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Resumo 

A Doença de Alzheimer (AD) é a demência mais comum no mundo, afetando 

mais de 50 milhões de pessoas. O envelhecimento é o principal fator de risco para a 

AD, onde a senescência celular está presente na base quer do envelhecimento quer da 

neurodegeneração. Juntamente com a característica acumulação de péptidos de β-

amilóide e tau hiperfosforilado, o dano sináptico e a disfunção mitocondrial também são 

encontrados na AD como características iniciais. Estas alterações podem ser a chave 

para a prevenção ou o atraso da progressão da doença.  

Neste estudo, nós caracterizamos comportamentalmente e neuroquimicamente 

um modelo de início precoce da AD, os murganhos APP/PS1, e caracterizamos 

neuroquimicamente outro modelo de início precoce da AD, um modelo de injeção de 

Aβ1-42, com enfoque em proteínas associadas com o metabolismo, autofagia e dinâmica 

mitocondrial e marcadores sinápticos.  

Nós observamos que, aos 6 meses de idade, os murganhos APP/PS1 possuem 

uma deficiência cognitiva ligeira e parecem ser mais ansiosos do que os animais 

controlo. Além disso, através de avaliação por Western blot, eles têm níveis de LC3-I, 

um marcador autofágico, diminuídos, níveis de sintaxina diminuídos e níveis de PSD-95 

aumentados, ambos marcadores sinápticos, em sinaptosomas corticais. Aos 9 meses 

de idade, este modelo mostrou possuir défices mnemónicos e de aprendizagem, bem 

como comportamentos do tipo-ansioso, tal como a tigmotaxia. Adicionalmente, através 

de avaliação por Western blot, nós observamos um decréscimo nos níveis de SIRT1 e 

pAMPK nos sinaptosomas corticais e um decréscimo nos níveis de SIRT1, MFN2 e 

SESN2 nos extratos totais corticais nesta idade. No modelo da AD de injeção de Aβ1-42, 

14 dias após a injeção, nós observamos um aumento dos níveis de SNAP-25, PSD-95, 

sintaxina e sinaptofisina. Neste modelo, 20 dias após injeção, nós observamos um 

decréscimo nos níveis de MFN2 em sinaptosomas corticais, enquanto os níveis dos 

marcadores sinápticos voltaram aos níveis normais. 

Em geral, estes resultados são indicativos de uma desregulação dos marcadores 

sinápticos em ambos os modelos da AD usados, e de uma potencial alteração: no 

metabolismo e dinâmica mitocondrial nos murganhos APP/PS1; numa alteração do 

metabolismo nas sinapses e também numa potencial alteração de dinâmica mitocondrial 

no modelo de injeção de Aβ1-42. 



 
FCUP 

Synaptic Senescence in Alzheimer’s Disease 
5 

 
Palavras-chave: Doença de Alzheimer, Senescência Sináptica, APP/PS1, 

Autofagia, Dinâmica Mitocondrial, Metabolismo, Morris Water Maze 

  



 
FCUP 

Synaptic Senescence in Alzheimer’s Disease 
6 

 

Abstract 

Alzheimer’s disease (AD) is the most common dementia worldwide, affecting 

more than 50 million people. Aging is the major risk factor for AD, with cellular 

senescence being a key process underlying aging. Along with the characteristic 

accumulation of β-amyloid peptides and hyperphosphorylated tau, synaptic damage and 

mitochondria dysfunction are also found in AD, as early features. These alterations in 

the disease might be the key to prevent or delay disease progression.  

In this study, we characterized behaviourally and neurochemically an early onset 

model of AD, the APP/PS1 mice, and characterized neurochemically another model of 

early AD, a Aβ1-42-injected model, focusing on proteins associated with metabolism, 

autophagy and mitochondria dynamics and synaptic markers.  

We found that, 6 months old APP/PS1 mice have a mild cognitive impairment 

and seem to be more anxious that control mice. Moreover, they have decreased levels 

of LC3-I, an autophagy marker, decreased levels of syntaxin and increased levels of 

PSD-95, both synaptic markers, in cortical synaptosomes. At 9 months of age, these 

mice showed memory and learning impairments, as well as anxiety-like behaviours such 

as thigmotaxis. Additionally, we found a decrease in the levels of SIRT1 and pAMPK in 

the cortical synaptosomes and a decrease in the levels of SIRT1, MFN2 and SESN2 in 

total cortical extracts at this age. In the Aβ1-42-injected model of AD, 12 days after 

injection, we found an increase in SNAP-25, PSD-95, syntaxin and synaptophysin. In 

this model, 20 days after injection, we found a decrease in MFN2 levels in cortical 

synaptosomes while the synaptic markers returned to normal levels.  

Overall, these results indicate that there is a dysregulation of synaptic markers in 

both early AD models tested, potential altered metabolism and mitochondria dynamics 

in APP/PS1 mice with a potential altered metabolism in the synapses and potential 

altered mitochondria dynamics in the Aβ1-42-injected model. 

Keywords: Alzheimer’s Disease, Synaptic Senescence, APP/PS1, Autophagy, 

Mitochondria Dynamics, Metabolism, Morris Water Maze 
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Introduction 

1. Alzheimer’s Disease 

Currently, more than 50 million people worldwide live with dementia. This number 

is expected to triple by 2050, with low- and middle-income countries being the most 

affected (Alzheimer’s Disease International et al., 2020). Alzheimer's disease (AD) is the 

most common dementia, positioning AD as a global health issue (Alzheimer’s Disease 

International et al., 2020). 

AD is a progressive neurodegenerative disease, clinically characterized by 

memory loss and cognitive deficits, involving cerebral cortical thinning and loss of 

hippocampal volume (Sabuncu, 2011; Serrano-Pozo et al., 2011). 

Pathologically, AD is characterized by the accumulation of β-amyloid (Aβ) 

peptides in plaques extracellularly and hyperphosphorylation of tau in neurofibrillary 

tangles (NFTs) intracellularly, these being the two major hallmarks of this disease 

(Serrano-Pozo et al., 2011). Initially, before plaque accumulation, AD is characterized 

histologically by loss of neurons and synapses (Davies et al., 1987; Small, 2001) and 

neuroinflammation (Ransohoff, 2006). 

Amyloid plaques are composed mainly by Aβ peptides with 40 (Aβ1-40) or 42 (Aβ1-

42) amino acids (Citron et al., 1996). Aβ peptides are produced by sequential cleavage 

of the amyloid precursor protein (APP) by β-secretase and γ-secretase, the latter 

producing peptides with different lengths (from 37 to 42 amino acids) that are secreted 

extracellularly. This is known as the amyloidogenic pathway (Figure 1). On the other 

hand, in the non-amyloidogenic pathway, APP is cleaved by the α-secretase and γ-

secretase to form p3, a secreted fragment (Haass et al., 2012)(Figure 1). Longer Aβ 

peptides are more insoluble and prone to self-aggregation than the shorter Aβ peptides 

(Jarrett et al., 1993). However, soluble Aβ peptides are responsible for the characteristic 

cognitive deficits in early AD before the formation of Aβ-containing plaques (Haass & 

Selkoe, 2007). 
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NFTs are composed, mainly, by hyperphosphorylated tau protein that aggregates 

into paired helical filaments (Bramblett et al., 1993). Tau is present in the neurons and 

binds to microtubules to stabilize and maintain them. In AD, tau is hyperphosphorylated, 

which can lead to its separation from the microtubules (Castellani et al., 

2010). Hyperphosphorylated tau impairs axonal transport, which is essential for transport 

of organelles across the neurons (Reddy, 2011). 

AD can be divided into two groups: a familial and a sporadic form. Familial AD is 

an early-onset form, autosomal and caused by mutations in 3 genes: APP, Presenilin 1 

(PS1) and Presenilin 2 (PS2). Sporadic AD, a late-onset form, is usually present after 

the age of 65 (Alzheimer’s Disease International et al., 2020). This form of AD is caused 

by numerous factors that include genetic and environmental ones. The Alipoprotein E 

(APOE) gene is the biggest genetic risk factor for sporadic AD (Corder et al., 1993). This 

gene has three allele variants: ε2, ε3 and ε4, each leading to different protein structures 

and functions. APOE ε4 provides a higher predisposition to AD than the other alleles and 

decreases the age of onset of the disease (Corder et al., 1993; Yu et al., 2014). 

Age is the major risk factor for AD, as the prevalence of the disease increases 

with age. Furthermore, both AD and aging share various hallmarks (Armstrong, 2019). 

Nevertheless, numerous risk factors are responsible for AD, such as genetical and 

Figure 1 - Non-amyloidogenic and amyloidogenic processing of APP. During the non-amyloidogenic processing, APP is cleaved by α-secretase and γ-

secretase sequentially, producing p3, a fragment that is secreted, and membrane-bound APP intracellular domain (AICD). During the amyloidogenic 

processing, APP is cleaved sequentially by β-secretase and γ-secretase, forming Aβ that is secreted and aggregates extracellularly, and AICD that is 

released intracellularly. Adapted from Zhao et al. (2020). 
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demographic factors or lifestyle and environmental factors. Therefore, AD can be 

classified as a multi-factor disease (Armstrong, 2019). 

 

2. Alzheimer’s Disease Etiology 

Alzheimer’s etiology is still debatable, with various hypotheses being proposed 

by the research community. 

One of the earliest hypotheses surged when Davies & Maloney (1976) found that 

choline acetyltransferase activity was reduced in the brains of AD patients compared to 

control brains. Choline acetyltransferase is responsible for the synthesis of acetylcholine, 

a neurotransmitter involved in cognitive processes. Thus, it was proposed that AD was 

a failure of the cholinergic system (Davies & Maloney, 1976; Ferreira-Vieira et al., 2016). 

In 1991, Hardy and Allsop proposed that aggregates of amyloid peptides were 

responsible for the onset of AD and subsequent alterations found in the disease. Indeed, 

aggregation and accumulation of such peptides are a hallmark of the disease. This 

hypothesis is known as the amyloid cascade hypothesis (Hardy & Allsop, 1991; Hardy & 

Higgins, 1992).  

However, plaques of β-amyloid do not correlate well with cognitive impairment 

(Arendt, 2009). Thus, soluble peptides were suggested as the main cause of AD as they 

cause neuronal damage even in the absence of amyloid plaques and can impair synaptic 

function by inhibiting long-term potentiation (LTP), impair synaptic structure by 

decreasing excitatory synaptic spines and impair memory of already acquired 

behaviours in rats (Hsia et al., 1999; Selkoe, 2008). Furthermore, amyloid plaques seem 

to act as a reservoir for these more toxic Aβ oligomers (Mucke & Selkoe, 2012) 

The amyloid cascade hypothesis is the most accepted hypothesis currently, 

however, because cognitive deficit does not correlate well with plaque burden and 

healthy individuals have plaques at the time of death, different hypotheses for AD 

etiology were created (Liu et al., 2019). 

Selkoe (2002) proposed AD as a synaptic failure. Interestingly, synaptic 

dysfunction appears prior to both amyloid plaques and neurofibrillary tangles and it is the 

best correlator with cognitive deficits (John & Reddy, 2021). In AD, there is a loss of 

synapses, mainly in the neocortex and hippocampus (Jeong, 2017) and a reduced spine 

density (John & Reddy, 2021; Kashyap et al., 2019). Furthermore, in the synapses of AD 

patients, there is a loss of pre- and postsynaptic proteins, such as synaptosome-
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associated protein of 25 kDa (SNAP-25) and postsynaptic density protein 95 (PSD-95) 

respectively, as well as a loss of proteins present in the synaptic vesicles such as 

synaptophysin, associated with cognitive dysfunction (Arendt, 2009). It has been 

proposed that synaptic dysfunction is caused by soluble oligomers leading to cognitive 

deficits (Terry et al., 1991; Selkoe, 2008). Moreover, tau pathology found in AD, leads to 

an impairment in axonal transport that can compromise the transport of mitochondria 

and receptors to the synapses. This can lead to an inefficient adenosine 5'-triphosphate 

(ATP) production and calcium buffering, affecting synaptic transmission and potentially 

leading to synapse loss (John & Reddy, 2021). Interestingly, in the synapses, 

accumulation of Aβ occurs before tau hyperphosphorylation, however, tau is necessary 

for memory impairment (Bilousova et al., 2016; John & Reddy, 2021).  

In 2004, Swerdlow and Khan proposed a new hypothesis for sporadic, late-onset 

AD’s etiology: the mitochondrial cascade hypothesis, updated in 2014 (Swerdlow et al., 

2014). Gene inheritance, especially mtDNA, defines electron transport chain (ETC) 

efficiency and basal reactive oxygen species (ROS) production, thus defining baseline 

mitochondrial function. ROS production correlates with mtDNA damage. Moreover, the 

rate of mitochondrial function changes is influenced by inherited and environment factors 

and these changes influence AD chronology (Swerdlow & Khan, 2004; Swerdlow et al., 

2014). Furthermore, in late onset AD, APP expression is influenced by mitochondrial 

function (Swerdlow et al., 2014). Consistently, Aβ peptides were shown to entry 

mitochondria and disrupting the ETC and consequently decreasing ATP production and 

increasing ROS production leading to oxidative stress (Manczak et al., 2006). 

Mitochondria are major producers of ROS and reactive nitrogen species (RNS), 

which can lead to oxidative stress when overproduced or when there are insufficient 

antioxidative defenses (Uttara et al., 2009). Indeed, oxidative stress is linked to neuronal 

dysfunction in AD, with neurons also having lower number of mitochondria (Hirai et al., 

2001).  

Interestingly, epigenetic dysregulation is also found in AD and aging brains. 

(Nativio et al., 2018), which could be partially explained by mitochondrial dysfunction, as 

mitochondrial metabolites are necessary for these epigenetic modifications (Matilainen 

et al., 2017) and mitochondria regulates nicotinamide adenine dinucleotide (NAD+) 

levels, co-factor for sirtuins (SIRTs), which are histone deacyletases (Imai et al., 2000; 

Liu et al., 2019). 
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As hyperphosphorylated tau is present in AD, tau pathology has been studied as 

a promoter of AD (Frost et al., 2009). Tau pathology starts in the transentorhinal cortex 

and then spreads to other regions of the brain (Braak & Braak, 1991). This characteristic 

distribution allowed distinguishing 6 neuropathologic stages, widely used for assessment 

of the stage AD progression (Braak & Braak, 1991). Thus, tau pathology correlates with 

AD progression and symptoms (Kametani & Hasegawa, 2018). Furthermore, 

extracellular tau aggregates can enter cells and promote intracellular tau fibrillization, 

promoting protein misfolding (Frost et al., 2009). Moreover, tau pathology is also 

common in other neurodegenerative diseases (Spillantini & Goedert, 2013).  

Currently, the search for drug therapies is focused on these four hypotheses (Liu 

et al., 2019). Nevertheless, other hypotheses have been proposed and involve altered 

calcium homeostasis, vascular dysregulation, inflammation, altered homeostasis of 

metal ions, among others (Liu et al., 2019). 

 

3. Alzheimer’s Disease Models  

Research about AD has been performed in various systems, both in vitro and in 

vivo. In vitro models of AD include 2-dimensions (2D) and 3-dimensions (3D) cultures. 

2D cultures can be based on induced pluripotent stem cells (iPSCs) derived neurons. As 

for 3D cultures, immortalized cell lines are used. Furthermore, 3D cultures of patient-

derived iPSCs are also used. Finally, cerebral organoids or “mini-brains”, have been, 

more recently used (Slanzi et al., 2020; Ranjan et al., 2018) 

In vivo models of AD rely on transgenic and non-transgenic animals. Various 

animals can be used, such as invertebrate models, such as Caenorhabditis elegans and 

Drosophila melanogaster (Mhatre et al., 2012) and rodent models (Götz et al., 2018).  

Animal models try to mimic the disease allowing exploration of therapeutic options and 

further understanding of the disease pathology. Furthermore, animal models allow us to 

explore cognitive and behaviour performance, opposed to other models (Penney et al., 

2019). Non-transgenic animal models rely on the injection of toxins such as soluble Aβ 

oligomers (Cleary et al., 2004) or streptozotocin (Chen et al., 2013) in the brains of the 

animals (Ranjan et al., 2018). Transgenic animal models are the most frequently used 

(Elder et al., 2010). 

Various transgenic lines of mice have been created and described. Indeed, mice 

are often used as a rodent model of AD as they are evolutionary close with humans, both 

having similar brain regions and neurotransmitter systems (Perlman, 2016). These lines 
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focus mainly on mutations in APP, PS1 or PS2 genes, with some lines using tau and 

APOE human genes. While some models have mutations on the APP gene, others are 

bigenic and combine mutations in the APP and PS genes (Esquerda-Canals et al., 

2017).  

One of the most widely used model is the double transgenic APP/PS1 mice. This 

model has a human PS1 with an Exon 9 deletion (ΔE9) and the APP transgene, which 

has the Swedish mutation, was humanized in the Aβ region (Jankowsky et al., 2001). 

