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Abstract 

Intracerebral amyloid-beta peptide (Aβ) deposition is considered to play a key role in 
Alzheimer’s disease and is designated as a principal therapeutical target. The relationship 
between brain Aβ levels and clinical deficits remains however unclear, both in human patients 
and in animal models of the disease.
The purpose of the present study was to investigate, in a transgenic mouse model of brain 
amyloidosis, the consequences of Aβ deposition on basic neurological functions, using a 
longitudinal approach. Animals were phenotyped at different ages corresponding to graded 
neuropathological stages (from no extracellular Aβ deposition to high amyloid loads).
Sensory functions were evaluated by assessing visual and olfactory abilities and did not show 
any effects of the APP transgene. Motor functions were assessed using multiple experimental 
paradigms. Results showed that motor strength was considerably reduced in APP transgenic 
mice compared to control animals. No deficit was noted in a motor coordination test although 
APP transgenic mice displayed decreased locomotion on a stationary beam. Hypolocomotion 
was also observed in the standard open field test. Measures of anxiety obtained in the elevated 
plus-maze reveal some evidence of hyperanxiety in 15 months-old transgenic mice.
Some of the neurological impairments showed by APP mice had an early onset and worsened 
with progressive aging, in parallel to gradual accumulation of Aβ in brain parenchyma. 
Relationships between neuropathologically-assessed amyloid loads and behavioural deficits 
were further explored, and it was observed that motor strength deficits were correlated with 
cortical amyloid burden.
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Introduction 
Alzheimer’s disease (AD) has become a critical public health issue in our industrialized 
societies as the aging population continues to dramatically increase. From the pioneering 
studies of Alois Alzheimer (Alzheimer et al., 1995), research has rapidly evolved and now 
relies on molecular and cellular biology approaches focusing on transgenic mice 
overexpressing mutated genes associated with familial AD (Delatour et al., in press, German 
& Eisch, 2004, Higgins & Jacobsen, 2003, Van Dooren et al., 2005). These murine models 
mainly replicate one hallmark neuropathological lesion of AD, which is parenchymal 
accumulation of amyloid-beta (Aβ) peptides that subsequently form plaques. Such models 
derive from the  so-called amyloid cascade hypothesis (Hardy & Higgins, 1992, Selkoe, 1991, 
Sommer, 2002) that was triggered by the pioneering work of Glenner, Wong, Beyreuther and 
Masters (Glenner & Wong, 1984, Masters & Beyreuther, 1989) and that posits accumulation 
of cerebral Aβ as a key primary event in the physiopathogeny of AD. Therapeutical assays at 
the moment largely rely upon the amyloid cascade hypothesis with the development of Aβ-
lowering drugs being intensively explored. 
Several fundamental questions and concerns remain to be addressed for a better understanding 
of AD’s physiopathogeny and of the value/limits of animal models mimicking the disease
process.
First of all, the behavioural phenotype of transgenic mice replicating AD neuropathology has 
been mainly studied using batteries of cognitive (learning and memory) tasks while non-
cognitive aspects of behaviour have been less extensively investigated in these mice (see 
however recent studies: Adriani et al., 2006, Arendash et al., 2004, Lalonde et al., 2005, 
Lalonde et al., 2004, Leighty et al., 2004, Pugh et al., 2007, Vloeberghs et al., 2006, 
Vloeberghs et al., 2004, Wirths et al., 2007). Refining screening of AD mutant mice to include 
(non-cognitive) neurological tests could therefore be of interest, especially in terms of face 
validity for the model. More importantly, longitudinal behavioural studies assessing repeated 
testing of the same mice at different ages have been rarely carried out and, most of the time, 
were restricted to cognitive evaluation (Chen et al., 2000, Mccool et al., 2003, Savonenko et 
al., 2003, Zhuo et al., 2006). Such time-consuming studies are nevertheless of importance to 
finely evaluate the onset and evolution of behavioural impairments in relation with graded 
neuropathological stages. 
The purpose of the present study was to investigate, in a transgenic mouse model bearing 
Swedish and London APP mutations and developing discrete cognitive impairments
(Blanchard et al., 2007, Blanchard et al., 2003), the role of Aβ on (non-cognitive) neurological 
disorders. Primary screening (using a SHIRPA-like protocol) of this transgenic line was 
performed in the past and did not show any obvious effects of the mutated APP transgene  in 
9-months old transgenic mice, except lower body weights (Dr. O. Piot-Grosjean, personal 
communication). We therefore used a complementary behavioural battery involving more 
elaborated tests to evaluate neurological functions in these mutant mice. Animals were initially 
phenotyped at an early age preceding onset of extracellular Aβ accumulation (3 months-old). 
Sensory functions were evaluated by means of tests assessing visual (visual cliff test) and 
olfactory (buried food test) abilities. Motor functions were rated using three experimental 
paradigms: wire grid test, coat hanger test and stationary beam coordination test. Locomotion 
(and also some aspects of anxiety-related behaviours) were assessed with the standard open 
field test, and anxiety was evaluated in the elevated plus-maze task. Mice were then retested at 
6 months of age (onset of brain amyloidosis) and finally at 15 months (high density of plaques) 
before being sacrificed to address clinico-pathological correlations between behavioural 
performances collected over a one-year period and histological/morphological markers 
developed by aged mice.
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Material and methods

