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A B S T R A C T   

Down syndrome (DS) is the most common condition with intellectual disability and is caused by trisomy of Homo 
sapiens chromosome 21 (HSA21). The increased dosage of genes on HSA21 is associated with early neuro-
developmental changes and subsequently at adult age with the development of Alzheimer-like cognitive decline. 
However, the molecular mechanisms promoting brain pathology along aging are still missing. The novel Ts66Yah 
model represents an evolution of the Ts65Dn, used in characterizing the progression of brain degeneration, and it 
manifest phenotypes closer to human DS condition. In this study we performed a longitudinal analysis (3–9 
months) of adult Ts66Yah mice. Our data support the behavioural alterations occurring in Ts66Yah mice at older 
age with improvement in the detection of spatial memory defects and also a new anxiety-related phenotype. The 
evaluation of hippocampal molecular pathways in Ts66Yah mice, as effect of age, demonstrate the aberrant 
regulation of redox balance, proteostasis, stress response, metabolic pathways, programmed cell death and 
synaptic plasticity. Intriguingly, the genotype-driven changes observed in those pathways occur early promoting 
altered brain development and the onset of a condition of premature aging. In turn, aging may account for the 
subsequent hippocampal deterioration that fall in characteristic neuropathological features. Besides, the analysis 
of sex influence in the alteration of hippocampal mechanisms demonstrate only a mild effect. Overall, data 
collected in Ts66Yah provide novel and consolidated insights, concerning trisomy-driven processes that 
contribute to brain pathology in conjunction with aging. This, in turn, aids in bridging the existing gap in 
comprehending the intricate nature of DS phenotypes.   

1. Introduction 

Down syndrome (DS) is the most common genomic disorder of in-
tellectual disability and is caused by trisomy of Homo sapiens chromo-
some 21 (HSA21). The DS phenotype involves manifestations that affect 
multiple bodily systems including the musculoskeletal, neurological and 
cardiovascular systems. The aging process is accelerated in people with 
DS compared with the general population, resulting in increased inci-
dence of a range of medical conditions, among which the early onset 
Alzheimer's disease (AD) (Bayen et al., 2018). The increased dosage of 

APP in trisomy 21 is necessary for increased AD risk in individuals with 
DS, although the underlying mechanisms that link APP dosage to neu-
rodegeneration are unknown. Indeed, other genes, such as DYRK1A and 
CBS, are strongly linked to the clinical outcomes of DS neuropathology 
(Duchon and Herault, 2016; Herault et al., 2017; Nakano-Kobayashi 
et al., 2017; Neumann et al., 2018). The analysis of DS models exhibit 
aging dependent changes to behaviour and cognition (Herault et al., 
2017; Hunter et al., 2003), which has been linked to early APP over-
expression and subsequent increase of Aβ oligomers in the brain (Hunter 
et al., 2003; Seo and Isacson, 2005; Choi et al., 2009; Netzer et al., 2010; 

* Correspondence to: Fabio Di Domenico, Department of Biochemical Sciences A. Rossi Fanelli, Sapienza University of Rome, Piazzale Aldo Moro 5, 00185 Rome, 
Italy. 
** Correspondence to: Yann Herault, Department of Translational Medicine and Neurogenetics, Institut de Génétique Biologie Moléculaire et Cellulaire, IGBMC, 
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Sansevero et al., 2016). In addition, hsa21encoded DYRK1A has effects 
on the phosphorylation of TAU at T212 (associated with AD) and of 
mRNA splicing factors of the TAU encoding gene MAPT, which may 
promote the formation of neurofibrillary tangles (NFTs). Studies from 
our laboratory demonstrated, beyond APP and TAU involvement, a 
profound and intricate toxic relationship among redox balance, protein 
homeostasis (proteostasis) and energy metabolic pathways in DS. In 
particular studies performed in human and mouse brains suggested that 
mitochondrial defects and redox imbalance likely establish a vicious 
circle that facilitates the exacerbation of oxidative injury and the failure 
of stress responses The resulting aberrant proteostasis fosters on synapse 
damage, energy defects, neurotoxic protein accumulation and neuronal 
loss (Lanzillotta and Di Domenico, 2021; Lanzillotta et al., 2021a; Lan-
zillotta et al., 2021b; Perluigi et al., 2014; Tramutola et al., 2018; Tra-
mutola et al., 2020). Remarkably, we observed that the molecular 
changes detected in DS were reliant on genotype but worsened with 
aging, being directly or indirectly implicated in the development of 
neurodegenerative signatures and in the reduction of cognitive perfor-
mances (Lanzillotta et al., 2021b; Perluigi et al., 2014; Lanzillotta et al., 
2018). Noteworthy, the majority of data acquired for the study of the 
aging process in DS were pioneered and strongly driven by the use of the 
Ts65Dn and genetically similar mouse models (Ts2Cje), which express 
the triplication of proteins coding genes that are not orthologous to 
genes on HSA21. Thus, the gene-dosage effects seen in this strain may 
only partially relate to human DS (Duchon et al., 2011; Reinholdt et al., 
2011). Nevertheless, pharmacological strategies performed on DS pre-
clinical models yielded promising results that so far have not been fully 
replicated in human clinical trials (Fernandez and Reeves, 2015; Hart 
et al., 2017). Such misalignment in translating pre-clinical into clinical 
studies might be due to the paucity of DS mouse models. 

Recently, Herault and colleagues developed a new mouse line named 
Ts66Yah, derived from the Ts65Dn lineage but no longer carrying the 
duplicated centromeric part of Mmu17 in the mini chromosome 
(Duchon et al., 2022). Although this remains a partial DS model it is 
certainly more genetically valid for DS studies than the Ts65Dn. Previ-
ous studies comparing Ts66Yah and Ts65Dn mice demonstrated similar 
behavioural alterations, characteristic of DS pathology, but a milder 
phenotype for Ts66Yah (Duchon et al., 2022). In a second report authors 
demonstrated that part of Mmu17 non-HSA21 orthologous genes are 
uniquely overexpressed in Ts65Dn embryonic forebrain, producing 
major differences in dysregulated genes and pathways (Guedj et al., 
2023). Altogether the results from Ts65Dn and Ts66Yah mice high-
lighted the interference of the non-HSA21 orthologous region suggesting 
that the Ts66Yah model may provide a refined analysis of DS pheno-
types during lifetime. Furthermore, Ts66Yah mice demonstrated a 
stronger construct validity for mimicking specific consequences of DS 
genetic overdosage, certainly more translatable to humans and with 
potential better proof-of-concept studies for therapeutics. 

In this study, we conducted a comprehensive long-term behavioural 
analysis in the Ts66Yah model and examined age-dependent changes in 
molecular mechanisms and pathways associated with the neurodegen-
erative process. Our objective is to increase the comprehension of DS- 
related genotype involvement in promoting early brain developmental 
alterations and subsequently age-related cognitive decline with the 
progression to Alzheimer-like dementia. Furthermore, we seek of 
establishing and validate the utility of Ts66Yah mice in investigating the 
molecular aspects of DS brain pathology at young and adult age. We aim 
to consider both discrepancies and commonalities in respect of what has 
been observed in other murine models of DS. 

2. Materials and methods 

2.1. Animals 

Ts66Yah mice were generated as previously described (Duchon et al., 
2022). Animals were housed up to 4 males and 5 females per cages (cage 

type: Green Line-39 × 20 × 16 cm, Techniplast, Italy) and had free ac-
cess to purified water and food (D04 chow diet, Safe, Augy, France). The 
temperature in animal house was maintained at 23 ± 1 ◦C, and the light 
cycle was controlled as 12 h light and 12 h dark (lights on at 7 AM). On 
experimental days, animals were transferred to experimental room 30 
min before the start of the test. Except for circadian activity, all exper-
iments were performed between 8 AM and 4 PM. Mice were given 
resting time of 2 to 7 days between two different types of tests. Behav-
ioural characterisation of a Ts66Yah mice was performed with total 
number of 37 animals (littermates) of both sexes (Eu = 9 males +11 
females; Ts66Yah = 8 males +9 females) divided into 2 separate cohorts. 
A pipeline of behavioural tests included: circadian activity test, Open 
Field, Elevated plus maze, Y maze, New Object Recognition (NOR) with 
1 h and 24 h of retention time and Morris water maze. To avoid the effect 
of sexual pheromones on animal behaviour, males and females were 
tested separately. To investigate the effect of aging on cognitive 
behaviour, mice were tested in the same phenotyping pipeline starting 
at 3 and 9 months of age. Additional groups of mice were used for the 
molecular analysis at 3, 6 and 9 months of age. All behavioural tests 
were performed in Phenotyping Platform of Mouse Clinic Institute, in 
accordance with the Directive of the European Parliament: 2010/63/ 
EU, revising/replacing Directive 86/609/EEC and with French Law 
(Decree n◦ 2013–118 01 and its supporting annexes entered into legis-
lation 01 February 2013) relative to the protection of animals used in 
scientific experimentation (Agreement D67–218-40 until 14/10/2028). 
The research project authorisation was accredited by the Ministry of 
National education, Higher Education and Research APAFIS#15187- 
201805221519333v3. 

2.2. Motor activity in circadian monitoring 

Spontaneous horizontal and vertical (rears) during day/night cycle 
was measured in actimetric cages (Immetronic, Pessac, France). The 
actimeter apparatus is composed of 8 individual cages (11x21x18 cm3) 
equipped with automatic water and food distribution systems (water 
and food provided ad libitum), metal grid floor and a drawer collecting 
urine and feces. Each cage has 2 horizontal levels of infrared beam units 
connected to a computer recording beam breaks, which indicate ani-
mal's position and horizontal and vertical movement. We used 
maximum of 3 sets of actimeters per experiment and never tested males 
and females in the same actimeter. Day/night cycle was 12 h day/12 h 
night (night cycle started at 7 PM). The 45 h of testing was carried out 
over 3 days (11 AM on day1 until 8 AM on day3) and was divided into 4 
phases: habituation (from 11 AM to 7 PM on day 1), first night/dark 
phase (from 7 PM on day 1 to 7 AM on day 2), day/light phase (from 7 
AM to 7 PM of day 2), second night/dark phase (from 7 PM on day 1 to 7 
AM on day 3). We chose protocol with 2 night/dark phases in order to 
estimate animals' circadian activity in response to new (first night/dark 
phase) versus familiar (second dark/night phase) environment. The test 
was automatically recorded using ActiTrack software. We calculated 
horizontal and rears activity as well as food and water intakes per hour 
and per test phase. 

2.3. Motor activity in the Open Field 

Spontaneous locomotor activity was measured in Open Field (OF) 
under dim light (50 lx) to diminish stress in animals. Mice were placed 
individually into arena (white cylindrical plastic arena; 55 cm diameter) 
and let to explore it for 15 min. The test was repeated 24 h later to assess 
the adaptation/habituation to the new environment. The trials were 
recorded and analysed using video tracking system (Ethovision, Noldus, 
France). Distance travelled (m), speed, mobility and time spent in 
different zones of the arena were calculated. OF test was followed by 
Novel Object Recognition Task. 
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2.4. Memory in the Novel Object Recognition 

The Novel Object Recognition (NOR) task was used to evaluate 
recognition memory in animals previously habituated to OF arena. The 
NOR test was divided into 2 phases: presentation (training) and memory 
test. In presentation phase mice were placed individually in OF arena 
containing two identical objects and allowed to explore them for 10 min 
starting from first sniffing/touching behaviour. Both, voluntary investi-
gation of an object at the distance <2 cm and touching the object by an 
animal were considered as an exploration. Once a trial finished, mice 
returned to their home cage for a specific retention interval, which was 1 
h for short-term memory, and 24 h for long-term memory examination. 
After the interval, mice return to the OF arena containing one familiar 
object (object used in presentation phase) and one novel object and are 
allowed to freely explore them for 10 min (test phase). In this protocol, all 
mice were first tested for short-time memory (day1), followed by long- 
term memory test (training on day2 and test on day 3). Two different 
sets of objects were used for each of the memory tests. The percent of time 
exploring novel object relative to total time of exploration (novel object+
familiar object) was calculated to assess memory (RI: recognition index).). 
A RI of 0,5 or less indicated lack of recognition memory. Mice exploring 
objects <5 s in either of the phase were excluded from the analysis. The 
trials were recorded and analysed using video tracking system (Ethovi-
sion, Noldus, France). Light intensity in experimental room during each 
phase of the test is 50 lx in the centre of the arena. Between each trial the 
arena and objects were cleaned with 50% ethanol to reduce olfactory 
cues. Objects were placed in intermediate zone of the arena. 

2.5. Spontaneous alternation in Y maze 

Short-term working memory was evaluated by recording sponta-
neous alternation in the Y-maze test. The Y-maze test uses innate pref-
erence of animals that freely explore Y shaped maze (40 × 9 × 16 cm, all 
arms at an angle of 120◦ to each other) to visit an arm that has not been 
previously explored (the wall of each arm is painted with different 
pattern). In a procedure, mice were placed individually in one of the 
arms of the maze and allowed to freely explore all three arms (named A, 
B, C) of the maze for 8 min and sequences of entries to the arms (whole 
body, including tail) were recorded. Between each mouse the Y maze 
apparatus was cleaned with 50% ethanol to reduce olfactory cues. The 
test was performed under bright light (100 lx in the experimental room 
giving about 70 lx in the maze). Spontaneous alternation behaviour was 
calculated from successive entries of the three arms on overlapping 
triplet sets, in which three different arms are entered (sequence ABC, or 
BCA, or ACB, or BAC, or CAB, or CBA). The number of alternations was 
then divided by the number of alternation opportunities namely, total 
arm entries minus one. Deficits in spontaneous alternation occurred if 
frequency of alternation (ABC, etc) was lower than 50%. 

2.6. Anxiety related behaviour in the elevated plus maze 

The elevated plus maze (EPM) test is commonly used for studying 
anxiety-like behaviour in rodents. The test is based on the natural 
aversion of animals for open and elevated areas, as well as on sponta-
neous exploratory behaviour in a new environment. The EPM apparatus 
(Imertonic, infrared detection system) consists of a plus-shaped maze 
elevated 50 cm above the floor. The maze contains two closed (wall- 
sheltered) and two open arms both equipped with infrared beams con-
nected to a computer recording the beams breaks, which enable to 
measure movement of animals. 

Test was performed under dim light (15 lx). Mice were placed in the 
centre of the maze and let to freely explore the maze for 5 min. After 
each trial the EPM apparatus were cleaned with 50% ethanol to reduce 
olfactory cues. The preference for exploring open arms over closed arms 
(expressed as either a percentage of entries or a percentage of time spent 
in the open arms) was used to measure anxiety-like behaviour. 