The Swedish mutation favors the activity of β-secretase favoring the amyloidogenic 

pathway of the APP processing (Esquerda-Canals et al., 2017). Since PS1 is present in 

the γ-secretase complex, ΔE9 favors production of Aβ1-42 peptides (Esquerda-Canals et 

al., 2017). ps1 is under regulation of the mouse prion protein (PrP) promoter which 

directs its expression to the central nervous system (CNS) neurons (Jankowsky et al., 

2001). APP/PS1 mice show an age-dependent amyloid plaque burden in the cortex and 

hippocampus, where plaques are easily detected starting at 6 months (Garcia-Alloza et 

al., 2006). 

Other widely used models rely on Aβ injection in the brain of control mice to mimic 

the Aβ amyloid hypothesis. These models allow researchers to have more control of the 

experience. Here, the researcher can choose which isoform and species of Aβ to use, 

as well as the time point of injection and time point of analysis (Kim et al., 2016).  

For example, Canas et al. (2009), showed that mice that received an 

intracerebroventricular administration of soluble Aβ1-42 oligomers and were characterized 

behaviourally 15 days after the injection, show impairments of memory, evaluated by the 

Y-maze test and the object recognition (OR) test. As reference memory and synaptic 

function are impaired in this model, it is validated as an AD model (Canas et al., 2009; 

Gonçalves et al., 2019).  Furthermore, Matos et al. (2012) performed a modified Y-Maze 

test with rats injected with soluble Aβ1-42 oligomers 2 weeks after injection and observed 

a spatial memory impairment, as rats injected with Aβ1-42 spent less time exploring the 

novel arm of the maze than control rats.  

As we ought to find new therapeutics for AD, animal models allow us to perform 

different pharmacological analysis and study their impacts on memory, a major area 

affected by AD (Ranjan et al., 2018). 
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4. Senescence Markers & Potential Markers 

Aging is the major risk factor for neurodegenerative diseases.  In aging, 

alterations such as genomic instability, mitochondrial dysfunction, cellular senescence, 

altered intercellular communication, telomere attrition, loss of proteostasis, epigenetic 

alterations, deregulated nutrient-sensing and stem cell exhaustion, are present 

(Martínez-Cué & Rueda, 2020; López-Otín et al., 2013). As an organism ages, there is 

also an accumulation of senescent cells: this can limit regenerative capacities and favour 

age-related diseases (Muñoz-Espín & Serrano, 2014). 

In keeping with aging as the major risk factor for AD, AD is also associated with 

these characteristic aging alterations (Hou et al., 2019). For example, in AD, 

mitochondria dysfunction is an early feature of the disease, which leads to oxidative 

stress, a senescence trigger (Swerdlow, 2018). Furthermore, altered proteostasis is also 

found in AD, as protein aggregations are one of the disease's hallmarks (Serrano-Pozo 

et al., 2011).  

Cellular senescence is a process in which cells achieve a permanent cell cycle 

arrest. Senescent cells have a distinct phenotype, designated senescence-associated 

secretory phenotype (SASP) in which they secrete interleukins, chemokines and other 

signalling molecules, thus promoting neuroinflammation (Lopes-Paciencia et al., 2019). 

These cells also have impaired mitochondrial function and changes in morphology, which 

promote ROS production that culminate in induction of oxidative stress. Mitochondrial 

changes also interfere with cellular metabolism by promoting a decrease in ATP 

production. Overall, senescent cells have altered morphology and metabolism and an 

increased genetic instability (Martínez-Cué & Rueda, 2020). 

Senescence can be triggered by numerous stressors, almost all of them 

culminating in DNA damage, which activates the DNA damage response (DDR) 

mechanisms. Briefly, activated DNA damage response leads to activation of the p53 

and/or the p16INK4a pathways. Activation of p53 activates p21 transcription. p21 then 

blocks cyclin-dependent kinase 2 (CDK2). Upon activation, p16 binds CDK4 and CDK6. 

Blockage of CDK2, CDK4 and CDK4 block retinoblastoma protein (pRB) 

phosphorylation. The cell cycle arrest is mediated by the dephosphorylated Rb that 

indirectly inhibits the transcription of cell cycle genes (Kumari & Jat, 2021; Saez-Atienzar 

& Masliah, 2020). Induction of the p53/p21WAF1/CIP1 pathway occurs in the initiation of 

senescence leading to a temporary cell cycle arrest while activation of the p16INK4a /pRB 
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pathway occurs later leading to a permanent cell cycle arrest (Kumari & Jat, 2021; Saez-

Atienzar & Masliah, 2020). 

4.1. Cell Cycle Markers 

Given their involvement in the cell cycle, p53, p21WAF1/CIP1, p16INK4a and pRB are 

often used to assess senescence. In fact, in senescent cells, there is an increase in the 

levels of these proteins (Kumari & Jat, 2021; Tan et al., 2014). p16INK4a is also a biomarker 

of aging, as its expression increases with age in various tissues (Krishnamurthy et al., 

2004). 

 One of the morphological alterations present in senescent cells is nuclear 

rearrangement. Loss of Lamin B1, a filament present in the inner surface of the nuclear 

envelope, is a biomarker of senescence (Freund et al., 2012). 

Senescence-associated β-galactosidase (SA-β-Gal) is a hydrolase that 

accumulates in the lysosomes of senescent cells. It is widely used as a senescence 

marker since its activity, in senescent cells, is detected by a colorimetric assay at pH 6.0, 

opposed to activity in normal cells at pH 4.0 (Dimri et al., 1995).  

Accumulation of lipofuscin, increased p38MAP kinase (p38MAPK), increased 

secreted SASP factors such as interleukin (IL) IL-1β, IL-6, IL-8 and matrix 

metalloproteinase-3 (MMP-3), and increased senescence-associated heterochromatin 

foci (SAHF) are other biomarkers used to assess senescence (Tan et al., 2014). 

Senescent cells express a heterogeneous phenotype with alterations that are not 

specific to them (González‐Gualda et al., 2020). For example, an increase in the p16INK4a 

can be found in different tumours (Romagosa et al., 2011) and β-galactosidase activity 

is detected in neurons of various ages (Piechota et al., 2016). Thus, a single biomarker 

is not sufficient for characterizing senescent cells. As there are not universal markers of 

senescence, for a correct assessment of senescent cells, a multimarker study is 

necessary (González‐Gualda et al., 2020).  

Furthermore, more detailed characterization of senescent cells in the CNS is 

needed. Since neurons are post-mitotic cells, senescence must be assessed through 

markers other than cell cycle arrest markers. Indeed, neurons and other brain cells show 

a senescence-like phenotype which includes SA-β-Gal activity, secretion of pro-

inflammatory factors such as IL-6, increased ROS production and activation of p38MAPK 

(Dong et al., 2011; Jurk et al., 2012; Piechota et al., 2016; Wissler Gerdes et al., 2020). 
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4.2. Metabolism Markers 

Mitochondria are double membrane organelles responsible for energy production 

in the form of ATP, which is essential for a cell's functions (Cai & Tammineni, 2017). In 

synapses, they are also responsible for calcium buffering and homeostasis, important 

for synaptic transmission, synaptic vesicle formation and synapse outgrowth (Reddy and 

Beal, 2008). 

Neurons are highly energy demanding for their functions, especially 

neurotransmission, and thus, can be negatively affected by slight energy declines 

(Wallace & Chalkia, 2013). Therefore, neurons are prone to mitochondrial dysfunction 

while simultaneously having a low threshold for mitochondrial dysfunction tolerance 

(Wallace & Chalkia, 2013). Indeed, mitochondrial dysfunction and oxidative stress are 

associated with various neurodegenerative diseases (Johnson et al., 2021). Moreover, 

in AD, neuronal mitophagy is impaired (Fang et al., 2019), and mitochondria have altered 

morphology and number (Reddy and Beal, 2008). 

During oxidative phosphorylation in the mitochondria, ROS such as hydrogen 

peroxide, superoxide anion and hydroxyl radical, are produced. Excessive ROS 

production leads to oxidative stress (Ray et al., 2012). However, mitochondria have 

endogenous quality control systems that include mitochondrial fusion, fission, biogenesis 

and mitophagy (selective autophagy of mitochondria), to compensate functions and 

remove damaged mitochondria (Yoo & Jung, 2018).  

 

4.2.1. Sirtuin1 and Sirtuin3 

Calorie restriction (CR) is the best characterized non-genetic method that 

increases lifespan and slows down aging across various species (Bordone & Guarente, 

2005). Sir2, a yeast sirtuin, is necessary for this increase and is up-regulated upon CR 

(Lin et al, 2002; Bordone & Guarente, 2005). 

Sirtuins (SIRTs), the orthologs of Sir2 in yeast, are histone deacetylases whose 

activity require NAD+, a coenzyme essential for energetic reactions (Imai et al., 2000).  

In mammals, there’s 7 sirtuins (SIRT1-7) located in different organelles and with 

different functions. SIRT1 is a nuclear sirtuin that can also be found in the cytoplasm as 

it has two nuclear export signals (Vaquero et al., 2004; Michishita et al., 2005 Tanno et 

al., 2007). SIRT2 is cytoplasmic (North et al, 2003). SIRT3-5 are present in the 
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mitochondria (Michishita et al., 2005; Onyango et al., 2002). SIRT6 and SIRT7 are 

nuclear sirtuins with SIRT6 being associated with heterochromatic regions except 

nucleoli and SIRT7 being present in the nucleoli (Michishita et al., 2005). Of all the 

sirtuins, SIRT1 is the most studied, given its action on lifespan. SIRT1 and SIRT3 activity 

are present mostly in the brain, especially in the neurons (Anamika et al., 2019). 

SIRT1 deacetylates the peroxisome proliferator-activated receptor gamma 

coactivator 1-alpha (PGC-1α), contributing to mitochondrial homeostasis (Chen et al., 

2020; Figure 2a). SIRT1 also regulates 5' adenosine monophosphate-activated protein 

kinase (AMPK) and mechanistic target of rapamycin (mTOR) indirectly. Activation of 

SIRT1 by resveratrol at near-toxic concentrations, leads to mTOR inhibition and 

senescence suppression (Demidenko & Blagosklonny, 2009). Therefore, SIRT1 can 

indirectly regulate autophagy. SIRT1 is also fundamental for synaptic plasticity, cognition 

and learning (Michan et al., 2010).  

SIRT3 seems to be the main sirtuin in the mitochondria and, as mitochondria 

dysfunction is present in neurodegenerative diseases, SIRT3 is hypothesized to be 

relevant for these diseases (Anamika et al., 2019). Indeed, SIRT3 is involved in 

mitochondrial homeostasis, regulating processes such as antioxidant defences and ATP 

production (Anamika et al., 2019; Figure 2a). SIRT3 is also responsible for mitochondria 

integrity, regulating proteins involved in fission and fusion of the mitochondria and 

preventing excessive fission that leads to fragmentation and dysfunction (Meng et al., 

2019). An increase in ROS leds to an increase in SIRT3 in primary hippocampal cultures, 

with this protein having a neuroprotective effect (Weir et al., 2012). Furthermore, SIRT3 

can promote mitochondria biogenesis by activating PGC-1α (Meng et al., 2019).  

 

4.2.2.  AMP-Activated Protein Kinase 

 AMPK is a cellular energy sensor. This enzyme senses ratios of ADP/ATP (ADP, 

adenosine di-phosphate) and AMP/ATP (AMP, adenosine mono-phosphate). When a 

cell is stressed, there are increased levels of cellular AMP and/or ADP and Ca2+ and 

decreased levels of cellular ATP. These alterations represent the canonical mechanisms 

that activate AMPK (Hardie et al., 2012). 

Therefore, AMPK can be activated by two mechanisms: binding of AMP/ATP or 

phosphorylation of the residue 172, a threonine. Both phosphorylation and binding of 

AMP increase the activity of AMPK while binding of ATP decreases its activity. Thus, the 
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ratio of cellular AMP/ATP, which defines the cells’ energy state, regulates AMPK activity 

(Yang et al., 2020). 

Once activated, AMPK promotes catabolic pathways, such as autophagy and 

glucose uptake, to produce ATP, and inhibits anabolic pathways, such as biosynthesis 

of macromolecules (Hardie et al., 2012; Figure 2b). Activated AMPK upregulates PGC-

1α, a transcription coactivator that initiates mitochondrial biogenesis and has antioxidant 

properties (Jager et al., 2007; Yang et al., 2020; Figure 2c). Activated AMPK also 

activates ULK1, necessary for initiation of the phagophores, therefore, promoting 

autophagy (specially mitophagy) (Egan et al., 2010). Furthermore, activated AMPK can 

directly and indirectly inhibit mTOR, a negative regulator of autophagy (Garza-Lombó et 

al., 2018; Gwinn et al., 2008; Inoki et al., 2003). The mTOR signalling pathway is 

responsible for regulation of numerous processes, such as transcription and translation 

of proteins, autophagy, cytoskeleton dynamics, metabolism and neurodevelopment 

(Switon et al., 2017).  

Activation of AMPK lowers Aβ deposits and inhibits β-secretase expression, 

which reduces the production of Aβ peptides by interfering with the amyloidogenic 

pathway of the APP metabolism (Lu et al., 2010). Furthermore, suppression of the mTOR 

signalling pathway in a transgenic mice model of AD, led to an increase in autophagy, 

reducing Aβ levels and ameliorating cognitive deficits (Caccamo et al., 2014). Activation 

of AMPK is, thus, a promising therapeutic target for neurodegenerative diseases. 

 

4.2.3. Sestrin2 

Sestrins are stress-response proteins with 3 main functions: inhibition of ROS 

production, leucine-sensor and inhibition of mTOR (Chen et al., 2019).  

Sestrins activate Nfr2, a transcription factor involved in antioxidant mechanisms, 

and indirectly regenerate overoxidized peroxiredoxins thus, inhibiting oxidative stress 

(Bae et al., 2013). Furthermore, Sestrin2 (SESN2) activates AMPK which inhibits mTOR 

signaling pathway, promoting autophagy and inhibiting cell proliferation (Budanov & 

Karin, 2008; Chen et al., 2019; Figure 2b). 

Increased oxidative stress is common in neurodegenerative diseases and aging, 

as a result of an imbalance in ROS and RNS production and antioxidant defences 

(Liguori et al., 2018). In AD brains, SESN2 co-locates with phosphorylated tau in 

neurofibrillary lesions (Soontornniyomkij et al., 2012).  



 
FCUP 

Synaptic Senescence in Alzheimer’s Disease 
25 

 
As SESN2 has antioxidant properties and promotes autophagy that can eliminate 

protein aggregates, SESN2 is a promising therapeutic target for neurodegenerative 

diseases (Chen et al., 2019). 

 

4.3. Autophagy 

Autophagy is a process where degradation of organelles occurs to maintain 

homeostasis. Autophagy is kept at baseline levels, however it can be induced in stress 

conditions, such as nutrient deprivation, to promote cell survival and energy production 

(Glick et al., 2010). Autophagy is also essential for removing protein aggregates, which 

characterize many neurodegenerative diseases. Thus, as expected, autophagy is 

impaired in these diseases. Furthermore, autophagy activity declines with age (Park et 

al., 2020).  

In a mouse model of AD, with mutations in the APP gene, Manczak et al. (2018) 

found impaired autophagy and mitophagy, resulting from the accumulation of mutant 

APP and Aβ peptides. Furthermore, inhibition of mTOR, which led to promotion of 

autophagy, reduced Aβ levels in a mouse model of AD (Spilman et al., 2010). Therefore, 

promotion of autophagy could be a promising target for potential therapeutics for 

neurodegenerative diseases. 

There are 3 forms of autophagy: macroautophagy, microautophagy and 

chaperone-mediated autophagy (Glick et al., 2010). Macro-autophagy involves de novo 

formation of autophagosomes, double-membrane vesicles that sequester the cargo for 

degradation (Parzych & Klionsky, 2014). The phagophore is formed at specific sites in 

mammals. After elongation of the phagophore, it begins to curve as, then, the double-

membranes close forming the autophagosome. Several autophagy related genes 

(ATGs) homologs are involved in this process. The autophagosome then fuses with 

lysosomes, forming autolysosomes, and the cargo is degraded (Parzych & Klionsky, 

2014).  

Microtubule-associated protein 1A/1B-light chain 3B (LC3) is a protein involved 

in the formation of the autophagosomes (Kirisako et al., 1999). LC3 has two isoforms: 

LC3-I, the cytoplasmic form; and LC3-II, the autophagosome membrane-bound form 

(Kabeya et al., 2000). LC3-I is cleaved by ATG4, exposing a glycine residue which allows 

LC3-I to be conjugated to phosphatidylethanolamine (PE) to form LC3-II (Kabeya et al., 

2004; Figure 2d). 
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LC3 binds to both outer and inner autophagosome membranes. Upon 

degradation of autolysosomes cargo, LC3-II bound to the outer membrane is released 

while LC3-II bound in the inner membrane is degraded (Parzych & Klionsky, 2014). Thus, 

LC3 can be used as an indicator of autophagy, as the amount of LC3-II correlates with 

the number of autophagosomes (Mizushima & Yoshimori, 2007). 

