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Abstract: Apathy is an early and common neuropsychiatric syndrome in Alzheimer’s disease (AD) 

patients. In clinical trials, apathy is associated with decreased motor activity that can be monitored by 

actigraphy. The triple transgenic mouse AD model (3xTgAD) has been shown to recapitulate the bio-

chemical lesions as well as many of the synaptic and cognitive alterations associated with AD. In the 

present work we found that these mice also develop an early and consistent apathy-like behavior as 

evidenced by a drastic decrease in spontaneous activity measured by actimetry. We recently estab-

lished that these mice also display an intraneuronal accumulation of the β-secretase-derived βAPP fragment (C99) appear-

ing early, in absence of Aβ. Interestingly, we found that the apathy-like behavior observed in 3xTgAD mice was tempo-

rally associated with C99 accumulation and synaptic alterations. Since it is well known that the genetic background can 

strongly influence behavior and can induce transcriptional variability in animal models, we decided to determine the in-

fluence of genetic background on the above-described alterations. We backcrossed 3xTgAD mice to C57BL/6 and found 

that the genetic background had no influence on either C99 accumulation or synaptic plasticity alterations, but strongly af-

fected the apathy-like behavior.   
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1. INTRODUCTION 

Genetic grounds indicate that βAPP processing is essen-
tial for the development of Alzheimer’s disease pathology 
[1]. Thus, autosomal dominant familial forms of Alzheimer’s 
disease are associated with mutations on gene products di-
rectly linked to either βAPP itself or to one of its main 
catabolizing enzyme γ-secretase [2, 3]. All these mutations 
have been reported to modulate, to various extents, the na-
ture and/or the load of secretase-mediated βAPP-derived 
fragments. 

Numerous animal models based on overexpression of ei-
ther mutated proteins [4-6] or Aβ itself [7] have been de-
signed in an attempt to obtain tools for drug screening and 
hypotheses validations [8, 9]. These models have been re-
ported to recapitulate at least some of the biochemical le-
sions, synaptic alterations and cognitive defects reminiscent 
of those observed in human AD. The triple transgenic 
mouse, 3xTgAD (PS1M146V, APPswe, TauP301L) is one of the 
first animal models presenting both amyloid- and tau-linked 
pathologies[10]. Besides presenting plaques and tangles, it 
also develops age-related synaptic dysfunction and cognitive 
defects related to learning and memory [11]. The develop-
ment of these mice was therefore considered as a genuine 
step forward the design of integrated models allowing better 

understanding of AD pathology.  

*Address correspondence to this author at the IPMC, UMR7275 

CNRS/UNS, Laboratory of Excellence DistALZ, 660 route des Lucioles, 
0660 Valbonne, France; Tel: (33) 4 93 95 34 60; Fax: (33) 4 93 95 34 08;  

E-mail: checler@ipmc.cnrs.fr 
#equally contributed to this work. 

Although it has been considered mainly as a memory 
disorder, AD is also associated with non-cognitive behav-
ioral symptoms which are often early signs of the disease 
and strongly contribute to disease progression. Apathy ap-
pears to be the most common and earliest behavioral symp-
tom in AD [12-14]. It is broadly defined by a quantitative 
reduction of voluntary goal-directed behavior and self-
initiated activity. Moreover, it has been shown to be associ-
ated with a decrease of motor activity that can be assessed by 
ambulatory actigraphy thereby providing an indirect objec-
tive evaluation of apathy [15-17]. In the present work, we 
decided to use actimetry to determine whether an apathy-like 
behavior could be detected in 3xTgAD mice. This technique 
allows an evaluation of spontaneous activity of mice in 
home-cage situations and has been useful to depict an apa-
thy-like behavior in a murine model of chronic stress [18]. 
Indeed, young 3xTgAD mice were found to display drasti-
cally reduced spontaneous activity in the actimeter, while 
they behaved normally in the rotarod performance test, indi-
cating that the reduced activity was linked to diminished 
voluntary activity rather to reduced locomotor ability. Inter-
estingly, this behavior was temporally associated with the 
intraneuronal accumulation of the β -secretase-derived C-
terminal fragment C99 in the subiculum of 3xTgAD mice, 
and occurred before Aβ40 or Aβ42 could be detected [19]. 
As reported by others, these mice also showed an early age-
dependent decrease in LTP that we again found to be tempo-
rally correlated with C99 accumulation. After backcrossing 
3xTgAD mice into the C57Bl6 background, we established 
that the genetic background had no influence on either C99 
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accumulation or synaptic plasticity alterations, but that it 
strongly affected the apathy-like behavior.  

