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Abstract

Amyloid-3 peptide species accumulating in the brain of patients with Alzheimer’s disease are assumed to have a
neurotoxic action and hence to be key actors in the physiopathology of this neurodegenerative disease. We have
studied a new mouse mutant (APPxPS1-Ki) line developing both early-onset brain amyloid- deposition and, in
contrast to most of transgenic models, subsequent neuronal loss. In six-month old mice, we observed cell layer
atrophies in the hippocampus, together with a dramatic decrease in neurogenesis and a reduced brain blood
perfusion as measured in vivo by magnetic resonance imaging. In these mice, neurological impairments and
spatial hippocampal dependant memory deficits were also substantiated and worsened with aging. We described
here a phenotype of APPxPS1-Ki mice that summarizes several neuroanatomical alterations and functional
deficits evocative of the human pathology. Such a transgenic model that displays strong face validity might be

highly beneficial to future research on AD physiopathogeny and therapeutics.
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blood perfusion



1 Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder which accounts for the majority of
dementia cases in the elderly population. The neuropathological hallmarks of AD include extracellular amyloid-f3
(AP) deposition, intracellular tau accumulation, neuronal and synaptic losses. Because familial AD is associated
with mutations of the amyloid protein precursor (APP) or presenilin (PS) genes, many mouse lines that
overexpress human transgenes bearing these mutations have been generated over the two last decades. Whereas
most of these transgenic mice develop amyloid deposits, the majority of them fail to exhibit significant neuronal
loss. In the few mouse lines showing altered neuronal densities, cell loss remains weak or limited to the vicinity
of amyloid deposits and does not reflect the drastic neuronal reduction observed in AD patients (Calhoun et al.,
1998, Irizarry et al., 1997, Takeuchi et al., 2000, Urbanc et al., 2002). These observations challenge the cascade
hypothesis that posits AP accretion as a primary neurotoxic event triggering morphological and functional brain
anomalies, ultimately leading to neuronal death and dementia (Hardy and Higgins, 1992).

It is only recently that mouse lines harboring multiple mutated APP and PS1 transgenes and developing
aggressive and early-onset brain amyloidosis, have been reported to undergo brain atrophies and substantial cell
loss (e.g. Oakley et al., 2006, Schmitz et al., 2004). In one of these models, the APPxPS1-knock-in line (Casas et
al., 2004), a severe hippocampal cell loss (50%) has been reported at the age of 10 months. It mimics both the
topography and extent of the neuronal loss observed in the hippocampus of AD patients (Scher et al., 2007, West
et al., 2000). At the behavioral level, working memory deficits have been described in APPxPS1-Ki mice (Bayer
and Wirths, 2008, Wirths et al., 2007), but it remains unknown whether these mice also develop medial temporal
lobe dysfunction, and particularly hippocampus-dependent learning impairments, as has been reported for human
patients.

In the present study we used a multi-disciplinary approach to characterize in detail the APP/PS-Ki mouse
phenotype. We evaluated the nature and extent of Ap-associated morphological anomalies and the occurrence of
neurological and cognitive impairments in this mouse model. Because adult neurogenesis may provide a means
for neuronal replacement in the AD brain, we also examined whether the progressive neuronal loss displayed by

APP/PS1-Ki is associated with modified hippocampal neurogenic processes. Finally, to substantiate brain



dysfunction in APPxPS1-Ki mice, we performed blood perfusion analysis by means of in vivo magnetic

resonance imaging (MRI) techniques.

2 Material and methods

2.1 Animals

Transgenic mice were established as previously described (Casas et al., 2004). In short, mice were generated by
crossing homozygous PS1-Ki (carrying presenilin 1 knock-in M233T and L235P mutations) with hemizygous
APPst. mice (hAPP7s; transgene with the Swedish K670N/M671L and London V7171 mutations, under the
control of a Thyl promoter) to obtain APPxPS1-Ki transgenics harboring in total 5 mutations associated with
familial AD on a mixed genetic background (C57BL/6 50% — CBA 25% — 129SV 25%). Note that, owing to the
use of homozygous PS1-Ki mice, no wild-type littermates could be generated from the breeding scheme.
However the PS1-Ki mice are free of neuropathological lesions (amyloid deposits, neuronal loss or axonopathy)
and have been considered in previous studies to be good littermate controls for APPxPS1-Ki mice (Wirths et al.,
2007, Wirths et al., 2006).

Mice were 6 weeks old at their arrival in the laboratory. They were acclimated during at least two weeks to their
new environment before initiating experiments.. A total of 60 PS1-Ki and 57 APPxPS1-Ki male mice were used.
All experiments were conducted in accordance with the ethical standards of French and European laws
(European Communities Council Directive of 24 November 1986). The supervisor of the present study (B.
Delatour) had received official agreements from the French Ministry of Agriculture to carry out research and
experiments on animals (authorization No. 91-282). Experiments were performed in compliance and following
approval of the Sanofi-Aventis Animal Care and Use Committee. The general health of mice was regularly

checked and body weights were assessed weekly throughout the experimental period.