 

4.4. Mitochondria Dynamics 

Mitochondria are dynamic organelles that can fuse or fission according to the 

cell’s needs. These dynamics are controlled by mitofusin 1 (MFN1), mitofusin 2 (MFN2) 

and the optic atrophy-1 (OPA1) protein, which are GTPases that regulate mitochondrial 

fusion while dynamin-related protein 1 (Drp1) and the mitochondrial fission 1 protein 

(Fis1) control mitochondrial fission (Sita et al., 2020) 

MFN2, a transmembrane protein, is found predominantly in the contact sites 

between mitochondria and the endoplasmic reticulum (ER), therefore having an 

important role in mitochondrial calcium uptake from the ER and ER morphology (de Brito 

& Scorrano, 2008). MFN2 is located in the outer membrane of mitochondria (OMM) and 

in the mitochondria-associated ER membranes (MAM) (de Brito & Scorrano, 2008; Sita 

et al., 2020). 

Mitochondria fusion allows mitochondria to share cytosolic elements while 

mitochondria fission aids in the process of eliminating impaired mitochondria (Yan et al., 

2013). A balance between mitochondria fusion and fission is essential for maintenance 

of mitochondria’s homeostasis and integrity (Yan et al., 2013; Sita et al., 2020). Indeed, 

disruption of this balance contributes to mitochondria dysfunction and 

neurodegeneration (Knott et al., 2008) and promotion of mitophagy (Reddy & Oliver, 

2019). Furthermore, increased levels of MFN2 are associated with elongated 

mitochondria that cause senescence-associated changes, such as increased ROS and 

DNA damage (Lee et al., 2007). 
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Figure 2 – Pathways in which SIRT1, SIRT3, SESN2, AMPK, pAMPK, LC3 and MFN2 are involved. a. AMPK when activated, activates PGC-1α by 

phosphorylation. SIRT1 deacetylates PGC-1α, activating it. PGC-1α, then regulates the expression of the proteins involved in the subunits of the ETC.  

SIRT3 deacetylates the subunits of the ETC in the mitochondria, activating them. Retrieved from Brenmoehl & Hoeflich (2013); b. AMPK is a key player in 

autophagy and cellular growth via its interaction with the Ulk1/2 and TOR complexes. AMPK and mTOR oppositely regulate Ulk1/2-Atg13-FIP200, which 

regulates autophagy, with AMPK promoting autophagy and mTOR inhibiting autophagy. SESN2 is a stress sensor that activates AMPK, thus indirectly 

inhibiting mTOR. Moreover, activation of mTOR leads to accumulation of SESN. Retrieved from Alers et al. (2012); c. activated AMPK regulates mitochondria 

quality control processes. It phosphorylates ULK1 promoting mitophagy, inhibits mTOR and activates PGC-1α which facilitates expression of mitochondria 

fission (Drp1) and fusion (Mfn2) genes; Retrieved from Curry et al. (2018); d. In autophagy, LC3-I is cleaved and lipidated to form LC3-II which binds to the 

autophagosomes; Retrieved from Grasso et al. (2015).  
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Overall, aging is the major risk factor for AD, and both aging and AD share 

common cellular alterations (Hou et al., 2019). Cellular senescence is one of the 

alterations found in both aging and AD, with senescence being a contributor to the 

pathology in neurodegenerative diseases (Martínez-Cué & Rueda, 2020). Inefficient 

mitophagy, impaired mitochondria dynamics and quality control mechanisms and altered 

metabolism can lead to neurodegeneration (Cai & Jeong, 2020; Reddy, 2009). It is 

known that mitochondria dysfunction is an early AD feature, just like synaptic dysfunction 

(Selkoe, 2002; Swerdlow, 2018). However, it is unknown if these key markers of 

senescence are present in synapses causing the early synaptic dysfunction 

characteristic of AD. Attempting to target these early modifications of AD in synapses 

could allow us to develop new therapeutics that can prevent or delay disease 

progression.  

 

5. Aims  

We aim to perform a behavioural and neurochemical characterization of 

APP/PS1 mice at two time points. Thus, starting at 6 months old which is at the onset of 

disease-like phenotype, we aim to perform a behavioural characterization of motor, mood 

and memory of APP/PS1 mice.  

This is complemented by neurochemical characterization of APP/PS1 mice 

focusing on purified synapse (synaptosomes) of cortical regions. We aim to characterize 

alterations in synaptic markers by Western blot, assessing synapse loss and perform a 

quantification by Western blot of proteins that are involved in metabolism, autophagy, 

mitochondrial dynamics and associated with aging and senescence.  

Furthermore, to explore if these potential alterations are consistent in other 

validated models of AD, we aim to neurochemically characterize, as described before, a 

Aβ soluble peptides icv-injected model of AD at two different time-points. 

Overall, we aim to understand if there are alterations in synaptic markers and 

senescence-related proteins, in the synapses of a mice model of AD at the onset of the 

AD-like phenotype, which is evaluated by behaviour analysis and if these alterations are 

present in a different validated model of AD. 
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Methods and Materials 

1. Animals 

Female APPswe/PSEN1dE9 (henceforward APP/PS1) transgenic mice with 5-9 

months were initially purchased from The Jackson Laboratory (MMRRC stock #34832; 

donated by Dr. David R Borchelt, University of Florida). To maintain the colonies, male 

hemizygous APP/PS1 mice were crossed with female WT littermate mice. In this study, 

5-7 months old mice were obtained by crossing hemizygous APP/PS1 female and male 

mice or crossing of female WT littermate mice with male hemizygous APP/PS1 mice. 

Moreover, 8-9 months old mice were obtained by crossing female WT (B6C3F1/J) mice 

with male hemizygous APP/PS1 mice. 

 Male C57Bl/6 (WT, Wild-Type) mice were obtained from Charles River 

Laboratories (Barcelona, Spain). Synthetic amyloid-β peptide fragment 1-42 (Aβ1-42, 0.5 

mM, Bachem) was dissolved in water. At 9-11 weeks, mice were intracerebroventricular 

(icv) injected with 4 µL of the Aβ1-42 solution (corresponding to a final concentration of 2 

nmol) in the lateral ventricle (Canas et al., 2009). Age-matched vehicle animals were icv-

injected with 4 µL of filtered water. Mice were sacrificed 14 or 20 days after Aβ1-42 injection 

(Canas et al., 2009; Matos et al., 2012). Cortices of these mice were kindly provided by 

teammates for this study.  

All mice were kept in cages with 1-3 littermates and with ad libitum food and 

water. The cages were kept at 21-23ºC with 50-60% humidity. The room was kept in a 

12 hours dark/light cycle with light from 7h00 to 19h00.  

All procedures were made in accordance with the “Three Rs” european 

legislation, ORBEA n° 243_2020/1210—72020. 

 

2. Behaviour Analysis  

Behavioural analysis was performed in a sound-attenuated room maintained at 

21-23ºC and 50-60% humidity with red lighting (10 lux, light intensity).  

Between trials, the apparatus and objects used were cleaned with a 10% ethanol 

solution. Animals from the same cage were kept in transport cages between trials to 

avoid contact between animals that had already completed the test and animals that had 

not.  
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Prior to behaviour testing, mice were picked up and placed in a flat surface while 

still in hold and allowed to move freely (handling). This procedure was done 2 times a 

week for 4 minutes. The experimental design is represented in Figure 3 and Figure 4. 

The tests were video-recorded and analysed with the ANY-maze Video Tracking 

Software (Stoelting Europe, Dublin, Ireland). 

 

 

2.1. Open Field 

The open field test was first described in 1934 by Hall and is useful to assess 

locomotor activity and anxiety-like behaviour in mice.  Imaginary “center” and “periphery” 

zones were defined in the AnyMaze software for assessing anxiety-like behaviour (Fig. 

5b). 

Mice were loaded on the center of a 38x38 cm grey acrylic box and allowed to 

explore the arena for 5 minutes (Fig. 5a). Parameters such distance travelled (in meters), 

maximum speed reached, time spent in the center and number of entries in the center 

were evaluated.  

Figure 3 – Timeline of the experimental design for the tests performed with the 6 months old APP/PS1 female mice. 

Figure 4 - Timeline of the experimental design for the tests performed with the 9 months old APP/PS1 female mice. 
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2.2. Object Displacement 

 The object displacement (OD) test is useful for assessing hippocampal-

dependent spatial memory (Assini et al., 2009). This method was adapted from Viana da 

Silva et al. (2016). 

In the habituation phase of the test, animals were placed in the open field arena 

for 5 minutes and allowed to explore, being then retrieved to their cages and the 

apparatus cleaned.  

An inter-trial interval (ITI) of 1 hour was applied between the habituation phase 

and the acquisition phase. In the acquisition phase of the test, two identical bottles were 

placed equidistant from one another in one side of the apparatus. Mice were allowed to 

explore for 10 minutes.  

At the end of the acquisition phase, an ITI of 90 minutes was applied before the 

test phase. In this phase, one of the bottles was moved to the other side of the apparatus 

(Fig. 6). To avoid bias, the displaced bottle was on the right side of the apparatus 50% 

of the tests and on the left side of the apparatus 50% of the remaining tests. If the animals 

showed a clear preference for one of the bottles, then, the bottle displaced was the one 

less explored. The animals were placed in the center of the apparatus and allowed to 

explore the objects for 5 minutes. In this test, “exploring” is considered when the animal 

is in the zone of the object, defined in the ANYmaze software and interacting with the 

bottle, e.g. sniffing.  

Figure 5 – Representative images of the Open Field apparatus used for the behaviour characterization of the 6 months 

old APP/PS1 female mice. a. The Open Field test apparatus; b. The imaginary center and periphery zones of the 

apparatus defined in the AnyMaze software. 
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Spatial memory is expressed by the following Displacement Index:  

𝑇𝑖𝑚𝑒 𝑠𝑝𝑒𝑛𝑡 𝑒𝑥𝑝𝑙𝑜𝑟𝑖𝑛𝑔 𝑡ℎ𝑒 𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑑 𝑜𝑏𝑗𝑒𝑐𝑡

𝑇𝑖𝑚𝑒 𝑠𝑝𝑒𝑛𝑡 𝑒𝑥𝑝𝑙𝑜𝑟𝑖𝑛𝑔 𝑡ℎ𝑒 𝑑𝑖𝑠𝑝𝑙𝑐𝑎𝑒𝑑 𝑜𝑏𝑗𝑒𝑐𝑡 + 𝑇𝑖𝑚𝑒 𝑠𝑝𝑒𝑛𝑡 𝑒𝑥𝑝𝑙𝑜𝑟𝑖𝑛𝑔 𝑡ℎ𝑒 𝑛𝑜𝑛𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑑 𝑜𝑏𝑗𝑒𝑐𝑡
× 100 

 

 

 

2.3. Object Recognition 

This test was adapted from Ennaceur and Delacour (1988), who first described 

it, and assesses the declarative memory of rodents.  

In the habituation phase, animals were placed in the open field arena for 5 

minutes and allowed to explore freely.  Then, the animals were returned to their cages 

and the apparatus was cleaned.  

Two identical bottles were placed in opposite corners of the arena, 5 cm away 

from the wall. After an ITI of 1h, the mice were loaded into the apparatus again and were 

allowed to explore the objects for 10 minutes (acquisition phase). The time the mice 

spent exploring each object was recorded. We considered “exploring” when the mice 

were interacting with the objects. The animals were returned to their cages and the 

apparatus was cleaned.  

One of the bottles was replaced by a different one in the same place, meaning 

the apparatus had one familiar object (from the acquisition phase) and one novel object 

(Fig. 7). If the animal did not show any bias towards one of the objects in the acquisition 

phase, the object replaced was the one in the left upper corner in 50% of the trials, and 

Figure 6 - Representative images of the Open Field apparatus with the objects used in the Object Displacement test for 

the behaviour characterization of the 6 months old APP/PS1 female mice 
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the one in the right lower corner 50% of the times. If the animal had a bias, the object 

replaced was the one they spent more time exploring. The mice were loaded again in 

the arena, after an ITI of 90 minutes, and allowed to explore the objects for 5 minutes.  

The Recognition Index, by which declarative memory is expressed, was 

calculated as follows:    

𝑇𝑖𝑚𝑒 𝑠𝑝𝑒𝑛𝑡 𝑒𝑥𝑝𝑙𝑜𝑟𝑖𝑛𝑔 𝑡ℎ𝑒 𝑛𝑜𝑣𝑒𝑙 𝑜𝑏𝑗𝑒𝑐𝑡

𝑇𝑖𝑚𝑒 𝑠𝑝𝑒𝑛𝑡 𝑒𝑥𝑝𝑙𝑜𝑟𝑖𝑛𝑔 𝑡ℎ𝑒 𝑛𝑜𝑣𝑒𝑙 𝑜𝑏𝑗𝑒𝑐𝑡 + 𝑇𝑖𝑚𝑒 𝑠𝑝𝑒𝑛𝑡 𝑒𝑥𝑝𝑙𝑜𝑟𝑖𝑛𝑔 𝑡ℎ𝑒 𝑓𝑎𝑚𝑖𝑙𝑖𝑎𝑟 𝑜𝑏𝑗𝑒𝑐𝑡
× 100 

 

 

2.4. Modified Y-Maze 

The modified Y-Maze test is used for assessing spatial reference memory, a form 

of memory that involves the hippocampus (Negrón-Oyarzo et al. 2018). This method was 

adapted from Viana da Silva et al. (2016). In this test, a Y-shaped apparatus was used 

(Fig. 8). The arms of the apparatus were designed: start arm, other arm and novel arm.  

During the acquisition phase, the novel arm of the apparatus was 

inaccessible.  Mice were placed in the start arm, facing the wall and allowed to explore 

the two arms for 5 minutes. 

The test phase began after an ITI of 2 hours and the novel arm was made 

accessible. The animals were placed in the start arm, facing the wall and allowed to 

explore for 5 minutes. Time spent in the novel arm was evaluated to estimated spatial 

memory.  

Figure 7 - Representative images of the Open Field apparatus with the objects used in the Object Recognition test for 

the behaviour characterization of the 6 months old APP/PS1 female mice. 
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2.5. Elevated Plus Maze 

The elevated plus maze test is used to measure anxiety-like behaviour in mice 

(Lister, 1987). Rodents show a natural preference for the closed arms (more protected) 

of the maze but have some natural curiosity to explore the open arms (more exposed). 

However, the use of anxiolytic agents can decrease the preference for the closed arms 

whereas the use of anxiogenic agents can increase this preference for the closed arms 

(Lister, 1987). Therefore, the lower the ratio of time spent in the closed versus the open 

arms, the more anxious the mice are. This method was adapted from Dias et al. (2021) 

In this test, the apparatus used had two open arms (i.e. without lateral walls) and 

two closed arms and was supported 50 cm above the table (Fig. 9).  The mice were 

placed in the center of the apparatus facing an open arm and allowed to explore for 5 

minutes.  An entry in the open arms was recorded when the mouse had its four paws in 

the open arms. Parameters such as number of entries in the open arms and time spent 

in the open arms are evaluated.  

 

 

 

 

Figure 8 - Representative images of the modified Y-Maze apparatus used for the behaviour characterization of the 6 

months old APP/PS1 female mice 
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2.6. Morris Water Maze 

The Morris Water Maze test was first described in 1981 by Richard Morris and 

later adapted (Morris, 1981; Morris, 1984). This test can be used to assess spatial 

learning and reference memory (Vorhees & Williams, 2006). Reference memory is a 

form of long-term memory in which the hippocampus and cortex are the most involved. 

Besides, performance in this test correlates with LTP, a form of hippocampal synaptic 

plasticity (Vorhees & Williams, 2006). 

This method was adapted from Moreira-de-Sá et al. (2020). A circular pool was 

filled half-way with water at 21ºC. The maze was divided into four imaginary and equal 

quadrants by four points: north, south, west, east.  

To allow mice to escape the maze, a circular and transparent platform was 

submerged 1 cm below the surface, in the middle of one of the quadrants. The water of 

the pool is colored white, thus rendered opaque, with white paint (Faber Castell Tempera 

Fun Paint). In these conditions, the animals cannot see the platform, and there are no 

auditory or olfactory cues. However, distal cues (extra-maze) are used to aid mice in 

spatial localization of the platform.  

The test is composed of 4 trials per day. In each trial a semi-random start position 

is used, hence all positions are chosen but only one time (e.g. N, W, S, E). Visual cues 

are placed equidistantly in the walls in the room in which the test was performed. Mice 

were habituated in the room of the test, for 1 hour before beginning the procedures, with 

red light (10 lx).  

Figure 9 - Representative images of the Elevated Plus Maze apparatus used for the behaviour characterization of the 6 

months old APP/PS1 female mice 
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After each trial, mice were placed in a cage with a heating pad before being 

retrieved to their home cages, to minimize the animal's suffering.  

