho KI mouse model [32]. A similar relationship

between intracellular Aβ species and synaptic pathology was also reported in APPE693Δ-Tg

mice [33] and PS1M146L/APP751SL mice [34]. These findings, together with the present

data, suggest a key role of Aβ at the synapse, underscoring the role of prefibrillar Aβ
oligomers, including intraneuronal Aβ, in AD pathogenesis. Although both human mutant

APP and mutant PS1 were expressed in the DG, we did not observe levels of Aβ detectable

with immunohistochemistry in the DG of APPSL/PS1ho KI mice at 2 and 10 months of age.

The reasons for this lack of detectable Aβ (despite coexpression of mutant APP as well as

mutant PS1) are currently unknown but may involve decreased production, decreased

accumulation, enhanced degradation, or enhanced removal of Aβ in the DG.

Other studies using mouse models with overexpression of familial AD-linked APP and PS1

mutations did not demonstrate either intraneuronal Aβ deposition or considerable neuron
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and synapse loss by quantitative counting methods [35–40]. Breyhan and colleagues

demonstrated a 33% pyramidal cell loss within the CA1–2 in 6-month-old APPSL/PS1ho KI

mice (i.e., the same mouse strain as the one used in the present study) together with a drastic

reduction of LTP and disrupted paired-pulse facilitation [32]. These data suggest that

feedback inhibition in the DG and feedforward inhibition in CA3 are likely to be impaired as

well, in turn leading to hyperexcitability of the hippocampal circuits, and transfer of

abnormal activity in the affected CA1–2 region. Conceptually, this provides a novel means

by which hippocampal excitability can be increased, which will require further

electrophysiologic characterization. Reduced LTP in these mice was corroborated by

strongly decreased levels of pre- (clathrin light chain, SNAP25) and postsynaptic markers

(PSD-95) in synaptosome fractions. In addition, pyroglutamate N3(pE)-modified Aβ species

displayed as much as a 435% increased acceleration of the initial formation of Aβ
aggregates in CA1–2 neurons [32]. It should be noted that Breyhan and colleagues focused

on neuron and synaptic dysfunction or loss by comparing APPSL/PS1ho KI mice to PS1ho

KI mice, and did not analyze age-related changes in total numbers of neurons or SIPB.

Furthermore, Western blot analyses of synaptic proteins were carried out on tissue

homogenates, which lack regional and cell-type-specific resolutions. Based on these

considerations, the findings of Breyhan and colleagues [32] cannot be compared directly

with ours.

Cotel and colleagues [31] showed that APPSL/PS1ho KI mice displayed a 48% loss of DG

granule cells as compared to 12-month-old female PS1ho KI mice. This seems to contrast

our findings of no significant age-related neuron loss between 2 and 10 months of age in the

DG in APPSL/PS1ho KI mice as compared to APPSL mice and PS1ho KI mice. Although it

may be possible that substantial loss of DG granule cells occurs between 10 and 12 months

of age, or that the neurodegenerative effects primarily affect female mice, altered

neurogenesis in PS1ho KI and APPSL/PS1ho KI mice may also account for some of the

differences. For example, mixed results on cytogenesis and neurogenesis have been found

for effects of expressing human mutant APP and PS1 constructs in mice [41] and

neurogenesis has not yet been assessed in APPSL/PS1ho KI mice. Although the present

study has the advantages of assessing age-related changes by comparing 10 versus 2-month-

old mice, measuring total numbers of neuron and SIPB with highprecision methodologies in

a hippocampal subregion-specific manner, and including APPSL mice in the analyses, it

remains to be determined whether drastic neuron loss occurs in the DG in APPSL/PS1ho KI

mice between 10 and 12 months of age, or that knock-in of PS1 enhances genesis, neuronal

differentiation or survival of progenitor cells in DG and thereby accounting for the preserved

total neuron numbers in DG of 10-month-old APPSL/PS1ho KI mice.