Experimental subjects
The transgenic mice were generated and established according to standard procedures. Mice
who had initially a hybrid genetic background (C57BL/6J [87.5%]×CBA [12.5%]), were 
subsequently backcrossed to C57BL/6J mice for six generations (for details, see Blanchard et 
al., 2003). These transgenic mice overexpressed hAPP bearing Swedish (K670M/N671L) and 
London (V717I) mutations under the control of the neuron specific mouse Thy-1 promoter. 
The level of human APP overexpression was 5 to 7 time greater than endogenous murine APP 
levels in this transgenic line (Blanchard et al., 2003). 
The cohort used in the present study comprised 57 transgenic male mice (APP group) and 20 
wild type non-transgenic male littermates used as controls (WT group). All mice were 6 weeks 
old at their arrival and behavioural testing was initiated at two months of age.
Male siblings were kept in the same cage (two to four mice per cage) under a 12-h light–dark 
cycle (light on: 7.00 a.m.) with food/water ad libitum and controlled humidity (50 %) and 
temperature (22°C) conditions.
All experiments were conducted in accordance with the ethical standards from 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.
91-326). The general health of mice was regularly checked and body weights were assessed 
every week throughout the experimental period.

Behavioural tests
Neurological evaluation was carried out at 3, 6 and 15 months, corresponding to differentiated 
neuropathological stages in APP mice (3 months: no plaques; 6 months: onset of plaque 
deposition; 15 months: high amyloid load) as expected from known phenotype of the 
transgenic line used (Blanchard et al., 2003). Neurological tests assessed sensorimotor 
functions, locomotor activity and anxiety-related behaviours.
Mice were moved to the experimental room 15 min. before each test.

Buried food test
This test was adapted from the Jackson Laboratory phenotyping battery to assess basic 
olfactory functions. Animals were not food deprived prior to the test. A plastic cage (length, 40 
cm; width, 16 cm; height, 24 cm) filled with wood chips was used. In one of the four corners 
of the cage, a small piece of cheese cracker was buried. Place of buried food was randomly 
changed between animals. Mice were placed in the center of the apparatus and their latency to 
find the cracker was recorded (cut off: 10 min). Wood chips were stirred between animals to 
homogenize odor gradients.

Visual cliff test
Gross visual acuity was evaluated using the visual cliff test. This test measures depth 
perception in mice by assessing avoidance behaviour of a cliff (Fox, 1965). Testing was 
carried out in an open-topped box (length, 75 cm; width, 75 cm; height, 60 cm). The box was 
made from opaque PVC and equipped with an elevated clear Plexiglas floor (40 cm-height 
from the floor) defining a safe area (visually opaque floor) and an unsafe zone (above a cliff). 
An elevated rectangular platform (length, 30 cm; width, 7 cm; height, 5,5 cm) was placed at 
the frontier between safe and unsafe areas. Mice were deposed on the platform, therefore 
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avoiding immediate whiskers contacts with the floor, and latency and side of step down were 
recorded (cut off: 10 min).

Wire grid test
Motor strength was measured with the wire grid test. Strength suspension (four paws) was 
assessed on a grid bordered with masking tape to prevent the mouse from walking off the 
edge. 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). 

Coat hanger test
The coat hanger test was used to evaluate motor coordination. An iron horizontal bar (1.3 mm 
diameter) was placed at a height of 30 cm from the floor; a cardboard wall was inserted at each 
end of the bar in order to prevent mice from escaping sideways. Mice were placed in the 
middle part of the horizontal bar. Each trial began only when the forepaws gripped the bar at 
the moment of release. Three trials were recorded (intertrial interval: 5 min) and after each 
trial, mice were re-isolated. The latencies of the traction reflex (ie time the animal took to 
catch the bar by one of its hind paws) and alternatively the latencies before falling (cut off: 30 
s), were measured.

Stationary beam test
Motor coordination was also assessed using the stationary beam test. A round wooden beam 
(2.3 cm of diameter) was placed at a height of 35 cm from the floor and divided into seven 10-
cm long segments. In order to avoid any escape, two cardboards flanked the beam. Mice were 
placed on the middle of the beam and number of segment crossed (4 paws criterion), latencies 
before falling, and number of falls were measured in a single 4-trials session. The cut-off was 
set to 1 min per trial and the intertrial interval to 10 min.