The test is recorded and analyzed by the AnyMaze software, recording the 

number of crossings in each quadrant, the swimming pattern of the animals and their 

ability to find the hidden platform.  

 

2.6.1. Spatial Acquisition 

During spatial acquisition, mice learn how to reach the platform in a direct path 

from different start positions using distal cues.  

The mice were placed in the pool in the start position. The trial ended when mice 

reached the platform and stayed on it for ten seconds. If this did not occur, then the test 

was finished after one minute. In this case, after the test mice were guided to the platform 

and placed on it for ten seconds.  

Latency to reach the platform is evaluated and used to create a learning curve. 

The acquisition phase is finished when average control latency to reach the platform is 

less than the predefined time of 20 seconds. This occurred after 6 days of testing.  

 

2.6.2. Probe Trial  

In this phase, the reference memory is evaluated thus, this phase was performed 

24 hours after the last day of acquisition.  

In the probe trial or transfer test, the platform was removed. Mice were loaded in 

the position in which they had a faster latency to reach the platform the day before and 

allowed to explore for 1 minute. 

Reference memory is evaluated by assessing the number of crossings in the site 

where the platform was and the time mice spent in each quadrant, which reflect mice’s 

“spatial bias”.  

 

2.6.3. Reversal Learning And Probe Trial  

For this phase, all conditions mentioned in the acquisition phase (2.6.1.) were 

kept, except that the platform was placed in the opposite quadrant. Therefore, mice had 

to re-learn how to find the platform in its new location using the strategies they had 

already learned. 



 
FCUP 

Synaptic Senescence in Alzheimer’s Disease 
37 

 
To assess reference memory, a probe trial was performed in the same conditions 

described in section 2.6.2.  

 

2.6.4. Cued Learning 

This phase is a control for the MWM test, as visual, motor and motivation to 

escape impairment can affect the mice performance on the test (Morris, 1984). 

In this test, the platform is decorated with adornments and is placed 1 cm above 

the water surface, in order to help mice locate it. Therefore, mice, if not visually impaired, 

can see the platform and are expected to navigate towards it in a direct path. Latency to 

reach the platform was assessed.  

 

2.6.5. Search Strategies  

 Mice search strategies were evaluated by the AnyMaze Software. Videos of the 

probe trial were analysed, and a path was created from the start of the trial till the mice 

crossed the site where the platform was for the first time. Based on the path created, 

hippocampal-dependent or non-hippocampal-dependent strategies were assigned to 

each mice (Garthe & Kempermann, 2013; Janus, 2004, Moreira-de-Sá et al., 2020). 

 

2.7. Fear Conditioning 

The Fear Conditioning test is a form of Pavlovian conditioning first described by 

Pavlov (1927). In this test an association between a neutral conditioned stimulus and a 

noxious unconditional stimulus is created. Mice, then exhibit a conditioned response 

which is often freezing, a defence behaviour. This process involves both the 

hippocampus for processing the context and the amygdala (more specifically the 

basolateral amygdala) for creation and storage of the association (Maren, 2001). This 

addresses both memory and emotion, as mice learn that some stimuli lead to unpleasant 

results.   

After each trial, the chambers were cleaned with 10% ethanol and the mice were 

returned to the transport cage to avoid having mice that completed the test and mice that 

had not in the same cage. After all animals from the same home cage completed the 

test, they were returned to their home cages.  

This method here described was adapted from Aguiar et al. (2010).  
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2.7.1. Acquisition 

In the acquisition phase, animals were placed in a sound-attenuated chamber 

and habituated for 140 seconds. The chamber had transparent PVC walls, was covered 

at the top and the floor was composed of grid metal (context A). The chamber was 

illuminated by white light (450-650nm) and near-infrared light (940 nm). 

After the habituation, an auditory tone of 4 KHz, 80-dB was delivered for 20 

seconds. In the last 2 seconds of the auditory tone, a 0.5-mA foot-shock was delivered. 

The auditory tone and foot-shock were repeated 4 times with a 120 seconds interval, 

totaling 4 auditory tones and 4 foot-shocks.  

 The time mice spent in freezing behaviour was evaluated, in the habituation 

before the shock and then between shocks thus, for 128 seconds. Freezing is a species-

specific defense mechanism and has been defined as “suppression of all movement 

except that required for respiration” (Anagnostaras, 2010).  

 

 

2.7.2. Contextual Fear Conditioning 

To evaluate contextual fear conditioning, 24 hours after the acquisition phase, 

the animals were placed again in the same chambers in context A, except that no 

auditory tone or foot-shock was delivered. Time spent in freezing behaviour was 

evaluated in every minute of the test. 

 

2.7.3. Cued Fear Conditioning 

To evaluate the cued fear conditioning, animals were placed in the sound-

attenuated chambers in context B to avoid spatial recognition. Context B differs from 

context A in three dimensions: first, the walls of the chamber had a different pattern; 

second, the floor was covered with white PVC; third, the chamber was illuminated only 

by near-infrared light (940 nm). 

After the 140 seconds habituation, a 4 KHz, 80-db auditory tone was delivered 

for 20 seconds.  No foot-shock was delivered. Another auditory tone was delivered 120 

seconds after, and the process was repeated totaling 4 delivered auditory tones. Time 

spent in freezing behaviour was evaluated right after each auditory tone.  

 

3. Sample Preparation 

Mice were sacrificed by one of two methods: cervical dislocation followed by 

decapitation; or intraperitoneal injection of avertin (2.2.2-tribromoethanol 70.7 mM, 2-
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methyl-2-butanol 113.4 mM, NaCl 138 mM, pure ethanol 12.5% in Phosphate-buffered 

saline (PBS), Sigma), an anesthetic, followed by perfusion in the heart with a sucrose 

solution (KCl 2 mM, sucrose 180 mM, glucose 20 mM, L-acid ascorbic 1.3 mM, sodium 

pyruvate 0.4 mM, CaCl2 0.4 mM, MgCl2 8 mM and NaH2PO4 1.3 mM and NaHCO3 26 

mM in H2O) 

The brains were then dissected on an ice-cold oxygenated artificial cerebrospinal 

fluid solution (aCSF; NaCl 124 mM, KCl 3 mM, NaHCO3 26 mM, NaH2PO4 1.25 mM, D-

Glucose 10 mM, MgSO4 1mM, CaCl2 2 mM) or a 10% sucrose solution (sucrose 0.32 M, 

EDTA-Na 1 mM, HEPES 10 mM and bovine serum albumin (BSA) 1 mg/mL, pH 7.4). 

The cortex was collected and used for further analysis or stored at -20ºC. 

 

4.  Synaptosomal Preparation 

Synaptosomes are an enriched preparation of the synaptic compartment which 

has extensively been characterized and explored in our research group (Canas et al., 

2009; Moreira-de-Sá et al., 2021; Rebola et al., 2005). Synaptosomal preparation was 

done as described in Rebola et al. (2005). The cortex was homogenised in 10 mL of a 

10% sucrose solution (sucrose 0.32 M, EDTA-Na 1 mM, HEPES 10 mM and BSA 1 

mg/mL, pH 7.4) at 4ºC. The mixture was then centrifuged at 3000 × g for 10 minutes at 

4ºC.  

The supernatant was collected and centrifuged again at 14000 × g for 12 minutes 

at 4ºC. The pellet was resuspended in 1 mL of a 45% (v/v) Percoll solution (45% v/v 

Percoll and NaCl 0.067 M, pH 7.4, volume set with KHR)  

The sample was then centrifuged at 16400 × g for 2 minutes at 4ºC. The top 

layer, which contains the synaptosomes, was collected and resuspended in 2 mL of a 

Krebs HEPES Ringer (KHR) solution (NaCl 140 mM, EDTA-Na 1 mM, HEPES 10 mM, 

KCl 5 mM and glucose 5 mM, pH 7.4). The sample was then centrifuged at 16400 × g 

for 2 minutes at 4ºC. The pellet was resuspended in 250 µL of the same KHR solution. 

 

5. Total Protein Extracts of Brain Tissue  

Fresh cortex tissue was weighted and 10 mg were used for preparation of total 

protein extracts. The tissue was homogenised in radioimmunoprecipitation assay buffer 

(RIPA buffer; Tris-HCl 50 mM pH 7.4, NaCl 150 mM, IGEPAL (NP-40) 1%, sodium 



 
FCUP 

Synaptic Senescence in Alzheimer’s Disease 
40 

 
deoxycholate 0.5%, EDTA 1mM and SDS 0.1%) with phenylmethylsulfonyl fluoride 

(PMSF) 1 mM and dithiothreitol (DTT) 1 mM. 

The homogenate was placed at 4ºC with agitation for 2 hours, followed by a 

centrifugation at 13000 × g for 20 minutes at 4ºC.  The supernatant was collected and 

stored at -20ºC.  

 

6.  Protein Quantitation 

The determination of protein concentration was assessed with the Pierce™ BCA 

Protein Assay Kit (Pierce™, Thermo Scientific™). The BCA method is a colorimetric 

method where BSA is used as a standard.  

A standard curve with several dilutions of BSA in water was prepared with 2, 1, 

0.5, 0.25, 0.125, 0.0625 and 0 μg/μL of BSA. Synaptosomes samples and KHR were 

diluted 1:20 in H2O and total protein extracts samples and RIPA buffer were diluted 1:10 

in H2O. 

Protein quantitation was prepared in a 96 well dish in which was added 25 μL of 

water in each well and in triplicate. Then, 25 μL of the standard curve dilution, sample or 

buffers were added. BCA reagent was prepared according to kit instructions and 200 μL 

of the reagent were added to each used well. 

The plate was incubated for 30 minutes at 37ºC in obscurity. Following 

incubation, the plate was read in a Microplate Reader (Spectra Max Plus) at 570 nm. 

Obtained values were used to calculate the standard curve and with it, calculate the 

protein concentration in the samples in µg/µL. 

 

7. Western Blot Analysis 

7.1. Preparation of Samples For Western Blot  

After synaptosomal preparation, the sample was collected and centrifuged at 

16400 x g for 2 minutes at 4ºC. The pellet was then resuspended in RIPA buffer with 

PMSF 1mM and DTT 1mM and stored at -20ºC. DTT is a reductant which aids in protein 

denaturation and PMSF is a serine and cysteine protease inhibitor.  

Synaptosomal and total protein extracts samples were normalized with sample 

buffer 6x (Tris 500 mM, DTT 600 mM, SDS 10%, glycerol 30% and bromophenol 

0.012%) and H2O and heated for 20 minutes at 70ºC for denaturation.   
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7.2. SDS-PAGE 

Samples (15, 30 or 60 µg of protein) were loaded on a 10% or 15% SDS-PAGE 

gel, with a 4% stacking gel (Table 1). The system was filled with running buffer (Table 2) 

and electrophoresis was performed at 80V for 15-20 minutes in the initial phase. In the 

final phase, electrophoresis was performed at 110V for 40-60 minutes. NZYColour 

Protein Marker II (NZYtech, Portugal) was used as a molecular marker.  

Table 1 – Composition of the resolving and stacking gel used in the Western blot analysis 

Resolving gel Stacking gel 

10% 4% 15% 

4.1 mL H2O 6.1 mL H2O 2.4 mL H2O 

3.3 mL Acrilamide 30% 1.3 mL Acrilamide 30% 5 mL Acrilamide 30% 

2.5 mL Tris-HCl 1.5 M 2.5 mL Tris-HCl 0.5 M 2.5 mL Tris-HCl 1.5 M 

0.1 mL SDS 10% 0.1 mL SDS 10% 0.1 mL SDS 10% 

50 µL of APS 10% 50 µL of APS 10% 50 µL of APS 10% 

5 µL of TEMED 10 µL of TEMED 5 µL of TEMED 

 

Table 2 - Composition of the running buffer used in the Western blot analysis 

Running buffer 5x Running Buffer 1x 

15 g Tris-HCl  100 mL Running Buffer 5x 

156.67 g Bicine  900 mL H2O 

5 g SDS  

1000 mL H2O, pH 8.3 

 

7.3. Electrotransfering 

After SDS-PAGE, the contents of the gel were electro transferred to a 

nitrocellulose membrane. A wet transfer method is used where gel and nitrocellulose 

membrane were sandwiched between filter paper wetted in 3-(cyclohexylamino)-1-

propane-sulfonic acid (CAPS)(Table 3) and submerged in a cassette filled with CAPS 

(Table 3). 

Table 3 – Composition of the CAPS buffer used in the Western blot analysis 

CAPS 10x CAPS 1x 

22.1 g CAPS 100 mL CAPS 10x 

1000 mL H2O, pH 11 
 

100 mL methanol 
 

 800 mL H2O 

 

Electrotransfering was performed with 1A of constant current at 4ºC with 

agitation, for 2 hours. Membranes were then stained with a solution of Ponceau S to 

verify if electrotransfer was successfully done.  
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7.4. Immunodetection 

The membranes were incubated for 1 hour at room temperature (RT) with 

agitation with 5% skim milk in TBS-T or 5% BSA in TBS-T (Table 4 and Table 5). 

Following blocking, the membranes were incubated with the primary antibodies diluted 

in TBS-T with 1% skim milk or 5% BSA (Table 6). This incubation was done overnight at 

4ºC and with agitation. The next day, membranes were washed, at RT with agitation, 

with TBS-T 3 times for 10 minutes and incubated with the secondary antibodies diluted 

in 1% skim milk in TBS-T or 5% BSA in TBS-T for 2 hours, at RT, with agitation (Table 

7). The secondary antibodies used were conjugated with peroxidase for detection. 

Table 4 – Composition of the TBS solution used for immunodetection in the Western blot analysis 

TBS 10x TBS-T 1x 

24.2 g Tris-HCl (20 mM) 
 

100 mL TBS 10x 
 

80.0 g NaCl sodium chloride (137 mM), pH 7.6 
 

900 mL H2O 
 

 1 mL Tween 20 

 

Table 5 - Composition of the skim milk and BSA solutions used for immunodetection in the Western blot analysis 

5%Skim Milk / BSA 1% Skim Milk / BSA  

100 mL TBS-T 1x 
 

100 mL TBS-T 1x 
 

5 g dry skim milk or BSA 
 

1 g dry skim milk or BSA 
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Table 6 – Primary antibodies used for Western blotting analysis and information about its supplier, reference and host, 

as well as blocking agent used for immunodetection and dilution of the antibody. 

 

 

Target Supplier Reference Host Dilution 
Blocking 

agent used 

Sestrin 2 ProteinTech 
21346-1-

AP 
Rabbit 1:2000 Skim milk 

AMPK Santa Cruz sc-25792 Rabbit 1:2000  Skim milk 

pAMPK Santa Cruz 
sc-33524-

R 
Rabbit 1:2000 BSA 

Sirtuin 1 
Cell 

Signaling 
2028 Rabbit 1:1000 BSA 

Sirtuin 3 
Cell 

Signaling 
2627 Rabbit 1:1000 BSA 

Mitofusin 2 Abcam AB50838 Rabbit 1:5000 BSA 

LC3 Sigma L7543 Rabbit 1:5000 BSA 

GAPDH Abcam ab9485 Rabbit 

1:5000 (for analysis of 6 

months of age APP/PS1 

female mice) 

1:10000 (for analysis of 

9 months of age 

APP/PS1 female mice 

and Aβ1-42-injected mice) 

BSA or 

Skim milk 

PSD-95 
Cell 

Signaling 
3450 Mouse 1:10000 Skim milk 

SNAP-25 Sigma S5187 Mouse 1:10000 Skim milk 

Syntaxin Sigma S0664 Mouse 1:10000 Skim milk 

Synaptophysin Sigma S5768 Mouse 1:10000 Skim milk 
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Table 7 – Secondary antibodies used for Western Blotting analysis and information about its supplier, reference and host, 

as well as blocking agent used for immunodetection and dilution of the antibody. 

 

Membranes were then washed with TBS-T 3 times for 10 minutes. Membranes 

were incubated with an enhanced chemiluminescence (ECL) kit (Pierce™ Thermo 

Scientific), a West Pico kit (SuperSignal™ Thermo Scientific) or a Immobilon® Forte 

(Millipore) solution, that are substrates of peroxidase. Detection was analysed using a 

ChemiDoc (BioRad) and quantification was performed in the ImageLab software.  

 

7.5. Membrane Stripping And Re-Probing 

After immunodetection, membranes were washed with TBS-T 2 times for 10 

minutes, followed by 2 washes with a stripping solution for 15 minutes (Table 8). This 

solution allows removal of the primary and secondary antibodies, thus, being useful for 

re-probing of the same membrane for a normalization protein and/or other proteins of 

interest. Then, membranes were again washed with TBS-T for 10 minutes and 

immunodetection was performed as described in Section 7.4.  