2.7. Spatial learning and memory in the Morris water maze 

Morris water maze experiment was performed to evaluate spatial 
learning and memory through a spatial search strategy that involves 
finding a hidden platform based on visual cues placed outside the water 
maze. The maze was a circular pool (150-cm diameter, 60-cm height) 
filled to a depth of 40 cm with water maintained at 20–22 ◦C, opacified 
with white aqueous emulsion (Acusol OP 301 opacifier) and split into 4 
virtual quadrants. The escape platform, made of rough plastic, was 
placed in the middle of one of the quadrants and submerged 1 cm below 
the water's surface. Walls of the experimental room were hung with 
contrast drawing that served as visual cues. The room was illuminated 
with indirect light at 100 lx. The test consisted of two phases: learning 
phase and probe test. The learning phase lasted 6 consecutive days and 
consisted of several 90 s trials per day, namely 3 trials per day for young 
3 months old mice and 4 trials per day for 9 months old mice. Each trial 
started with mice facing the interior wall of the pool. The starting po-
sition was changed pseudo-randomly between trials. Trial was auto-
matically stopped if mouse climbed onto the platform or after a 
maximum searching time of 90 s. If a mouse failed to find the platform 
within 90 s period, it was guided to its position by the experimenter. 
After each trial mice were left on the platform for 20–30 s, and then 
placed under heating lamp during 10–15 min inter-trial intervals. 
Learning was assessed during a probe test performed 24 h after the last 
training session. Latency to find the platform, distance travelled in each 
quadrant and the average speed were quantified. During the probe test 
the target platform was removed from the pool and mice were allowed to 
swim in the maze for 60 s. A percentage of time spent in platform 
quadrant demonstrated the memory with 25% or less indicating no 
memory. To distinguish an impairment in spatial learning versus ocular 
defects, few days after the Morris water maze task, we performed a cued 
version test that consisted of 4 trials of 60s, in which the platform was 
labelled by a flag and its location varied between the trials. The test was 
recorded and analysed using video tracking system (Ethovision, Noldus, 
France). 

2.8. Protein sample preparation 

The total protein extract from the hippocampus of Ts66Yah and Eu 
mice at about 3, 6 and 9 months of age (12 mice per age group, 6 females 
and 6 males) was prepared in RIPA buffer (pH 7.4) containing tris-HCl 
(50 mM pH = 7.4), NaCl (150 mM), 1% NP-40, 0.25% sodium deoxy-
cholate, 1 mM EDTA, 0.1% SDS, supplemented with phosphatase and 
protease inhibitor (539,132, Millipore, 1:100; P0044; Sigma-Aldrich, St. 
Louis, MO, USA; 1:100). In details one portion of the hippocampus was 
utilized for homogenizing total proteins, while the other portion un-
derwent subcellular fractionations. The RIPA buffer volume employed 
followed a ratio of 10 mg of tissue to 100 μl of RIPA buffer. Before 
clarification, the samples were sonicated on ice and then centrifuged at 
14,000× rpm at 4 ◦C for 30 min to remove cellular debris. The super-
natant was then used to determine the total protein concentration by the 
BCA method (Pierce, Rockford, IL, USA). 

2.9. Subcellular fractionation 

Subcellular fractionation was prepared using the hippocampus of 
Ts66Yah and Eu mice (3,6 and 9 months old, 6 mice per group). All the 
steps for subcellular fractions separation are in accordance with those 
reported by Dimauro et al., (2012) (Dimauro et al., 2012) optimized for 
brain tissues. In details, to perform the isolation protocol, we used 10 mg 
of hippocampal tissue. We used three female and three male belonging 
to each experimental group. The hippocampal tissue was transferred 
into eppendorf tubes containing STM buffer supplemented by the 
addition of protease inhibitor cocktail (1:100; 539,132, Millipore) and 
phosphatase inhibitor cocktail (1:100; P5726, Sigma-Aldrich, St Louis, 
MO, USA) and homogenized on ice using a tight-fitting Teflon pestle. 
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The homogenate was place into a centrifuge tube and maintained on ice 
for 30min, vortexed at maximum speed for 15s and then centrifuged at 
800g for 15min. The pellet was kept on ice, instead the supernatant (S0) 
was used for the subsequent isolation of mitochondrial and cytosolic 
fractions. The pellet (containing nuclei and debris) was resuspended in 
300μl STM buffer, vortexed at maximum speed for 15s and then 
centrifuged at 500g for 15min. Following the above step, the nuclear 
pellet was kept on ice, the supernatant containing cell debris was dis-
carded. To increase the purity, further it was washed in STM buffer (300 
μl), vortexed at maximum speed for 15 s and then centrifuged at 1000 g 
for 15 min. The washed pellet was resuspended in 200 μl NET buffer. 
Pellet was vortexed at maximum speed for 15 s and incubated on ice for 
30 min, this fraction contained the nuclei. The nuclei were lysed with 15 
passages through an 18-gauge needle and lysate was centrifuged at 
9000 g for 30 min (at 4 ◦C); the resultant supernatant was the final 
“nuclear fraction”. Cytosolic and mitochondrial fractions were extracted 
from S0 by centrifugation at 800 g for 10 min. The supernatant was 
saved, and the pellet discarded. Supernatant was then centrifuged at 
11,000 g for 10 min and the supernatant now obtained (containing 
cytosol and microsomal fraction) was precipitated in cold 100% acetone 
at − 20 ◦C overnight followed by centrifugation at 12,000 g for 5 min. 
Pellet was then resuspended in 100 μl STM buffer and labelled as 
“cytosolic fraction”. The pellet P3 was again resuspend in 100 μl STM 
buffer and centrifuged at 11,000 g for 10 min. Once centrifuged, su-
pernatant was discarded, the mitochondrial pellet was resuspended in 
30 μl SOL buffer (comprising: 50 mM Tris HCl pH 6.8, 1 mM EDTA, 0.5% 
Triton-X-100, protease and phosphatase inhibitors) by sonication on ice 
at high setting for 10 s with 30 s pauses and labelled as “mitochondrial 
fraction”. Validation of the purity of the subcellular fractions was 
determined by examining DNA Polymerase II in the nuclear fraction and 
Complex I in the mitochondrial fraction by Western Blot analysis. 

2.10. Western blot 

For western blots, 15 μg of proteins from mice hippocampus were 
resolved on Criterion TGX Stain-Free 4–15%,18 and 26-well gel (Bio- 
Rad Laboratories, #5678084, #5678085) in a Criterion large format 
electrophoresis cell (Bio-Rad Laboratories, #1656001) in Tris/Glycine/ 
SDS (TGS) Running Buffer (Bio-Rad Laboratories, #1610772). Imme-
diately after electrophoresis, the gel was transferred on a Chemi/UV/ 
Stain-Free tray and then placed into a ChemiDoc MP imaging System 
(Bio-Rad Laboratories, #17001402) and UV-activated based with Image 
Lab Software (Bio-Rad Laboratories) to collect total protein load image. 
Following electrophoresis and gel imaging, the proteins were transferred 
via the TransBlot Turbo semi-dry blotting apparatus (Bio-Rad Labora-
tories, #1704150) onto nitrocellulose membranes (Bio-Rad, Hercules, 
CA, USA, #162–0115). The membranes were blocked with 3% bovine 
serum albumin in 0.5% Tween-20/Tris-buffered saline (TTBS) and 
incubated overnight at 4 ◦C with the antibodies reported in supple-
mentary table 1. After 3 washes with Tween-20/Tris buffered saline 
(TTBS) buffer the membranes were incubated for 1 h at room temper-
ature with anti-rabbit/mouse/goat IgG secondary antibody conjugated 
with horseradish peroxidase (1:5000; Sigma–Aldrich, St Louis, MO, 
USA). Signals was detected with Clarity enhanced chemiluminescence 
(ECL) substrate (Bio-Rad Laboratories, #1705061), then acquired with 
Chemi-Doc MP (Bio-Rad, Hercules, CA, USA) and analysed using Image 
Lab software (Bio-Rad, Hercules, CA, USA). 

2.11. Slot blot 

For total Protein Carbonyls (PC) levels: hippocampal total protein 
extract samples (5 μl), 12% sodium dodecyl sulphate (SDS; 5 μl), and 10 
μl of 10 times diluted 2,4- dinitrophenylhydrazine (DNPH) from 200 mM 
stock were incubated at room temperature for 20 min, followed by 
neutralization with 7.5 μl neutralization solution (2 M Tris in 30% 
glycerol) and then loaded onto nitrocellulose membrane as described 

below. For total (i) protein-bound 4-hydroxy-2-nonenals (HNE) and (ii) 
3-nitrotyrosine (3-NT) levels: hippocampal total protein extract samples 
(5 μl), 12% SDS (5 μl), and 5 μl modified Laemmli buffer containing 
0.125 M Tris base, pH 6.8, 4% (v/v) SDS, and 20% (v/v) glycerol were 
incubated for 20 min at room temperature and then loaded onto nitro-
cellulose membrane as described below. Proteins (250 ng) were loaded 
in each well on a nitrocellulose membrane under vacuum using a slot 
blot apparatus. The membranes were blocked with 3% bovine serum 
albumin in 0.5% Tween-20/Tris-buffered saline (TTBS) for 1 h and 
incubated with an anti-2,4-dinitrophenylhydrazone (DNP) adducts 
polyclonal antibody (1:100, EMD Millipore, Billerica, MA, USA, 
#MAB2223) or HNE polyclonal antibody (1:2000, Novus Biologicals, 
Abingdon, United Kingdom, #NB100–63093) or an anti 3-NT polyclonal 
antibody (1:1000, Sigma-Aldrich, St Louis, MO, USA, # N5538) for 90 
min. The membranes were washed in PBS following primary antibody 
incubation three times at intervals of 5 min each. The membranes were 
incubated after washing with an anti-rabbit IgG alkaline phosphatase 
secondary antibody (1:5000, Sigma–Aldrich, St Louis, MO, USA) for 1 h. 
The membranes were washed three times 5 min in PBS and developed 
with Sigma fast tablets (5-bromo-4-chloro-3-indolyl phosphate/nitro-
blue tetrazolium substrate [BCIP/NBT substrate]). Blots were dried, 
acquired with Chemi-Doc MP (Bio-Rad, Hercules, CA, USA) and ana-
lysed using Image Lab software (Bio-Rad, Hercules, CA, USA). No non- 
specific binding of antibody to the membrane was observed. 

2.12. Statistical analysis 

Behavioural data are presented as mean group value ± standard 
error of the mean (SEM). Normal distribution was evaluated with 
Shapiro-Wilk test. Differences were considered significant at p < 0.05. 
As no difference between males and females were present, data were 
pooled. We performed unpaired two-tailed t-test between genotypes or 
repeated measures Anova (genotype, age) with Bonferroni post hoc test. 
One sample t-test for: (i) NOR test to evaluate recognition index against 
chance level (50%), (ii) in MWM task to compare performance against 
chance level (25%), (iii) Y maze to evaluate spontaneous alternation 
behaviour against chance level 50%. For the multivariate analysis we 
identified the differentiating variables allowing to separate the young 
and old mouse from the two genotypes by using the GDAPHEN pipeline 
(Muniz Moreno et al., 2023). Briefly, we used 12 selected variables, plus 
the sex and genotype, derived from the mouse behavioural dataset with 
the groups of same individuals analysed at 3 and 9 months of age. 

Molecular Data were calculated as a percentage of Eu at 3 month and 
are expressed as mean ± SEM. We performed both western blots and slot 
blots analyses by comparing Eu and Ts66Yah mice at each age (3,6 and 
9), separately. With the aim to compare all the groups of analysis, we 
performed western blot analysis including only Eu mice of all the age of 
analysis. Hence, data were normalized for the average of Eu mice. Then, 
data were correlated all together and normalized for the average of Eu 
mice at 3 months. 2-way analyses of variance (Anova) with diagnostic 
group (Eu vs Ts66Yah) followed by Fisher LSD test was used. Data are 
presented as means ± SEM. Columns were used to show differences 
among the groups (Eu vs Ts66Yah). Dots were used for Eu and triangle 
for Ts66Yah. White colour indicates female mice (n = 6) and black 
colour indicate male mice (n = 6). Lines were used to show age- 
associated changes within each group. For columns: *p < 0.05, **p <
0.01, ***p < 0.001 and ****p < 0.0001 (2-way Anova with Fisher's LSD 
test). For lines: #p < 0.05, ##p < 0.01, ###p < 0.001 and ####p <
0.0001 among 3 months vs 6 and 9 months; +p < 0.05, ++p < 0.01, 
+++p < 0.001 and ++++p < 0.0001 among 6 months vs 9 months (2- 
way Anova with Fisher's LSD test). To evaluate the effects of genotype, 
age and sex, and of their interactions, on collected data we performed a 
3-way ANOVA analysis. Statistical analyses and graphs for both 
behavioural and molecular data were done using GraphPad Prism 10 
software for univariate analysis. 
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3. Results 

3.1. Aging effect on behavioural performance of the Ts66Yah DS mouse 
model 

To investigate the effect of aging on the Ts66Yah DS mouse model, 
we produced a cohort of DS mouse models with their control littermates, 
including males and females, in a balanced ratio, that were studied at 
young age (3 months) and latter at 9 months of age (adult). We did not 
notice any welfare issue during this aging protocol. This cohort was 
investigated for circadian activity, open field exploration, object 
recognition, alternation, exploration of the elevated plus maze, and the 
Morris water maze to study locomotor activity, object memory, anxiety 
related behaviour and spatial memory. All these tests were done over 6 
weeks at each time point. We found no significant alteration in the 
motor activity (horizontal and vertical) during circadian monitoring and 
open field exploration (Fig. S1). Both short-term (1 h) and long-term (24 
h) object discrimination memory (scored with the Recognition Index; 
RI) was defective in the Ts66Yah mouse model at the age of 3 months 
(RI = 0,51 for short-term and RI = 0,49 for long-term recognition 
memory), comparing to age-matched Eu control littermates (RI = 0,66 
for short term and RI = 0,57 for long-term recognition memory). At the 
age of 9 months both short-term and long term- recognition memory was 
defective in Ts66Yah mice (RI = 0,52 and RI = 0,48, respectively) 
(Fig. 1A-B). We observed a reduced object memory with a 24 h retention 
time in the Eu littermate group at 9 months of age (RI = 0,51), which 
could probably be explained by a batch effect, since the short-term 
memory is preserved in these mice (RI = 0,65). The working memory 
was impaired at both ages in the Ts66Yah mice (alternation of 54% and 
50% for 3- and 9-months old animals, respectively), whereas it was not 
affected in control littermates (alternation of 62% and 59% for 3 months 
old and 9 months old Eu, respectively; Fig. 1C). These results agreed 
with our original publication of the Ts66Yah DS mouse model but 
extended the defects to adult during aging (Duchon et al., 2022). 

To go further, we decided to modify the learning phase of the Morris 
water maze for young 3 months old mice, making the learning more 
difficult/challenging with only 3 sessions instead of 4 as used previously 
in Duchon et al. (Duchon et al., 2022). We were keen on observing, with 
this reduced training, a spatial memory deficit in the probe test 
(measured by % of time spent in a platform quadrant) in 3 months old 
Ts66Yah (25%) compared to Eu littermates (36%) (Fig. 1D). A similar 
memory deficit was found in the 9 months old DS mice (32% in Ts66Yah 
comparing to 41% in Eu). Thus, with a more challenging Morris water 
maze protocol, we found an impairment of the spatial memory in the 
Ts66Yah mouse models as early as in 3 months old mice. We also 
explored the anxiety related behaviour with the elevated plus maze 
(Fig. 1E). Increased number of open arm entries was detected in the 
Ts66Yah mouse individuals compared to Eu littermate at 3 months of 
age (3,4 in Ts66Yah to 1,7 in Eu, p = 0,02), but the phenotype was not 
found significative at 9 months (2,3 in Ts66Yah to 1,5 in Eu). The 
behavioural analysis did not show any significant sex difference for the 
tests performed; therefore, the data was pooled. 