Open field test
Locomotor activity was measured in a squared open field (50x50 cm; luminosity: 35 Lux) with 
black walls 30-cm high. The arena was divided into 25 squares (16 peripheral and 9 central). 
Each animal was placed in the center of the arena and allowed to freely explore for 10 min. 
The total number of square crossings (horizontal transitions) and rearings (vertical activity) 
were recorded for each animal. Collection of behavioural measures was performed using a 
laptop computer equipped with home-made software and connected to a numeric cam recorder.

Elevated plus-maze test
Anxiety was evaluated in a cross-maze (length, 28 cm; width, 5 cm; height from floor, 40 cm; 
overall luminosity in open arms: 70 Lux) with two opposing open arms and two enclosed arms 
with three walls (height, 16 cm). Mice were placed in the central region of the maze and the 
number of entries and time spent in each arms were measured for a 5-min period using home-
made software for behavioural analysis.

Histology
After completion of longitudinal behavioural testing, mice were sacrificed with an overdose of 
sodium pentobarbital and were perfused transcardially with saline solution. After removal, the 
brains were weighed and photographed (ventral, dorsal and medial faces after separating the 
two hemispheres) using an Olympus C5050-Z camera fixed on a macro focusing stage. From 
macro-photographs, the brain length was measured at the midline level using the measure tool 
of Photoshop CS2 (Adobe, Paris, France) and converted to millimeters. 
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After one-week fixation in 10% formalin and subsequent cryoprotection in 20% glycerin and 
2% dimethylsulfoxide in 0.1M phosphate buffer (PB) right hemispheres were sectioned 
(frontal 40µm-thick sections) on a freezing microtome. Twelve batches of serial sections 
(ranging from the frontal pole to the end of the caudal part of the hippocampus) were collected. 
Two series of free floating sections were immediately rinsed with 0.1 M PB and mounted on 
Superfrost+ glass slides before being processed for Nissl and amyloid staining. Remaining 
tissue was frozen in cryoprotectant as backup material. Nissl stain made use of thionin and 
labeling of amyloid deposits was done by standard Congo red staining (30 min in a 80% 
ethanol solution saturated with congo red and sodium chloride (adapted from Puchtler et al., 
1962)). Each slice was then 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 
µm2).
Amyloid loads were quantified on Congo red stained material using computer-based 
thresholding methods (see Figure1a). Scans were prepared using Photoshop CS2 to outline 
whole brain sections or selected regions of interest (ROI). Images were then processed with 
ImageJ freeware (Rasband, W.S., ImageJ, U. S. National Institutes of Health, Bethesda, 
Maryland, USA, http://rsb.info.nih.gov/ij/, 1997-2006) using a macrocommand that executed 
the following operations: (1) R, G, B color component adjustment, (2) global automated 
thresholding based on entropy criterion, and (3) morphometric filtering based on circularity 
and size constraints. 
Regional amyloid loads were expressed as percent of tissue surface stained by the Congo red 
dye (Delatour et al., 2006, El Tannir El Tayara et al., 2006) that corresponds to the proportion
of plaques volume according to Delesse principle (Delesse, 1847). Evaluation of amyloid loads 
were performed for the whole brain (cortical plus subcortical areas) and in different regions of 
interest: the cortical mantle, (i.e. isocortex plus hippocampus that are the ROIs displaying the 
highest amyloid burden), the motor cortex and finally the amygdala (lateral, basolateral and 
basomedial nuclei delimited by the external capsula). Quantitative analyses were made on 
several serial sections (whole brain: n= 15 sections/mouse; motor cortex: n= 6sections; 
amygdala: n= 4 sections). Such sampling, associated with the large number of processed mice, 
meets requirements defined to assess, with good precision, amyloid loads in brain tissue of 
transgenic mice (Fishman et al., 2001).

Statistical analysis
Almost all behavioural parameters were analyzed using two-factors ANOVA with repeated 
measures (with Genotype as the between-subjects factor and Age as the within-subject factor) 
using Statistica software (StatSoft, Inc., Tulsa, OK, USA). Differences between genotypes on 
brain weights and lengths were assessed by means of the Student t-test (Statistica Software). 
The visual cliff test’s performances were analysed using non-parametric Mann-Whitney U and 
Cochran’s Q tests (Statistica Software). Multivariate analysis of behavioural data was 
subsequently performed using SIMCA-P (Umetrics, Umea, Sweden). Normality of amyloid 
loads distribution was assessed using the Lilliefors test (Lilliefors, 1967). Correlative analysis 
between morphological and behavioural measures were based on the Pearson coefficient of 
correlation (Statistica Software) and Bonferroni and Holm corrections for multiple 
comparisons were subsequently performed to adjust p values.