2. MATERIAL AND METHOD 

2.1. Animals 

A colony of 3xTgAD (harbouring PS1M146V knockin, 
APPswe, and TauP301L transgenes (10) and non-transgenic 
(WT) mice were generated from breeding pairs provided by 
Dr. LaFerla from the University of California Irvine. The 
mice were kept on the original 129-C57BL/6 background 
strain or backcrossed to C57BL/6 background for 11 genera-
tions. Animals were housed with a 12:12h light/dark cycle 
and were given free access to food and water. All experimen-
tal procedures were in accordance with the European Com-
munities Council Directive of 24 November 1986 
(86/609/EEC) and local French legislation.  

2.2. Genotyping 

PCR primers (5’TGACACACCTCCGTGTGATT3’; 
5’GTTCTGCTGCATCTTGGACA3’ for APP and 5’AAGA 
TCGGCTCCACTGAGAA3’; 5’GTGGGTGATATTGTC 
CA GGG 3’ for Tau) were used to amplify the human trans-
genes (APP695swe and Tau4R0NP301L). For the knock-in PS1, 
PCR primers (5’AGGCAGGAAGATCACGTGTTCAAG-
TAC3’ 5’CACACGCACACTCTGACATGCACAGGC3’) 
were used to amplify mouse genomic PS1 DNA. After an 
initial ‘hot start’ at 94°C for 10 min, 35 cycles (94°C for 30s, 
55°C for 30s, 72°C for 40s) were run. The expected PCR 
products amplified only in 3xTgAD mice were 674 pb for 
APP and 312 pb for Tau. For PS1, the expected PCR product 
amplified both in WT and 3xTgAD mice, was 530 bp. After 
BstEII enzyme digestion, this product is cleaved only when 
mutated in two 350/180 bp products [20]. Size of PCR prod-
ucts was checked on 1% agarose gel. 

2.3. Actimetry 

Spontaneous locomotor activity was measured using an 
actimeter apparatus (Actimeter system, Imetronic, France) 
composed of two racks of eight single cages of equal meas-
urements (21 cm length×11 cm width×17 cm height). A 
metal food dispenser and a water bottle were inserted in the 
front of each cage allowing the animal free access to food 
and water. The cages were illuminated 12 hrs per day start-
ing from 8 a.m. Each cage had infrared captors at each side 
of the box, allowing the recording of the crossings of the 
animal inside the cage. The equipment was connected to an 
electronic interface to communicate with a computer for 
automatic measurement of spontaneous locomotor activity 
shown by the animals (front activity, back activity and loco-
motion).  

2.4. Rotarod Performance Test 

Motor coordination and balance were assessed using a 
rotarod (Bioseb, model LE8200). During a pre-trial, allowing 
the mice to familiarize with the rotarod, each mouse was 
placed on the top of the apparatus revolving at a constant 
speed (4 rpm). Then, the mice were exposed to 3 trials in 

which the rotation was accelerated from 4 to 40 rpm. La-
tency to fall was measured and averaged for each trial. 

2.5. Immunohistochemistry  

Animals were deeply anaesthetized with pentobarbital 
and perfused transcardially with cold PBS followed by 4% 
paraformaldehyde/PBS. Brains were removed from the skull 
and placed in the same fixative another 24 hours. Hereafter, 
brains were embedded in paraffin using standard protocols. 
Coronal sections (8 µm) were cut on a microtome. After de-
paraffinization, sections were treated with 90% formic acid 
during 6 minutes and blocked with 5% BSA/0.05% Tween-
20 during 1 hour. Sections were then incubated at 4°C over-
night with the primary antibody (FCA18 [21], diluted 1/800 
in 2.5% BSA/0.05% Tween-20). After washes, sections were 
incubated with fluorescent AlexaFluor antibodies (Alexa 
488-conjugated, Molecular Probes, 1:1000) at RT during 1 
hour. Immunofluorescence was visualized using a confocal 
microscope (Fluoview10, Olympus). 