Table 8 – Composition of the stripping solution used for membrane stripping in Western blot analysis 

Stripping Solution 

15 g Glicine 
 

1 g SDS 
 

10 mL Tween 20, pH 2.2 

 

 

Density levels of the protein of interest were obtained by applying a ratio between 

the density of the protein of interest and the density of glyceraldehyde 3-phosphate 

Target Supplier Reference Host Dilution 
Blocking 

agent used 

Goat anti-mouse - 

peroxidase conjugated 

Thermo 

Fisher 
31432 Mouse 1:5000 Skim milk 

Goat anti-rabbit - 

peroxidase conjugated 

Thermo 

Fisher 
31462 Rabbit 1:5000 Skim milk 
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dehydrogenase (GAPDH). GAPDH is considered a housekeeping protein, as its density 

is not altered between samples of control and samples of interest, which makes it a 

reliable loading control and normalization protein (Wu et al., 2012).   

 

8. Statistical Analysis  

Statistical analysis was performed using GraphPad Prism Software version 8.1.1. 

(GraphPad Software, La Jolla California USA). Results are presented as mean ± 

standard error of mean (SEM). Significance level was set for p value < 0.05 in all tests. 

Unpaired Student’s t-test was used for comparisons between two independent 

groups. For comparisons between two or more groups a two-way analysis of variance 

(ANOVA) was used followed by a post hoc Sidak’s multiple comparison test. A chi-

square test was used for analysis of search strategies in the MWM test. Each result was 

analysed for outlier values, by a ROUT method with a Q = 1%, and any outlier detected 

was excluded from the results. 
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Results 

1. Behaviour Characterization of 6 Months Old Female 

APP/PS1 Mice 

APP/PS1 mice were first characterized by behaviour analysis for a phenotype 

confirmation of AD-like pathology. Thus, at 6 months of age, female APP/PS1 and WT 

littermates mice were submitted to various tests that assess memory and mood. 

In the open field test, locomotion and anxiety-like behaviour are evaluated (Hall, 

1934). No alterations in total distance travelled (WT: 17.2 ± 2.0 m; APP/PS1: 18.9 ± 1.2 

m; p=0.5824; n=6-34; Fig. 10a), and maximum speed (WT: 0.25 ± 0.01 m/s; APP/PS1: 

0.30 ± 0.01 m/s; p=0.0591; n=6-34; Fig. 10b), were observed between genotypes, 

indicating that mice’s locomotion is not compromised. APP/PS1 mice spent less time in 

the center of the apparatus than WT mice (WT: 33.4 ± 12.4%; APP/PS1: 13.5 ± 1.7%; 

p=0.0036; n=6-34; Fig. 10b), which could be an indicator of anxiety, while no alterations 

were found in the number of entries in the center of the arena between genotypes (WT: 

52.6 ± 1.5; APP/PS1: 34.8 ± 3.6; p=0.0664, n=5-34, Fig. 10d). 

Anxiety-like behaviour is further assessed in the EPM test, in which APP/PS1 

mice spent less time in the open arms of the apparatus than WT mice (WT: 25.1 ± 5.3%; 

APP/PS1: 11.9 ± 2.1%; p=0.0214, n=6-34; Fig. 10f). Furthermore, APP/PS1 mice also 

entered less times in the open arms compared to control mice (WT: 12.3 ± 3.8; APP/PS1: 

5.3 ± 0.9; p=0.0100; n=6-34; Fig. 10g), thus supporting the idea that APP/PS1 seem to 

be more anxious than WT mice.  

To assess memory and learning, modified Y-Maze, OD test and OR test were 

used. Both modified Y-Maze and OD test are used to assess spatial memory. The OR 

test assesses declarative memory. 

In the modified Y-Maze, APP/PS1 mice spent less time in the novel arm than WT 

mice (WT: 37.0 ± 5.2%; APP/PS1: 26.2 ± 1.5%; p=0.0121; n=6-33; Fig. 10e). 

In the OD and OR tests, a preference index is used to identify mice’s potential 

preference for one of the objects. Since two objects are displayed, a baseline of 50% is 

applied for results interpretation. Thus, a preference index of 50% means there is no 

preference for any object; below 50%, the mice prefer the familiar object; and above 50% 

mice prefer the novel object (Antunes & Biala, 2011). Mice have a natural preference for 

novelty as they can remember the familiar object (Antunes & Biala, 2011). 
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No alterations were found between APP/PS1 and WT mice in the preference 

indexes of the OD (WT: 47.9 ± 6.7%; APP/PS1: 41.2 ± 4.6%; p=0.5513; n=6-32; Fig. 

10h) and OR tests (WT: 58.2 ± 6.8%; APP/PS1: 50.2 ± 3.3%; p=0.3325; n=6-32; Fig. 

10i).  

Overall, these results show that APP/PS1 display anxiety-like behaviours and 

their spatial memory is mildly impaired. 
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Figure 10 - Behaviour analysis of 6 months old female APP/PS1 mice. In the open field test, total distance travelled in meters (a.) the maximum 

speed reached in meters by seconds (b.) percentage of time spent in the center of the open field arena (c.) and number of entries in the center of the 

arena (d.) were evaluated. In the Modified Y-Maze, we evaluated the percentage of time spent in the novel arm of the maze (e.). In the Elevated Plus 

Maze, we registered the percentage of time spent in the open arms of the maze (f.) and the number of entries in the open arms (g.). The displacement 

index is calculated in the Object Displacement test (h.) and the recognition index is assessed in the Object Recognition Test (i.). * p< 0.05; ** p< 

0.005, using a Student’s unpaired t-test. Values are mean ± SEM of 5-6 WT and 32-34 APP/PS1 mice. A significant decrease in the percentage of 

time spent in the center of the open field arena in the OF test, the percentage of time spent in the novel arm of the maze in the Modified Y-Maze test, 

the percentage of time spent in the open arms and number of entries in the open arms of the maze in the EPM test was found in APP/PS1 mice 

compared to control WT mice. 
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2. Neurochemical Characterization of 6 Months Old Female 

APP/PS1 Mice  

After behaviour characterization, female APP/PS1 and wild-type C57BL/6 

littermates with 6 months were sacrificed and their cortices were used for preparation of 

synaptosomes.  

Synaptosomes are isolated nerve terminals that reseal after separation from the 

axon. These structures retain the post-synaptic density, a protein specialization. The 

synaptosomes prepared are viable and are composed by cytoplasm, synaptic vesicles, 

few mitochondria and cytoskeleton (Dunkley, 2008; Evans, 2015). 

Synaptosomal extracts were then used for estimating the densities of various 

protein involved in the cell’s metabolism, autophagy and mitochondria dynamics, by 

Western blotting. 

Sirtuins are involved in the cell’s metabolism, their activity being influenced by 

NAD+ levels in the cell (Rizzi & Roriz-Cruz, 2018). We analysed SIRT1, a nuclear sirtuin, 

and SIRT3, a mitochondrial sirtuin. No alterations were observed in SIRT1 levels in 

APP/PS1 mice compared to WT mice (WT: 100.0 ± 3.0%; APP/PS1: 85.8 ± 7.2%; 

p=0.0617; n=4-8; Fig. 11a) nor in SIRT3 (WT: 100.0 ± 2.4%; APP/PS1: 85.8 ± 12.5%; 

p=0.4271; n=4-7; Fig. 11b). 

AMPK is a sensor and regulator of cell’s energy. AMPK levels are not altered in 

APP/PS1 mice compared to WT mice (WT: 100.0 ± 6.0%; APP/PS1: 134.9 ± 16.9%; 

p=0.2547; n=3-8; Fig. 11c). Furthermore, there is no alteration in phosphorylated AMPK 

levels between genotypes (WT: 100.0 ± 15.4%; APP/PS1: 74.3 ± 24.5%; p=0.4337; n=4-

5; Fig. 11d), indicating that in APP/PS1 there are no changes in activation of AMPK 

through phosphorylation.   

As for SESN2, a stress-response protein, no changes were observed between 

genotypes (WT: 100.0 ± 14.2%; APP/PS1: 66.9 ± 15.0%; p=0.1740; n=5-9; Fig. 11e) 

To evaluate autophagy in AD, we determined LC3-I and LC3-II levels in 

synaptosomes. Interestingly, LC3-I is increased in APP/PS1 mice compared to WT mice 

(WT: 100.0 ± 5.4%; APP/PS1: 142.1 ± 12.7%; p=0.0355; n=5-9; Fig. 11f), while no 

alterations in LC3-II levels were found (WT: 100.0 ± 5.6%; APP/PS1: 144.0 ± 34.4%; 

p=0.2750; n=3; Fig. 11g). However, for a reliable indication of autophagic flux, the LC3-

II/LC3-I ratio must be calculated. We found no alterations in the LC3-II/LC3-I ratio 
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between APP/PS1 and WT mice (WT: 1.02 ± 0.04; APP/PS1: 0.91 ± 0.15; p=0.5029; 

n=3; Fig. 11h). 

To explore potential alterations in the mitochondria dynamics, we assessed 

MFN2 density in synaptosomes. We found that mitochondrial fusion is presumably not 

altered in APP/PS1 mice compared to WT mice, as no alteration in MFN2 levels are 

observed (WT: 100.0 ± 5.5%; APP/PS1: 78.1 ± 7.3%; p=0.0782; n=4-8; Fig. 11i). 

Overall, these results indicate that, cortical synapses of 6 months old APP/PS1 

mice do not show an apparent impairment in the metabolism, autophagy and 

mitochondrial fusion.  
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Figure 11 - Relative density of proteins a. SIRT1, b. SIRT3, c. AMPK, d. pAMPK, e. SESN2, f. LC3-I, g. LC3-II, h. 

LC3-II/LC3-I, i. MFN2 in cortical synaptosomes of 6 months old female APP/PS1. GAPDH was used as a loading 

control, thus results as presented as a ratio between the density of the protein of interest and GAPDH. Results are 

presented as a percentage of values of control mice (WT), which was designated 100%. * p<0.05, using a Student’s 

unpaired t-test. Values are mean ± SEM of 3-5 WT and 3-9 APP/PS1 mice. No significant alterations were found in 

the levels of these proteins, except for LC3-I, where a significant increase was observed in APP/PS1 mice compared 

to control WT mice. 
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We evaluated synaptic protein markers as, in AD, loss of these markers is 

correlated with cognitive decline (Arendt, 2009). Therefore, levels of pre-synaptic 

membrane proteins SNAP-25 and syntaxin, synaptic vesicles membranes and extra-

synaptic protein synaptophysin and post-synaptic membrane protein PSD-95, were 

estimated by Western blotting. Nor SNAP-25 (WT: 100.0 ± 50.2%; APP/PS1: 80.5 ± 

17.8%; p=0.7001, n=4-5, Fig. 12a) nor synaptophysin (WT: 100.0 ± 8.2%; APP/PS1: 

110.1 ± 13.2%; p=0.6209, n=4-8; Fig. 12c) levels were altered in APP/PS1 mice. On the 

other hand, syntaxin levels were decreased in APP/PS1 mice in comparison with WT 

(WT: 100.0 ± 0.4%; APP/PS1: 66.4 ± 5.2%; p=0.0030, n=3-5; Fig. 12b) and PSD-95 

levels were increased in APP/PS1 mice (WT: 100.0 ± 4.4%; APP/PS1: 151.5 ± 14.9%; 

p=0.0401, n=4-8; Fig. 12d). 

A summary of the alterations found in cortical synapses of 6 months old APP/PS1 

female mice is presented in Table 9. 
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Figure 12 - Relative density of synaptic markers in cortical synaptosomes of 6 months old female APP/PS1 mice. 

Immunocontent of a. SNAP-25, b. syntaxin, c. synaptophysin and d. PSD-95. GAPDH was used as a loading 

control, thus results as presented as a ratio between the density of the protein of interest and GAPDH. Results are 

presented as a percentage of values of control mice (WT), which was designated 100%; * p<0.05; ** p<0.005, 

using a Student’s unpaired t-test. Values are mean ± SEM of 3-4 WT and 5-8 APP/PS1 mice.  A significant decrease 

in the levels of syntaxin, and a significant increase in the levels of PSD-95 was found in APP/PS1 mice compared 

to control WT mice. No significant alterations were found in the levels of SNAP-25 and synaptophysin in APP/PS1 

mice.  
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Table 9 - Summary of the alterations of levels of SIRT1, SIRT3, SESN2, AMPK, pAMPK, MFN2, LC3 and synaptic proteins 

SNAP-25, syntaxin, synaptophysin and PSD-95 in cortical synaptosomes of 6 months old female APP/PS1 mice 

compared to control WT mice; = represents no alterations found, ↑ represents an increase and ↓ represents a decrease. 

 

  

 Cortical synaptosomes of 6 months old mice 

Protein 
Process involved 

or localization 
ΔAPP/PS1 vs. WT 

SIRT1 Metabolism = 

SIRT3 Metabolism = 

SESN2 Stress response = 

AMPK Sensor of energy = 

pAMPK Sensor of energy = 

MFN2 
Mitochondria 

fusion 
= 

LC3-I 

LC3-II 

LC3-II/LC3-I 

Autophagy 

↑ 

= 

= 

SNAP-25 Pre-synaptic  = 

Syntaxin Pre-synaptic  ↓ 

Synaptophysin 

Pre-synaptic 

vesicle and extra-

synaptic  

= 

PSD-95 Post-synaptic  ↑ 
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3. Behaviour Characterization of 9 Months Old Female APP/PS1 

Mice 

Behaviour analysis were conducted in 9 months old female APP/PS1 mice and 

WT littermates, with tests assessing spatial memory, anxiety-like behaviour and fear 

being performed.  

In the OF test, no differences between APP/PS1 and WT were observed in total 

distance travelled in the apparatus (WT: 20.3 ± 2.4 m; APP/PS1: 15.2 ± 2.2 m; p=0.2160, 

n=5-13; Fig. 13a) nor in the maximum speed reached (WT: 0.30 ± 0.01 m/s; APP/PS1: 

0.26 ± 0.02 m/s; p=0.1899, n=5-13; Fig. 13b), which means APP/PS1 mice do not have 

overt motor impairments. APP/PS1 mice show anxiety-like behaviour when compared 

with WT mice as they spent less time in the center area of the OF arena (WT: 27.9 ± 

6.2%; APP/PS1: 4.9 ± 1.4%; p=0.0003, n=5-10; Fig. 13c) and entered the center area 

less number of times (WT: 71.2 ± 8.0; APP/PS1: 24.3 ± 4.4; p<0.0001, n=5-13; Fig. 13d). 

However, in the EPM test, no differences were observed in the time spent in the open 

arm of the apparatus (WT: 8.0 ± 3.3%; APP/PS1: 3.0 ± 1.1%; p=0.0824; n=5-11; Fig. 

13f) nor in the number of entries in said arm (WT: 2.4 ± 1.2; APP/PS1: 1.4 ± 0.3; 

p=0.2733; n=5-13; Fig. 13g) between APP/PS1 and WT mice.  

For assessment of spatial memory, the modified Y-Maze test was performed, and 

no differences were observed in the time spent in the novel arm of the maze between 

APP/PS1 and WT mice (WT: 31.4 ± 6.8%; APP/PS1: 30.3 ± 4.7%; p=0.9023; n=5-13; 

Fig. 13e). 
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For a further memory characterization, to assess spatial reference memory and 

learning, the Morris Water Maze test was used (n=4-8). A visual acuity test was 

performed in the MWM as control for the test. The platform was made visible and latency 

to reach the platform was evaluated. Two criteria were defined: first, 4 trials were 

performed but only the last 2 were analysed; second, mice that took longer than 20 

seconds to reach the platform were excluded from further analysis.  

Figure 13 - Behaviour analysis of 9 months old female APP/PS1 mice. In the open field test, total distance travelled in meters (a.), the 

maximum speed reached in meters by seconds (b.), percentage of time spent in the center (c.) and number of entries in the center of the 

open field arena (d.)  were evaluated. In the Modified Y-Maze, we evaluated the percentage of time spent in the novel arm of the maze (e.). 

In the Elevated Plus Maze, we registered the percentage of time spent in the open arms of the maze (f.) and the number of entries in the 

open arms (g.). *** p< 0.0005; **** p< 0.0001 using a Student’s unpaired t-test. Values are mean ± SEM of 5 WT and 10-13 APP/PS1 mice.  

A significant decrease in the percentage of time spent in the center of the open field arena and number of entries in the center of the open 

field arena in the OF test, was found in APP/PS1 mice compared to control WT mice.  
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During the spatial acquisition, latency to reach the platform was evaluated. Over 

the days of this phase, latency to reach the platform decreased in both APP/PS1 (day 1: 

60.0 ± 0.0 s; day 6: 44.3 ± 6.0 s; p=0.0061; n=8; Fig. 15a) and control mice (day 1: 60.0 

± 0.0 s; day 6: 11.0 ± 3.3 s; p<0.0001; n=4; Fig. 14a). Furthermore, after 6 days of 

training, control mice reached in platform in less than 20 seconds, which was the pre-

defined latency used for considering learning. However, APP/PS1 mice, on the same 

day, take double the time to reach the platform (p=0.0006, n=4-8, Fig. 14a).  