2.2 Histology and biochemistry

Mice (PS1-Ki, n=30; APPxPS1-Ki, n=28) were sacrificed at the age of 6 months with an overdose of sodium

pentobarbital and were perfused transcardially with saline solution. After removal, the brains were weighed and



photographed. From macro-photographs, the brain length was measured at the midline level using the measure
tool of Photoshop CS2 (Adobe, Paris, France).

Left hemispheres were snap-frozen in liquid nitrogen and stored at -80°C. The AP peptides biochemical load (A3
42 and total AP) was determined by electrochemiluminescence assays as previously described (Blanchard et al.,
2003).

Right hemispheres were sectioned (frontal 40um-thick sections) on a freezing microtome after one-week fixation
in 10% formalin and subsequent cryoprotection.

Hippocampal tissue loss was evaluated after Nissl (thionin) stain by measuring the pyramidal cell layer thickness.
Although biased, this method allows rapid evaluation of local morphological changes. From previous studies, it
has been shown that aged APPxPS1-Ki mice display progressive layer thinning in close association with
neuronal loss (Casas et al., 2004). All slides were digitized using a Super CoolScan 8000 ED scanner (Nikon,
Champigny sur Marne, France) with a 4000 dpi in-plane digitization resolution (pixel size 6.35 um?). Sections at
the level of the dorsal hippocampi (n= 3-4 sections / mouse) were selected and the CA1-2 region manually
delineated with Photoshop CS2. For each section, the thickness of the pyramidal cell layer was measured at 3
medio-lateral levels so that a total of 9-12 measures were performed and averaged for every mouse.

Amyloid deposits were labeled by standard Congo red staining (30 min in a 80% ethanol solution saturated with
Congo red and sodium chloride). Amyloid loads were quantified using computer-based thresholding methods as
previously implemented (Le Cudennec et al., 2008). Evaluation of amyloid loads was performed in multiple
regions of interest (ROIs): the total hippocampus, the dorsal (septal) hippocampus, the whole cortex (i.e.
isocortex plus hippocampus), and the prefrontal cortex. Quantitative analyses were made on several serial
sections to sample the whole rostro-caudal extent of each ROI.

Evaluation of neurogenic activity and cell differentiation was performed using antibodies directed against Ki67
(a proliferation marker) or against doublecortin (DCX, a marker of neuronal precursors). Immunolabelings were
performed in a subset of the neuropathologically-assessed population (for Ki67: 6 PS1-Ki and 5 APPxPS1-Ki
mice; for DCX: 15 PS1-Ki and 14 APPxPS1-Ki mice) using classical immunoperoxidase methods (Verret et al.,
2007). Ki67 was detected using a primary rabbit anti-human Ki67 antibody (NCL-Ki67p, Novocastra

Laboratories / Vision BioSystems, Newcastle Upon Tyne, UK; 1:500 overnight at room temperature) while DCX



immunolabeling was performed with a polyclonal goat anti-DCX antibody (C-18, Santa Cruz, Santa Cruz, CA,
USA; 1:100 overnight at room temperature). Final reactions made use of diaminobenzidine or nickel-enhanced
diaminobenzidine as chromogens. The number of Ki67 and DCX-immunostained cells (Ki67+ or DCX+) was
evaluated from peroxidase-labeled sections spaced at 480 pm and spanning the whole septo-temporal extent of
the hippocampus.

Cell countings and measurement of surfaces areas of dentate gyrus were performed using the Mercator

stereology system (Explora Nova, La Rochelle, France) as previously described (Verret et al., 2007).

2.3 MRI-assessed brain perfusion

Fourteen PS1-Ki and 14 APPxPS1-Ki mice received MRI perfusion assessment before sacrifice and
neuropathological examination (see above). Cerebral blood flow (CBF) was evaluated by using a pulsed arterial
spin labeling technique. The animals were anesthetized with isoflurane (4% for induction, 1-1.5% for
maintenance) in a mixture of N2 (80%) and O, (20%) administered via a facemask. Respiration rate was
monitored to insure stable physiologic conditions during the acquisitions. The body temperature of the mice was
stabilized by using a heating blanket.

In vivo MR images were recorded on a 4.7 Tesla Bruker Biospec 47/30 system equipped with a 12 cm diameter
gradient system (200 mT/m). A surface coil (diameter=25 mm), actively decoupled from the transmitting
birdcage probe (Bruker GmbH) was used for signal acquisition. Perfusion measurements were performed using a
FAIR Look-Locker gradient-echo method described elsewhere (Kober et al., 2008). Briefly, a series of 50 echoes
was acquired after global or slice-selective magnetization inversion with the following imaging parameters:
TE/TR=1.59/150ms, 0=12.5°, FOV: 20x20mm?, slice thickness: 1.5mm, input matrix: 128x64; total acquisition
time 32 min. Data acquisition was performed in a tissue slab of the posterior cerebrum (volume acquisition: from
Bregma -1.82 to Bregma -3.28 according to Paxinos and Franklin, 2001). The thickness of this sampling slice
was too large to measure perfusion in convoluted regions of interest (ROI) such as the hippocampus. Because of
these methodological limits we evaluated perfusion in large ROIs with minimal shape variations across the
antero-posterior axis of the studied slice. Two ROIs were selected: the posterior cortex and the thalamus. In these

selected ROIs, perfusion values (P), given in ml.g"'.min"!, were calculated as follows: P/A=