To further discriminate the genotype and sex effects in this behav-
ioural study, we performed a multivariate analysis using the GDAPHEN 
pipeline with the same 12 variables assessed along aging (Muniz Moreno 
et al., 2023). As observed in Fig. 1F, the two genotypes were easily 
separated in the first 3 dimensions, considering 47% of the total variance 
(Supplementary Fig. 2 A-B). Interestingly different non-correlated var-
iables were contributing to defining the first 3 dimensions (Supple-
mentary Fig. 2C). Three variables derived from the elevated plus maze 
test, brought the main contributions to dimension 1 (Supplementary 
Fig. 2D). For dimension 2, the NOR variables were the main differenti-
ating variables aligned with the genotype while for dimension 3 two 
variables from the Morris water maze aligned with the sexes. Looking 

more precisely at the centroid of each group of points in each 2D rep-
resentation (Fig. 1G), we observed that the directionality from 3 to 9 
months is preserved between the two genotypes in dimensions 1 and 2, 
suggesting a common path driven by aging on these variables affecting 
both genotypes. Nevertheless, dimension 3 showed a specific difference 
in the trajectory of the centroid from 3 to 9 months in the Ts66Yah. The 
two variables “Distance to find the platform” and the “velocity” in probe 
test were affecting the trajectory of both sexes during aging with almost 
no effect in Eu. This last observation suggested that a specific effect on 
aging is found in the Ts66Yah genotype compared to Euploid control. 

Overall, the behavioural features of the Ts66Yah mice were 
confirmed in this new assessment with a major improvement to detect 
spatial memory defect and also new anxiety related phenotype in young 
individuals. Interestingly the mean aging trajectory based on multivar-
iate analysis unravelled two main directionalities shared between the 
Ts66Yah individuals and the Euploid control and one small but specific 
aging effect only affecting both sexes with the Ts66Yah genotype. 

3.2. Molecular signatures of neurodegeneration are evident in Ts66Yah 
mice 

Individuals with DS have a higher risk to develop AD during aging 
and previous studies revealed akin neurodegenerative mechanisms be-
tween humans with DS and transgenic mouse models of the disease. 
Therefore, to further characterize the molecular processes underlying 
brain degeneration in Ts66Yah mice, we initially examined the neuro-
pathological signatures of AD, known to develop in DS compared to Eu 
mice (Lanzillotta et al., 2021a). We took advantages of the cohort from 
the behavioural analysis, to isolate samples for the biochemical analysis, 
and we also included a new group of mice at 6 months of age to observe 
the molecular transition from young to adult mice. We investigated the 
molecular signature using western blot analysis for a selection of targets. 
To elucidate genotype- age-and sex-related effects, we present the mo-
lecular findings through three distinct graphs (all derived from the same 
dataset). In the first graph (columns), we emphasize genotype differ-
ences between 3, 6, and 9 months (Eu vs. Ts66Yah), while in the second 
and third graphs (lines), we highlight aging-and sex-related changes 
within each genotype group. We initially assessed the levels of APP, and 
our data confirmed the expected up-regulation in mice at 3 (+94%), 6 
(+89%), and 9 months (+103%) old in both sexes; a direct consequence 
of the copy number increase of the App gene in the Ts66Yah mice (Fig. 2 
B and B1). Interestingly the APP level at 3 months in the Ts66Yah mice 
was almost similar to wild-type mice at 6 and 9 months (Fig. 2B1). 
Significant effects were observed for both genotype [F(1, 60) = 162.9, P 
< 0.0001] and age [F(2, 60) = 43.93, P < 0.0001], indicating their 
substantial influence on APP levels. However, sex did not exhibit a 
significant effect (Fig. 2 B–B2). The phosphorylation of APP at T668 
was shown to increase Aβ levels by facilitating exposure to BACE 
cleavage (Chang et al., 2006). We found a significant increase of T668 
phosphorylation in Ts66Yah mice starting at 6 months of age (+29%) 
and persisting in 9 months-old mice compared to 3 months (Fig. 2 C and 
C1). The overexpression and hyperphosphorylation of TAU, specifically 
on serine and threonine residues, leads to protein self-assembly and the 
formation of toxic neurofibrillary tangles (NFTs), a well-established 
hallmark of AD-like pathology (Lott and Head, 2019). Data from 
Ts66Yah mice indicated a significant increase in total TAU at 3, 6 and 9 
months old (+62%, +43%, +83%, respectively) when compared to age- 
matched Eu mice (Fig. 2 D). As observed for APP, the level of TAU in 
Ts66Yah brain at 3 months is similar to 9 months-old control animals 
(Fig. 2 D1). A significant influence of genotype [F (1, 60) = 31.93, P <
0.0001] and aging [F (2, 60) = 10.02, P = 0.0002] was detected for total 
TAU levels. Phosphorylation of TAU on both Ser202-Thr205 residues 
(AT8) in Ts66Yah mice demonstrated a significant increase at 6 months 
(+187%) and at 9 months (+66%) (Fig. 2E). Changes in Ser202-Thr205 
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Fig. 1. Cognitive and behaviour deficits in Ts66Yah mice during aging. Short-term recognition memory in Ts66Yah mice in NOR test with 1 h retention time (A) and 
24 h retention time (B) at 3 months and 9 months of age (RI = new T /(new + familiar) T; statistics: one sample t-test, chance level 0,5). Ts66Yah mice display 
working memory deficits in Y maze test (C) (statistics: one sample t-test, chance level 50%). In MWM, there was no significant difference between Ts66Yah and Eu 
mice in a latency to reach platform in learning phase (D), although in a probe test Ts66Yah mice showed memory deficits at both, 3 months and 9 months of age 
(statistics: one sample t-test, chance level 25%).; 3 months old Ts66Yah mice display anxiolytic-like behaviour in EPM test as measured by the number of the open 
arms visits (E) (* p = 0,05). All data are presented as means ± SEM. (F) 2D projection of the multifactorial analysis of the Ts66Yah mouse compared to control 
littermates (Eu) with 11 non-correlated behavioural variables assessed at 3- and 9-months unravelled evolution of trajectory along aging with similar or specific 
directions for each genotype from 3 to 9 months (G). 
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within the groups showed a significant variability with age in Ts66Yah, 
particularly with an increase from 3 to 6 months (+350%), and a 
decrease from 6 to 9 (− 106%) (Fig. 2 E1). No effect of sex is noticeable 
for TAU AT8. We further examined DYRK1A, a kinase involved in TAU 
phosphorylation in AD pathogenesis, whose gene is triplicated in the DS 
context. DYRK1A protein levels were elevated in Ts66Yah mice 
compared to Eu mice at 3 (+51%), 6 (+80%), and 9 (+124%) months of 
age (Fig. 2F). Moreover, age-related changes in DYRK1A within each 
group highlighted that Ts66Yah mice exhibited a significant increase 
from 3 to 9 months old (+92%) (Fig. 2 F1). DYRK1A up-regulation is 
associated with both age [F (2, 59) = 14.40, P < 0.0001] and genotype 
[F (1, 59) = 85.72, P < 0.0001]. Similar to APP and TAU, DYRK1A 
protein levels increases in Ts66Yah mice from 3 to 9-months of age. 
Altogether the well-known landmarks of AD were found overexpressed 
in the Ts66Yah brain already at 3 months and most of them continued to 
accumulate during aging. 

3.3. The alteration of antioxidant responses promotes unbalanced redox 
homeostasis in Ts66Yah mice 

Redox unbalance is an early event in subject with DS and in trans-
genic mice of the disease (Rueda Revilla and Martinez-Cue, 2020). The 
analysis of markers of protein oxidative damage, namely protein nitra-
tion (3-NT), 4-hydroxy-2-nonenal (HNE) protein adducts and protein 
carbonyls (PC) were performed in Ts66Yah mice to account for the in-
crease of oxidative stress expected in DS phenotype. DS animals 
demonstrated a consistent increase in 3-NT at 6 months (+400%) and 9 
months (+195%), but no significant changes in 3-month-old mice was 
observed (Fig. 3A). Conversely, immunochemical analysis of HNE 
showed significant alterations at 3 (+100%), 6 months (+81%), and 9 
months of age (+106%) (Fig. 3B). Consistently, the analysis of car-
bonylated proteins showed a significant increased accumulation of PC at 
6 months (+30%) and 9 months (+99%) of age (Fig. 3C). Grouped 
analysis revealed a more pronounced elevation of both 3-NT and PC in 

Fig. 2. Evaluation of age- and genotype-associated effects in major molecular hallmarks of neurodegeneration in Ts66Yah mice. (A) Representative Western blot 
images and densitometric evaluation of APP full length (B–B2), p T668APP (C–C.2), TAU (D–D2), phosphorylated TAU on residues S202 and T205 (AT8) (E-E2) and 
DYRK1A (F–F2) protein levels were evaluated in the hippocampus of Eu and Ts66Yah mice at 3 months (Eu n = 12, Ts66Yah n = 12); 6 months (Eu n = 12, Ts66Yah 
n = 12); 9 months (Eu n = 12, Ts66Yah n = 12). Protein levels were normalized per total protein load. All densitometric values are given as percentage of Eu at 3 
months set as 100%. Data are presented as means ± SEM. Columns were used to show differences among the groups (Eu vs Ts66Yah). Dots were used for Eu and 
triangle for Ts66Yah. White colour indicates female mice (n = 6) and black colour indicate male mice (n = 6). Lines were used to show age and sex associated changes 
within each group. For columns: *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001. For lines: #p < 0.05, ##p < 0.01, ###p < 0.001 and ####p < 0.0001 
among 3 months vs 6 and 9 months; +p < 0.05, ++p < 0.01, +++p < 0.001 and ++++p < 0.0001 among 6 months vs 9 months (2-way ANOVA with Fisher's 
LSD test). 
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Ts66Yah mice as they aged, compared to Eu mice (Fig. 3 A1, 3 B1 and 3 
C1) supporting for both the influence of genotype and aging (See 
Fig. 10A). ANOVA analysis support that marker of oxidative damage 
undergoes to genotype (PC, 3-NT and HNE) and aging (3-NT and PC) 
effect. Additionally, they also vary under the influence of sex (HNE, PC) 
(Supplemenenray table 2). An essential antioxidant gene, whose tripli-
cation is involved in the redox imbalance evident in the DS context, is 
Sod1 localised in 21q22.1. SOD1 enzyme is responsible for catalysing the 
dismutation of superoxide to hydrogen peroxide and molecular oxygen. 
As expected from a gene dosage effect, the levels of protein were up 
regulated in Ts66Yah mice hippocampus with respect to Eu mice at 3, 6 
and 9 months (+138%, +228% and + 95% respectively) (Fig. 3 F). A 
strong effect for genotype [F (1, 60) = 43.31, P < 0.0001] and sex [F (1, 
60) = 12.39, P = 0.0008] was observed for SOD1 (Fig. 2 F1 and F2). To 
further elucidate the dysregulation of antioxidant responses in Ts66Yah 
mice, we investigated the NRF2 signal. To note BACH1, triplicated in DS, 
encode for a protein product that engages a competition with NRF2 for 
the regulation of the ARE-mediated antioxidant enzymes (Lanzillotta 
and Di Domenico, 2021). The analysis performed on the nuclear sub-
cellular fraction highlighted a significant decrease of NRF2 in 3-month- 
old (− 32%) and 9-month-old (− 33%) Ts66Yah mice (Fig. 3G). On the 
contrary, BACH1 protein was significantly up regulated in 6 months old 
(+120%) Ts66Yah (Fig. 3H). Analysing the nuclear BACH1/NRF2 ratio 
may serve as an indicator of antioxidant response efficiency. The 
observed increase of BACH1/NRF2 at 6 (+104%) and 9 (+270%) 
months of age in Ts66Yah mice support a potential inhibition of the 
pathway (Fig. 3I). BACH1/NRF2 changes are linked to age [F (2, 24) =
43.85, P < 0.0001] and genotype [F (1, 24) = 91.84, P < 0.0001], but 
not with sex. To further confirm the reduced induction of the NRF2- 
related antioxidant response, we analysed HO-1 expression, and we 
observed a significant decrease at 3 months (− 24%) and 9 months 
(− 26%) of age in Ts66Yah mice (Fig. 3J and J1). HO-1 changes are 
influenced by genotype [F (1, 60) = 6.407, P = 0.0140]. 

Remarkably, the Ts66Yah mice displayed constitutive over-
expression of SOD1, as anticipated due to dosage effect with increased 
markers of protein oxidative damage, while the brain overexpression of 
BACH1 was only detected at 6 months of age, when NRF2 was also found 
overexpressed. Oppositely, NRF2 levels were decreased in 3- and 9- 
month-old Ts66Yah brain with a concomitant reduction of HO-1 
expression. Further, a mild effect of sex is observed with females 
showing increased redox imbalance than males. Here too, the contri-
bution of DS related gene overdosage was correlated with unbalanced 
redox activities in Ts66Yah. 

3.4. Brain metabolism: the alteration of components of insulin signalling 
and mitochondrial complexes support metabolic defects associated with 
redox unbalance in Ts66Yah mice 

Deficiencies in redox homeostasis are associated with impaired brain 
energy metabolism due to the increased ROS production leaked by 
defective mitochondria. Therefore, to investigate mitochondrial status 
we evaluated changes for the levels of electron transport chain (ETC) 
Complexes (I-IV) and Complex V (ATP synthase) in mitochondrial 

extracts from Ts66Yah and Eu mice at different ages. We observed that 
at 3 months of age Ts66Yah mice exhibited a consistent reduction for 
Complex I level (− 19%) (Fig. 4C). This reduction in complex I was also 
evident as both Eu and Ts66Yah mice aged (Fig. 4 C1). At 6 months of 
age, there was a trend towards reduced levels in all complexes, with a 
significant reduction in Complex III (− 33%) (Fig. 4E). However, the 
most pronounced decrease in mitochondrial protein levels was observed 
in adult Ts66Yah mice. Indeed, 9 months old Ts66Yah demonstrated a 
significant reduction in Complex I, Complex II, Complex IV and Complex 
V subunits level (− 18%, − 53%, − 91% and − 37%, respectively) 
(Fig. 4C-D, F and G). Collectively results on mitochondrial complexes 
demonstrate an altered expression associated with both genotype and 
aging for complexes I to V and with sex only for complex II (see 3-way 
ANOVA data in Fig. 10A and supplementary Table 2). To deepen the 
analysis of mitochondrial status we evaluated PGC1α, TFAM and PINK1, 
involved in mitochondrial energetics and turnover. The peroxisome 
proliferator-activated receptor gamma coactivator-1α (PGC-1α) plays a 
central role in protective mechanisms by upregulating the expression of 
antioxidant proteins and enhancing mitochondrial biogenesis to reduce 
differences in oxygen release (Abu Shelbayeh et al., 2023). The up-
stream gatekeepers of PGC-1α activity are SIRT1 and AMPK, which are 
important actuators in the regulatory network of metabolic homeostasis. 
Active PGC-1α translocate into the nucleus and through the activation of 
NRF-1/2 promotes TFAM (mitochondrial transcription factor A), tran-
scription and expression, thereby inducing mitochondrial protein syn-
thesis, mtDNA replication and transcription, and de novo mitochondrial 
biosynthesis (de Oliveira Bristot et al., 2019). No statistical changes 
were observed for either PGC-1α or TFAM in the nuclear extract of 
Ts66Yah (Fig. 4 J and K). Mitophagy is also mediated by PGC-1α through 
transcriptional mechanisms. Depolarization of mitochondria leads to the 
recruitment of PTEN- induced kinase 1 (PINK1), which activates parkin, 
an E3 ubiquitin ligase, followed by ubiquitination of outer membrane 
proteins. This mitochondria-ubiquitinated complex is then engulfed by 
the autophagosome and degraded in the lysosome (Zhu et al., 2013). The 
analysis of PINK1 in the mitochondrial extract of Ts66Yah mice reveals a 
slight decrease of 37% at 6 months (Fig. 4 I), with a notable influence 
observed for age [F (2, 24) = 23,40 P < 0.0001]. These findings suggest 
an alteration of complex subunits that associates with oxidative stress 
levels, but no evident changes concerning markers of mitochondrial 
biogenesis/turnover, in the brains of Ts66Yah mice. 