Results
APP mice showed enhanced lethality at young ages (before 4 months) with 23 out of 57 mice 
(40%) dying before the completion of the study for unknown reasons (no seizures detected, no 
relationship with body weight loss, no apparent alteration of the gross phenotype). Statistical 
analyses were only carried out using mice that completed the whole one-year training set.
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Behaviour

Sensory functions
The latency to locate a fragrant cue (buried food test) was not significantly different between 
genotypes (F<1; see Table I), underlining similar basic olfactory functions in WT and APP 
mice. Performance did not vary across ages (F<1) and the interaction between Genotype and 
Age factors was not significant either (F(2,100)= 1.474; ns).
When evaluated in the visual cliff test, both WT and APP mice demonstrated clear avoidance 
behaviour toward the unsafe (cliff) side of the apparatus (see Table I), with no differences 
between genotypes (Mann-Whitney test; Us>250; ns). Visual detection of the cliff (unsafe) 
area was not affected by aging, neither in WT (Cochran test; Q=1; ns) nor in APP mice 
(Q=0.316; ns).

Motor functions
Analysis of neurological performance in the wire grid test revealed a significant reduction of 
motor strength in APP mice as compared to WT mice (Genotype effect: F(1,50)= 11.552; 
p<.0025; see Table II). Genotype effect was confirmed at 3 and 15 months but not at 6 months 
of age. A global decline of performance was noted with progressive aging (F(2,100)= 13.694; 
p<.001), affecting both WT (F(2,34)= 3.995; p<.05) and APP mice (F(2,66)= 15.815; p<.001), 
with no significant interaction between Age and Genotype factors (F(2,100)= 2.553; p>.082).
Mean latency of the traction reflex measured in the coat hanger test was not affected by 
Genotype (F(1,50)= 2.036; see Table II) but did significantly fluctuate across ages (F(2,100)= 
35,975; p<.001) in both genotypes. The interaction Genotype x Age was not significant 
(F(2,100)= 1.492; ns). The latency to fall from the coat hanger was also measured as an 
alternative index of motor strength (Table II). Analysis of this variable indicated a decay of 
performance with aging (F(2,100)= 48.344; p<001) as well as significant Genotype and 
Genotype x Age effects (F(1,50)= 9.976; p<.005 and F(2,100)= 3.483; p<05 respectively). 
Subsequent analysis underlined that both WT and APP mice showed a drop in latency to fall 
with aging (WT: F(2,34)= 10.358; p<.001 and APP: F(2,66)= 55.214; p<001). Group 
comparisons indicated no differences between genotypes at 3 and 6 months of age (F(1,50)= 
1.216; ns and F<1 respectively) but a significantly impaired performance of 15-months old 
APP mice as compared to age-matched WT mice (F(1,50)= 15.445; p<.001).
Motor coordination was evaluated with the stationary beam test. Analysis of the number of 
crossed segments revealed both a Genotype effect (F(1,50)= 6.857; p<.025) as well as Age and 
Age x Genotype effects (Fs(2,100)>5.2; ps<.01; Table II), with APP mice showing decreased 
activity (in comparison to WT mice) at 15 months of age (F(1,50)= 29.767; p<.001) but not at 
younger ages (Fs(1,50)<1.749; ns). Old APP mice also showed reduced latency to fall when 
compared to 15-months old WT mice (Fs(1,50)= 10.16; ps<.0025; Table II).

Locomotion and anxiety-related behaviours
Locomotor evaluation was carried out in the standard open field test. Analysis of horizontal 
activity (see Table III) showed an effect of the Genotype factor (F(1,39)= 31.966; p<.001) with 
significant Age and Genotype x Age effects (Fs(2,98)>5.254; ps<.01). APP mice demonstrated 
clear evidence of decreased locomotion at all tested ages (ps<0.005) and worsening of 
performance with progressive aging was noted in this genotype (F(2,64)= 20.732; p<.001) but 
not in control WT mice (F(2,34)= 1.168; ns). Vertical activity was also measured during 
testing and was found to noticeably decrease with aging (F(2,98)= 17.234; p<.001; see Table 
III), with no effect of Genotype (F(1,49)= 2.763; ns) nor interaction between Genotype and 
Age factors (F(2,98)= 1.15; ns).
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As expected, in the elevated plus-maze test, mice spent more time in the closed arms than in 
the open arms (F(1,37)= 542.05; p<.001; see Table III) underlining avoidance of the most 
anxiogenic area of the apparatus. Analysis of variance showed no effects of Genotype and Age 
factors (respectively F(1,37)= 3.68; ns and F(2,74)= 1.69; ns) but a significant Age x Genotype 
interaction (F(2,74)= 8.21; p<.001). Subsequent analysis revealed no differences between 
genotypes at 3 and 6 months of age (Fs<1) but a significant effect of the Genotype factor at 15-
months of age (F(1,47)= 12.381; p<.001). At this age, APP transgenic mice showed increased 
time spent in closed arms when compared to WT mice (F(1,37)=  4.154; p<.05). However the 
time spent in the open arms did not differ between the two genotypes (F<1).To assess, in a 
complementary way, differential exploration of open and closed arms, a ratio was computed 
(number of entries in open arms divided by total number of entries in open and closed arms; 
see table III). This ratio gradually decreased with aging (F(2,7)= 20.6; p<.001) with no effects 
of Genotype nor a significant interaction between Genotype and Age factors (Fs<1).