[(T18lobal/ 1 bloodys (/T yselective_1 /T elobaly] (program developed in an IDL environment (RSI, Boulder, CO, USA)).
T18%! was calculated from images recorded with a global inversion pulse while T15°V® was calculated with the

selective inversion pulse. The blood/tissue partition coefficient for water () was assumed to be 0.9ml/g (Sun et

al., 2004), and T1blood was 1.7s (Williams et al., 1992).

2.4 Behavior

Behavioral studies were carried out in 2 additional cohorts that were evaluated longitudinally at 2, 4 and 6
months of age. Neurological assessment was performed on 15 PS1-Ki and 14 APPxPS1-Ki mice. Another cohort
was used to evaluate learning and memory functions (PS1-Ki, n=15; APPxPS1-Ki, n=15; 2 PS1-Ki and 1

APPxPS1-Ki mice died before the completion of the study and received only partial behavioral assessment).

2.4.1 Neurological assessment

A primary screen, derived from the SHIRPA test battery (Burguiere et al., 2005, Rogers et al., 1997), was
performed to evaluate the general appearance of animals, spontaneous activity (e.g. jumping, freezing, rearing)
and neurological reflexes. On the following days secondary/tertiary screens were performed as followed:

1- Motor strength was measured with the wire grid test. Strength suspension (four paws) was assessed on a grid.
The mouse was placed on the center of the grid that was slowly turned upside down at a 20 cm-height above the
floor. Latency to fall was recorded (cut off: 1 min).

2- Locomotor activity was measured in a squared open field (50x50 cm; luminosity: 35 Lux) with black walls 30-
cm high. Each animal was placed in the center of the arena and allowed to freely explore it for 10 min.
Horizontal activity was monitored using the Any-Maze software (Stoelting, Wood Dale, USA). Time spent in the
10-cm wide peripheral zone and in the complementary 30x30 cm central zone was recorded, and the number of
rearings (vertical activity) was scored.

3- Locomotion was also assessed by monitoring mice during a 24-h period. Mice were moved to the
experimental room and placed in a cage (50x15 cm) with food and water available. Mice were observed during
both light and dark phases with a CCTV camera (WV-BP312E, Panasonic, Saint Denis La Plaine, France)
equipped with an infra-red lamp. Tracking was performed using Any-Maze software that recorded horizontal

activity across the 24-h period.



4- Anxiety was evaluated in an elevated plus-maze (length, 28 cm; width, 5 cm; walls height, 16 cm; height from
floor: 40 cm; overall luminosity in open arms: 70 Lux). Mice were placed in the central region of the maze and

the locomotor activity and time spent in each arm were measured for a 5-min period using Any-Maze software.

2.4.2 Cognitive evaluation

Spatial memory was evaluated using the standard Morris water maze task. The maze was a 150-cm diameter pool
filled with opacified water (21-22°C). A 10 cm diameter platform was submerged 0.5 cm below water surface in
the center of one of the pool quadrants. The non-visible platform remained at constant position across trials but
was varied at each age time points to promote new spatial learning in 2, 4 and 6-month old mice.

Training consisted in 5 consecutive daily sessions (6 trials / sessions; start positions pseudo-randomly varied
from the four cardinal points). Each trial ended when the animal reached the platform. A 60-s cut off was used,
after which the mouse was manually guided to the platform. Once on the platform animals were given a 30-s rest
before being replaced in their cage. The inter-trial interval was approximately one hour. On the 5™ training
session, a probe trial was performed after the last trial. During this memory retention test, the platform was
removed and mice allowed to navigate for 60-s. Data were collected, analyzed and stored using Any-Maze

software.

2.5 Statistical analyses

Morphological and perfusion data were analyzed with Student #-tests and Pearson coefficients of correlation
using Statistica v6 (StatSoft, Inc., Tulsa, OK, USA) or Systat v11.0 (Systat Software Inc., Richmond, CA, USA)
software packages. Behavioral data were analyzed mainly with two-factor analyses of variance (ANOVA) with
repeated measures (with genotype as the between-subjects factor and age as the within-subjects factor), using
Statistica v6 software. In order to facilitate the presentation of the results, the ANOVA statistics have been

presented only by providing p-values when significant.



3 Results

3.1 Gross brain morphology and amyloid deposition in APPxPS1-Ki mice

Brain lengths/widths were not different in the two genotypes (¢s(56)<1.08; ps>0.28). However, brain weights
decreased significantly in 6-month old APPxPS1-Ki mice compared to PS1-Ki controls (mean+SEM = 464 + 3.1
mg for APPxPS1-Ki mice vs 490 = 4.7 mg for PS1-Ki controls; t(56)= 4.96; p<0.0001).