To investigate insulin signalling we focus the analysis on the acti-
vatory state of the insulin receptor (IR) and of the insulin receptor 
substrate 1 (IRS1). The activation of IR, represented as pY1158,1162,1163/ 
IR, was notably elevated at 9 months (+162%) in Ts66Yah mice 
compared to their Eu counterparts (Fig. 5B and B1). When examining 
changes within each group as they aged, it became evident that in 
Ts66Yah mice, IR activation significantly increased in comparison to Eu 
mice. This increase was more pronounced in Ts66Yah mice than in Eu 
mice. Significant variations were observed particularly from 3 to 9 
months (+286%) and 6 to 9 months (+275%) (Fig. 5 B1; 3-way Anova 
analysis showed a strong age influence [F (2, 60) = 71.98, P < 0.0001]. 
Data sets were also influenced by genotype [F (1, 60) = 6.183, P =
0.0157] and sex [F (1, 60) = 10.62, P = 0.0018]). Moving downstream 

Fig. 3. Investigation of oxidatively damaged proteins and antioxidant responses in the hippocampus of Ts66Yah. Slot Blot quantification of 3-NT levels (A-A2), 4- 
hydroxy-2-nonenal (HNE) (B–B2) and protein Carbonyls (PC; C–C2) in the hippocampus of Eu and Ts66Yah mice at different ages 3 months (Eu n = 12, Ts66Yah n 
= 12); 6 months (Eu n = 12, Ts66Yah n = 12); 9 months (Eu n = 12, Ts66Yah n = 12). Representative Western blot images and densitometric evaluation of SOD1 (E 
-E1) and HO-1 (J-J1) protein levels in Eu and Ts66Yah mice at 3 months (Eu n = 12, Ts66Yah n = 12), 6 months (Eu n = 12, Ts66Yah n = 12) and 9 months (Eu n =
12, Ts66Yah n = 12). Western blot analysis and densitometric evaluation showing protein levels of nuclear NRF2 (G-G1), BACH1 (H–H1) and BACH1/NRF2 ratio (I- 
I1) in the hippocampus of Eu and Ts66Yah mice at 3 months (Eu n = 6, Ts66Yah n = 6); 6 months (Eu n = 6, Ts66Yah n = 6); 9 months (Eu n = 6, Ts66Yah n = 6). 
Protein levels were normalized per total protein load. All densitometric values are given as percentage of Eu at 3 months set as 100%. Data are presented as means ±
SEM. Columns were used to show differences among the groups (Eu vs Ts66Yah). Dots were used for Eu and triangle for Ts66Yah. White colour indicates female mice 
and black colour indicate male mice. Lines were used to show age and sex associated changes within each group. For columns: *p < 0.05, **p < 0.01, ***p < 0.001 
and ****p < 0.0001. For lines: #p < 0.05, ##p < 0.01, ###p < 0.001 and ####p < 0.0001 among 3 months vs 6 and 9 months; +p < 0.05, ++p < 0.01, +++p <
0.001 and ++++p < 0.0001 among 6 months vs 9 months. In (D), scheme relative to the portion of the pathway mentioned in this figure. Created with Biorender 
.com. 
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Fig. 4. Evaluation of protein components of the mitochondrial ETC machinery in Ts66Yah hippocampus. (A) Representative Western blot images and densitometric 
evaluation of Complex I (C –C1), Complex II (D- D1), Complex III (E- E1), Complex IV (F- F1) and Complex V (G-G1) in the mitochondrial extract of Eu and Ts66Yah 
mice hippocampus at different ages 3 months (Eu n = 6, Ts66Yah n = 6); 6 months (Eu n = 6, Ts66Yah n = 6); 9 months (Eu n = 6, Ts66Yah n = 6). (H) 
Representative Western blot images and densitometric evaluation of PINK1 (I –I2) in the mitochondrial extract, PGC1a (J -J2) and TFAM (K–K2) in the nuclear 
extract of Eu and Ts66Yah mice hippocampus at different ages 3 months (Eu n = 6, Ts66Yah n = 6); 6 months (Eu n = 6, Ts66Yah n = 6); 9 months (Eu n = 6, 
Ts66Yah n = 6). Protein levels were normalized per total protein load. All densitometric values are given as percentage of Eu at 3 months set as 100%. Data are 
presented as means ± SEM. Columns were used to show differences among the groups (Eu vs Ts66Yah). Dots were used for Eu and triangle for Ts66Yah. White colour 
indicates female mice (n = 6) and black colour indicate male mice (n = 6). Lines were used to show age and sex associated changes within each group. For columns: 
*p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001. For lines: #p < 0.05, ##p < 0.01, ###p < 0.001 and ####p < 0.0001 among 3 months vs 6 and 9 
months; +p < 0.05, ++p < 0.01, +++p < 0.001 and ++++p < 0.0001 among 6 months vs 9 months. In (B), scheme relative to the portion of the pathway 
mentioned in this figure. Created with Biorender.com. 
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Fig. 5. Investigation of Insulin cascade in Ts66Yah hippocampus. Representative western blot images (A) and densitometric evaluation of (B–B2) IR activation 
(pY1158/1162/1163/IR), (C–C2) IRS1 inhibition (pS636/Y632/IRS1), (D–D2) PI3K activation (pY508/PI3K), (E-E2) AKT activation (pS473/AKT) and (F–F2) GSK3β in-
hibition (pS9/GSK3β) in the hippocampus of Eu and Ts66Yah mice at different ages 3 months (Eu n = 12, Ts66Yah n = 12); 6 months (Eu n = 12, Ts66Yah n = 12); 9 
months (Eu n = 12, Ts66Yah n = 12). Protein levels were normalized per total protein load. IR-, IRS1-, PI3K-, AKT- and GSK3β-associated phosphorylation were 
normalized by taking into account the respective protein levels and are expressed as the ratio between the phosphorylated form and the total protein levels: pY1158/ 

1162/1163/IR; pS636/Y632/IRS1; pS473/AKT; pY508/PI3K; and pS9/GSK3β. All densitometric values are given as percentage of Eu at 3 months set as 100%. Data are 
presented as means ± SEM. Columns were used to show differences among the groups (Eu vs Ts66Yah). Dots were used for Eu and triangle for Ts66Yah. White colour 
indicates female mice (n = 6) and black colour indicate male mice (n = 6). Lines were used to show age and sex-associated changes within each group. For columns: 
*p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001. For lines: #p < 0.05, ##p < 0.01, ###p < 0.001 and ####p < 0.0001 among 3 months vs 6 and 9 
months; +p < 0.05, ++p < 0.01, +++p < 0.001 and ++++p < 0.0001 among 6 months vs 9 months. In (G), scheme relative to the portion of the pathway 
mentioned in this figure. Created with Biorender.com. 
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from IR, we found that IRS1 protein levels did not exhibit significant 
differences between Ts66Yah and Eu mice (Supplementary Fig. 3B). 
Instead, it displayed age-related changes within each respective group 
(Supplementary Figure 3B1). Interestingly we observed a significant 
increase in the inhibition of IRS1, evaluated by the ratio S636/Y632, in 
Ts66Yah mice at 6 (+134%) and 9 (+82%) months old Ts66Yah (Fig. 5C 
and C1). Changes of S636/Y632 are associated with age [F (2, 60) =
17.45, P < 0.0001] and genotype [F (1, 60) = 9.784, P = 0.0027]. We 
then evaluated whether the inhibition of IRS1 in the hippocampus of 
Ts66Yah mice was associated with defects in the PI3K-AKT axis. Spe-
cifically, while AKT protein levels did not change in Ts66Yah compared 
to Eu mice (Fig. S3F), AKT activation (pS473/AKT) was higher in the 
brains of Ts66Yah compared to that in Eu mice at 9 months of age 
(+41%) (Fig. 5E). Changes in AKT activation within the groups showed 
a significant and more pronounced instabilities with age in Ts66Yah, 
particularly from 3 to 6 months (+36%), 3 to 9 (+94%) and 6 to 9 
months (− 58%) (Fig. 5 E1; 3-way Anova analysis demonstrates a sig-
nificant influence of age [F (2, 60) = 24.44, P < 0.0001]). AKT activa-
tion was independent from PI3K induction that did not show any 
significant differences between Eu and Ts66Yah (Fig. 5D-D1 and S3E- 
E1). As GSK3β is a direct target of AKT, we assessed the phosphoryla-
tion status of S9, a crucial site for inhibiting GSK3β. As illustrated in 
Fig. 5F, the S9 phosphorylation of GSK3β showed no significant geno-
type differences across all age groups considered. Changes in GSK3β 
activation within the groups showed significant fluctuations with age in 
Eu and Ts66Yah (Fig. 5 F1; 3-way Anova analysis [F (2, 60) = 155.4, P <
0.0001]). In conclusion several mitochondrial protein complexes were 
downregulated in aged Ts66Yah (9 months), while insulin signalling 
data suggest an uncoupling between IR, IRS1 and downstream events. 

3.5. The impairment of proteostasis network is demonstrated by reduced 
autophagy and by the aberrant induction of the unfolded protein response 

The loss of proteostasis is an early event in DS human brain and it 
correlates with increased oxidative damage (Lanzillotta and Di Dome-
nico, 2021). To investigate if these alterations are conserved in the 
Ts66Yah mice, we evaluated the mTOR/autophagy axis and the induc-
tion of the PERK pathway of the unfolded protein response (UPR). 
mTOR is a master regulator of autophagy and sustained mTORC1 acti-
vation, indicated by S2448 phosphorylation, is known to mediate a 
decline in autophagy function by interacting with components involved 
in autophagosome formation (Di Domenico et al., 2019a). At 3 months 
of age, we found no significant differences in mTORC1 activation, while 
a significant increase was observed at 6 (+52%) and 9 months (+69%) 
(Fig. 6B). Notably, the changes in mTORC1 activation exhibited a 
distinct profile in Ts66Yah compared to Eu mice, with a significant rise 
observed only in Ts66Yah. Particularly the increase was observed from 3 
to 6 months (+72%) (Fig. 6B and B1). Age, sex and genotype signifi-
cantly influence the alterations in mTORC1 activation (age: [F (2, 60) =
12.06, P < 0.0001]; sex: [F (1, 60) = 4.102, P = 0.0473]; genotype: [F 
(1, 60) = 7.922, P = 0.0066)]). The AMP-activated protein kinase 
(AMPK) serves as a key energy sensor, regulating cellular metabolism to 
maintain energy balance. AMPK acts upstream of mTOR, and its acti-
vation inhibits mTORC1 signalling, suppressing protein synthesis to 
conserve cellular energy during low energy states. We observed 
increased expression of AMPK at 6 and 9 months in Ts66Yah mice 
(Supplementary Fig. 4B and B1) but a reduced AMPK activation (indi-
cated by the pT172/AMPK ratio) at 9 months (− 36%) in Ts66Yah mice 
compared to Eu mice (Fig. 6C). Changes in AMPK activation displayed a 
different pattern in Ts66Yah mice compared to Eu mice, with a signifi-
cant drop observed during aging in Ts66Yah mice. A significant decrease 
was observed between 6 and 9 months (− 38%) in Ts66Yah mice (Fig. 6 
C1). The reduction in AMPK activation was primarily driven by a sig-
nificant increase in AMPK protein levels (Supplementary Fig. 4B). Both 
mTORC1 and AMPK regulates, upon activation, the induction of auto-
phagy through the phosphorylation of ULK1. Phosphorylation of ULK1 