On the probe day, 24 hours after the last spatial acquisition day, the platform was 

removed to assess mice’s memory retention. Firstly, to detect spatial bias the time spent 

in each quadrant was evaluated. Mice would spend more time in the quadrant where the 

platform in the acquisition phase was than in the other quadrants. However, no 

preference for one of the quadrants was detected (Fig. 14b). Secondly, the number of 

crossings in the site where the platform was in the acquisition phase were evaluated. 

Mice that cross the platform’s site numerous times are mice that learned its position even 

if no sensory cue, as touching the platform, are present. APP/PS1 mice crossed the site 

of the platform less times than control mice (WT: 4.5 ± 1.2; APP/PS1: 1.4 ± 0.5; 

p=0.0183, n=4-8, Fig. 14c). All together, these results suggest that APP/PS1 mice have 

a spatial memory and learning impairment, as they showed slower learning of the 

platform localization, and affected spatial memory of its position. 

In this test, thigmotaxic behaviour could also be evaluated and used for assessing 

anxiety. Thus, time spent swimming close to the maze walls was evaluated. APP/PS1 

mice spent significantly more time swimming close to walls than control mice (WT: 11.4 

± 2.4 s; APP/PS1: 29.0 ± 3.8 s; p=0.0121, n=4-8, Fig. 14d), indicating that APP/PS1 mice 

are more anxious than WT mice.   

On the probe day, search strategies used to find the site of the platform were also 

evaluated to determine if each mice’s capacity to locate the platform was done by using 

a hippocampal or non-hippocampal dependent strategy.  

Here, we observed that control mice use mostly hippocampus-dependent 

strategies (75%) while APP/PS1 mice use non hippocampus-dependent and 

hippocampus-dependent strategies equally (50%) (p=0.0003, n=4-8, Fig. 

14e). Representative figures of the search strategies observed are present in Figure 15. 
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Figure 14 - Morris Water Maze test, performed with 9 months old female APP/PS1 mice. a. Latency to reach the platform during the 6 

days of the test. b. Percentage of time spent in each quadrant during the probe day. During acquisition, the platform was in the SW 

quadrant. c. Number of crossings in the platform site in the probe day. d. Time spent swimming close to the walls. e. Percentage of 

animals that used a hippocampus-dependent of non hippocampus-dependent search strategy for the platform during the probe trial. * 

p<0.05, by a Student’s unpaired t-test; *** p<0.001, by a Two-way ANOVA test, followed by a post hoc Sidak’s multiple comparison test 

or a Chi-square test; A Two-Way ANOVA followed by a multiple comparisons test was used to analyse the percentage of time spent in 

each quadrant during the probe day; a Student’s unpaired t-test  was used to analyse the number of crossings in the platform site in the 

probe day and the time spent swimming close to the walls and a Chi-square test was used to analyse the percentage of animals that 

used a hippocampus-dependent of non-hippocampus dependent search strategy for the platform during the probe trial. Values are mean 

± SEM of 4 WT and 8 APP/PS1 mice 



 
FCUP 

Synaptic Senescence in Alzheimer’s Disease 
59 

 

A reversal test was performed after the probe trial. In this test, the platform is 

moved to the opposite quadrant, and mice’s ability to re-learn the platform’s position is 

assessed. Latency to reach the platform decreases from day 1 to day 2 in both control 

(day 1: 23.6 ± 6.9 s; day 2: 11.4 ± 2.0 s; n=4) and APP/PS1 mice (day 1: 53.9 ± 4.6 s; 

day 2: 50.0 ± 3.3 s; n=8) (Figure 16), with WT mice finding the platform in less than 20 

seconds right in the second day of test. On this last day, APP/PS1 mice latency to reach 

the platform is higher than WT mice (p<0.0001).  

Overall, APP/PS1 mice seem to have a learning impairment compared to control 

mice.  

 

 

a b 

c 

Figure 15 – Representative examples of the search strategies obtained in the MWM test using the AnyMaze software. a. A hippocampus-

dependent strategy, defined as focal search. b. A non hippocampus-dependent strategy, defined as random search. c. Thigmotaxis, 

which is considered a non-hippocampus dependent strategy. The blue dot represents the mice’s location at the beginning of the trial and 

the red dot represents mice’s location at the end of the trial. The blue line is mice’s path during the trial. 
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A fear conditioning test was used to assess the connection between emotion, 

memory and learning. This test is based on the creation of an association between a 

neutral and a noxious stimulus, that involved the basolateral amygdala and the 

hippocampus (LeDoux, 2000). 

During the acquisition phase, the percentage of time spent in freezing behaviour 

is analysed. No differences were found between APP/PS1 and control mice (Figure 17a).  

In the next day, context conditioning was evaluated. For that, the same conditions 

for the acquisition phase were kept, except that no tone or shock was delivered. 

APP/PS1 mice spent more time freezing in minute 4 of the test than control mice (WT: 

27.7 ± 6.8%; APP/PS1: 66.2 ± 9.0%; p=0.0292; n=4-12; Figure 17b). 

In the final day of testing, a cue test was performed. The same conditions of the 

acquisition phase were kept, except that the context of the chamber was altered. 

APP/PS1 mice have a higher percentage of time spent freezing than control mice in the 

habituation phase of the test (WT: 5.2 ± 2.1%; APP/PS1: 22.2 ± 4.9%; p=0.0345, n=4-

12; Fig. 17c). This could be an indicator that APP/PS1 generalize fear to other contexts. 

During the test, no differences were found between control and APP/PS1 in the 

percentage of time spent in freezing behaviour. 

  

Figure 16 - Latency to reach the platform during the 2 days of the reversal trials of the Morris Water Maze test, performed 

with 9 months old female APP/PS1 mice. **** p < 0.0001, by a Two-way ANOVA test, followed by a post hoc Sidak’s 

multiple comparison test. Values are mean ± SEM of 4 WT and 8 APP/PS1 mice. 
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Figure 17 - Fear Conditioning Test with 9 months old female APP/PS1 mice. a. Percentage of time spent in freezing in the acquisition 

phase. b. Percentage of time spent in freezing in the Context Fear Conditioning. c. Percentage of time spent in freezing in the Cued 

Fear Conditioning. * p < 0.05, by a Two-Way ANOVA followed by a post hoc Sidak’s multiple comparisons test. Values are mean ± 

SEM of 4 WT and 12 APP/PS1 mice. Hab – Habituation phase of the test; S1-4 and T1-4 – Time-points of freezing evaluation.  
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4. Neurochemical Characterization of 9 Months Old Female 

APP/PS1 Mice 

Given the results of Western blotting of APP/PS1 mice with 6 months old, a new 

analysis was performed with APP/PS1 mice with 9 months old. The cortices of APP/PS1 

female mice and WT littermates were used for preparation of synaptosomes and total 

protein extracts. As the latter englobe proteins from different cortical cells, the 

comparison of these extracts allows concluding on enrichment of the tested proteins. 

SIRT1 is decreased in both the synaptosomes (WT: 100.0 ± 15.5%; APP/PS1: 

66.1 ± 6.1%; p=0.0466; n=4-6; Fig. 18a) and total protein extracts (WT: 100.0 ± 4.6%; 

APP/PS1: 69.3 ± 5.6%; p=0.0026; n=5-7; Fig. 19a) of APP/PS1 mice compared to WT 

mice. As for SIRT3, no alterations were found in its levels in either synaptosomes (WT: 

100.0 ± 12.5%; APP/PS1: 120.7 ± 12.0%; p=0.2699; n=5-7; Fig. 18b) or total protein 

extracts (WT: 100.0 ± 2.9%; APP/PS1: 110.3 ± 6.4%; p=0.2284; n=5-7; Fig. 19b). 

Density levels of AMPK were found to be unaltered in synaptosomes of APP/PS1 

mice compared to WT mice (WT: 100.0 ± 13.6%; APP/PS1: 95.8 ± 3.7%; p=0.7354; n=5-

7; Fig. 18c) as well as in total extracts (WT: 100.0 ± 2.4%; APP/PS1: 67.7 ± 13.0%; 

p=0.0673; n=5-7; Fig. 19c). However, phosphorylated AMPK levels were decreased in 

synaptosomes of APP/PS1 mice compared to WT mice (WT: 100.0 ± 17.8%; APP/PS1: 

57.7 ± 4.0%; p=0.0212; n=5-7; Fig. 18d), but no alterations were found in total protein 

extracts between genotypes (WT: 100.0 ± 13.5%; APP/PS1: 165.1 ± 36.3%; p=0.1783; 

n=5-7; Fig. 19d). As AMPK and pAMPK were not immunoblotted in the same 

membranes, a ratio between AMPK and pAMPK could not be calculated. 

Additionally, SESN2 levels are not altered in synaptosomes of APP/PS1 mice 

compared to WT mice (WT: 100.0 ± 15.5%; APP/PS1: 81.3 ± 7.7%; p=0.3123; n=5; Fig. 

18e). However, a decrease in the SESN2 levels was found in total protein extracts of 

APP/PS1 compared to WT mice (WT: 100.0 ± 8.4%; APP/PS1: 69.8 ± 7.0%; p=0.0202; 

n=5-7; Fig. 19e).  

Unfortunately, in 9 months old APP/PS1 mice only LC3-I could be analysed. 

Thus, with lacking analysis of LC3-II levels and LC3-II/L3-I ratio levels, we cannot infer 

information on the autophagic flux of the cell. However, we did find that LC3-I levels are 

not alter in both synaptosomes (WT: 100.0 ± 11.3%; APP/PS1: 88.4 ± 9.0%; p=0.4375; 

n=5-6; Fig. 18f) and total protein extracts (WT: 100.0 ± 7.0%; APP/PS1: 104.7 ± 4.1%; 

p=0.5588; n=5-6; Fig. 19f) 
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MFN2 levels were also determined, as MFN2 is involved in mitochondria fusion. 

No alteration of MFN2 levels were found in synaptosomes in APP/PS1 mice (WT: 100.0 

± 5.5%; APP/PS1: 97.3 ± 10.1%; p=0.8405; n=5-7; Fig. 18g). However, MFN2 levels are 

decreased in total protein extracts in APP/PS1 mice compared to WT mice (WT: 100.0 

± 3.8%; APP/PS1: 75.3 ± 4.8%; p=0.0037; n=5-7; Fig. 19g).  
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Figure 18 - Relative density of proteins a. SIRT1, b. SIRT3, c. AMPK, d. pAMPK, e. SESN2, f. LC3-I, g. MFN2 in cortical 

synaptosomes of 9 months old female APP/PS1 mice. GAPDH was used as a loading control, thus results as presented 

as a ratio between the density of the protein of interest and GAPDH. Results are presented as a percentage of values of 

control mice (WT), which was designated 100%. * p<0.05, using a Student’s unpaired t-test. Values are mean ± SEM of 

4-5 WT and 5-7 APP/PS1 mice.  A significant decrease in the levels of SIRT1, pAMPK and SESN2 were found in APP/PS1 

mice compared to control WT mice.  No significant alterations were found in the levels of SIRT3, AMPK, LC3-I and MFN2. 



 
FCUP 

Synaptic Senescence in Alzheimer’s Disease 
65 

 
 

Figure 19 - Relative density of proteins a. SIRT1, b. SIRT3, c. AMPK, d. pAMPK, e. SESN2, f. LC3-I, g. MFN2 in 

cortical protein extracts of 9 months old female APP/PS1 mice. GAPDH was used as a loading control, thus results as 

presented as a ratio between the density of the protein of interest and GAPDH. Results are presented as a percentage 

of values of control mice (WT), which was designated 100%. * p<0.05, using a Student’s unpaired t-test. Values are 

mean ± SEM of 4-5 WT and 6-7 APP/PS1 mice.  A significant decrease in the levels of SIRT1, SESN2 and MFN2 were 

found in APP/PS1 mice compared to control WT mice.  No significant alterations were found in the levels of SIRT3, 

AMPK, pAMPK and LC3-I. 
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At 9 months old, an evaluation of synaptic proteins markers was performed. We 

found that there was no alteration in the levels of SNAP-25 (WT: 100.0 ± 3.9%; APP/PS1: 

113.6 ± 4.4%; p=0.0520; n=5-7; Fig. 20a), syntaxin (WT: 100.0 ± 1.8%; APP/PS1: 118.4 

± 9.2%; p=0.1276; n=5-7; Fig. 20b), synaptophysin (WT: 100.0 ± 12.7%; APP/PS1: 114.5 

± 5.5%; p=0.3270; n=5; Fig. 20c) and PSD-95 (WT: 100.0 ± 3.7%; APP/PS1: 91.9 ± 

5.1%; p=0.2835; n=4-6; Fig. 20d). These results indicate that at this time point the 

animals do not seem to display a loss of synaptic proteins in viable synapses in the 

cerebral cortex. 
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A summary of the alterations found in cortical synapses of female APP/PS1 at 9 

months old is presented in Table 10. 

 

 

 

 

 

Figure 20 - Relative density of synaptic markers in cortical synaptosomes of 9 months old female APP/PS1 mice. 

Immunocontent of a. SNAP-25, b. syntaxin, c. synaptophysin and d. PSD-95. GAPDH was used as a loading control, thus 

results as presented as a ratio between the density of the protein of interest and GAPDH. Results are presented as a 

percentage of values of control mice (WT), which was designated 100%. A Student’s unpaired t-test was performed and 

significance of 0.05 was not reached in any analysis. Values are mean ± SEM of 4-5 WT and 5-7 APP/PS1 mice.   
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Table 10 - Summary of the alterations of levels of SIRT1, SIRT3, SESN2, AMPK, pAMPK, MFN2, LC3 and synaptic 

proteins SNAP-25, syntaxin, synaptophysin and PSD-95 in cortical synaptosomes and cortical total protein extracts of 9 

months old female APP/PS1 mice compared to control WT mice; = represents no alterations found, ↑ represents an 

increase and ↓ represents a decrease. 

 

 

 

 

 

 

 

 

 

  

 
Cortical synaptosomes of 9 

months old mice 

Cortical total protein extracts 

of 9 months old mice 

Protein 
Process involved or 

localization 
ΔAPP/PS1 vs. WT 

SIRT1 Metabolism ↓ ↓ 

SIRT3 Metabolism = = 

SESN2 Stress response = ↓ 

AMPK Sensor of energy = = 

pAMPK Sensor of energy ↓ = 

MFN2 Mitochondria fusion = ↓ 

LC3 Autophagy = = 

SNAP-25 Pre-synaptic = 

Syntaxin Pre-synaptic = 

Synaptophysin 
Pre-synaptic vesicle 

and extra-synaptic  
= 

PSD-95 Post-synaptic = 
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5. Neurochemical Characterization of Aβ1-42-Injected Mice (14 Days) 

To understand if different models of AD exhibit the same alterations in cerebral 

cortical synapses, a mouse model of AD that was subject to a Aβ1-42 injection was used. 

Sacrifice of the animals occurred 14 days after the injection. Cortical synaptosomes and 

total protein extracts were prepared and used for Western blotting analysis.  

No alterations were found in levels of SIRT1 in synaptosomes between Aβ1-42- 

injected mice (Aβ) and control mice injected with a saline solution (vehicle mice, VEH) 

(VEH: 100.0 ± 12.4%; Aβ: 113.5 ± 21.5%; p=0.5824; n=7-8; Fig. 21a). Levels of SIRT3 

were also not altered between Aβ1-42-injected and VEH animals, in synaptosomes (VEH: 

100.0 ± 6.1%; Aβ: 107.1 ± 8.2%; p=0.4893; n=8-10; Fig. 21b) nor in total protein extracts 

(VEH: 100.0 ± 8.0%; Aβ: 80.3 ± 12.6%; p=0.2152; n=6; Fig. 22a) of Aβ1-42-injected mice. 

As for SESN2 density in Aβ1-42-injected mice, no alterations were found in both 

synaptosomes (VEH: 100.0 ± 0.8%; Aβ: 87.6 ± 7.0%; p=0.1954; n=3-4; Fig. 21e) or total 

protein extracts (VEH: 100.0 ± 5.6%; Aβ: 111.7 ± 26.7%; p=0.6802; n=5; Fig. 22b).  

In synaptosomes, no alterations were found in AMPK density (VEH: 100.0 ± 

11.9%; Aβ: 131.9 ± 32.7%; p=0.2663; n=4-10; Fig. 21c), nor in phosphorylated AMPK 

density (VEH: 100.0 ± 11.6%; Aβ: 68.1 ± 9.6%; p=0.0614; n=7-9; Fig. 21d) in the Aβ1-42-

injected mice.  

Furthermore, levels of MFN2 were not altered in synaptosomes of the Aβ1-42-

injected mice (VEH: 100.0 ± 2.3%; Aβ: 98.9 ± 6.0%; p=0.8510; n=7-9; Fig. 21g).  