Additional neuropathological analyses revealed in APPxPS1-Ki mice the presence of numerous extracellular,
aggregated (Congo red positive) AP deposits in several brain regions including the hippocampus, almost all
isocortical areas, and a subset of subcortical regions such as septal, thalamic and some brainstem nuclei (Fig. 1A,
B, E). Congo red positive blood vessels were scant (0-3 vessels / section, almost exclusively located in thalamic
regions and/or at the level of leptomeninges) indicating very limited cerebral amyloid angiopathy in APPxPS1-Ki
mice.

We concurrently quantified AP 42 peptides by electrochemiluminescence assays in crude hemibrain
homogenates. We found very high AP 42 concentration in APPxPS1-Ki mice (mean+SEM =79.9+4.3 ng/g

tissue). Supporting our data, the prevalence of the AP 42 isoform has previously been reported in this transgenic

line (Casas et al., 2004).

3.2 Hippocampal cell loss and abolition of neurogenic activity in APPxPS1-Ki mice

A remarkable thinning of the CA1-2 cell layer of the hippocampus was observed in 6-month old APPxPS1-Ki
mice. The thickness of the stratum pyramidale was 20% smaller in APPxPS1Ki mice in comparison with PS1-Ki
animals (difference between genotypes: t(56)= 11.16; p<.0001; Fig. 1 C, D, F).

The dentate gyrus volume was not different in PS1-Ki and APPxPS1-Ki mice (data not shown), as expected from
previous studies (Casas et al., 2004, Cotel et al., 2008). However stereological analysis revealed a significant
decrease in the number of mitotic, Ki67-immunoreactive, cells in dentate gyrus of APP/PS1-Ki mice
(mean+=SEM= 285.74+40.8) compared to PS1-Ki animals (462.1+48.1; #(9)= 2.82; p<0.025; Fig. 2 A, B). To
further address the fate of newborn cells in the dentate gyrus, we determined the number of cells that

differentiated into neurons by quantifying the population of immature neuronal precursors expressing DCX. The
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number of DCX-positive cells was dramatically reduced in the dentate gyrus of APPxPS1-Ki mice (difference
between genotypes: #(27)= 15.1; p<0.001, Fig. 2 C, D, E). While we found that numbers of mitotic cells (Ki67+)
and numbers of young immature neurons (DCX+) were positively correlated in PS1-Ki control mice (r= 0.93;
p<.025), no correlation between those measures was found in APPxPS1-Ki mice (r= 0.06; ns). This suggests that
the loss of DCX+ cells in APPxPS1-Ki mice may result only partly from altered proliferation of multipotent
progenitor cells. Indeed, it is likely that the disappearance of neuronal precursors early during their maturation
contribute to the dramatic loss of young immature DCX+ neurons. However, we cannot completely rule out the
possibility that the loss of DCX+ cells concurrently reflects an increased glial destiny of newborn cells and/or
their accelerated neuronal maturation, thereby shortening the time-window of DCX expression.

We did not find any significant correlations between hippocampal amyloid loads, measures of CA1-2 atrophy
and quantitation of neurogenesis-associated markers Ki67 and DCX (rs<0.38; ps>.17). This indicates that the
various anatomo-pathological alterations found in the hippocampus of 6-month old APPxPS1-Ki mice, while

possibly resulting from a common source, are not closely interdependent.

3.3 Cortical hypoperfusion in APPxPS1-Ki mice

To further investigate cerebral abnormalities in APPxPS1-Ki mice, and to address functional consequences of
these alterations, we carried out brain perfusion analyses. We used MRI-based spin-labeling perfusion techniques
in anaesthetized mice. Our results revealed a posterior cortical hypoperfusion in APPxPS1-Ki as compared to
PS1-Ki mice (#(26)= 2.38; p<.025; Fig. 2F) while levels of subcortical (thalamic) perfusion were not different
between genotypes (#(26)= 1.40; ns; meantSEM= 3.7 £0.1 and 3.5+0.1 inAPPxPS1-Ki and PS1-Ki,
respectively), underlining the finding that blood flow impairments in APPxPS1-Ki remained restricted to selected

brain areas.

3.4 Early-onset neurological impairments in APPxPS1-Ki mice

3.4.1 Reduced vertical activity and motor strength

Basic neurological evaluation revealed alterations of vertical activity (number of rearings) in APPxPS1-Ki mice

(Table 1a): ANOVA indicated a significant effect of Genotype (p<.001) and Age (p<.005) as well as an Age x



11

Genotype interaction (p<.005). In comparison to PS1 control mice, APPxPS1-Ki mice presented reduced vertical
activity at 4 and 6 months of age. There were no differences between genotypes on the other measurements
provided during basic neurological evaluation (i.e. reflexes, spontaneous behaviors, etc.).