at S317 and S777 by AMPK induce autophagy, while phosphorylation of 
ULK1 at S757 by mTORC1 abolish its interaction with AMPK and reduce 
autophagosome formation. We observed a significant increase in ULK1 
inhibition (pS757/ULK1) at 3 months of age in Ts66Yah (Fig. 6D). 
However, at 6 and 9 months, we did not observe any statistically sig-
nificant changes between Ts66Yah and Eu mice. When examining age- 
related alterations, we noted a progressive decline during aging in 
Ts66Yah mice. Notably, the decline was particularly pronounced from 3 
to 6 months (− 65%) and from 3 to 9 months (− 72%) (Fig. 6 D1). A 
strong effect of age [F (2, 59) = 9.856, P = 0.0002] and genotype [F (1, 
59) = 6.872, P = 0.0111] was evident. To determine the reduction in 
autophagy induction in Ts66Yah mice, we analysed the expression of 
proteins crucially involved in autophagosome nucleation, formation, 
and maturation. We examined changes in the LC3II/I ratio, a widely 
used marker of autophagosome formation. The LC3II/I ratio was 
significantly reduced in 6-month-old Ts66Yah mice (− 22%) compared 
to Eu mice, although no significant changes were observed at 3 and 9 
months in Ts66Yah mice. Significant changes with age were noted for 
LC3II/I protein within each group [F (2, 60) = 35.52 P < 0.0001] 
(Fig. 6G and G1). Further, we examined the expression levels of 
autophagy-related proteins (ATGs) and, we observed in Ts66Yah mice a 
significant decrease in ATG7 levels at both 6 (− 28%) and 9 months 
(− 28%) (Fig. 6F). The analysis of ATG5-ATG12 protein levels, did not 
produced any statistical change (Fig. 6E). Finally, we assessed the level 
of SQSTM1 (p62), a well-established marker of autophagic degradation 
efficiency. Since SQSTM1 itself is degraded by autolysosomes, its mea-
surement serves as an indirect evaluation of autophagic efficiency, with 
higher levels indicating reduced autophagic degradation. SQSTM1 
protein levels consistently increased at 6 (+39%) and 9 months (+44%) 
in Ts66Yah mice compared to Eu mice (Fig. 6H). The elevation of 
SQSTM1 protein levels was more pronounced in Ts66Yah mice during 
aging compared to Eu mice (Fig. 6 H1). A significant age and genotype 
effect was determined (age: [F (2, 57) = 13.34, P < 0.0001], genotype: 
[F (1, 57) = 8.997, P = 0.0040]). Building upon our prior findings, 
which demonstrated early and specific alterations in the UPR and of the 
PERK branch in DS mice we evaluated the same pathways Ts66Yah 
hippocampus (Lanzillotta et al., 2021b; Lanzillotta et al., 2018). Our 
analysis revealed unchanged levels of BiP/GRP78 protein levels 
(Fig. 7B), while we observed an increase in the active form of PERK 
(pT980/PERK). PERK activation consistently increased at 6 months 
(+65%) and 9 months (+67%) in Ts66Yah mice compared to Eu mice 
(Fig. 7C). The elevation of PERK activation was more pronounced in 
Ts66Yah mice during aging compared to Eu mice (Fig. 7 C1). Notably, 
no significant alterations were detected in PERK protein expression. 
Genotype significantly influenced alterations in PERK activation [F (1, 
59) = 9.312, P = 0.0034]. Further, we noted a significant elevation of 
pS51/eIF2α levels only at 6 months of age (+43) in Ts66Yah respect to 
the Eu counterparts (Fig. 7 D1). According to results obtained with PERK 
and eIF2α, the downstream target ATF4 demonstrated a substantial in-
crease in 6 (+194) and 9 (+75) months old Ts66Yah compared to the Eu 
(Fig. 7E and E1). Genotype significantly influenced ATF4 protein 
expression [F (1, 60) = 19.62, P < 0.0001]. In the context of chronic 
PERK activity, the sustained levels of ATF4 lead to the upregulation of 
CHOP, which at final stimulates apoptotic responses (Lanzillotta and Di 
Domenico, 2021). Our analysis of nuclear CHOP level showed a sub-
stantial increase at 9 months in Ts66Yah mice (+41), while significant 
variations in CHOP activation within the groups were observed, 
particularly in Ts66Yah mice, with notable changes occurring from 3 to 
6 months (+44%) and from 6 to 9 months (+57%) (Fig. 7F and F1). A 
strong influence of age, sex and genotype was detected (age: [F (2, 24) =
5.903, P = 0.0082]; sex: [F (1, 24) = 6.514, P = 0.0175]; genotype: [F 
(1, 24) = 4.507, P = 0.0443]). Our analysis pointed towards increase 
autophagy in the Ts66Yah controlled by slightly different mechanism 
during aging and suggested a higher level of cellular stress in the brain of 
DS models. In addition, alterations of the proteostasis network are only 
partially influenced by sex in Ts66Yah mice. 
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Fig. 6. mTOR/AMPK/Autophagy axis evaluation in Ts66Yah hippocampus. Representative western blot images (A) and densitometric evaluation of active mTOR 
(pS2448/mTOR) (B–B2), AMPK activation (p T172/AMPK) (C–C2), ULK1 activation (p S757/ULK1) (D –D2), ATG5–12 (E-E2), ATG7 (F–F2), LC3 II/I (G -G2) and 
SQSTM1 (p62) (H–H2) in the hippocampus of Eu and Ts66Yah mice at different ages 3 months (Eu n = 12, Ts66Yah n = 12); 6 months (Eu n = 12, Ts66Yah n = 12); 
9 months (Eu n = 12, Ts66Yah n = 12). All densitometric values are given as percentage of Eu at 3 months set as 100%. Data are presented as means ± SEM. Columns 
were used to show differences among the groups (Eu vs Ts66Yah). Dots were used for Eu and triangle for Ts66Yah. White colour indicates female mice (n = 6) and 
black colour indicate male mice (n = 6). Lines were used to show age and sex-associated changes within each group. For columns: *p < 0.05, **p < 0.01, ***p <
0.001 and ****p < 0.0001. For lines: #p < 0.05, ##p < 0.01, ###p < 0.001 and ####p < 0.0001 among 3 months vs 6 and 9 months; +p < 0.05, ++p < 0.01, 
+++p < 0.001 and ++++p < 0.0001 among 6 months vs 9 months. In (I), scheme relative to the portion of the pathway mentioned in this figure. Created with Bior 
ender.com. 
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3.6. Increased apoptosis mechanisms in Ts66Yah mice 

TP53/p53 serves as a critical responder to a wide array of cellular 
stresses capable of causing damage to the cell's genome. Our findings 
indicate that p53 expression is altered in Ts66Yah mice. Notably, we 
observed a significant increase at 3 (+34%) and 9 months (+35%) in 
Ts66Yah mice (Fig. 8B and B1), suggesting that trisomy and aging has an 

impact on p53 expression levels, but not sex. Furthermore, p53 is the 
principal transcriptional regulator of CDKN1A/P21 since the gene con-
tains two conserved p53 responsive elements (p53RE) in its promoter. 
Stress stimuli that elevate p53 activity lead to the increased expression 
of p21 (Li and Wong, 2018). Our analysis of p21 protein levels in the 
nuclear extracts of Ts66Yah mice showed a significant increase at 3 
(+150%), 6 (+191%) and 9 (+141%) months of age (Fig. 8C and C1). 

Fig. 7. Induction of the PERK pathway in Ts66Yah hippocampus. (A) Representative Western blot images and densitometric evaluation of GRP78 (B–B2), PERK 
activation (pT980/PERK) (C–C2), eIF2α activation (pS51/eIF2α) (D–D2) and ATF4 (E-E2) in the hippocampus of Eu and Ts66Yah mice at different ages 3 months (Eu 
n = 12, Ts66Yah n = 12); 6 months (Eu n = 12, Ts66Yah n = 12); 9 months (Eu n = 12, Ts66Yah n = 12). Western blot and densitometric analysis of nuclear Chop 
(F–F2) in the above-mentioned age groups: 3 months (Eu n = 6, Ts66Yah n = 6); 6 months (Eu n = 6, Ts66Yah n = 6); 9 months (Eu n = 6, Ts66Yah n = 6). Protein 
levels were normalized per total protein load. All densitometric values are given as percentage of Eu at 3 months set as 100%. Data are presented as means ± SEM. 
Columns were used to show differences among the groups (Eu vs Ts66Yah). Dots were used for Eu and triangle for Ts66Yah. White colour indicates female mice and 
black colour indicate male. Lines were used to show age and sex -associated changes within each group. For columns: *p < 0.05, **p < 0.01, ***p < 0.001 and ****p 
< 0.0001. For lines: #p < 0.05, ##p < 0.01, ###p < 0.001 and ####p < 0.0001 among 3 months vs 6 and 9 months; +p < 0.05, ++p < 0.01, +++p < 0.001 and 
++++p < 0.0001 among 6 months vs 9 months. In (G), scheme relative to the portion of the pathway mentioned in this figure. Created with Biorender.com. 
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Fig. 8. Apoptotic markers induction in Ts66Yah hippocampus. (A) Representative Western blot images and densitometric evaluation of p53 (B–B2), BAX (E-E2), 
Caspase 3 in its cleaved form and total protein levels (F–F2, G-G2), Caspase 9 in its cleaved form and total protein levels (H–H2, I–I2) and cleaved PARP1/PARP1 
ratio (L− L2) in the hippocampus of Eu and Ts66Yah mice at different ages [3 months (Eu n = 12, Ts66Yah n = 12); 6 months (Eu n = 12, Ts66Yah n = 12); 9 months 
(Eu n = 12, Ts66Yah n = 12)]. Western blot images and densitometric evaluation of nuclear p21 (C–C2) in the hippocampus of Eu and Ts66Yah mice in the above- 
mentioned age groups: 3 months (Eu n = 6, Ts66Yah n = 6); 6 months (Eu n = 6, Ts66Yah n = 6); 9 months (Eu n = 6, Ts66Yah n = 6). Protein levels were 
normalized per total protein load. All densitometric values are given as percentage of Eu at 3 months set as 100%. Data are presented as means ± SEM. Columns were 
used to show differences among the groups (Eu vs Ts66Yah). Dots were used for Eu and triangle for Ts66Yah. White colour indicates female mice and black colour 
indicate male mice. Lines were used to show age and sex-associated changes within each group. For columns: *p < 0.05, **p < 0.01, ***p < 0.001 and ****p <
0.0001. For lines: #p < 0.05, ##p < 0.01, ###p < 0.001 and ####p < 0.0001 among 3 months vs 6 and 9 months; +p < 0.05, ++p < 0.01, +++p < 0.001 and 
++++p < 0.0001 among 6 months vs 9 months. In (D), scheme relative to the portion of the pathway mentioned in this figure. Created with Biorender.com 
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Genotype significantly influenced p21 activation [genotype: [F (1, 24) 
= 17.83, P = 0.0003]. Furtherly, we analysed BAX, a pro-apoptotic 
protein that, upon activation, facilitates the release of cytochrome c 
from mitochondria, ultimately triggering the activation of caspases and 
the initiation of apoptosis (Tramutola et al., 2016). In our investigation, 
we noticed elevated BAX protein levels in Ts66Yah compared to Eu mice 
at 9 months (+164%) (Fig. 8E). In addition is evident for BAX the effect 
of aging in Ts66Yah mice with a progressive increase from 3 to 9 months 
(Fig. 8 E1). Accordingly, both age [F (2, 60) = 15.95, P < 0.0001] and 
genotype [F (1, 60) = 13.63, P = 0.0005] contribute to the variations in 
BAX levels. Caspase 3 and caspase 9 play key roles in the apoptotic 
cascade, which was reported to be overstimulated in DS phenotype as 
effect of accelerated aging. As regard, caspase 3 activity and expression, 
we observed conflicting results among the different age groups of mice. 
Specifically, the cleaved form of caspase 3, demonstrated in Ts66Yah 
mice an initial increase at 3 months (+30%), followed, however, by a 
significant decrease at 9 months of age (− 30%) (Fig. 8G and G1). Cas-
pase 3 protein expression was instead elevated only at 6 months of age in 
Ts66Yah mice (+48%) (Fig. 8F and F1). The alteration of caspase 3 (total 
and cleaved form) relied mostly on aging and sex effect (aging: [F (2, 
60) = 65.33, P < 0.0001]; sex [F (2, 60) = 28.17, P < 0.0001]). Cas-
pase 9 is demonstrated to be phosphorylated by DYRK1A (Laguna et al., 

2008). Our data show a significant increase in caspase 9 activity, as 
evidenced by an increase in its cleaved form, in Ts66Yah mice at 3 
(+60%), 6 (+28%), and 9 (+34%) months (Fig. 8I). This increase is 
likely influenced by genotype [F (1, 60) = 43.31, P < 0.0001] (Fig. 8I). 
We also noted a significant increase in caspase 9 protein levels in 
Ts66Yah mice at 6 (+28%) and 9 (+47%) months of age (Fig. 8H). These 
alterations were associated to both genotype [F (1, 60) = 10.88, P =
0.0016] and aging [F (2, 60) = 3.462, P = 0.0378] (Fig. 8H and H1). The 
analysis of PARP1 (poly (ADP-ribose) polymerase 1) activation 
(cleaved/total form) showed a significant increase in Ts66Yah mice at 9 
months old (107%) under the influence of aging and sex (aging:[F (2, 
60) = 49,96 P = 0.0001] and sex: [F (1, 60) = 6.946 P = 0.010]) (Fig. 8 
L1). Our results suggest a general induction of the programmed cell 
death mechanisms as indicated by the increase in proteins linked to the 
apoptotic machinery and senescence. 

3.7. Alteration of synaptic plasticity markers in Ts66Yah mice 

To elucidate the cognitive and learning dysfunctions highlighted in 
the behavioural tests, we delved into the changes in two crucial synaptic 
proteins: syntaxin-1 (pre-synaptic) and postsynaptic density protein 95 
(PSD95). We also wondered if aging could have more influence on some 

Fig. 9. Markers of synaptic plasticity in Ts66Yah hippocampus. Syntaxin1, PSD95, BDNF, NR2A, NR2B, Glur1 and Glur2 protein levels were evaluated in the 
hippocampus of Eu and Ts66Yah mice at different ages 3 months (Eu n = 12, Ts66Yah n = 12); 6 months (Eu n = 12, Ts66Yah n = 12); 9 months (Eu n = 12, Ts66Yah 
n = 12). (A) Representative Western blot images and densitometric evaluation of Syntaxin-1 A (C –C2), PSD95 (D–D2), BDNF (E-E2), NR2A (F–F2), NR2B (G-G2), 
Glur1 (H–H2) and Glur2 (I–I2). All densitometric values are given as percentage of Eu at 3 months set as 100%. Data are presented as means ± SEM. Columns were 
used to show differences among the groups (Eu vs Ts66Yah). Dots were used for Eu and triangle for Ts66Yah. White colour indicates female mice (n = 6) and black 
colour indicate male mice (n = 6). Lines were used to show age-and sex associated changes within each group. For columns: *p < 0.05, **p < 0.01, ***p < 0.001 and 
****p < 0.0001. For lines: #p < 0.05, ##p < 0.01, ###p < 0.001 and ####p < 0.0001 among 3 months vs 6 and 9 months; +p < 0.05, ++p < 0.01, +++p <
0.001 and ++++p < 0.0001 among 6 months vs 9 months. In (B), scheme relative to the portion of the pathway mentioned in this figure, with highlighted in yellow 
proteins evaluated by Western blot analysis. In (A), scheme relative to the portion of the pathway mentioned in this figure. Created with Biorender.com. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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synaptic markers in the DS model. Syntaxin-1 is a neuronal plasma 
membrane protein involved in vesicle trafficking, docking, and fusion, 
playing a pivotal role in neurotransmitter release. On the other hand, 
PSD95, a membrane-associated guanylate kinase, serves as the major 
scaffolding protein in the excitatory postsynaptic density (PSD) and 
plays a significant role in regulating synaptic strength (Lanzillotta et al., 
2021a). In Ts66Yah mice, we observed an unexpected and significant 
increase in Syntaxin-1 levels at 3 months of age compared to Eu mice 
(Fig. 9C). However, as mice aged, protein levels exhibited a significant 
reduction at 6 months (− 39%) and although not statistically significant, 
there was a trend towards further reduction in 9-month-old Ts66Yah 
mice (Fig. 9C). Additionally, age-related changes in Syntaxin-1 within 
each group highlighted a decrease in Ts66Yah in the transition from 
young to adult mice (aging:[F (2, 60) = 5.071, P = 0.0092]; Fig. 9 C1). 
As observed for Syntaxin-1, PSD95 protein levels exhibited a significant 
increase at 3 months in Ts66Yah mice compared to the Eu group. 
However, in mature adult mice (9 months) PSD95 levels decreased 
significantly (− 52%) (Fig. 9D). The evaluation of age-related changes 
within each group revealed a strikingly different trajectory between Eu 
and Ts66Yah mice, underscoring an aberrant expression of PSD95 pro-
tein in the early stages of Ts66 mice, which dramatically declined in 
later phases (Fig. 9 D1). A strong influence of age [F (1, 60) = 34.49, P <
0.0001] was detected (Fig. 9 D1). Moreover, we evaluated the levels of 
brain-derived neurotrophic factor (BDNF), a neurotrophin implicated in 
learning and memory functions. BDNF protein levels were significantly 
increased in Ts66Yah mice at 6 months (+32%), but then declined at 9 
months (− 39%) suggesting that inadequate neurotrophic support from 
BDNF may contribute to neurodegeneration and cognitive decay (Fig. 9E 
and E1). Recently, evidence links the disruption of PSD-95 with cogni-
tive and learning deficits, as it plays a crucial role in stabilizing, 
recruiting, and trafficking NMDA receptors (NMDAR) and AMPA re-
ceptors (AMPAR) to the postsynaptic membrane. In animal studies, PSD- 
95 deficiency shows alterations in NMDAR and AMPAR composition and 
function in specific brain regions that may contribute to phenotypes 
observed in neurological pathologies (Coley and Gao, 2018). Therefore, 
to furtherly deepen on the role of altered PSD-95 in Ts66Yah mice we 
analysed the levels of NMDAR's subunits NR2A and NR2B and of 
AMPAR's subunits Glur1 and Glur2. Our data show a significant increase 
of NR2B subunit of NMDAR in Ts66Yah mice at 9 months of age 
(+170%), whose alterations are influenced by genotype [F (1, 60) =
30,47, P < 0.0001] and age [F (2, 60) = 114,5, P < 0.0001] but no al-
terations for NR2A (Fig. 9E and E1 and 9F–F1). As far as AMPAR 
subunits we observe a significant increase only for Glur1 in 9 months old 
Ts66Yah mice (+25%). Glur1 levels are significantly affected by geno-
type [F (1, 60) = 4,19 P = 0.045] and age [F (2, 60) = 13,98, P <
0.0001] (Fig. 9H and H1). 