2.6. Membrane Fraction Preparation 

Dissected hippocampi of 3xTgAD (AD) and non-
transgenic (WT) mice were homogenized in hypotonic buffer 
(5mM HEPES, pH 7.4, 1 mM EDTA, 0.25 M sucrose, prote-
ase inhibitor cocktail from Sigma). The homogenate was 
clarified by centrifugation at 1000 g for 5 min at 4°C, and 
the supernatant was centrifuged at 100,000 g for 1 h at 4 °C. 
Membrane pellets were then solubilysed in RIPA buffer 
(Tris 50mM; pH 7.4 containing NaCl (150mM), EDTA 
(1mM), Triton X100 (1%), deoxycholate (0.5%), SDS  
(0.1%) and protease inhibitor cocktail), centrifuged 
100,000xg for 20min at 4 °C and supernatants were recov-
ered as the soluble membrane fractions.  

2.7. SDS/PAGE and Western Blot Analyses 

 Soluble membrane fraction (50 µg of total protein) were 
dissolved in SDS sample buffer, separated on Tris Tricine 
gels 16% (for C83 and C99 detection) or Tris–Glycine gels 
10% (for actin detection), and transferred to nitrocellulose 
membranes. Target proteins were visualized by enhanced 
chemiluminescence (Lumilight Roche) with a mouse mono-
clonal anti-actin (Sigma) or a rabbit polyclonal anti-APPct 
antibody (kind gift from Paul Fraser, Toronto, Canada). 

2.8. Preparation of Soluble and Insoluble Brain Fractions  

Dissected hippocampi of 3xTgAD (AD) and wild-type 
(WT) mice were homogenized in RIPA buffer (Tris 50mM; 
pH 7.4 containing NaCl (150mM), EDTA (1mM), Triton 
X100 (1%), deoxycholate (0.5%), SDS (0.1%) and protease 
inhibitor cocktail). After lysis with a Dounce homogenizer 
and brief sonication, proteins were ultracentifuged  
(100,000xg, 1h, 4°C) and supernatants were recovered as the 
soluble fractions. Pellets containing insoluble material were 
mechanically dissociated in formic acid (70%) and ultracen-
trifuged (100,000 x g, 1h, 4°C). Supernatants were kept as 
the insoluble fractions. Before any analysis, these fractions 
were neutralized to pH 7.5 with Tris-HCl (1M, pH 10.8) 
containing betaine (25mM) (25 times dilution).  
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2.9. Sandwich ELISA Analysis  

Human Aβ40 and human Aβ42 levels were measured in 
the soluble and insoluble fractions (see above) using sand-
wich ELISA kits (Biosource (Invitrogen), France). Using 
these kits, the minimal detectable amounts of human Aβ42 is 
< 10 pg/ml and of human Aβ40 is < 6pg/ml. 