4.4 Age-related increase in SIPB-to-neuron ratio in APPSL/PS1ho KI mice

Our finding of a 50.6% and 70.2% percent increase in the SIPB-to-neuron ratio in 10-

month-old APPSL/PS1ho KI mice compared to 2- and 6-month-old mice respectively, may

indicate the occurrence of synaptic remodeling and synaptic plasticity. As the increase in

SIPB-to-neuron ratio was only apparent between 10-month-old mice and 6-month-old mice

rather than 6-month-old mice and 2-month-old mice, compensatory synaptic remodeling

may only have been activated after substantial neurodegeneration. Similar observations have
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been observed for synaptophysin and other presynaptic proteins in neocortical association

areas at Braak stage III of AD progression, prior to neurofibrillary pathology [42], for

drebrin in the prefrontal cortex of patients with mild cognitive impairment followed by 40–

60% decrease in severe AD [43], as well as for glutamatergic presynaptic bouton density in

midfrontal gyrus of mild cognitive impairment patients [44], but not for total numbers of

spinophilin-immunoreactive puncta in the CA1 and CA3 fields of hippocampus and area 9

in elderly individuals with various degrees of cognitive decline [45]. Moreover, Bronfman et

al. [46] described a “synaptic sprouting compensatory mechanism” in the hippocampus of

aged PDAPP mice exhibiting atrophied cholinergic neurons in the medial septum. Finding

of compensatory mechanism associated with a greater SIPB-to-neuron ratio in aged

transgenic mice is not unique; similar results have been obtained for the synapse-to-granule

cell ratio following behavioral training and cerebral ischemia [47]. This could of course

result in subtle changes in neuronal connectivity, which, in turn, could affect normal brain

function.

4.5 No age-related loss of SIPB numbers in APPSL mice and PS1ho KI mice

Our data demonstrate that aging, at least up to 10 months of age, had a general effect on

SIPB numbers, without particularly decreasing SIPB numbers in APPSL mice and PS1ho KI

mice. Although findings of reduced synaptophysin immunoreactivity and synaptic densities

in hippocampus of AD patients have been consistent [48], the effects on synaptic

degeneration by APP and/or PS1 transgenes, Aβ production, and Aβ deposition vary among

different transgenic mouse lines [12–16, 49]. Our finding that the APPSL transgene did not

affect SIPB densities or SIPB numbers, along with unchanged total numbers of neurons, in

the DG, CA3, and CA1–2 agrees with our previous findings on 4.5-month-old, single

transgenic APPSL mice using the same methodologies [15] and with findings from other

groups [12,35,50].

Similarly, our analyses show that SIPB numbers in SM, SL, and SR were not significantly

altered in PS1ho KI mice, despite increased number of granule cells in the DG during aging.

The preservation of SIPB numbers in hippocampus of PS1ho KI mice during aging is in

agreement with other studies using transgenic mice that overexpress PS1 M146L or P264L

mutations [15,37,51,52]. From the functional point of view, PS1 mutations alone may

induce abnormalities in synaptic transmission [53], calcium homeostasis [54], and fast

axonal transport [55]. However, findings from our previous study on 17-month-old PS1

M146L mice suggest that mutant PS1 may have structural effects in a region-specific

manner at a later age [15]. The varying reports on synaptic changes reported for transgenic

mouse models of AD, based either on the overexpression of mutant human APP or mutant

form of PS1, may in part be explained by: (i) discrepancy between functional and structural

abnormalities; (ii) variable degrees of balance between trophic effects of APP or PS1 on

synapses and the toxic effects of Aβ and its derivatives; (iii) different handling, trafficking

and signaling properties among diverse mutations in APP or PS1 and/or the used promoters;

(iv) compensatory changes in synaptic morphology; (v) differences in the methods used to

quantify numbers or densities of presynaptic boutons; or (vi) differences in ages and genetic

backgrounds of investigated mouse strains. Additional studies are needed to test these

mechanisms directly using both animal and human samples.
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4.6 Age-related increase in neuron number in DG of PS1ho KI mice

Our results indicated an increase of approximately 38% in the total number of neurons in the

DG of 10-month-old PS1ho KI mice as compared to 2-month-old PS1ho KI mice. These

results are in line with our previous findings of an age-related increase in total number of

neurons in layers II to IV of the frontal cortex, particularly parvalbumin-immunoreactive

neurons, in the same mice [57] and supports further evidence in the literature suggesting a

role for of PS1 in neurogenesis [56–58].