4. Discussion and conclusions 

The genetic validity of available murine models for the study of DS 
phenotype has been a topic of strong debate in the last decade (Herault 
et al., 2017; Gupta et al., 2016; Klein and Haydar, 2022; Farrell et al., 
2022; Tosh et al., 2022). To improve the representation of DS human 
genotype and phenotype in mice, Herault and colleagues developed new 
line named Ts66Yah, derived from the Ts65Dn lineage but no longer 
carrying the duplicated centromeric part of Mmu17, (Duchon et al., 
2022). Recent studies compared the phenotype of the Ts66Yah and 
Ts65Dn mouse models of DS in terms of learning and behaviour, 
craniofacial and brain morphologies, and gene expression, confirming 
the interference of Scaf8-Pde10a region trisomy in Ts65Dn and sup-
porting the need of a novel murine models to better comprehend DS 
neuropathology (Duchon et al., 2022). Behavioural analysis performed 
in the present longitudinal study on 3 and 9 months old Ts66Yah mice 
extend the relevance of challenging more the mice to detect a phenotype 
in spatial memory. For the spatial memory, decreasing the learning trials 
induced memory deficits in young and older individuals, compared to 

what has been previously described in the young (Duchon et al., 2022). 
Similar changes in the training could influence also other behavioural 
outcomes in DS models. Having add one additional training sessions for 
the mutant mice to investigate the familiar object make them performed 
better in (Guedj et al., 2023) than in the original publication where it 
was tested in two independent labs (Duchon et al., 2022). This phe-
nomenon is probably reminiscent in human when specific education 
program is available, people with DS performed better. More interest-
ingly this report highlighted different aging effect in the Ts66Yah model 
mainly affecting the spatial memory while the aging effect on the two 
other behaviour domains investigated for object memory or anxiety- 
related behaviour, followed the same trajectories in Ts66Yah and Eu 
control genotypes. 

In order to decipher early to late proteome changes in the hippo-
campus from Ts66Yah compared to euploid mice, and understand how 
those promote neurodegeneration and loss of cognition in adult mice, 
we led our investigation by analysing the overexpression of protein 
products from trisomic genes, but also the expression and activatory 
status of components of the proteostasis network, metabolic processes, 
cell death mechanisms and synaptic transmission, whose defects 
dysfunction represents a well-established fingerprints of DS brain 
phenotype (Lanzillotta et al., 2021a; Lanzillotta et al., 2021b; Tramutola 
et al., 2018; Di Domenico et al., 2014). As expected, the analysis of 
protein products from genes mapping in triplicated regions demon-
strated increased expression levels in Ts66Yah mice (Fig. 10). Particu-
larly, the investigation of APP, DYRK1A, SOD1 and BACH1 support the 
early genotype-related development of hippocampal degenerative sig-
natures, as observed in Ts65Dn mice and in other DS models. The 
overexpression of APP was demonstrated to be sufficient to induce the 
increase in the production of Aβ peptides, which represent crucial trig-
gers of neurodegeneration despite the lack of senile plaques formation in 
mice (Elangovan et al., 2023; Doran et al., 2017). As well, the over-
expression and hyperphosphorylation of TAU occurs early in Ts66Yah 
hippocampus and it was demonstrated to promote microtubular 
dysfunction and neuronal degeneration associated with Alzheimer-like 
pathology (Lott and Head, 2019; Antonarakis et al., 2020). The 
noxious relationship between APP and TAU occurring in ages DS mice is 
additionally supported by a network analysis using the Ingenuity 
Pathway Analysis software (Fig. 10 C). Most likely trisomy-related APP 
overexpression may indirectly dysregulate and trigger the early increase 
of TAU levels. Besides, the overexpression of DYRK1A, which was 
demonstrated to target and phosphorylate TAU also on Ser202, is in line 
with the observed increase of p-TAU levels in Ts66Yah and confirm the 
susceptibility of this DS model in developing AD-signatures early in life 
(Arbones et al., 2019; Liu et al., 2008; Ryoo et al., 2007). 

The premature alteration of redox homeostasis, observed in Ts66Yah 
mice, is a pathological feature of the DS brain actively contributing to 
the degenerative process (Lanzillotta and Di Domenico, 2021; Di 
Domenico et al., 2014; Di Domenico et al., 2015). The triplication of 
Sod1 and Bach1 genes is associated with the reduction of brain antiox-
idant capacity impinging in the overproduction of H2O2 and in the 
depletion of NRF2 antioxidant response (Lanzillotta and Di Domenico, 
2021). Intriguingly, while SOD1 enzyme overexpression shows in 
Ts66Yah mice a robust increase since early age the alteration of BACH1/ 
NRF2 axis primes in young animals but rises and consolidates in older 
mice as effect of both genotype and aging. These data confirm the po-
tential toxicity of the unbalanced levels of endogenous antioxidant en-
zymes, as postulated in previous studies (Lanzillotta and Di Domenico, 
2021; Rueda Revilla and Martinez-Cue, 2020). Intriguingly, redox al-
terations are more evident in females suggesting that sex may play a role 
in the maintenance of redox response mechanisms. Furthermore, the 
depletion of NRF2-rmediated antioxidant response, associated with the 
overexpression of BACH1, appears to be a common mechanism of neu-
rodegeneration also observed in AD neuropathology (Lanzillotta et al., 
2021b). The loss of redox homeostasis is often tied with the alteration of 
the mitochondrial OXPHOS machinery. Indeed, the proper functionality 
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of mitochondrial ETC is fundamental for energy production and regu-
lates brain development and homeostasis, since many processes, 
including stress response mechanisms, relies on ATP consumption. On 
the contrary, defective mitochondria become the first source of ROS that 
spread to other cell compartments and damage biological molecules 
particularly in the presence of reduced antioxidant capacity, as observed 
in Ts66Yah mice. Mitochondrial impairment is one of the earliest events 
observed in DS neurodegeneration (Tan et al., 2023; Izzo et al., 2018) 
and mitochondrial dysfunction has been reported previously (Lanzil-
lotta et al., 2021a; Valenti et al., 2016). Our data show the decreased 

expression of complex I subunits in 3 months old Ts66Yah mice, which 
suggest an early compromission of mitochondrial functionality, as a 
direct effect of genotype. However, a significant reduction of complexes 
I, II, IV and V is observed in old mice under the additional influence of 
aging. 

Besides mitochondrial alterations, defects of energy metabolic pro-
cesses were reported in DS in association with the development of a 
condition of brain insulin resistance (BIR) (Lanzillotta et al., 2021a; 
Tramutola et al., 2020; Perluigi et al., 2022). The failure of insulin to 
stimulate its signalling cascade may, on one side disturb brain 

Fig. 10. Overview of data expression differences and molecular networking (A) The) Heat-map on the left shows changes observed for the proteins analysed in the 
study. The heatmap shows the relative abundance (Log2 of expression ratio) for all the proteins analysed grouped according to the increase of aging in the different 
genotype groups. The proteins are clustered according to their signalling pathway. The white square indicates Euploids mice at 3 months of age set as 0 and used as 
normalization group. The heat map on the right indicates the influence of genotype, aging and their interaction for all the molecular markers analysed (B). Aging 
trajectory in Ts66Yah (orange) and Eu (green) animals built from data collected in the present study. (C) Network analysis concerning the protein differentially 
expressed/activated between Ts66Yah and Eu mice. Network were built using Ingenuity Pathway Analysis (Qiagen). (C) Network 1”Nervous system development and 
function” 35 proteins components (D) Network 2”Neurological disease” 22 proteins components. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 
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development and on the other side alter glucose catabolism, thus 
exacerbating the energetic decay reported in the brain as effect of age 
(Barone et al., 2021). Indeed, insulin initially serves also as a trophic 
factor, which regulates neural stem cells proliferation, differentiation 
and survival (Dierssen et al., 2020). Disturbances of the insulin signal-
ling are indexed by the uncoupling between IR and IRS1 activation in 
Ts66Yah animals at 6 and 9 months of age. Such uncoupling is 
confirmed by the lack of PI3K induction, while AKT independently is 
increasingly active only at 9 months as also previously seen in DS 
humans and mice (Lanzillotta et al., 2021a; Tramutola et al., 2020). 
Intriguingly, no differences were observed for GSK3β activation between 
Ts66Yah and Eu mice at different ages, while an age-dependent increase 
of GSK3β inhibitory state is observed in both Ts66Yah and Eu mice aged 
from 3 to 9 months. Downstream of AKT the activation of mTORC1 
represents a key mechanism fine tuning proteostasis during brain 
development and aging (Perluigi et al., 2015). A dysregulation of mTOR 
activity occurs during pathological condition associated with metabolic 
stressors, such as BIR, and with the accumulation of toxic aggregates (e. 
g., Aβ). Aberrant mTORC1 induction was observed in DS humans prior 
and after AD development and in the brain of different mouse models of 
the disease (Perluigi et al., 2014; Tramutola et al., 2018; Bordi et al., 
2019). Data collected on Ts66Yah are in line with previous findings 
reporting increased mTORC1 activation in 6- and 9-months old trans-
genic animals as effect of both genotype and aging. Active mTORC1 
exerts an inhibitory effect on autophagy induction by reducing the 
initial phases such as autophagosome formation and maturation. How-
ever, mTORC1 influence on autophagy is antagonized by AMPK, a major 
regulator of the autophagic machinery, which is activated by high AMP/ 
ATP ratio (Barone et al., 2021). Phosphorylated AMPK induces auto-
phagy by ULK1 activation and by mTORC1 inhibition via phosphory-
lation of Raptor. Both AMPK and mTOR also control cell growth and 
metabolism, coupling autophagy to these processes. According to 
mTORC1 data, AMPK demonstrates a trend of decreased phosphoryla-
tion in Ts66Yah mice that becomes significant in the 9 months old 
group. The opposite behaviour among mTORC1 and AMPK promote the 
reduced induction of autophagy demonstrated by decreased LC3 II/I 
ratio, reduced levels of ATG7 and increased levels of SQSTM1 (p62) in 
Ts66Yah mice at 6 and 9 months of age. Reduced autophagy contributes 
to the failure of protein degradation mechanisms with consequent 
accumulation of protein damage and toxic aggregates, as observed in DS 
(Di Domenico and Lanzillotta, 2022; Hohn et al., 2020; Garza-Lombo 
et al., 2018). The importance of mTORC1/autophagy axis in the main-
tenance of brain homeostasis and intellect is furtherly strengthened by 
data on rapamycin treatment collected in Ts65Dn, where the amelio-
ration of hippocampal neuropathology, improved cognitive perfor-
mances and reduced proteotoxicity (Tramutola et al., 2018; Di 
Domenico et al., 2019b). In addition, results collected on Ts66Yah mice 
agree with studies showing the occurrence of endosomal pathology in 
DS human and mice as results of gene triplication (Botte et al., 2020; 
Botte and Potier, 2020). Compelling studies in DS demonstrated that, 
beyond the failure of protein degradation pathways, proteostasis is 
perturbed by the aberrant induction of protein re-folding mechanisms, 
which under chronic stress conditions (e.g., ER stress) becomes detri-
mental for brain cells (Lanzillotta and Di Domenico, 2021; Costa-Mat-
tioli and Walter, 2020). An overactivation of PERK- and PKR-related 
responses was observed in DS mice leading to a general repression of 
protein translation as effect of eIF2α induction (Lanzillotta et al., 2021b; 
Lanzillotta et al., 2018; Zhu et al., 2019). Data collected in Ts66Yah, 
confirm previous findings and support the overactivation of the PERK 
pathway in 6- and 9-months old animals and its uncoupling with the 
induction of NRF2 response (Lanzillotta et al., 2021b). The induction of 
the PERK branch of the UPR lead to eIF2α phosphorylation and ATF4 
increased expression at 6 and 9 months of age. Based on the extent of its 
activation, ATF4 plays a critical role in cell adaptation or in the 

activation of apoptosis. The sustained ATF4 levels reported in Ts66Yah 
lead to the upregulation of nuclear CHOP in 9 months old animals, 
which in turn promotes apoptosis by enhancing expression of DR5 and 
tribbles-related protein 3. However, the induction of the apoptotic ma-
chinery through CHOP is paralleled, in DS mice, by the activation of p53 
signal. p53 play a crucial role in regulating the transcription of a wide 
set of genes involved in cell cycle arrest, senescence, antioxidant system 
or apoptosis in response to various stress signals. Findings in DS reported 
the uncontrolled increase of p53 induction that may have deleterious 
effects leading to an “peculiar” pro-apoptotic phenotype (Tramutola 
et al., 2016). Data on Ts66Yah support the early genotype-dependent 
induction of p53 signal, as demonstrated by the increased expression 
of p53, p21 (downstream signal), caspase 3 (cleaved form) and caspase 9 
at 3 months of age. Such activation of apoptosis machinery is main-
tained and furtherly exacerbated in old animals, as demonstrated by 
BAX and PARP1 expression, also supporting the influence of aging in the 
altered induction of cell-death responses. Finally, to tie molecular al-
terations and cognitive decline observed in Ts66Yah mice we analysed 
the expression of the pre-synaptic protein syntaxin 1, post-synaptic 
protein PSD-95 and of the neurotrophin BDNF (Lanzillotta et al., 
2021a). We observed the early increased expression for syntaxin 1 and 
PSD-95, which suggest the activation of mechanisms to cope brain al-
terations associated with genotype and maintain synaptic plasticity. 
However, such effect is lost in aged mice where decreased levels of PSD- 
95 and BDNF parallel the reduced cognition described above. The 
further analysis of AMPAR and NMDAR subunits expression, often 
associated with PSD-95 alterations, demonstrate the increase in 9- 
months Ts66Yah animals for NR2B and Glur1, associated with age and 
genotype, but not of NR2A or Glur2. Previous studies suggested a role 
for altered NMDAR and AMPAR expression levels in DS (Wang et al., 
2013; Falsafi et al., 2016; Siddiqui et al., 2008; Arai et al., 1996). 
However, we observed small changes in Ts66Yah mice which do not 
follow the trend observed for PSD-95. 