The wire grid test revealed significant effects of Genotype, Age and an interaction between the two factors (all
ps<.001). A large reduction of motor strength was hence detected in APPxPS1-Ki transgenic as compared to

PS1-Ki mice at 4 and 6 months of age (Table 1b).

3.4.2 Increased locomotor activity

Hyperactivity was observed in APPxPS1-Ki mice when evaluated during the 24-h actimetry test (Fig. 3). An
effect of the Genotype factor was noted (p<.005) and the effect of Age and the Age x Genotype interaction were
also significant (ps<.05), owing to a gradual potentiation of locomotor activity with aging in APPxPS1-Ki mice
that reached significance at 6 months of age (Table 1c). Refining the analyses to the nocturnal time window
revealed stronger differences between groups (p<.001; Table 1d). Indeed, during the night period, APPxPS1-Ki
animals were more active than PS1-Ki mice at 4 and 6 months of age.

In the open-field task, no global effect of the Genotype factor was observed on horizontal activity. However,
both Age and the Age x Genotype interaction were significant (ps<.05). A significant difference between
genotypes emerged at the age of 6 months with APPxPS1-Ki mice being hyperactive when compared to PS1
controls. APPxPS1-Ki mice, while displaying enhanced locomotion, showed a concurrent reduced vertical
activity (Table 1f.), confirming data obtained from neurological primary screen (decreased number of rearings,

see above).

3.4.3 Reduced anxiety-related behaviors

To assess anxiety-related behaviors during open field testing, a Center-to-Periphery ratio on exploration times
was calculated (the higher the ratio, the more time the animals spent in the anxiogenic central zone). ANOVA
indicated an effect of Genotype (p<.01) and a significant Age x Genotype interaction (p<.001). Analysis showed
that 6-month old APPxPS1-Ki mice had higher ratios, i.e. developed hypoanxiety, in comparison to age-matched
controls (Table 1g). In the elevated plus maze, the ratio of time spent in Open (O) vs. Closed (C) arms also

permitted the evaluation of anxiety (the higher the O/C ratio, the more time animals spent in the anxiogenic open
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arms). ANOVA on this measure revealed effects of Genotype, Age and a significant Age x Genotype interaction
(ps<.01). When compared to PS1-Ki controls, 6-month-old (but not younger) APPxPS1-Ki mice showed
increased ratios, i.e. lower anxiety levels, (Fig. 4; Table 1h). APPxPS1-Ki mice concurrently presented increased
locomotion in the plus-maze at the age of 6 months (Fig. 4; Table 1g) but there were no correlations between

activity levels and hypoanxious traits (= 0.06; ns).

3.5 Cognitive impairments in APPxPS1-Ki mice

During testing in the water maze, APPxPS1-Ki animals had lower swim speeds than control PS1-Ki mice
(p<.001) and also presented abnormally tortuous swim paths with high frequency of curved trajectories. Due to
variations in swim speeds between genotypes that may impact performance non-specifically, we calculated an
unbiased measure of spatial learning that is the percentage of the path length spent by mice in the target quadrant
(Janus et al., 2000) (Fig. 5).

ANOVA showed that the overall performance of mice, in both genotypes, varied across ages (p<.001). In
particular, 2-months-old mice showed reduced learning abilities as compared to older animals (see also Vicens et
al., 1999, Vicens et al., 2002 for data showing poor performance in very young naive BL/6 naive mice).

In spite of low learning proficiency, 2-month old mice from the two genotypes improved their performance
across learning sessions (all ps<.001). There was neither a Genotype effect nor a significant interaction between
Session and Genotype factors. When re-tested at 4 months of age, the mice were able to learn a new platform
location with no Genotype effect, but a Session x Genotype interaction (p<.05) reflecting a slight, nonsignificant,
decrement in performance of APPxPS1-Ki mice. Both group of mice showed clear progress in their search
accuracy with training (p<.001 for PS1-Ki and APPxPS1-Ki mice). At 6 months of age, learning was also
evidenced, as reflected in an effect of Session (p<.001) that reached statistical significance for the two groups
(ps<.001), but at this age APPxPS1-Ki mice clearly exhibited impaired performance compared to control PS1-Ki
animals (p<.01; see Fig. 5).

Memory for the platform location was evaluated during single probe trials (no platform) performed at each time
point (2, 4 and 6 months). From visual inspection of occupancy plots (Wolfer et al., 2001), it appeared that

spatial bias for the target quadrant was lower in APPxPS1-Ki mice than in PS1-Ki mice. This was particularly
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evident at 6 months of age (Fig. 6B). To compare quantitatively the search accuracy for the platform location in
the two genotypes, we also calculated a proximity measure (Gallagher et al., 1993), that is, the mouse-to-
platform distance averaged across all sampled points of the swim path. ANOVA on this proximity measure
indicated a significant effect of Genotype and an Age x Genotype interaction (ps<.05; see Fig. 6A). Post hoc
analysis showed that 4- and 6- month old PS1-Ki mice swam in closer vicinity to the platform, indicating better
memory proficiency, than age-matched APPxPS1-Ki mice (ps<.05). Comparison of performance at different
ages in our longitudinal design indicated that PS1-Ki mice gradually improved their memory abilities between 2
and 6 months of age (p<.001), whereas APPxPS1-Ki mice showed the opposite tendency, i.e. a progressive

decline in memory performance (p<.001 ; see Fig. 6A).