In conclusion, the APPSL/PS1ho KI mouse model as investigated in our study provides a

model to investigate hippocampal region-specific differences in interactions between altered

APP and PS1, the consequent production and accumulation of various Aβ species, and their

spatial and temporal relations with loss of neurons, altered synaptic connections,

neuroplasticity, and neurogenesis.
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Aβ amyloid beta protein

AD Alzheimer’s disease

APP amyloid precursor protein

DG dentate gyrus

GFAP glial fibrillary acidic protein

KI knock-in

LTP long-term potentiation

M2 2-month-old

M10 10-month-old

PS1 presenilin 1

SIPB synaptophysin-immunoreactive presynaptic boutons

SL stratum lucidum

SM stratum moleculare

SR stratum radiatum

TBS Tris-buffered saline
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Figure 1.
Mean and standard error of the mean of estimated volumes in the stratum moleculare of the

dentate gyrus (A; DG), stratum lucidum of area CA3 (B; CA3) and stratum radiatum of area

CA1–2 (C; CA1–2) in the hippocampus of 2-month-old (M2; black bars) and 10-month-old

(M10; open bars) APPSL mice (APPSL), PS1ho KI mice (PS1ho) and APPSL/PS1ho KI mice

(APPSL/PS1ho). Results of general linear model univariate analysis of variance are

summarized in Table 1; results of post-hoc Bonferroni tests for pairwise comparisons

between animals in groups M2 and M10 of the same genotype are indicated in the graphs. *,

p < 0.05; **, p < 0.01.
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Figure 2.
Representative high-power photomicrographs showing region-specific immunofluorescence

detection of Aβ (yellow fluorescence) and GFAP (green fluorescence) within the dentate

gyrus (A, A’, D, D’), CA3 (B, B’, E, E’) and CA1–2 (C, C’, F, F’) in the hippocampus of

APPSL mice at 2 month of age (M2; A to C) and 10 months of age (M10; A’ to C’) as well

as of APPSL/PS1ho KI mice at M2 (D to F) and M10 (D’ to F’) (sections counterstained

with Hoechst 33342, pseudocolored in red for better contrast). Note the age-related

aggregation of extracellular Aβ, the strong increase in GFAP immunoreactivity and
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particularly the neuron within the CA1–2 of the APPSL/PS1ho KI mice. Scale bar = 33 µm

in A, A’, B, B’, D, D’, E and E’, and 50 µm in C, C’, F and F’.
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Figure 3.
Mean and standard error of the mean of total number of synaptophysin-immunoreactive

presynaptic boutons (A–C; SIPB), total neuron numbers (D–F; NN) and SIPB-to-neuron

number ratio (G–I; SIPB-to-NN) in the DG (A, D, G), CA3 (B, E, H), and CA1–2 (C, F, I)

in the hippocampus of either 2-month-old (M2; black bars) or 10-month-old (M10; open

bars) APPSL mice (APPSL), PS1ho KI mice (PS1ho) and APPSL/PS1ho KI mice (APPSL/

PS1ho). Results of general linear model univariate analysis of variance are summarized in

Table 2; results of post-hoc Bonferroni tests for pairwise comparisons between animals in

groups M2 and M10 of the same genotype are indicated in the graphs. *, p < 0.05; **, p <

0.01.
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Figure 4.
Representative images of Nissl staining in the hippocampus (A), dentate gyrus (DG; B),

CA3 region (C) and CA1–2 region (D) of a 2-month-old APPSL/PS1ho KI mouse, and in the

hippocampus (E), dentate gyrus (F), CA3 region (G) and CA1–2 region (H) of a 10-month-

old APPSL/PS1ho KI mouse. Note the specific loss of CA1–2 neurons in the 10-month-old

mouse (E, H, insert H), as compared to the 2-month-old mouse (A, D, insert D), and as

indicated by the black arrows. The black rectangles indicate the areas where B–D and F–H

correspond to in A and E, respectively. The scale bar represents 1400 µm in A and E, 448