This research presents a comprehensive set of data exploring both 
mice cognition and molecular pathways, associated with changes in the 
DS phenotype, likely playing a role in the progression of neuro-
degeneration. On the hole, results collected in Ts66Yah mice report an 
early and consistent effect of trisomy, in shaping hippocampal function, 
that intensifies under the influence of aging. Besides, sex differences 
exhibit only mild effects in this DS murine model. Distinctly, cognitive 
testing underscored different aging effects in the Ts66Yah model, pri-
marily impacting spatial memory, while object memory and anxiety- 
related behaviour followed similar aging trajectories in both Ts66Yah 
and Eu genotypes. Alongside, the analysis of molecular markers revealed 
altered expression/activation already in young Ts66Yah mice. This ev-
idence indicates that genotype-related changes manifest early, affecting 
cellular mechanisms at various levels, thereby influencing brain devel-
opment, and fostering a state of premature aging. Remarkably, our 
biochemical observations reveal that gene triplication leads to cognitive 
decline and brain pathology, impacting both metabolic pathways and 
stress-related responses. Metabolic alterations, on one side, can 
contribute to energy failure and the production of ROS, disrupting brain 
homeostasis. Conversely, the diminished activation of stress responses 
hinders the detoxification of brain cells from proteotoxic insults, leading 
to the build-up of protein aggregates and exacerbating brain damage. 
Hence, the interplay between these detrimental events may establish a 
vicious cycle, impairing brain maturation initially, and promoting 
neurodegeneration later in life. In line with this, Ts66Yah and Eu mice 
exhibit a similar aging trajectory for the studied molecular markers, yet 
they diverge at the outset due to the prime impact of genotype (Fig. 10 
B). As a result, the data from Ts66Yah mice indicate that molecular 
changes in the brain initiate due trisomy and progress with aging, 
highlighting a synergistic effect between these two factors in shaping the 
DS phenotype. To these outcomes, sex do not appears to play a relevant 
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effect being influent only on few molecular changes, but not on cogni-
tion. Moreover, we propose that Ts66Yah mice recapitulate the majority 
of cognitive and molecular alterations associated with genotype and 
aging observed in the brain from subjects with DS Fig. 11. Importantly, 
these findings offer novel and consolidated insights, devoid from 
genomic bias, into trisomy-driven processes that may contribute to 

defects in brain maturity and subsequently progress to neuro-
degeneration. Additionally, the results from Ts66Yah mice, by identi-
fying both data commonalities and differences, contribute to bridging 
the knowledge gap in understanding the complexity of DS phenotypes. 
This may, in turn, refine the scientific significance of previous studies 
conducted on other partial models of DS. 

Fig. 11. Schematic overview of molecular mechanisms and signalling pathways investigated in Ts66Yah mouse model. Created with Biorender.com.  

C. Lanzillotta et al.                                                                                                                                                                                                                             

http://Biorender.com


Neurobiology of Disease 196 (2024) 106523

21

Fundings 

This work was supported in part by a Fondi Ateneo grant funded by 
Sapienza University n. RG12117A75C98BE3 (to M.P.), and n. RM121 
17A2EC1C9E4, RM11916B78D5711A, and RG1181642744DF59 (to F. 
D.D.); by the Institute Pasteur-Fondazione Cenci Bolognetti “2022-23 
Anna Tramontano” (to M.P.) and under 45 U-4.IT (to F.D.D.); by the 
Ministry of Health GR-2018-12366381 (to F.D.D.); Furthermore, this 
work was supported by the Interdisciplinary Thematic Institute 
IMCBio+, as part of the ITI 2021–2028 program of the University of 
Strasbourg, CNRS and Inserm, by IdEx Unistra (ANR-10-IDEX-0002), 
SFRI-STRAT'US project (ANR-20-SFRI-0012), EUR IMCBio (ANR-17- 
EURE-0023), INBS PHENOMIN (ANR-10-IDEX-0002-02) under the 
framework of the France 2030 Program and the Foundation Jerome 
Lejeune. 

CRediT authorship contribution statement 

Chiara Lanzillotta: Writing – original draft, Visualization, Valida-
tion, Methodology, Investigation, Data curation, Writing – review & 
editing. Monika Rataj Baniowska: Data curation, Formal analysis, 
Investigation, Methodology, Validation, Visualization, Writing – review 
& editing. Francesca Prestia: Data curation, Formal analysis, Investi-
gation, Methodology, Writing – review & editing. Chiara Sette: Formal 
analysis, Investigation, Methodology, Writing – review & editing. 
Valérie Nalesso: Data curation, Investigation, Visualization, Writing – 
review & editing. Marzia Perluigi: Conceptualization, Funding acqui-
sition, Project administration, Supervision, Validation, Writing – orig-
inal draft, Writing – review & editing. Eugenio Barone: Data curation, 
Writing – review & editing. Arnaud Duchon: Methodology, Writing – 
review & editing. Antonella Tramutola: Investigation, Methodology, 
Writing – review & editing. Yann Herault: Conceptualization, Data 
curation, Funding acquisition, Investigation, Project administration, 
Supervision, Validation, Visualization, Writing – original draft, Writing 
– review & editing. Fabio Di Domenico: Writing – review & editing, 
Writing – original draft, Visualization, Validation, Supervision, Project 
administration, Methodology, Investigation, Conceptualization, Data 
curation, Funding acquisition. 

Declaration of competing interest 

None. 

Data availability 

Data will be made available on request. 

Acknowledgments 

N/A. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.nbd.2024.106523. 

References 

Abu Shelbayeh, O., Arroum, T., Morris, S., Busch, K.B., 2023. PGC-1alpha is a master 
regulator of mitochondrial lifecycle and ROS stress response. Antioxidants (Basel) 12 
(5). 

Antonarakis, S.E., Skotko, B.G., Rafii, M.S., Strydom, A., Pape, S.E., Bianchi, D.W., 
Sherman, S.L., Reeves, R.H., 2020. Down syndrome. Nat. Rev. Dis. Prim. 6 (1), 9. 

Arai, Y., Mizuguchi, M., Takashima, S., 1996. Excessive glutamate receptor 1 
immunoreactivity in adult down syndrome brains. Pediatr. Neurol. 15 (3), 203–206. 

Arbones, M.L., Thomazeau, A., Nakano-Kobayashi, A., Hagiwara, M., Delabar, J.M., 
2019. DYRK1A and cognition: a lifelong relationship. Pharmacol. Ther. 194, 
199–221. 

Barone, E., Di Domenico, F., Perluigi, M., Butterfield, D.A., 2021. The interplay among 
oxidative stress, brain insulin resistance and AMPK dysfunction contribute to 
neurodegeneration in type 2 diabetes and Alzheimer disease. Free Radic. Biol. Med. 
176, 16–33. 

Bayen, E., Possin, K.L., Chen, Y., Cleret de Langavant, L., Yaffe, K., 2018. Prevalence of 
aging, Dementia, and Multimorbidity in Older Adults With Down Syndrome. JAMA 
Neurol 75 (11), 1399–1406. 

Bordi, M., Darji, S., Sato, Y., Mellen, M., Berg, M.J., Kumar, A., Jiang, Y., Nixon, R.A., 
2019. mTOR hyperactivation in down syndrome underlies deficits in autophagy 
induction, autophagosome formation, and mitophagy. Cell Death Dis. 10 (8), 563. 

Botte, A., Potier, M.C., 2020. Focusing on cellular biomarkers: the endo-lysosomal 
pathway in down syndrome. Prog. Brain Res. 251, 209–243. 

Botte, A., Laine, J., Xicota, L., Heiligenstein, X., Fontaine, G., Kasri, A., Rivals, I., Goh, P., 
Faklaris, O., Cossec, J.C., Morel, E., Rebillat, A.S., Nizetic, D., Raposo, G., Potier, M. 
C., 2020. Ultrastructural and dynamic studies of the endosomal compartment in 
down syndrome. Acta Neuropathol. Commun. 8 (1), 89. 

Chang, K.A., Kim, H.S., Ha, T.Y., Ha, J.W., Shin, K.Y., Jeong, Y.H., Lee, J.P., Park, C.H., 
Kim, S., Baik, T.K., Suh, Y.H., 2006. Phosphorylation of amyloid precursor protein 
(APP) at Thr668 regulates the nuclear translocation of the APP intracellular domain 
and induces neurodegeneration. Mol. Cell. Biol. 26 (11), 4327–4338. 

Choi, J.H., Berger, J.D., Mazzella, M.J., Morales-Corraliza, J., Cataldo, A.M., Nixon, R.A., 
Ginsberg, S.D., Levy, E., Mathews, P.M., 2009. Age-dependent dysregulation of brain 
amyloid precursor protein in the Ts65Dn down syndrome mouse model. 
J. Neurochem. 110 (6), 1818–1827. 

Coley, A.A., Gao, W.J., 2018. PSD95: a synaptic protein implicated in schizophrenia or 
autism? Prog. Neuro-Psychopharmacol. Biol. Psychiatry 82, 187–194. 

Costa-Mattioli, M., Walter, P., 2020. The integrated stress response: from mechanism to 
disease. Science 368 (6489). 

de Oliveira Bristot, V.J., de Bem Alves, A.C., Cardoso, L.R., da Luz Scheffer, D., 
Aguiar Jr., A.S., 2019. The role of PGC-1alpha/UCP2 signaling in the beneficial 
effects of physical exercise on the brain. Front. Neurosci. 13, 292. 

Di Domenico, F., Lanzillotta, C., 2022. The disturbance of protein synthesis/degradation 
homeostasis is a common trait of age-related neurodegenerative disorders. Adv. 
Protein Chem. Struct. Biol. 132, 49–87. 

Di Domenico, F., Pupo, G., Tramutola, A., Giorgi, A., Schinina, M.E., Coccia, R., Head, E., 
Butterfield, D.A., Perluigi, M., 2014. Redox proteomics analysis of HNE-modified 
proteins in down syndrome brain: clues for understanding the development of 
Alzheimer disease. Free Radic. Biol. Med. 71, 270–280. 

Di Domenico, F., Pupo, G., Mancuso, C., Barone, E., Paolini, F., Arena, A., Blarzino, C., 
Schmitt, F.A., Head, E., Butterfield, D.A., Perluigi, M., 2015. Bach1 overexpression in 
down syndrome correlates with the alteration of the HO-1/BVR-a system: insights 
for transition to Alzheimer’s disease. J. Alzheimers Dis. 44 (4), 1107–1120. 

Di Domenico, F., Zuliani, I., Tramutola, A., 2019a. Shining a light on defective autophagy 
by proteomics approaches: implications for neurodegenerative illnesses. Expert Rev. 
Proteomics 16 (11–12), 951–964. 

Di Domenico, F., Tramutola, A., Barone, E., Lanzillotta, C., Defever, O., Arena, A., 
Zuliani, I., Foppoli, C., Iavarone, F., Vincenzoni, F., Castagnola, M., Butterfield, D.A., 
Perluigi, M., 2019b. Restoration of aberrant mTOR signaling by intranasal 
rapamycin reduces oxidative damage: focus on HNE-modified proteins in a mouse 
model of down syndrome. Redox Biol. 23, 101162. 

Dierssen, M., Fructuoso, M., Martinez de Lagran, M., Perluigi, M., Barone, E., 2020. 
Down syndrome is a metabolic disease: altered insulin signaling mediates peripheral 
and brain dysfunctions. Front. Neurosci. 14, 670. 

Dimauro, I., Pearson, T., Caporossi, D., Jackson, M.J., 2012. A simple protocol for the 
subcellular fractionation of skeletal muscle cells and tissue. BMC. Res. Notes 5, 513. 

Doran, E., Keator, D., Head, E., Phelan, M.J., Kim, R., Totoiu, M., Barrio, J.R., Small, G. 
W., Potkin, S.G., Lott, I.T., 2017. Down syndrome, partial trisomy 21, and absence of 
Alzheimer's disease: the role of APP. J. Alzheimers Dis. 56 (2), 459–470. 

Duchon, A., Herault, Y., 2016. DYRK1A, a dosage-sensitive gene involved in 
neurodevelopmental disorders, Is a Target for Drug Development in Down 
Syndrome. Front. Behav. Neurosci. 10, 104. 

Duchon, A., Raveau, M., Chevalier, C., Nalesso, V., Sharp, A.J., Herault, Y., 2011. 
Identification of the translocation breakpoints in the Ts65Dn and Ts1Cje mouse 
lines: relevance for modeling down syndrome. Mamm. Genome 22 (11− 12), 
674–684. 

Duchon, A., Del Mar Muniz, M., Moreno, C., Chevalier, V., Nalesso, P., Andre, M., 
Fructuoso-Castellar, M., Mondino, C., Po, V., Noblet, M.C., Birling, M.C., Potier, Y. 
Herault, 2022. Ts66Yah, a mouse model of down syndrome with improved construct 
and face validity. Dis. Model. Mech. 15 (12). 

Elangovan, A., Babu, H.W.S., Iyer, M., Gopalakrishnan, A.V., Vellingiri, B., 2023. 
Untangle the mystery behind DS-associated AD - is APP the main protagonist? 
Ageing Res. Rev. 87, 101930. 

Falsafi, S.K., Dierssen, M., Ghafari, M., Pollak, A., Lubec, G., 2016. Reduced cortical 
neurotransmitter receptor complex levels in fetal down syndrome brain. Amino 
Acids 48 (1), 103–116. 

Farrell, C., Mumford, P., Wiseman, F.K., 2022. Rodent modeling of Alzheimer's disease in 
down syndrome: in vivo and ex vivo approaches. Front. Neurosci. 16, 909669. 

Fernandez, F., Reeves, R.H., 2015. Assessing cognitive improvement in people with down 
syndrome: important considerations for drug-efficacy trials. Handb. Exp. Pharmacol. 
228, 335–380. 

Garza-Lombo, C., Schroder, A., Reyes-Reyes, E.M., Franco, R., 2018. mTOR/AMPK 
signaling in the brain: cell metabolism, proteostasis and survival. Curr. Opin. 
Toxicol. 8, 102–110. 

Guedj, F., Kane, E., Bishop, L.A., Pennings, J.L.A., Herault, Y., Bianchi, D.W., 2023. The 
impact of Mmu17 non-Hsa21 orthologous genes in the Ts65Dn mouse model of 
down syndrome: the gold standard refuted. Biol. Psychiatry. 1; 94 (1): 84-97. 