Finally, we could only evaluate LC3-I levels, which we found to be not altered 

both in synaptosomes (VEH: 100.0 ± 3.2%; Aβ: 93.5 ± 7.9%; p=0.4215; n=08-10; Fig. 

21f) and total protein extracts (VEH: 100.0 ± 7.3%; Aβ: 138.4 ± 17.8%; p=0.1326; n=4-

6; Fig. 22c) in Aβ1-42-injected mice. 
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Figure 21 - Relative density of proteins a. SIRT1, b. SIRT3, c. AMPK, d. pAMPK, e. SESN2, f. LC3-I and g. MFN2 in cortical 

synaptosomes of the Aβ1-42-injected model mice of AD, prepared 14 days after injection. GAPDH was used as a loading 

control, thus results as presented as a ratio between the density of the protein of interest and GAPDH. Results are presented 

as a percentage of values of control mice (vehicle), which was designated 100%. A Student’s unpaired t-test was performed 

and significance of 0.05 was not reached in any analysis. Values are mean ± SEM of 3-10 WT and 4-8 APP/PS1 mice.   
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Levels of synaptic protein markers were evaluated by Western blotting. An 

increase in pre-synaptic proteins SNAP-25 (VEH: 100.0 ± 1.1%; Aβ: 163.3 ± 27.1%; 

p=0.0184; n=8-10; Fig. 23a) and syntaxin (VEH: 100.0 ± 2.1%; Aβ: 215.6 ± 39.3%; 

p=0.0045; n=8-10; Fig. 23b) was found in Aβ1-42-injected mice compared to VEH mice. 

Furthermore, an increase in pre-synaptic vesicles membrane-bound protein 

synaptophysin (VEH: 100.0 ± 3.8%; Aβ: 181.4 ± 43.6%; p=0.0401; n=7-10; Fig. 23c) and 

an increase in post-synaptic protein PSD-95 (VEH: 100.0 ± 4.0%; Aβ: 178.5 ± 34.4%; 

p=0.0216; n=8-10; Fig. 23d) were also found in Aβ1-42-injected mice compared to VEH 

mice. 

 

Figure 22 - Relative density of proteins a. SIRT3, b. SESN2 and c. LC3-I in cortical protein total extracts of Aβ1-42-injected 

model mice of AD, prepared 14 days after injection. A Student’s unpaired t-test was performed and significance of 0.05 

was not reached in any analysis. GAPDH was used as a loading control, thus results as presented as a ratio between the 

density of the protein of interest and GAPDH. Results are presented as a percentage of values of control mice (vehicle), 

which was designated 100%. Values are mean ± SEM of 4-6 WT and 5-6 APP/PS1 mice.   
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Figure 23 - Relative density of synaptic markers in cortical synaptosomes of Aβ1-42-injected model mice of AD, prepared 

14 days after injection. Immunocontent of a. SNAP-25, b. syntaxin, c. synaptophysin and d. PSD-95. * p< 0.05; ** p< 

0.005, using a Student’s unpaired t-test. GAPDH was used as a loading control, thus results as presented as a ratio 

between the density of the protein of interest and GAPDH. Results are presented as a percentage of values of control mice 

(vehicle), which was designated 100%. Values are mean ± SEM of 10 WT and 7-8 APP/PS1 mice. A significant increase 

in the levels of SNAP-25, syntaxin, synaptophysin and PSD-95 was found in the Aβ injected mice compared to control 

mice 
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A summary of the alterations found in the Aβ1-42-injected mice model of AD, 14 

days after injection are presented in Table 11. 

 

Table 11 - Summary of the alterations of levels of SIRT1, SIRT3, SESN2, AMPK, pAMPK, MFN2, LC3 and synaptic 

proteins SNAP-25, syntaxin, synaptophysin and PSD-95 in cortical synaptosomes and cortical total protein extracts of the 

Aβ1-42 icv mice model of AD (14 days) compared to control mice; = represents no alterations found, ↑ represents an 

increase and ↓ represents a decrease. 

 

 

  

 

Cortical synaptosomes of 

Aβ1-42-injected mice (14 

days) 

Cortical total protein extracts 

of Aβ1-42-injected mice (14 

days) 

Protein 
Process involved or 

localization 
ΔAPP/PS1 vs. WT 

SIRT1 Metabolism =  

SIRT3 Metabolism = = 

SESN2 Stress response = = 

AMPK Sensor of energy =  

pAMPK Sensor of energy =  

MFN2 Mitochondria fusion =  

LC3-I Autophagy = = 

SNAP-25 Pre-synaptic ↑ 

Syntaxin Pre-synaptic ↑ 

Synaptophysin 
Pre-synaptic vesicle 

and extra-synaptic  
↑ 

PSD-95 Post-synaptic  ↑ 
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6. Neurochemical Characterization of Aβ1-42-Injected Mice (20 Days) 

Given the results obtained with the AD model with the injection of Aβ1-42 and 

sacrifice after 14 days, we decided to use two different time points to evaluate 

neurochemical alterations, thus using animals whose animal sacrifice occurred 20 days 

after Aβ1-42 injection. Cortical synaptosomes were prepared and used for Western blotting 

of the various potential senescence markers. 

We found no alterations in densities of the proteins related to metabolism SIRT1 

(VEH: 100.0 ± 10.1%; Aβ: 80.8 ± 7.8%; p=0.1646; n=6; Fig. 24a), SIRT3 (VEH: 100.0 ± 

6.8%; Aβ: 123.5 ± 37.1%; p=0.5979; n=4-5; Fig. 24b), SESN2 (VEH: 100.0 ± 8.1%; Aβ: 

82.6 ± 10.8%; p=0.2272; n=6; Fig. 24e) and pAMPK (VEH: 100.0 ± 10.9%; Aβ: 88.6 ± 

16.7%; p=0.5809; n=6; Fig. 24d) in synaptosomes of Aβ1-42-injected mice. In Figure 19c 

preliminary data of AMPK levels is presented (n=1-2).  

We found a decrease in MFN2 levels in synaptosomes of Aβ1-42-injected mice 

compared to VEH mice (VEH: 100.0 ± 15.0%; Aβ: 60.9 ± 7.4%; p=0.0417; n=6; Fig. 24i), 

which could suggest impaired mitochondria fusion. 

As for the autophagy marker, LC3, no alterations were found in both LC3-I (VEH: 

100.0 ± 14.9%; Aβ: 119.8 ± 4.0%; p=0.1981; n=3-4; Fig. 24f) nor LC3-II (VEH: 100.0 ± 

8.0%; Aβ: 117.9 ± 1.6%; p=0.0650; n=2-3; Fig. 24g) levels in synaptosomes of Aβ1-42-

injected mice. Furthermore, LC3-II/LC3-I ratio is also not altered in Aβ1-42-injected mice 

(VEH: 0.9 ± 0.1; Aβ: 1.2 ± 0.3; p=0.4091; n=2-3; Fig. 24h). 
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Figure 24 - Relative density of proteins a. SIRT1, b. SIRT3, c. AMPK, d. pAMPK, e. SESN2, f. LC3-I, g. LC3-II, h. LC3-

II/LC3-I and i. MFN2 in cortical synaptosomes of Aβ1-42-injected model mice of AD, prepared 20 days after injection. 

GAPDH was used as a loading control, thus results as presented as a ratio between the density of the protein of interest 

and GAPDH. Results are presented as a percentage of values of control mice (vehicle), which was designated 100%. 

Values are mean ± SEM of 2-6 WT and 1-6 APP/PS1 mice. * p< 0.05, using a Student’s unpaired t-test. No significant 

alterations were found in the levels of these proteins, except for MFN2, were a significant decrease was observed in Aβ 

injected mice compared to control. 
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Levels of synaptic protein markers SNAP-25, syntaxin, synaptophysin and PSD-

95 were estimated by Western blotting. No alteration was found in the levels of these 

proteins, suggesting that markers of synaptic dysregulation may not yet be present in 

cortical regions of this animal model (SNAP-25: VEH: 100.0 ± 15.1%; Aβ: 153.8 ± 33.6%; 

p=0.1548, n=5-6; Syntaxin: VEH: 100.0 ± 18.6%; Aβ: 185.7 ± 35.5%; p=0.0512, n=5-6; 

Synaptophysin: VEH: 100.0 ± 5.9%; Aβ: 132.3 ± 15.2%; p=0.0629, n=5-6; and PSD-95: 

VEH: 100.0 ± 19.7%; Aβ: 119.7 ± 32.3%; p=0.6002, n=5-6; Fig.25). 
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A summary of the alterations found in the cortical synapses of the Aβ1-42-injected 

model mice of AD, prepared 20 days after injection, is presented in Table 12. 
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Figure 25 - Relative density of synaptic markers in cortical synaptosomes of Aβ1-42-injected model mice of AD, prepared 

20 days after injection. Immunocontent and representative images of the Western blots analysis of a. SNAP-25, b. 

syntaxin, c. synaptophysin and d. PSD-95. GAPDH was used as a loading control, thus results as presented as a ratio 

between the density of the protein of interest and GAPDH. Results are presented as a percentage of values of control 

mice (vehicle), which was designated 100%. Values are mean ± SEM of 6 WT and 5 APP/PS1 mice. A Student’s unpaired 

t-test was performed and significance of 0.05 was not reached in any analysis 
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Table 12 - Summary of the alterations of levels of SIRT1, SIRT3, SESN2, AMPK, pAMPK, MFN2, LC3 and synaptic 

proteins SNAP-25, syntaxin, synaptophysin and PSD-95 in cortical synaptosomes and cortical total protein extracts of the 

Aβ1-42 icv mice model of AD (20 days) compared to control mice; = represents no alterations found, ↑ represents an 

increase and ↓ represents a decrease. 

 

  

 
Cortical synaptosomes of Aβ1-42-injected mice 

(20 days) 

Protein 
Process involved 

or localization 
ΔAPP/PS1 vs. WT 

SIRT1 Metabolism = 

SIRT3 Metabolism = 

SESN2 Stress response = 

AMPK Sensor of energy = 

pAMPK Sensor of energy = 

MFN2 
Mitochondria 

fusion 
↓ 

LC3-I 

LC3-II 

LC3-II/LC3-I 

Autophagy 

= 

= 

= 

SNAP-25 Pre-synaptic  = 

Syntaxin Pre-synaptic  = 

Synaptophysin 

Pre-synaptic 

vesicle and extra-

synaptic  

= 

PSD-95 Post-synaptic = 
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Discussion 

Aging is the major risk factor for neurodegenerative diseases, and with aging and 

neurodegenerative diseases it is observed an increase in cellular senescence (Martínez-

Cué & Rueda, 2020). AD starts with synaptic and mitochondrial dysfunctions, thus, 

understanding the molecular processes behind these early dysfunctions could help 

finding treatments for AD in its early stages (Selkoe, 2002; Swerdlow, 2018).  

Here, we assessed the levels of proteins related to metabolism, autophagy and 

mitochondrial dynamics, in cortical synaptosomes, in order to understand if they are 

related to the dysfunction characteristic of the synapses in AD.  

First, we performed a behaviour characterization of 6 months-old female 

APP/PS1 mice, a mice model of familial AD. It is known that females have a higher risk 

for AD than males (Andrew & Tierney, 2018). This time-point was chosen considering 

that, previously, Viana da Silva et al. (2016) conducted behaviour tests in male APP/PS1 

mice with 6 months and found that male mice already show an impairment in spatial 

memory, evaluated by the Y-maze test, as APP/PS1 mice spent less time exploring the 

novel arm of the apparatus. Furthermore, this model shows Aβ plaques at as early as 6 

months old (Jankowsky et al., 2003) 

Therefore, we conducted various behaviour tests which assess both memory and 

mood now in female mice. Overall, we found that APP/PS1 female mice are more 

anxious than WT mice, as indicated by the less time spent by APP/PS1 mice in the center 

of the OF arena, a thigmotactic behaviour, and the smaller number of entries and time 

spent in the open arms of the EPM. Thigmotaxis is a behaviour characterized by a 

preference for the spaces close to walls in favor of open spaces and can be useful as an 

indicator of anxiety (Simon et al., 1994). Rodents tend to avoid open unknown areas, 

giving preference for the periphery of the spaces they are in (Prut & Belzung, 2003). 

Thigmotaxis in the 5 minutes of the test is essential as it helps mice create a spatial 

representation of the apparatus to navigate the space (Simon et al., 1994). For a longer 

period of test, mice that spend more time in the center of the apparatus or have a 

decreased latency to enter the center of the apparatus can be perceived as anxious. 

Consistently, Cheng et al. (2013) found an increase in anxiety in male APP/PS1 mice 

with 7 months evaluated by the EPM test. 

On the other hand, 6 months old APP/PS1 female mice do not display notable 

memory impairments, as would be expected considering previous works with age-
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matched male mice (Viana da Silva, 2016). However, this could be justified by the 

intrinsic differences of male and female mice, how the breeding of the colony was 

performed and the genetic background of the colony.  

As AD starts with synaptic dysfunctions (Selkoe, 2002) and mitochondrial 

impairment is an early AD feature, we wanted to evaluate the estimated density of 

several metabolism related proteins in the synapses of APP/PS1 mice. Therefore, a 

Western blotting analysis was performed with synaptosomes obtained from the cerebral 

cortex of the animals.  

Surprisingly, except for LC3-I, no alterations were found in the estimated 

densities of SIRT1, SIRT3, SESN2, AMPK, pAMPK and MFN2. As for the LC3-I increase 

density that was observed in APP/PS1 female mice, it cannot be implied as an alteration 

of the autophagy process, as the autophagic flux is estimated by the LC3-II/LC3-I ratio, 

that was not altered between genotypes. LC3 is widely used as an autophagy marker. 

François et al., (2014), reported that in APP/PS1 (APPswe/PSEN1dE9) male mice with 

6 months no alterations in LC3-I and LC3-II levels in total cortical protein extracts were 

found. 

In APP/PS1 mice, glucose metabolism is first affected in the entorhinal cortex 

and hippocampus, before cognitive decline (Li et al., 2016). In these regions, an initial 

(2-3.5 months) hypermetabolism occurs, as a compensatory mechanism. Later (5-8 

months), the increase in glucose metabolism decreases, returning to basal values and 

then further decreases to a hypometabolism, due to neuron loss and Aβ overload (Li et 

al., 2016). Snellman et al. (2019) reported a trend in an increase in glucose uptake in 6 

months old APP/PS1 mice. As for human patients, during aging, a hypometabolism of 

glucose is reported in brain (Loessner et al., 1995). 

NMR analysis of metabolite profiles in the cortical synapses of APP/PS1 and 

control mice used in this study were performed by a teammate. They found no alteration 

in glucose consumption, lactate production nor the percentages of glycolysis and 

oxidation pathways (data not published), which suggests that metabolic activity is not 

altered in the cortical synapses of APP/PS1 mice at 6 months old.  

Therefore, our lack of alterations in the potential senescence markers could be 

explained by various factors. First, the overall lack of metabolic alteration in the cortex of 

APP/PS1 mice; Second, since females are biologically different from males, at the age 

chosen for these tests metabolic alterations could not be present yet or are restricted to 

sub-populations, that cannot be detected by the used techniques. 
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As synaptic loss is a prominent early feature in AD (Selkoe, 2002), we assessed 

levels of various synaptic markers. SNAP-25 is located in the pre-synaptic membrane in 

the synapses and throughout the axon (Hodel, 1998). Together with syntaxin and 

synaptobrevin, they form the soluble N-ethylmaleimide sensitive factor attachment 

receptors (SNARE) complex, that mediates calcium-triggered exocytosis and 

neurotransmission (Ramakrishnan et al., 2012).  

 PSD-95 is a component of the postsynaptic density (PSD), a postsynaptic 

specialization (Hunt et al., 1996). PSD-95 interacts with various receptors, ion channels 

and cell-adhesion molecules in the synapses and cytoplasmic signalling molecules (Kim 

& Sheng, 2004). Furthermore, PSD-95 is involved in synapse stabilization and plasticity 

(El-Husseini et al., 2000). 

Synaptophysin is a transmembrane protein associated with the membrane of 

synaptic vesicles (Thiel, 1993). Synaptophysin is essential for synaptic plasticity (Janz 

et al., 1999) and control of exocytosis (Edelmann et al., 1995). 

We found no alterations in the levels of SNAP-25 and synaptophysin, a decrease 

in the levels of syntaxin and an increase in the levels of PSD-95 in 6 months old APP/PS1 

mice. This deregulation in the levels of these synaptic markers could be an indicator of 

synaptic dysfunction.  

It seems that alterations of the levels if the synaptic markers are region-specific. 