Multivariate analysis of behavioural performances
Partial least squares discriminant analysis was carried out on collected behavioural data with 
two major aims: (1) to find out, for each genotype, which dependent variables are the most 
affected by aging process; (2) to determine, at each time-point of the longitudinal study, which 
variables are the more efficient to discriminate between APP and WT phenotypes.
For control WT mice, the most discriminant variables between testing ages (Variable Influence 
on Projection - VIP>.08) were the vertical activity in the open field test and the latency to fall 
in the coat hanger test that both largely decreased with progressive aging. In the APP 
transgenic group, same analysis revealed as age-related discriminant parameters (VIP>0.8) a 
set of different variables: horizontal activity in the open field and stationary beam tests as well 
as latencies to fall in the coat hanger and stationary beam tests. All these variables were related 
to performance decline in aged APP mice.
At 3 and 6 months of age, multivariate analysis failed to correctly separate WT and APP 
neurological performances (Q2cum= .193 and .397 respectively). However older mice (15 
months) were clearly differentiated by the Genotype factor (Q2cum= .652). At this age, the 
most discriminant variables (VIP>.08) were the locomotor activity (open field and stationary 
beam tests) and the latencies to fall in different tests (coat hanger, wire grid and stationary 
beam tasks).

Morphological analysis

Gross morphology
During the one-year period of behavioural testing, APP mice showed a constant lower body 
weight (10-20%) in comparison to control non-transgenic mice (see table IV). Analysis of 
variance carried out on mean body weights obtained at 3, 6 and 15-months of age confirmed a 
Genotype effect (F(1,50)= 111.02; p<.001). Notably no correlations were noted between body 
weights and neurological performances (data not shown).
Fresh brains were weighed and measured (see table IV). Brain weights were not different 
between genotypes (t(50)= 0.879; ns) but APP mice showed anomalous increased brain length 
when compared to WT mice (t(50)= 3.179; p<.005).

Neuropathology and clinico-pathological correlations
Amyloid loads estimated from Congo red-stained slices ranged between 0.9% to 2.2% (whole 
brain) and between 0.95% and 5.37% (selected ROIs) of total sampled volumes (see Table IV 
and Figure1 b). The amyloid loads showed normal distributions as assessed by Lilliefors tests.
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No association was found between macroscopic observations (brain weights and lengths) in 
APP transgenic mice and amyloid loads even though a negative trend was noted between brain 
weight and total brain amyloid load (r= -0.32; p= 0.062). 
Correlation analyses were performed to study the impact of neuropathological markers 
(amyloid burden) upon neurological functions (only behavioural dependent variables 
associated with functional impairments in APP transgenic mice were selected for analysis: n= 
6). Performances at young ages were not correlated with (and therefore did not predict) 
amyloid loads evaluated at 15 months of age (data not shown). However, in old APP mice 
some associations were found between neuropathological staging and neurological 
performance obtained just before sacrifice. Measures of motor strength (latencies to fall) were 
hence negatively correlated with cortical amyloid loads in three different test (wire grid: r= -
0.37, p<.05; coat hanger: r= -0.49, p<.005; stationary beam: r= -0.4, p<.025). Following p-
values adjustments for multiple comparisons, a negative correlation between cortical amyloid 
load and motor strength was still observed, but only in the coat-hanger test (p<.025). In a 
similar way, amyloid load in the sole motor cortex was correlated with motor strength measure 
(coat hanger: r=-0.49, p<.005) and the correlation was preserved after adjustments for multiple 
comparisons (p<.025). Subsequent analysis showed that mice with “low” cortical amyloid 
loads presented better performance than mice with “high” amyloid burden (Figure 2). By 
contrast, no associations were found between locomotor activity measures (open field and 
stationary beam tests) and amyloid burden in the cortex and in the whole brain (rs<0.25; ns).
Additionally, no significant correlations were observed between amyloid load in the amygdala
and anxiety related measures (rs<.07).
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Discussion 
The paucity of behavioural longitudinal studies of transgenic mice modelling AD’s 
neuropathology led us to carry out a one-year long analysis of mutated APP transgenic mice 
by phenotyping them in a battery of non-cognitive neurological tests. In a very recent study, 
Pugh and collaborators (Pugh et al., 2007) performed, as we did, a longitudinal evaluation of 
neurological functions in AD transgenic mice (TASTPM line carrying both APP and presenilin 
1 mutations); however no histological characterization of the studied mice was performed with 
a clinico-pathological aim. In the present study, neuropathological examination was therefore 
achieved after completion of behavioural testing to address correlations between plaque burden 
and neurological performances.