C. Lanzillotta et al.                                                                                                                                                                                                                             

https://doi.org/10.1016/j.nbd.2024.106523
https://doi.org/10.1016/j.nbd.2024.106523
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0005
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0005
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0005
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0010
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0010
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0015
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0015
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0020
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0020
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0020
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0025
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0025
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0025
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0025
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0030
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0030
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0030
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0035
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0035
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0035
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0040
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0040
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0045
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0045
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0045
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0045
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0050
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0050
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0050
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0050
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0055
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0055
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0055
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0055
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0060
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0060
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0065
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0065
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0070
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0070
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0070
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0075
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0075
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0075
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0080
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0080
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0080
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0080
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0085
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0085
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0085
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0085
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0090
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0090
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0090
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0095
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0095
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0095
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0095
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0095
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0100
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0100
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0100
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0105
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0105
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0110
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0110
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0110
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0115
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0115
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0115
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0120
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0120
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0120
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0120
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0125
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0125
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0125
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0125
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0130
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0130
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0130
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0135
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0135
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0135
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0140
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0140
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0145
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0145
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0145
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0150
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0150
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0150
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0155
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0155
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0155


Neurobiology of Disease 196 (2024) 106523

22

Gupta, M., Dhanasekaran, A.R., Gardiner, K.J., 2016. Mouse models of down syndrome: 
gene content and consequences. Mamm. Genome 27 (11–12), 538–555. 

Hart, S.J., Visootsak, J., Tamburri, P., Phuong, P., Baumer, N., Hernandez, M.C., 
Skotko, B.G., Ochoa-Lubinoff, C., Liogier D'Ardhuy, X., Kishnani, P.S., 
Spiridigliozzi, G.A., 2017. Pharmacological interventions to improve cognition and 
adaptive functioning in down syndrome: strides to date. Am. J. Med. Genet. A 173 
(11), 3029–3041. 

Herault, Y., Delabar, J.M., Fisher, E.M.C., Tybulewicz, V.L.J., Yu, E., Brault, V., 2017. 
Rodent models in down syndrome research: impact and future opportunities. Dis. 
Model. Mech. 10 (10), 1165–1186. 

Hohn, A., Tramutola, A., Cascella, R., 2020. Proteostasis failure in neurodegenerative 
diseases: focus on oxidative stress. Oxidative Med. Cell. Longev. 2020, 5497046. 

Hunter, C.L., Bimonte, H.A., Granholm, A.C., 2003. Behavioral comparison of 4 and 6 
month-old Ts65Dn mice: age-related impairments in working and reference memory. 
Behav. Brain Res. 138 (2), 121–131. 

Izzo, A., Mollo, N., Nitti, M., Paladino, S., Cali, G., Genesio, R., Bonfiglio, F., 
Cicatiello, R., Barbato, M., Sarnataro, V., Conti, A., Nitsch, L., 2018. Mitochondrial 
dysfunction in down syndrome: molecular mechanisms and therapeutic targets. Mol. 
Med. 24 (1), 2. 

Klein, J.A., Haydar, T.F., 2022. Neurodevelopment in down syndrome: concordance in 
humans and models. Front. Cell. Neurosci. 16, 941855. 

Laguna, A., Aranda, S., Barallobre, M.J., Barhoum, R., Fernandez, E., Fotaki, V., 
Delabar, J.M., de la Luna, S., de la Villa, P., Arbones, M.L., 2008. The protein kinase 
DYRK1A regulates caspase-9-mediated apoptosis during retina development. Dev. 
Cell 15 (6), 841–853. 

Lanzillotta, C., Di Domenico, F., 2021. Stress responses in down syndrome 
neurodegeneration: state of the art and therapeutic molecules. Biomolecules 11 (2). 

Lanzillotta, C., Tramutola, A., Meier, S., Schmitt, F., Barone, E., Perluigi, M., Di 
Domenico, F., Abisambra, J.F., 2018. Early and selective activation and subsequent 
alterations to the unfolded protein response in down syndrome mouse models. 
J. Alzheimers Dis. 62 (1), 347–359. 

Lanzillotta, C., Tramutola, A., Di Giacomo, G., Marini, F., Butterfield, D.A., Di 
Domenico, F., Perluigi, M., Barone, E., 2021a. Insulin resistance, oxidative stress and 
mitochondrial defects in Ts65dn mice brain: a harmful synergistic path in down 
syndrome. Free Radic. Biol. Med. 165, 152–170. 

Lanzillotta, C., Zuliani, I., Tramutola, A., Barone, E., Blarzino, C., Folgiero, V., 
Caforio, M., Valentini, D., Villani, A., Locatelli, F., Butterfield, D.A., Head, E., 
Perluigi, M., Abisambra, J.F., Di Domenico, F., 2021b. Chronic PERK induction 
promotes Alzheimer-like neuropathology in down syndrome: insights for therapeutic 
intervention. Prog. Neurobiol. 196, 101892. 

Li, Y.Q., Wong, C.S., 2018. Effects of p21 on adult hippocampal neuronal development 
after irradiation. Cell Death Dis. 4, 15. 

Liu, F., Liang, Z., Wegiel, J., Hwang, Y.W., Iqbal, K., Grundke-Iqbal, I., Ramakrishna, N., 
Gong, C.X., 2008. Overexpression of Dyrk1A contributes to neurofibrillary 
degeneration in down syndrome. FASEB J. 22 (9), 3224–3233. 

Lott, I.T., Head, E., 2019. Dementia in down syndrome: unique insights for Alzheimer 
disease research. Nat. Rev. Neurol. 15 (3), 135–147. 

Muniz Moreno, M.D.M., Gaveriaux-Ruff, C., Herault, Y., 2023. Gdaphen, R pipeline to 
identify the most important qualitative and quantitative predictor variables from 
phenotypic data. BMC Bioinformat. 24 (1), 28. 

Nakano-Kobayashi, A., Awaya, T., Kii, I., Sumida, Y., Okuno, Y., Yoshida, S., Sumida, T., 
Inoue, H., Hosoya, T., Hagiwara, M., 2017. Prenatal neurogenesis induction therapy 
normalizes brain structure and function in down syndrome mice. Proc. Natl. Acad. 
Sci. USA 114 (38), 10268–10273. 

Netzer, W.J., Powell, C., Nong, Y., Blundell, J., Wong, L., Duff, K., Flajolet, M., 
Greengard, P., 2010. Lowering beta-amyloid levels rescues learning and memory in a 
down syndrome mouse model. PLoS One 5 (6), e10943. 

Neumann, F., Gourdain, S., Albac, C., Dekker, A.D., Bui, L.C., Dairou, J., Schmitz- 
Afonso, I., Hue, N., Rodrigues-Lima, F., Delabar, J.M., Potier, M.C., Le Caer, J.P., 
Touboul, D., Delatour, B., Cariou, K., Dodd, R.H., 2018. DYRK1A inhibition and 
cognitive rescue in a down syndrome mouse model are induced by new fluoro- 
DANDY derivatives. Sci. Rep. 8 (1), 2859. 

Perluigi, M., Pupo, G., Tramutola, A., Cini, C., Coccia, R., Barone, E., Head, E., 
Butterfield, D.A., Di Domenico, F., 2014. Neuropathological role of PI3K/Akt/mTOR 
axis in down syndrome brain. Biochim. Biophys. Acta 1842 (7), 1144–1153. 

Perluigi, M., Di Domenico, F., Butterfield, D.A., 2015. mTOR signaling in aging and 
neurodegeneration: at the crossroad between metabolism dysfunction and 
impairment of autophagy. Neurobiol. Dis. 84, 39–49. 

Perluigi, M., Picca, A., Montanari, E., Calvani, R., Marini, F., Matassa, R., Tramutola, A., 
Villani, A., Familiari, G., Domenico, F.D., Butterfield, D.A., Oh, K.J., Marzetti, E., 
Valentini, D., Barone, E., 2022. Aberrant crosstalk between insulin signaling and 
mTOR in young down syndrome individuals revealed by neuronal-derived 
extracellular vesicles. Alzheimers Dement. 18 (8), 1498–1510. 

Reinholdt, L.G., Ding, Y., Gilbert, G.J., Czechanski, A., Solzak, J.P., Roper, R.J., 
Johnson, M.T., Donahue, L.R., Lutz, C., Davisson, M.T., 2011. Molecular 
characterization of the translocation breakpoints in the down syndrome mouse 
model Ts65Dn. Mamm. Genome 22 (11–12), 685–691. 

Rueda Revilla, N., Martinez-Cue, C., 2020. Antioxidants in down syndrome: from 
preclinical studies to clinical trials. Antioxidants (Basel) 9 (8). 

Ryoo, S.R., Jeong, H.K., Radnaabazar, C., Yoo, J.J., Cho, H.J., Lee, H.W., Kim, I.S., 
Cheon, Y.H., Ahn, Y.S., Chung, S.H., Song, W.J., 2007. DYRK1A-mediated 
hyperphosphorylation of tau. A functional link between Down syndrome and 
Alzheimer disease. J. Biol. Chem. 282 (48), 34850–34857. 

Sansevero, G., Begenisic, T., Mainardi, M., Sale, A., 2016. Experience-dependent 
reduction of soluble beta-amyloid oligomers and rescue of cognitive abilities in 
middle-age Ts65Dn mice, a model of down syndrome. Exp. Neurol. 283 (Pt A), 
49–56. 

Seo, H., Isacson, O., 2005. Abnormal APP, cholinergic and cognitive function in Ts65Dn 
Down’s model mice. Exp. Neurol. 193 (2), 469–480. 

Siddiqui, A., Lacroix, T., Stasko, M.R., Scott-McKean, J.J., Costa, A.C., Gardiner, K.J., 
2008. Molecular responses of the Ts65Dn and Ts1Cje mouse models of down 
syndrome to MK-801. Genes Brain Behav. 7 (7), 810–820. 

Tan, K.L., Lee, H.C., Cheah, P.S., Ling, K.H., 2023. Mitochondrial dysfunction in down 
syndrome: from pathology to therapy. Neuroscience 511, 1–12. 

Tosh, J., Tybulewicz, V., Fisher, E.M.C., 2022. Mouse models of aneuploidy to 
understand chromosome disorders. Mamm. Genome 33 (1), 157–168. 

Tramutola, A., Pupo, G., Di Domenico, F., Barone, E., Arena, A., Lanzillotta, C., 
Brokeaart, D., Blarzino, C., Head, E., Butterfield, D.A., Perluigi, M., 2016. Activation 
of p53 in down syndrome and in the Ts65Dn mouse brain is associated with a pro- 
apoptotic phenotype. J. Alzheimers Dis. 52 (1), 359–371. 

Tramutola, A., Lanzillotta, C., Barone, E., Arena, A., Zuliani, I., Mosca, L., Blarzino, C., 
Butterfield, D.A., Perluigi, M., Di Domenico, F., 2018. Intranasal rapamycin 
ameliorates Alzheimer-like cognitive decline in a mouse model of down syndrome. 
Transl Neurodegener 7, 28. 

Tramutola, A., Lanzillotta, C., Di Domenico, F., Head, E., Butterfield, D.A., Perluigi, M., 
Barone, E., 2020. Brain insulin resistance triggers early onset Alzheimer disease in 
down syndrome. Neurobiol. Dis. 137, 104772. 

Valenti, D., de Bari, L., de Rasmo, D., Signorile, A., Henrion-Caude, A., Contestabile, A., 
Vacca, R.A., 2016. The polyphenols resveratrol and epigallocatechin-3-gallate 
restore the severe impairment of mitochondria in hippocampal progenitor cells from 
a down syndrome mouse model. Biochim. Biophys. Acta 1862 (6), 1093–1104. 

Wang, X., Zhao, Y., Zhang, X., Badie, H., Zhou, Y., Mu, Y., Loo, L.S., Cai, L., Thompson, R. 
C., Yang, B., Chen, Y., Johnson, P.F., Wu, C., Bu, G., Mobley, W.C., Zhang, D., 
Gage, F.H., Ranscht, B., Zhang, Y.W., Lipton, S.A., Hong, W., Xu, H., 2013. Loss of 
sorting nexin 27 contributes to excitatory synaptic dysfunction by modulating 
glutamate receptor recycling in Down’s syndrome. Nat. Med. 19 (4), 473–480. 

Zhu, J., Wang, K.Z., Chu, C.T., 2013. After the banquet: mitochondrial biogenesis, 
mitophagy, and cell survival. Autophagy 9 (11), 1663–1676. 

Zhu, P.J., Khatiwada, S., Cui, Y., Reineke, L.C., Dooling, S.W., Kim, J.J., Li, W., 
Walter, P., Costa-Mattioli, M., 2019. Activation of the ISR mediates the behavioral 
and neurophysiological abnormalities in down syndrome. Science 366 (6467), 
843–849. 

C. Lanzillotta et al.                                                                                                                                                                                                                             

http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0160
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0160
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0165
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0165
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0165
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0165
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0165
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0170
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0170
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0170
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0175
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0175
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0180
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0180
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0180
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0185
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0185
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0185
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0185
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0190
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0190
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0195
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0195
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0195
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0195
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0200
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0200
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0205
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0205
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0205
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0205
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0210
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0210
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0210
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0210
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0215
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0215
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0215
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0215
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0215
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0220
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0220
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0225
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0225
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0225
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0230
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0230
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0235
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0235
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0235
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0240
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0240
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0240
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0240
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0245
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0245
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0245
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0250
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0250
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0250
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0250
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0250
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0255
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0255
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0255
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0260
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0260
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0260
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0265
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0265
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0265
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0265
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0265
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0270
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0270
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0270
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0270
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0275
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0275
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0280
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0280
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0280
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0280
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0285
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0285
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0285
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0285
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0290
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0290
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0295
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0295
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0295
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0300
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0300
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0305
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0305
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0310
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0310
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0310
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0310
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0315
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0315
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0315
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0315
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0320
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0320
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0320
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0325
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0325
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0325
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0325
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0330
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0330
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0330
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0330
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0330
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0335
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0335
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0340
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0340
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0340
http://refhub.elsevier.com/S0969-9961(24)00122-0/rf0340

	Shaping down syndrome brain cognitive and molecular changes due to aging using adult animals from the Ts66Yah murine model
	1 Introduction
	2 Materials and methods
	2.1 Animals
	2.2 Motor activity in circadian monitoring
	2.3 Motor activity in the Open Field
	2.4 Memory in the Novel Object Recognition
	2.5 Spontaneous alternation in Y maze
	2.6 Anxiety related behaviour in the elevated plus maze
	2.7 Spatial learning and memory in the Morris water maze
	2.8 Protein sample preparation
	2.9 Subcellular fractionation
	2.10 Western blot
	2.11 Slot blot
	2.12 Statistical analysis

	3 Results
	3.1 Aging effect on behavioural performance of the Ts66Yah DS mouse model
	3.2 Molecular signatures of neurodegeneration are evident in Ts66Yah mice
	3.3 The alteration of antioxidant responses promotes unbalanced redox homeostasis in Ts66Yah mice
	3.4 Brain metabolism: the alteration of components of insulin signalling and mitochondrial complexes support metabolic defe ...
	3.5 The impairment of proteostasis network is demonstrated by reduced autophagy and by the aberrant induction of the unfold ...
	3.6 Increased apoptosis mechanisms in Ts66Yah mice
	3.7 Alteration of synaptic plasticity markers in Ts66Yah mice

	4 Discussion and conclusions
	Fundings
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgments
	Appendix A Supplementary data
	References