4 Discussion

The research effort to fight Alzheimer’s disease and to understand its physiopathogeny is largely dependent upon
the development of valid animal models. To this extend, the APPxPS1-Ki model is among the rare transgenic
mouse lines bearing brain amyloidosis together with neuronal loss, and therefore is of particular interest.

The present study was undertaken to extensively characterize the neuropathological alterations and functional
impairments in this mouse model.

We found that APPxPS1-Ki mice display a significant thinning of the hippocampal pyramidal cell layer,
occurring as early as 6 month of age and that the production of new neurons in the dentate gyrus of these mice is
also dramatically reduced. Using in vivo MRI measurements, our study revealed cerebral capillary blood flow
reduction in the cortex of 6-month old APPxPS1-Ki mice that is paralleled by neurological impairments and

memory deficits strongly evocative of hippocampal dysfunction.

As expected, extracellular AP deposits were detected in various brain regions of 6-month old animals. At this
early age, we observed in addition a remarkable thinning of the CA1-2 cell layer, evocative of local neuronal loss
(Casas et al., 2004). From initial reports it appears that 2-month old APPxPS1-Ki mice do not show significant
hippocampal neuronal loss whereas 10-month old transgenics display a severe cell loss in this region (Casas et

al., 2004). Combined with our results, these data suggest that APPxPS1-Ki mice undergo an age-related loss of
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neurons in the hippocampus, the onset of which is between 2 and 6 months of age. When evaluating potential
neuronal replacement based on new neurons generated in the dentate gyrus, we found that hippocampal cell
proliferation was reduced by nearly 40% in APPxPS1-Ki mice. Moreover, the fewer cells produced also showed
impaired neuronal differentiation, as illustrated by the massive (>90%) reduction of the number of DCX-
expressing immature neurons in APPxPS1-Ki mice. Interestingly, Li and collaborators (Li et al., 2008) reported
that differentiation of newly born cells into mature neurons is also severely compromised in AD patients,
resulting into a dramatic decrease of hippocampal neurogenesis. The mechanisms leading to hippocampal
neuronal loss and decreased neurogenic production in APPxPS1-Ki mice remain hypothetical. Despite
parenchymal accumulation of A3, there were no correlations between hippocampal amyloid loads and neuronal
loss (see also Casas et al., 2004, Schmitz et al., 2004 for similar conclusions) or density of new neurons. It is
possible that other AP conformations or localizations may have a higher pathogenic potential. AB42 is a
prevalent AP species in APPxPS1-Ki mice brain tissue (see biochemical results and also Casas et al., 2004) and
is considered to be a very toxic species closely associated with neuronal injury (Walsh and Selkoe, 2007). Also,
and more importantly, intracellular A accumulation has been reported in the APPxPS1-Ki line starting at the
age of two months in the CA1-2 hippocampal region (Casas et al., 2004). Although still debated, the exquisite
pathogenicity of intracellular AP is repeatedly reported (Laferla et al., 2007, Wirths and Bayer, 2008a). In
particular, intracellular AP is mostly detected in brain regions that show subsequent neuronal loss (Christensen et
al., 2008a, Oakley et al., 2006). Abnormally up-regulated proteins involved in apoptosis and cell survival have
recently been identified in APPxPS1-Ki mice (Damjanac et al., 2007, Page et al., 2006) and this up-regulation
may result from intracellular accumulation of Af. Concerning the observed decreased neurogenic production, it
is also possible that highly vulnerable neuronal populations, like new immature neurons, display an increased
sensitivity to the toxic effects of APB. This would account for the near complete absence of hippocampal
neurogenesis observed in 6-month old APPxPS1-Ki mice. To date, our report is the first to reveal such a massive
reduction of hippocampal adult neurogenesis in transgenic animals modeling AD brain amyloidosis (Verret et al.,
2007). Whether abolished hippocampal neurogenesis is linked to CA1-2 cell loss and/or to the impaired