µm in B–D and F–H, and 224 µm in the inserts of D and H.
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Figure 5.
Representative images of synaptophysin immunoreactivity in the hippocampus (A), dentate

gyrus (DG; B), CA3 region (C) and CA1–2 region (D) of a 2-month-old APPSL/PS1ho KI

mouse, and in the hippocampus (E), dentate gyrus (F), CA3 region (G) and CA1–2 region

(H) of a 10-month-old APPSL/PS1ho KI mouse. The white arrows (E, F, G) indicate

possible dystrophic neurites, which have high synaptophysin immunoreactivity. Note the

specific loss of CA1–2 neurons in the 10-month-old mouse (E, H, insert H), as compared to

the 2 month old mouse (A, D, insert H), and as indicated by the black arrows. The black

rectangles indicate the areas where B–D and F–H correspond to in A and E, respectively.

The scale bar represents 1400 µm in A and E, 448 µm in B–D and F–H, and 224 µm in the

inserts of D and H.
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Figure 6.
Mean and standard error of the mean of total number of synaptophysin-immunoreactive

presynaptic boutons numbers (A; SIPB), total number of neurons (B; NN) and SIPB-to-

neuron number ratio (C; SIPB-to-NN ratio) in the CA1–2 of 2-month-old (M2; black bars),

6-month-old (M6; dark grey bars) or 10-month-old (M10; open bars) APPSL/PS1ho KI

mice. Results of post-hoc Bonferroni tests for pairwise comparisons between animals in

groups M2 and M6, M6 and M10 and M2 and M10 of the same genotype are indicated in

the graphs. *, p < 0.05; **, p < 0.01.
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Figure 7.
Mean and standard error of the mean of synaptophysin-immunoreactive presynaptic boutons

(SIPB) densities (A–C; SIPB D), uncorrected SIPB numbers (D–F; SIPBuncorr) and

unreconstructed total neuron numbers (G–I; NNunrecon) in the DG (A, D,G), CA3 (B, E, H),

and CA1–2 (C, F, I) in the hippocampus of either 2-month-old (M2; black bars) or 10-

month-old (M10; open bars) APPSL mice (APPSL), PS1ho KI mice (PS1ho) and APPSL/

PS1ho KI mice (APPSL/PS1ho). Results of post-hoc Bonferroni tests for pairwise

comparisons between animals in groups M2 and M10 of the same genotype (after general

linear model univariate analyses of variance was performed) are indicated in the graphs. *, p

< 0.05; **, p < 0.01.
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Figure 8.
High magnification of synaptophysin immunoreactivity in the hippocampus of a 10-month-

old APPSL/PS1ho KI mouse, showing the diminished synaptophysin signal from the core of

an amyloid deposit (asterisk). Note the enlarged SIPBs (synaptophysin-immunoreactive

presynaptic boutons) surrounding the plaque (black arrows). The scale bar represents 300

µm.
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Table 2

Results (p values) of general linear model univariate analysis of variance. V, volume; NN, total neuron

number; SIPB, number of SIPB; DG, dentate gyrus (stratum granulare and stratum moleculare); CA1–2, area

CA1–2 (stratum pyramidale and stratum radiatum); CA3, area CA3 (stratum pyramidale and stratum

lucidum). P values smaller than 0.05 are shown in boldface.

Variable P value DG / SM CA3 / SL CA1–2 / SR

Age 0.128 0.321 0.011

V Genotype 0.223 0.330 0.449

Age*Genotype 0,063 0.245 0.116

Age 0.149 0.695 0.008

NN Genotype 0.020 0.149 <0.001

Age*Genotype 0.129 0.373 0.004

Age 0.889 0.819 0.105

SIPB Genotype 0.038 0.536 0.046

Age*Genotype 0.027 0.140 0.386
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