Summary of results
Behavioural testing allowed us to evaluate the gross integrity of two sensory modalities that 
are essential for rodents (olfaction, vision) and did not reveal obvious deleterious effect of the 
mutated APP transgene on these functions. 
On the contrary, motor strength was severely affected in APP mice that showed decreased 
latencies to fall in different tasks involving grip abilities (wire grid, coat hanger and stationary 
beam tests). Locomotor evaluation in the open field test revealed a hypoactivity of APP mice 
that worsened with progressive aging. Similarly, APP mice showed decreased locomotion in 
the stationary beam test; this deficit, however, was only observed in old (15 months) animals. 
It remains difficult to determine if this latter impairment was due to a motor coordination 
defect or to a lack of motor strength as APP mice concurrently showed normal traction reflex 
in the coat hanger test that also requires some motor coordination. Finally, anxiety-related 
behaviours did not differ between genotypes until the age of 15 months when APP mice 
exhibited some evidence of hyperanxiety (increased time spent in closed arms).
Multivariate between-groups analysis allowed to clearly dissociate the two genotypes at 15 
months of age, on the basis of selected neurological measures (locomotor activity and motor 
strength/coordination performance). However, at younger ages (2 and 6 months), differences 
between APP and control WT mice were not statistically confirmed by discriminant analysis.
Finally, neuropathological studies showed a relation between amounts of plaque deposition in 
the cortex and motor strength deficits. No other clinico-pathological correlations were found; 
in particular, the severe hypoactivity of APP mice was not associated with cortical amyloid 
load.

Neurological impairments in AD transgenic mice: relevance to 
human pathology
Neurological symptoms, including motor impairments, are described during the course of AD 
(Franssen et al., 1991, Goldman et al., 1999, Mega et al., 1996, Pettersson et al., 2002) but are 
not emphasized in the general clinical picture of diseased patients. The etiopathogeny of these 
non-cognitive traits remains obscure and have been attributed to comorbidity such as 
parkinsonism or lewy bodies dementia (Hansen et al., 1990, Leverenz & Sumi, 1986) or 
alternatively to white matter lesions (Xie et al., 2006). As described in the present study, APP 
transgenic mice modelling AD neuropathology show neurological dysfunction that might be 
reminiscent of symptoms depicted in patients. We do believe however that those deficits in 
trangenic mice are qualitatively and quantitatively different than those described in human 
pathology. 
For instance, one of the main clinical feature we observed in APP transgenics was a severe 
loss of motor strength. Such deficits, to our knowledge, have not been described in AD 
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patients. Motor weakness has been isolated as a prognostic indicator for survival in demented 
patients (Koutsavlis & Wolfson, 2000), but strength loss can not be considered as a common 
symptom in AD. Data gained from the animal literature are also in conflict. Mice with 
pathological accelerated senescence have deficits in a wire suspension test (Markowska et al., 
1998) and recently-engineered murine transgenic lines (bearing APP mutations plus knock-in 
mutations of the endogenous presenilin 1 gene) also show impairments in suspension tests 
(Wirths et al., 2007, Wirths et al., 2006). On the contrary, other transgenic lines (eg APP23, 
APPxPS1δE9 models) do appear to have normal grip strength (Lalonde et al., 2005, Lalonde
et al., 2004). These discrepancies might be related to variations in genetic constructions of the 
different lines (mutations and promoters used, genetic backgrounds of the strains) as well as to 
heterogeneity of the tested populations (in terms of age, sex etc.) that does not allow strict 
comparisons between studies.
A second major characteristic of APP transgenic mice in the present study was a decreased 
locomotor activity. While a number of studies paradoxically showed hyperactivity in APP 
transgenic mice (eg King & Arendash, 2002, King et al., 1999, Lalonde et al., 2003), patterns 
of hypoactivity similar to our observations have been reported in concurrent transgenic lines 
(Pugh et al., 2007). Impairments in locomotor behaviour are also described during the course 
of AD, presumably in relation with disrupted circadian rhythms (Satlin et al., 1991). However, 
human studies mostly outline abnormal hyperactivity traits in AD patients, which contrasts 
with our data obtained in transgenic mice that show, on the contrary, decreased locomotion. 
In the present study, old APP mice displayed some evidence of abnormal anxiety-related 
behaviours (increased time spent in closed arms of the elevated plus-maze). Although not 
consistently reported, similar observations of hyperanxiety have been described in other 
transgenic lines (Lee et al., 2004, Savonenko et al., 2003). Neuropsychiatric symptoms, 
including increased anxiety manifestations, are commonly depicted in AD patients 
(Cummings, 1997) and might hence be paralleled by results from transgenic mice studies.
Finally, we did not find evidence either of reflex motor coordination deficit (coat hanger test) 
or of visual or olfactory impairments in APP transgenic mice. The latter results suggest that 
sensory functions are intact in those animals. Such conclusions should be nonetheless 
tempered by reports showing deficits of APP transgenics when trained to locate a visual cue 
(Hsiao et al., 1996, King et al., 1999), as such impairments might indicate a loss of visual 
acuity. Furthermore, it is known from human studies that basic sensory deficits (especially in 
the olfactory modality) can to some extent be compromised in AD patients (Doty, 1994).