2.10. Electrophysiological Analysis 

LTP measurements were performed as previously de-
scribed [22] by E-Phy-Science, Sophia Antipolis, France. 
Briefly, 3xTgAD (AD) and wild-type (WT) mice were anes-
thetized with isoflurane and then decapitated. Heads were 
immediately immersed in ice-cold freshly prepared artificial 
CSF (aCSF) for at least 2 min before brain extraction. aCSF 
was composed of the following (in mM): 119 NaCl, 11 d-
glucose, 1.3 MgCl2.6H2O, 1.3 NaH2PO4, 2.5 KCl, 2.5 
CaCl2, 26 NaHCO3, gassed with O2/CO2 (95/5%) at least 
20 min before use and throughout the experiment. Acute 
slices (400 μm thick) were prepared with a vibratome (VT 
1000S; Leica Microsystems, Bannockburn, IL) in ice-cold 
gassed aCSF. Sections were incubated in aCSF at 34°C for 
20 min and then kept at room temperature for at least 1 h 
before recording. Recording was performed in a submerged 
chamber continuously flowed with aCSF at 1.1 ml/min. In 
order to prevent polysynaptic responses, concentrations of 
MgSO4 and CaCl2 were elevated to 4 mM each for the re-
cording phase. This condition has no obvious effect on the 
induction and expression mechanism of LTP in subicular 
pyramidal cells [23]. Stimulations were delivered in CA1 
fibers in the alveus and field excitatory postsynaptic poten-
tial (f-EPSP) were recorded from the subicular pyramidal 
neurons in the middle portion of the subiculum that receives 
synaptic input from the middle subfield of CA1. The stimu-
lation intensity that produced one-third of the maximal re-
sponse was used for the test pulses, and the LTP-induction 
protocol consisted of four trains of 100 stimuli at 100Hz re-
peated every 20s as previously described [24]. The signal 
was amplified with an Axopatch 200B amplifier (Molecular 
Devices, Union City, CA), digitized by a Digidata 1200 in-
terface (Molecular Devices) and sampled at 10 kHz with 
Clampex 10 (Molecular Devices). 

2.11. Statistical Analysis  

Statistical analyses were performed with PRISM soft-
ware (Graph-Pad Software, San Diego. CA) by using the 
Mann-Whitney test for pairwise comparisons. 

3. RESULTS 

3.1. 129-C57BL/6 Hybrid 3xTg-AD Mice Show Circadian 

Hypoactivity 

Spontaneous activity of young 3xTg-AD mice was meas-
ured by actimetry allowing the continuous measurement of 
activity over a period of several days in a non-stressed envi-
ronment (Fig. 1). At 2 months of age, wild-type and 3xTg-
AD mice show similar activity (Fig. 1A upper panel and 1B) 
that appeared to follow a circadian rhythm with higher activ-
ity during the dark phase (8p.m-8.a.m) (Fig. 1A upper 
panel). However, at 4 months of age, 3xTg-AD mice showed 
drastically reduced spontaneous activity, as compared to age-

matched wild-type mice, and this hypoactivity still stood at 6 
months of age (Fig. 1A,B). In order to rule out the possibility 
that the decreased activity could be linked to locomotor defi-
cits, we tested the mice in the rotarod performance test. No 
differences in the latency to fall off the rotarod were ob-
served between the two strains and both strains displayed 
increasing latencies over the trials, indicating that the re-
duced activity in the actimetry test was not linked to reduced 
locomotor abilities but rather to decreased voluntary activity 
(Fig. 1C).  

3.2. In 3xTgAD Mice, Hypoactivity but not C99 Accumu-
lation is Strongly Influenced by the Genetic Background 

In order to determine the influence of genetic background 
on the apathy-like behavior, we compared the 3xTgAD 
maintained on the original 129-C57BL/6 hybrid background 
with 3xTgAD mice backcrossed for 11 generations to 
C57BL/6. After selection and checking the presence of the 3 
mutations by PCR genotyping (data not shown), we per-
formed actimetry on C57BL/6-3xTgAD mice. Our data indi-
cated that the spontaneous activity of backcrossed C57BL/6 
mice was not altered in either 4 or 6 month-old mice as com-
pared to wild-type mice (Fig. 2A,B) clearly indicating a ge-
netic background effect. 

In our earlier paper, we used the cleavage-specific anti-
body FCA18 to establish the early accumulation of C99 in 
the 129 hybrid 3xTgAD mice [19]. We reported that the 
FCA18 staining was colocalized with enlarged Cathepsin-B 
positive structures indicating that the first intracellular com-
partments accumulating C99 correspond to auto-
phagolysosomes [19]. Immunohistochemical analysis on 6 
month-old C57BL/6 mice revealed a similar FCA18-
associated immunoreactivity in term of intensity and local-
ization (Fig. 3A). These findings were supported by bio-
chemical comparative analysis of 4 and 6 month-old mice, 
showing that C99 also accumulated in C57BL/6 backcrossed 
mice (Fig. 3B). Moreover, as previously reported for 129-
C57BL/6 hybrid mice [19], 6 month-old C57BL/6 mice dis-
played barely detectable soluble and insoluble Aβ40 and 
Aβ42 (Fig. 3C). 