hippocampal plasticity previously described in APPxPS1-Ki mice (Bayer et al., 2008) remains to be determined.
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In addition to hippocampal pathology, we showed reduced blood perfusion in the cortex of APPxPS1-Ki mice.
Cerebral hypoperfusion has also been reported in AD patients with the same arterial spin labeling MRI methods
as used here (Asllani et al., 2008, Johnson et al., 2005), suggesting that the in vivo measure of perfusion in
transgenic mice is a translational marker of the pathology. Interestingly, hypoperfusion in APPxPS1-Ki mice was
not detected in subcortical nuclei (thalamus), generally considered to be less affected by AD pathology. As
suggested by its restricted topography, decreased blood perfusion may promote or reflect local brain dysfunction
and behavioral impairments in APPxPS1-Ki mice. Cortical hypoperfusion has previously been reported in other
transgenic lines (Niwa et al., 2002), however the mechanisms responsible for decreased blood flow, in the
absence of robust amyloid angiopathy as in the case of the APPxPS1-Ki mice, remain elusive. Cerebral
hypoperfusion might be the consequence of the presence of soluble AP as recently shown (Luo et al., 2008).
Decreased cortical perfusion might also result from local cortical cell loss and/or abnormal neuronal activity.
Indeed, recent observations underlined that a loss of neurons can be detected in isocortical regions (frontal
cortex) of 6-month old APPxPS1-Ki mice (Christensen et al., 2008b). Also, neural network dysfunctions
involving aberrant GABAergic inhibition of local circuitries have recently been demonstrated in the brain of
hAPP mice carrying AD mutations (Palop et al., 2007). In the future, it would be interesting to examine whether
cortical blood hypoperfusion in APPxPS1-Ki mice originates from cell loss and/or neuronal dysfunction and

whether it is related to behavioral and cognitive defects.

Finally, we demonstrated that APPxPS1-Ki mice display neurological and cognitive symptoms often seen in AD
patients and sometimes described in transgenic mouse models (Janus and Westaway, 2001, Pietropaolo et al.,
2008). Extending previous findings in APPxPS1-Ki mice (Bayer and Wirths, 2008, Wirths and Bayer, 2008b,
Wirths et al., 2007), we reported several abnormal early onset behavioral traits such as decreased motor strength,
reduced vertical activity, and altered swimming behaviors. Interestingly, motor symptoms, although modest,
have also been depicted in demented patients (see Wirths and Bayer, 2008a for discussion). In APPxPS1-Ki
mice, these symptoms are presumably associated with peripheral axonopathy (Bayer and Wirths, 2008, Wirths
and Bayer, 2008b, Wirths et al., 2006). More importantly, we further described new phenotypic traits of

APPxPS1-Ki mice including: (1) a robust hyperlocomotor behavior that was confirmed using three different tests
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(openfield, actimetry and elevated-plus maze), and (2) abnormal anxiety-related behaviors together with signs of
disinhibition that are also symptoms developed by AD patients (Cummings, 1997). Lastly, at the cognitive level,
APPxPS1-Ki mice exhibited deficits of acquisition and retention of fine allocentric spatial information. These
latter symptoms, not previously described, are fully evocative of spatial disorganization and medial temporal lobe
impairment as seen in AD patients. Their onset at 6 months of age in APP/PS1-Ki mice coincides with severe

hippocampal pathology (see above).

In summary, APPxPS1-Ki mice develop early neurological deficits and signs of hippocampal dysfunction. At 6
months of age, they display a neuronal loss and an abolished hippocampal neurogenesis, in addition to brain
amyloidosis. Brain functional anomalies in this model appear to extend beyond the hippocampus as evidenced by
altered isocortical blood perfusion. Further work is needed to explore the exact relationships between A3
accumulation, altered neuronal densities, impaired adult neurogenesis, reduced brain perfusion, and associated
cognitive deficits. To date, no mouse model exhibits every neuropathological feature of Alzheimer's disease.
Therefore, APPxPS1-Ki mice that display concomitant appearance of behavioral, cellular, and pathological
markers reminiscent of Alzheimer's disease may represent a valuable tool to evaluate therapies against AD in

preclinical research.
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Figure legends

Figure 1. Neuropathological profile of 6-month old APPxPS1-Ki mice (1/2).

A, B. APPxPS1-Ki develop brain amyloidosis as evidenced by numerous, small-sized, Congo red positive
plaques in the parenchyma (B is a magnification of the dorsal hippocampus as outlined in A).

C, D. From Nissl-stained sections (photos taken at the level of dorsal hippocampi as in B), it appears that 6-
month old APPxPS1-Ki mice might already undergo neuronal loss in the CA1 field as this cell layer shows
reduced thickness (C: PS1-Ki mouse; D: APPxPS1-Ki mouse).

E. Regional amyloid loads (mean + SEM) were calculated from Congo red stained tissue sections in different
brain regions (Hipp: entire hippocampus; Hipp (dors): dorsal part of the hippocampus; Cortex: entire cortical
mantle; Cortex (PFC): prefrontal cortex). Note that the relative volume occupied by amyloid plaques is greater in
the isocortex (prefrontal cortex) than in the hippocampal archicortex.

F. Measurement of the CA1 thickness (individual plots; horizontal bar represents population mean) indicates a
20% atrophy of this hippocampal cell layer in APPxPS1-Ki as compared to PS1-Ki mice.

Scale bars: 100 um (except A: 1000 um). All microphotographs are representative of each genotype.
Quantification of amyloid loads and of CA1 thickness was performed in 30 PS1-Ki mice and in 28 APPxPS1-Ki

mice.