Neurological impairments in AD transgenic mice: neuropathological 
correlates
In light of the “amyloid cascade” hypothesis we explored the relationship between onset and 
magnitude of neurological deficits and amyloid burden in APP transgenic mice. Some of the 
depicted behavioural impairments were not observed in young amyloid-free animals and 
appeared later in mice with full blown pathology (see results obtained in the coat hanger, 
stationary beam and plus-maze tasks; see also results from multivariate analysis). Other 
deficits (i.e. decreased locomotion in the open field) were present at young ages but worsened 
with progressive aging in association with development of cerebral amyloidosis. More 
importantly, correlations between total cortex or motor cortex  amyloid loads and neurological 
performances were obtained in selected tests assessing motor strength. Previous studies carried 
out in different transgenic lines also reported relationships between amyloid burden and 
defects in learning and memory tasks (Arendash et al., 2001, Chen et al., 2000, Chishti et al., 
2001, Gordon et al., 2001, Hsiao et al., 1996). To our knowledge, correlations between basic 
(non-cognitive) neurological impairments and levels of fibrillar insoluble Aβ (aggregated 
Congo red-positive plaques) have not been previously reported (see however Leighty et al., 
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2004). Importantly, it should be kept in mind that Aβ deposition in the brain is an age-
dependent process, might be associated with concurrent neuropathological alterations, and 
therefore could act as a confounding variable with no direct impact on behavioural 
dysfunction.
Furthermore, we did not find, systematic relationships between neurological deficits and 
amyloid loads: the severe hypoactivity of APP transgenics did not appear to be linked to 
plaques burden; also amyloid load in the amygdala was not correlated to measures of anxiety 
in transgenic mice. It should be noted that several studies have claimed a lack of a direct 
association between Aβ levels and behavioural decline (Holcomb et al., 1998, Howlett et al., 
2004, Trinchese et al., 2004), especially those showing no deficits in mice with high amyloid 
loads (Bizon et al., 2006, Blanchard et al., 2007). More importantly, a number of neurological 
deficits illustrated in the present study had a very early onset (locomotor hypoactivity, loss of 
motor strength in the wire grid test), prior to the appearance of Aβ plaques. These 
observations, already reported in the literature and showing behavioural impairments in 
transgenic mice in the absence of fibrillar Aβ deposition (Holcomb et al., 1998, Lee et al., 
2004, Richardson et al., 2003, Van Dam et al., 2003), shed supplementary doubt on the causal 
and direct role of amyloid deposition on neurological and cognitive disruptions. Recent 
evidence from the litterature has indicated that small Aβ peptides assemblies that pre-exist to 
protofibrillar and aggregated deposits might have neurotoxic and synaptotoxic effects as well 
as deleterious action on cognitive functions (for recent studies, see Cheng et al., 2007, Lesne et 
al., 2006; for reviews, see Rowan et al., 2005, Walsh & Selkoe, 2007). Aβ oligomers, that 
were not analyzed in the present study, might therefore have a causal role in the onset and 
evolution of neurological deficits we described in APP transgenic mice. This point remains to 
be addressed in the future
Finally, various brain alterations directly or indirectly linked to Aβ accumulation might 
concurrently be responsible for the neurological phenotype we described in APP transgenic 
mice. First, Aβ can lead to disturbed neuronal trafficking and peripheral axonopathy. Such 
lesions have been associated to deficiencies in motor performances (Wirths et al., 2007, Wirths
et al., 2006). Second,  brain atrophies have been depicted in different APP transgenic lines 
(Delatour et al., 2006, Gonzalez-Lima et al., 2001, Valla et al., 2006) and include severe 
callosal agenesis and reduced midbrain and internal capsule volumes. It is reasonable to point 
to these anomalies, presumably due to a neurodevelopmental defect, as impeding brain 
functioning and to have a clinical translation in terms of neurological symptoms. 

In summary, we found evidence of neurological impairments in transgenic mice carrying 
human APP mutations and developing amyloid plaques from the age of 6-months. These 
observations have to be added to large datasets from the literature showing cognitive 
alterations in similar transgenic lines, especially to avoid misinterpretations as low 
performances in higher functions tests can simply result from decreased sensorimotor abilities. 
Major neurological deficits in APP transgenics concerned loss of motor strength and a 
decrease locomotor behaviour. These impairments are only partially similar to those found in 
AD patients and might be a characteristic of mice models. We found some support to the 
assumption that Aβ accumulation was a key factor to the observed deficits but alternative 
hypotheses remain to be explored.
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Figure and table legends

Table I
Performance in tests of sensory functions, in wild-type (WT) and APP transgenic (APP) mice.
For each genotype performance is expressed as mean ± SEM. * denotes a genotype effect 
(p<.05).

Table II
Motor performance in wild-type (WT) and APP transgenic (APP) mice.
For each genotype performance is expressed as mean ± SEM. * denotes a genotype effect 
(p<.05).