3.3. Alterations of Long Term Potentiation (LTP) are 
Independent of the Genetic Background in 3xTg-AD 

Mice 

3xTg-AD mice have been shown to display early altera-
tions of Long Term Potentiation (LTP) occurring before any 
detectable Aβ-and tau-related anatomical lesions [10]. These 
recordings were performed in the CA1 region of the hippo-
campus. However, we found that C99 accumulates within 
the subiculum rather than in the CA1 region (19) and de-
cided to perform LTP recordings in both the CA1 (data not 
shown) and the subiculum (Fig. 4A). In 1 month-old hybrid 
mice, no significant differences in LTP were seen between 
3xTgAD and wild-type mice. At 3 months of age, a trend 
towards a decrease in LTP was found in the subiculum, and a 
statistically significant reduction was observed in 6 month-
old 3xTgAD mice (Fig. 4B). The same electrophysiological 
patterns were observed in 6 month-old backcrossed mice, 
indicating that genetic background did not affect hippocam-
pal long-term potentiation in 3xTg-AD mice (Fig. 4A,B).
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Fig. (1). Age-related decrease of spontaneous activity in 129-C57BL/6 hybrid 3xTgAD mice. (A) Mean of activity waveform recorded 

each 20 min for 2- 4- and 6-month-old 129-C57BL/6 hybrid wild type (WT) or 3xTgAD (AD) males during a 67h period. (B) Bars represent 

the means +/- SEM of total activity recorded during 67h of 7-9 distinct animals for each age and genotype, p<0.01 (4 month-old mice) or 

p<0.0005 (6 month-old mice) according to the Mann-Whitney test. (C) Rotarod performance test of 4 and 6-month-old 129-C57BL/6 hybrid 

wild type (WT) or 3xTgAD (AD) males. Bars represent the mean +/- SEM of the latency to fall measured in three independent trials for 8-10 

distinct animals for each group.  

 

Fig. (2). Influence of inbred strains on spontaneous activity. (A) Mean of activity waveform recorded each 20 min for 4-month-old wild 

type (WT) or 3xTgAD (AD) males of each inbred strain during a 22h period. (B) Bars represent the means +/- SEM of total activity recorded 

during 22h of 5-8 distinct animals for each group, p<0.05 according to the Mann-Whitney test; ns, not statistically significant.  
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Fig. (3). No influence of inbred strain on C99 accumulation in young mice. (A) Confocal images of FCA18-associated immunohisto-

chemical staining in hippocampus (CA1/subiculum) of 129-C57BL/6 hybrid or C57BL/6 3xTgAD at 6 months of age. Scale bar: 100 µm 

(top) and 10 µm (bottom), respectively. (B) Membrane fractions from hippocampi of 4- and 6-month-old 129-C57BL/6 hybrid and C57BL/6 

wild type (WT) or 3xTgAD (AD) males were prepared as described in Materials and Method and analyzed for APP-CTF (C99 and C83) ex-

pression using APP-Cter antibody. Actin was used as loading control. (C) ELISA analysis of Aβ40 and Aβ42 peptides measured in soluble 

and insoluble fractions prepared from C57BL/6 3xTgAD hippocampi (6- 12-month-old males). Red dotted line corresponds to the human 

Aβ40 and Aβ42 detection threshold. 