Figure 2. Neuropathological profile of 6-month old APPxPS1-Ki mice (2/2).

A-D. Hippocampal neurogenesis is severely compromised in APPxPS1-Ki mice at the age of 6-months.
APPxPS1-Ki mice show a deficit in cell proliferation (Ki67 immunostaining; A: PS1-Ki mouse; B: APPxPS1-Ki
mouse). Moreover, DCX immunoreactivity, strongly present in the dentate subgranular zone of PS1-Ki mice (C),
is almost eradicated in APPxPS1-Ki mice (D), pointing to a massive defect of young hippocampal neurons.
Insets in figures A-D illustrate magnified views of DCX and Ki67 positive cells.

E. Absolute numbers of DCX+ immature new neurons in the dentate gyrus (individual plots; horizontal bar

represents population mean) is almost abolished in APPxPS1-Ki (90% reduction).



F. Blood perfusion, as measured by in vivo MRI methods, is decreased in the posterior cortex of APPxPS1-Ki
mice (individual plots; horizontal bar represents population mean), underlining that brain dysfunction in this
mouse line extends beyond the hippocampus.

Scale bars: 100 um. All microphotographs are representative of each genotype. The number of
neuropathologically-assessed mice are: Ki67 immunostainings (PS1-Ki= 6; APPxPS1-Ki: 5); DCX

immunostaings (PS1-Ki= 15; APPxPS1-Ki: 14)

Table 1. APPxPS1-Ki mice demonstrate various and gradual neurological impairments.

Mice were evaluated at different ages in a neurological battery. Primary screening allowed the measurement of
vertical activity (a). Motor strength was assessed using the wire grid test (b). During actimetry (c, d) and open
field (e, f) tests, various aspects of locomotor behavior were measured. Anxiety-related behaviors were
quantified in the open field (g) and elevated plus-maze (h, i) tests.

For each test, the measured dependent variables are represented as mean + SEM. Effects of the Age factor are
symbolized for each genotype by upward / downward arrows ( p<.05). Effects of the Genotype factor are also
illustrated, by white and black squares, at each age (see caption).

APPxPS1-Ki mice show various abnormal neurological traits, with variable onset and progression. Major
neurological impairments involve: motor defects (loss of motor strength and of vertical activity), increased

locomotor activity, and decreased anxiety-related behaviors.

Figure 3. APPxPS1-Ki mice develop locomotor hyperactivity with aging.

19

Locomotion was assessed during 24 hours at 2 (A), 4 (B) and 6 (C) months of age. The graphs illustrate the mean

distance traveled every 30 minutes. At each age, both genotypes show gradual habituation (decreased activity)
after placement in the new environment. A renewal of activity is observed, as expected, during the night period
but is stronger in APPxPS1-Ki mice as compared to PS1-Ki controls. The nocturnal increase in locomotion of
APPxPS1-Ki mice is gradually potentiated with aging, indicating an age-related worsening of hyperactivity in

this genotype.
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Figure 4. APPxPS1-Ki show abnormally low levels of anxiety.

At the age of 6-months, APPxPS1-Ki mice show evidence of disinhibition in the elevated plus maze task with
increased intrusions and time spent in the anxiogenic open arms of the maze (vertical arms in the illustration; the
figure depicts activity plots of two representative mice). This trait is not the result of overall hyperactivity in
APPxPS1-Ki mice as, in this genotype, there is no correlation between locomotor activity in the maze and time

spent in the open arms.

Figure 5. APPxPS1-Ki mice develop a gradual impairment in the acquisition of spatial information.

Spatial reference memory in the water maze task was evaluated in 2-, 4- and 6-month old mice using an unbiased
measure (% of distances traveled in the target quadrant: mean + SEM). At 2 months of age, both genotypes
demonstrate difficulties in learning the task although their performances improve across training sessions.
Acquisition proficiency largely increases when the mice are re-tested two months later and, at that age, no
differences are observed between the two genotypes. Finally, at 6 months of age, a clear learning deficit is

observed in APPxPS1-Ki mice (p<.01).

Figure 6. APPxPS1-Ki mice develop a gradual impairment in the retention of spatial information.

From the age of 4 months, APPxPS1-Ki mice display spatial memory impairments in the water maze task. A.
During probe tests, APPxPS1-Ki mice navigate at larger distance (mean + SEM) from the spatial goal location
(platform position) than do PS1-Ki control mice. The lack of finely-tuned spatial representations in APPxPS1-Ki
mice was observed at 4 and 6 months of age, but not in younger mice. B. Reduced spatial bias in APPxPS1-Ki
mice was also directly evidenced by their occupancy plots (here illustrated in 6-month old animals) that show a
less narrowed exploration pattern. To build the occupancy plots, the surface of the maze was divided in small
tiles of equal sizes and the time spent in each tiles was color-coded according to its value (lookup table with
white, yellow and red colors corresponding respectively to low, medium and high durations; the occupancy plots

represent data cumulated and averaged for each genotype).
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