Table III
Measures of locomotor and anxiety-related behaviours in wild-type (WT) and APP transgenic 
(APP) mice.
The NbO/Nb(O+C) ratio represents the number of entries in open (O) arms divided by total 
number of entries in open and closed (C) arms
For each genotype performance is expressed as mean ± SEM. * denotes a genotype effect 
(p<.05).

Table IV
Summary of morphological measures in wild-type (WT) and APP transgenic (APP) mice.
For each genotype performance is expressed as mean ± SEM. * denotes a genotype effect 
(p<.05).

Figure 1
Neuropathological findings in APP transgenic mice.
(a). Illustration of automated processing to estimate amyloid loads (left : raw image; right: 
thresholded image with outlines of detected plaques). (b). Distribution of individual amyloid 
loads (% tissue stained by the Congo red dye) in the whole brain and in the cortex (horizontal 
bars represent groups means).

Figure 2
Relation between brain amyloidosis and motor strength.
The population of APP transgenic mice was subdivided in two sub-populations with low 
(LOAD-low) or high (LOAD-high) cortical amyloid burden. These sub-populations were 
constituted apart the group median value of cortical amyloid load (> or < to 2.7 %).
Motor strength was evaluated by measuring latencies to fall in three different tasks (CH: coat 
hanger; WG: wire grid; SB: stationary beam). In each tests, latency to fall was reduced in mice 
with the highest loads (ps<.05).
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TABLES

TABLE I - SENSORY FUNCTIONS

WT APP

Buried food test - Latency to find the cracker (s)

3 months 200.2 ± 36.1 167.7 ± 21.3
6 months 153.9 ± 15.3 220.8 ± 34
15 months 177.8 ± 28.7 173.1 ± 26.3

Visual cliff test - Proportion of steps down in the safe area

3 months 82% 81%
6 months 72% 73%
15 months 82% 77%
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TABLE II - MOTOR FUNCTIONS

WT APP

Wire grid test- Latency to fall (s)

3 months 57.6 ± 2.4 41.7 ± 3.8 �
6 months 48.1 ± 4.3 40.1 ± 3.7
15 months 43.9 ± 4.6 20.6 ± 4.2 �

Coat hanger test - Reflex latency (s)

3 months 9.5 ± 1.4 11.9 ± 1.1
6 months 16. ± 1.7 19.3 ± 1.3
15 months 8.8 ± 0.9 08.4 ± 0.8

Coat hanger test - Latency to fall (s)

3 months 21.8 ± 1.0 20.4 ± 0.8
6 months 19.4 ± 1.2 18.1 ± 0.9
15 months 14.8 ± 1.3 00.9 ± 0.8 �

Stationary beam test - Nb crossed segments

3 months 29.9 ± 5.6 27.9 ± 3.3
6 months 37.1 ± 5.6 29.5 ± 3.1
15 months 29.8 ± 4.6 08.4 ± 1.6 �

Stationary beam test – Latency to fall (s)

3 months 42.7 ± 3.9 50.7 ± 2.2
6 months 42.8 ± 4.2 51.8 ± 1.8
15 months 47.4 ± 4.9 30.1 ± 2.9 �
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TABLE III - LOCOMOTION & ANXIETY

WT APP

Openfield test - Horizontal activity (square crossings)

3 months 535.4 ± 20.5 452.6 ± 17.4 �
6 months 483.6 ± 38.9 353.1 ± 19.1 �
15 months 518.9 ± 39.8 305.2 ± 14.5 �

Openfield test - Vertical activity (number of rearings)

3 months 42.2 ± 2.3 37.2 ± 2.2
6 months 31.6 ± 3 25.9 ± 2.6
15 months 26.2 ± 2 26.5 ± 2.3

Elevated +Maze test - Time spent in closed arms (s)

3 months 192.8 ± 6.8 179.2 ± 3.9
6 months 183.1 ± 8.8 177.9 ± 7.1
15 months 202.9 ± 8.6 222.3 ± 5 �

Elevated +Maze test – Ratio NbO/Nb(O+C )

3 months 0.37 ± 0.01 0.39 ± 0.01
6 months 0.37 ± 0.02 0.35 ± 0.02
15 months 0.26 ± 0.03 0.24 ± 0.01
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TABLE IV - MORPHOLOGICAL MEASURES

WT APP

Body weights (g)

3 months 26.2 ± 0.3 23.3 ± 0.2 �
6 months 33.1 ± 0.6 28.7 ± 0.3 �
15 months 36.9 ± 0.7 29.4 ± 0.2 �

Neuropathology

Brain weight (mg) 482.9 ± 5.5 4490.3 ± 5.2
Brain length (mm) 006.8 ± 0.1 0007.1 ± 0.0 �
Amyloid load-whole brain (%) 001.58 ± 0.05

Amyloid load-cortex (%) 002.57 ± 0.07

Amyloid load-motor cortex (%) 004.02 ± 0.12

Amyloid load-amygdala (%) 002.51 ± 0.19
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FIGURES

FIGURE 1
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FIGURE 2
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