4. DISCUSSIONS 

Apathy is mainly defined by a lack of motivation and ini-
tiative and affects about 50% of AD patients. It is the most 
common and earliest [15, 25] neuropsychiatric syndrome 
before depression in AD [13, 14]. Apathy has been shown to 
be associated with a decrease of motor activity measured by 
ambulatory actigraphy in AD patients [15, 25, 26]. In this 

work we therefore used actimetry to determine whether an 
apathy-like behavior could be detected in 3xTgAD mice. 
This technique allows the measurement of spontaneous lo-
comotor activity in a non stressed environment during a pe-
riod of several days. Indeed, we observed a significantly 
decreased spontaneous locomotor activity in the 4 and 6 
month-old 3xTgAD mice in agreement with earlier pub-
lished data showing a trend towards a decrease of both diur-
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nal and nocturnal activity [27]. In the rotarod performance 
test the 3xTgAD behaved normally, indicating that the re-
duced activity was linked to diminished voluntary activity 
rather to reduced locomotor ability. Even though it is tricky 
to determine a real apathy phenotype in mice, our results in 
both actimetry and rotarod tests point to an apathy-like phe-
notype. The reduced motivation in daily and social activities 
was also supported by our observation doing breeding pairs. 
We noted a reduced reproductive efficiency in 129-3xTgAD 
mice compared to wild type. In addition, a recent paper de-

scribing impaired nesting behavior of 3xTgAD mice [28] is 
also in agreement with an apathy-like behavior of 3xTgAD 
mice. 

Our 3xTgAD mice were maintained on the original hy-
brid background as it is the case in most laboratories. Some, 
but few studies have reported data from C57BL/6 back-
crossed 3xTgAD mice [29, 30]. Since genetic background is 
known to strongly influence behavior, we compared the two 
strains and observed that the genetic background strongly 

 

Fig. (4). No influence of inbred strain on LTP impairment. (A) Stimulations were delivered in CA1 fibers and f-EPSPs were recorded 

from subicular pyramidal neurons. The magnitude of LTP was measured for a minimum of 45 minutes after tetanus and expressed as a per-

centage of the baseline f-EPSP slope. The mean values observed during the last 15min of pre-tetanus recordings were considered to represent 

the baseline at 100%. LTP was normal in both wild type (WT) and 3xTgAD (AD) mice at 1 month of age but markedly impaired in 3 and 6-

month-old 129-C57BL/6 hybrid or 6 month-old C57BL/6 3xTgAD males. (B) Summary bar graphs depicting levels of potentiation measured 

between 25 and 45 min after the induction of LTP in 6-month-old 129-C57BL/6 hybrid WT or 3xTgAD mice, as well as in C57BL/6 WT or 

3xTgAD mice, p<0.005 according to the Mann-Whitney test, n=6-7 slices from 3-5 distinct animals for each group. 
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affected the apathy-like behavior, since both 4 and 6 month-
old 3xTgAD C57BL/6 mice did not show hypoactivity, as 
compared to age-matched wild-type mice.  

In our previous paper, we established that these mice dis-
play an early appearing intraneuronal accumulation of the β-
secretase-derived βAPP fragment (C99) occurring in the 
absence of detectable Aβ. We therefore decided to analyze 
the influence of genetic background on C99 and Aβ accumu-
lation in these young mice. We confirmed the early C99 ac-
cumulation and low Aβ levels in the C57BL/6 mice. We next 
analyzed the influence of genetic background on hippocam-
pal LTP, which has been found be defective in young 
3xTgAD mice [10]. Earlier published studies were all per-
formed by measuring LTP in the CA1 region thought to be 
particularly affected in AD. Since our work showed that C99 
accumulated within the subiculum rather than the CA1 re-
gion [19], we recorded LTP in the subiculum and found an 
early and age-dependent decrease in LTP in 6 month-old 
3xTgAD mice maintained in both 129 hybrid and C57Bl/6 
background. Thus the genetic background did not affect syn-
aptic plasticity alterations.  

Taken together, our study confirms that 3xTgAD mice 
can be seen as a relevant model to study AD-related bio-
chemical, anatomical and behavioral alterations. However, 
our data show that these alterations can be influenced by the 
genetic background and thus, care should be taken especially 
when assessing the functional link between these pathologi-
cal stigmata and cognitive behaviors. The reason why the 
apathy-like phenotype was lost in mice backcrossed into a 
pure C57BL6 background remains to be elucidated. How-
ever, future studies will establish whether genetic strains 
dependency apply not only for early phenotypic alterations 
but also for late cognitive deficits related to learning and 
memory. 
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