For instance, Leuba et al. (2008) found that PSD-95 levels are increased and 

synaptophysin levels are decreased in the entorhinal cortex of AD patients, while Pham 

et al. (2010) found that PSD-95 levels are decrease in the frontal cortex of both AD 

patients and APP transgenic mice. Furthermore, Sultana et al. (2009) found a decrease 

in PSD-95 levels in the hippocampus of mild cognitive impairment (MCI) patients and 

Poirel et al. (2018) found that PSD-95 and synaptophysin expression levels decrease in 

the prefrontal cortex of AD patients with disease progression. Moreover, altered synaptic 

markers levels is more pronounced in the frontal cortices than in the parietal cortex 

(Reddy et al., 2005), and presynaptic markers are more affected than postsynaptic 

markers (de Wilde et al., 2016). 
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Overall, at 6 months old, female APP/PS1 mice display a mild impairment, a 

dysregulation of the synaptic markers levels and no alterations in metabolism-related 

proteins (except for LC3-I).  

Various works are published with this AD model behaviourally characterized by 

the MWM test, with reported impairments in learning in APP/PS1 mice as young as 4 

months old in males (Jardanhazi-Kurutz et al., 2011).  We chose 9 months old as the 

next time-point to test these animals under the assumption that the onset of behavioural 

and neurochemical alterations might occur later in females of this AD mouse model 

(Donkin et al., 2010; Gong et al., 2019). 

To understand if these APP/PS1 female mice have, in fact, a memory and/or 

mood alterations and could be used as an AD model, we performed the MWM test and 

FC test, in addition to the modified Y-Maze, EPM and OF tests performed at 6 months 

old, for a phenotype confirmation. As no alteration of density of the potential senescence 

markers was found in synaptosomes of APP/PS1 female mice at 6 months, we decided 

to, also, prepare total protein extracts of the cortex in APP/PS1 female mice with 9 

months as a control.  

At 9 months old, APP/PS1 female mice have memory impairments and are 

anxious. Anxiety-like behaviour was detected in 3 tests: the open field test, in which 

APP/PS1 female mice spent less time in the center of the arena than WT mice; in the 

EPM test, where they spent less time and entered less times in the open arms of the 

apparatus than WT mice; and in the MWM test, where APP/PS1 female mice spent more 

time swimming close to the walls than WT mice, an indicator of thigmotaxis.  

A spatial memory and learning impairment was observed in the MWM test. First, 

learning is assessed in the acquisition phase of the test, where mice must use distal cues 

in order to locate the platform and navigate in a direct path to it (Vorhees & Williams, 

2006). Here, APP/PS1 female mice had a longer latency to reach the platform whereas 

control mice could reach the platform in less than 20 seconds after 6 days of trials. Thus, 

APP/PS1 have not learned in an efficient way to locate the platform. 

Reference memory is assessed during the probe day in which the platform is 

removed, and the mice are except to show bias for the quadrant in which the platform 

was and cross the platform site multiple times (Vorhees & Williams, 2006). APP/PS1 

female mice did not show a bias for any quadrant but, indeed, crossed the site of the 

platform less times than control mice. This indicates that APP/PS1 female mice have a 

memory impairment compared to control mice. Gong et al., (2019) found similar results, 
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as 7-8 months old APP/PS1 male mice were slower than control mice to reach the 

platform in the acquisition phase and crossed the platform site less times than control 

mice. Donkin et al., (2010) observed that 9 months old APP/PS1 male mice showed a 

longer latency to reach the platform in the last day of acquisition than control mice. 

Furthermore, search strategies used for locating the platform on the probe day 

were analysed. Mice can use hippocampus-dependent (allocentric; spatial) or non 

hippocampus-dependent (egocentric; unspatial) strategies. Allocentric knowledge relies 

on the relative position of one landmark to other for navigation and depends on the 

hippocampus. Egocentric knowledge relies on stimulus–response or procedural 

processing for navigation and depends on the dorsal striatum (O'keefe & Nadel., 1978). 

It is expected that mice find the most efficient path for the hidden platform which 

can be achieved by directed searches or direct paths, which involve the hippocampus. 

These strategies are more accurate but can also be less precise (Garthe & 

Kempermann, 2013). However, when hippocampal lesions are present these allocentric 

strategies are not used (Eichenbaum et al., 1990). In this cases, egocentric strategies 

are used, which involve random search for the platform (Garthe & Kempermann, 2013). 

Therefore, APP/PS1 seem to have learning and memory impairments compared to 

control mice. 

APP/PS1 female mice with 9 months old were also submitted to a fear 

conditioning test. This test evaluated both mood and memory and involved the 

hippocampus and the basolateral amygdala (Maren, 2001). In the acquisition phase of 

the test, we found no differences between APP/PS1 and control mice in the percentage 

of time they spent freezing, which means they have similar initial reaction to the stimuli 

presented. Thus, although not directly assessed it seems that there might not be evident 

differences in pain perception between genotypes.  

In the context FC test, we found that APP/PS1 female mice spent longer times in 

freezing in 1 time-point of the test, compared to control mice. Janus et al. (2015) found 

a trend to a lower freezing response in APP/PS1 male mice with 8 months. However, 

duration of tone, intensity of foot shock and number of CS-US pairings are different from 

the ones used in this study. 

In the cued FC test, 9 months old APP/PS1 female mice spent more time than 

control mice in freezing in the habituation phase of the test. This result could be an 

indicator of fear generalization. In this context, fear generalization occurs when, after 

learning the association between a noxious and an obnoxious stimulus, a defence 
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response is used even with similar but not identical obnoxious stimuli are present as they 

predict an aversive outcome (Dunsmoor & Paz, 2015). This is a natural adaptation 

important for survival. However, excess generalization is found in various anxiety 

disorders, such as post-traumatic stress (Dunsmoor & Paz, 2015). While our results are 

indicative of a possible generalized fear present in 9 months old APP/PS1 female mice, 

a specific protocol of FC for generalized fear must be used. Janus et al. (2015) found 

that APP/PS1 male mice at 8 months old, have an impaired performance in the FC test, 

as shown by the less time spent in freezing than control mice. Still additional experiments 

need to be performed to study fear generalization in animal models of AD. As for the rest 

of the test, no differences were observed in the time spent in freezing between 

genotypes. Janus et al. (2015) found that in the cued test, APP/PS1 male mice froze for 

longer than control mice. Overall, these results indicate that memory and mood 

alterations do not initiate at the same time in males and females of this AD mouse model. 

Memory impairments appear earlier in males (Viana da Silva et al., 2016), around 6 

months of age, and later in females, with subtle impairment at 6 months of age and mild 

impairments at 9 months of age.  

After behaviour characterization, older APP/PS1 female mice were used for a 

quantification by Western blot of various senescence-associated proteins.  

Here, we found that SIRT1 levels are decreased in 9 months old APP/PS1 female 

mice. This decrease is found in the synaptic and in total homogenates. SIRT1 seems to 

be beneficial in AD. Qin et al (2006) showed that SIRT1 promotes the non-amyloidogenic 

pathway via its deacetylase activity. In this study, both neuronal SIRT1 activation and 

increased NAD+/NAM ratios, that also result from calorie restriction, promote ROCK1 

decreased expression. This leads to an increase in α-secretase activity, therefore 

promoting the non-amyloidogenic pathway, and inhibiting β-amyloid production. 

Furthermore, SIRT1 activated ADAM10 gene transcription, a component of α-secretase, 

via activation of the retinoic acid receptor-β (RARβ) protein (Lee et al., 2014). Therefore, 

an increase in SIRT1 leads to an increase in α-secretase production which in turn 

contributes to the preference for the non-amyloidogenic pathway over the amyloidogenic 

one.  

Kilic et al. (2018) found elevated levels of SIRT1 in patients with dementia. In 

Elibol & Kilic (2018) the authors hypothesize that the increase in SIRT1 levels could 

happen to alleviate the oxidative stress that come with aging and neurodegenerative 

diseases. Therefore, SIRT1 seems to have a neuroprotective effect early in AD. 

However, with disease progression, this protection seems to be overthrown. 



 
FCUP 

Synaptic Senescence in Alzheimer’s Disease 
85 

 
Given our results, it seems that at 9 months, a decrease in SIRT1 is not restricted 

to the synapses. In accordance, SIRT1 expression decreases with AD progression in 

cortical homogenates of AD patients (Lutz et al., 2014). In the parietal cortex of AD 

patients, a decrease in SIRT1 and Sirt1 mRNA levels were also found and correlated 

with Aβ and tau accumulation (Julien et al., 2009). Interestingly, moreover, SIRT1 was 

proposed as a predictive marker in AD patients, as its serum concentration decreases 

with age, and in a more pronounced way in MCI and AD patients (Kumar et al., 2013). 

We found no alterations in the density levels of SIRT3 in the synapses of 6 

months old and 9 months old APP/PS1 mice and in the cortical homogenates of 9 months 

old APP/PS1 mice. 

Lee et al. (2017) found that sirt3 mRNA and protein levels in the cortices of AD 

patients were decreased compared to controls. Weir et al. (2012) found that in the cortex 

of PDAPP mice, no alterations were found in the levels of Sirt3 mRNA at 6 months old 

but an increase in these levels were found at 26 months old. In the hippocampus, at 6 

months old, there is an increase in Sirt3 mRNA, and the levels return to normal at 26 

months old. The authors suggest that SIRT3 may have a protective role in the CNS.  

Yang et al. (2015) found that sirt3 mRNA and protein levels in the cortices of 12 

months old APP/PS1 mice were decreased. Thus, overall, it seems that at the time points 

we chose, alterations in SIRT3 levels may yet not be present.  

Mitochondrial morphology is regulated by its fusion and fission; thus, alteration of 

this dynamic process can be responsible for alterations in mitochondrial morphology. 

Indeed, it is also known that mitochondria morphology alterations are responsible for 

functional alterations, and that without fusion, cellular dysfunction occurs (Chen et al., 

2005). Moreover, a decrease in mitochondrial fusion can potentiate mitochondrial 

fragmentation, which is known to be associated with AD as it causes neurodegeneration 

(Chen et al., 2005; Han et al., 2020) 

We found no alteration in MFN2 levels in the synapses of 6 months old and 9 

months old APP/PS1 mice and a decrease in MFN2 levels in cortical homogenates of 9 

months old APP/PS1 mice. 

Consistently, Manczak et al. (2018) found that in 12 months old APP mice, there 

is a decrease in mitochondrial fusion proteins and an increase in mitochondrial fission 

proteins. This impairment in mitochondria dynamics is accompanied by an increase in 

mitochondria and decrease in its length, suggesting mitochondrial fragmentation, and an 
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impairment in mitochondria functions. Similar results of decrease in mitochondrial fusion 

proteins and an increase in mitochondrial fission proteins were reported by Wang et al. 

(2009) in in vitro studies of hippocampus of AD patients. Our results are in accordance 

with these works, suggesting that mitochondrial dynamics are altered in cortical regions 

while mitochondrial fusion does not seem to be altered in cortical synapses. 

However, inconsistently with other studies, Xu et al. (2017) found an increase in 

fusion proteins, including MFN2, and fission proteins in the hippocampus of male 

APPsw/PS1dE9 mice starting at 3 months. At 9 months-old an increase in MFN2 is also 

found. This study also revealed impaired mitochondrial morphology by an increase in its 

number and length at 3 months old. These alterations are found before cognitive decline 

evaluated by the MWM test. However, while this study used whole hippocampus of male 

mice, our analysis was conducted in the cortical synapses of female mice, which can 

explain the different results.  

SESN2 is a protein involved in stress-response that activates the AMPK pathway 

(Chen et al., 2019). We found that SESN2 levels are decreased in total cortical extracts 

of 9 months old APP/PS1 mice. No alterations were found in cortical synaptosomes of 6 

and 9 months old APP/PS1 mice.  

Chen et al. (2014) demonstrated that in cortical lysates of 12 months old 

APP/PS1 mice, SESN2 is upregulated compared to control mice. Furthermore, mRNA 

SESN2 levels were shown to be increased in AD and MCI patients compared to controls 

(Rai et al., 2016). Given its role in prevention of oxidative stress, overall, it is possible 

that SESN2 may have a neuroprotective role in AD (Chen et al., 2019) 

In our attempt to characterize the autophagic marker LC3 in APP/PS1 mice we 

found that levels of LC3-I where increased in synaptosomes of 6 months old APP/PS1 

mice, with no alteration of LC3-II levels. Moreover, at 9 months old, LC3-I levels return 

to normal in synaptosomes of APP/PS1 mice and no alterations were found in cortical 

protein extracts. 

François et al. (2014) found no alterations in LC3-I and LC3-II levels in APP/PS1 

mice with 3, 6 and 9 months in both cortex and hippocampus. However, they did find an 

impairment in autophagy, as levels of Beclin-1 and p62, other autophagy markers, are 

reduced APP/PS1 mice at 12 months old. It is worth mentioning that this study was 

performed with males and the samples used are from cortical lysates of females, which 

could explain our different results compared to this study, even if the same AD model 
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and same age were chosen. Son et al. (2012) found that in 8 to 9 months old APP/PS1 

mice, there is an increase in the LC3-II/LC3-I ration in the cortex.  

 AMPK is a key molecule for regulation of metabolism in the cells. It regulates 

autophagy and cell growth and promotes mitophagy and mitochondria biogenesis 

(Mihaylova & Shaw, 2011).  

We found no alterations in the levels of AMPK and pAMPK in the synaptosomes 

of 6 months old APP/PS1 mice and in the cortical extracts of 9 months old APP/PS1 

mice. In the synaptosomes of 9 months old APP/PS1 we found no alteration in the levels 

of AMPK and a decrease in the levels of pAMPK. 

In 10 to 12 month old APP/PS1 male mice, phosphorylated AMPK is found to be 

increased in the hippocampus, but not in the cerebellum or prefrontal cortex (Ma et al., 

2014). This increase was also observed in the hippocampus of AD patients. Son et al. 

(2012) found that in 8 to 9 months old APP/PS1 male mice, phosphorylated AMPK is 

increased in the cortex. 

In this study, AMPK and pAMPK could not be immunoblotted in the same 

membrane, which means, we can not express pAMPK levels in relation to the AMPK 

levels. Thus, we cannot justify the decrease in pAMPK found in the synaptosomes of 

APP/PS1 mice as a decrease of activation of AMPK through phosphorylation. 

As for synaptic markers, we found no alterations in the protein levels in APP/PS1 

mice, meaning that the increased PSD-95 levels and decreased syntaxin levels found in 

6 months old APP/PS1 mice, return to normal with disease progression.  

To explore if these alterations were also found in other AD models, we 

neurochemically characterized a Aβ1-42-injected model of AD at two different time-points. 

The time-points chosen were previously validated in our lab (Canas et al., 2009; Matos 

et al., 2012). Canas et al. (2009) found that Aβ1-42-injected rats accumulate soluble Aβ 

peptides and do not form aggregates in the hippocampus, do not show microgliosis nor 

astrogliosis, and have a memory impairment evaluated by the Y-Maze and novel object 

recognition tests, 15 after injection. Matos et al. (2012) found that Aβ1-42-injected rats 

have memory impairments evaluated by the Y-Maze test, an increased astrogliosis and 

a lower D-aspartate uptake 20 days after injection. The non-transgenic Aβ1-42-injected 

model can be considered a model of sporadic AD as they do not need the specific 

mutations of familial AD to develop the AD pathology (Ranjan et al., 2018). 
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In the Aβ1-42-injected 14 days model we found no alterations in any of the proteins 

evaluated, nor in synaptosomes nor in total extracts. However, we did found an increase 

in SNAP-25, PSD-95, syntaxin and synaptophysin in the cortical synapses of the Aβ1-42- 

injected 14 days model. Interestingly, in this AD model, a decrease in synaptophysin and 

SNAP-25 levels in the hippocampus that is accompanied by a cognitive decline is 

reported (Canas et al., 2009).  

In the Aβ1-42-injected 20 days model, we found no alterations in the proteins 

evaluated except for MFN2, in which we found a decrease in its levels in the 

synaptosomes of the Aβ1-42-injected mice. As for the synaptic markers levels, we found 

no alterations in any of them in this model.  

Merlo et al. (2018), reviews what is described as a “biphasic trend” in AD. This is 

characterized by a temporary increase of synaptic proteins and metabolic activity in the 

early stages of the disease. Then, with disease progression, this compensation is 

disrupted and the characteristic decrease in synaptic protein and metabolism activity in 

AD occurs. These early alterations are found to be a compensatory mechanism, as an 

attempt to resist initial damage. Evidence supporting the existence of synaptic 

reorganization is also found in patients with AD (Arendt, 2009). 

Consistently, our results show that with symptoms progression, in the Aβ1-42 20 

days model, the increase found in the synaptic markers levels in the Aβ1-42-injected 14 

days model is attenuated. Therefore, it is possible that a compensatory mechanism for 

AD is present in the Aβ1-42-injected model of AD with 14 days of timelag between injection 

and sacrifice. However, it is worth mentioning that alterations in synaptic markers levels 

seem to be region-specific (Leuba et al., 2008; Pham et al., 2010) and that here, we used 

the whole cortex for the preparation of the synaptosomes. 

Overall, we only found alterations in the cortical synapses of the levels of SIRT1, 

pAMPK, LC3 and MFN2 across both AD models and time-points studied. Furthermore, 

as for SIRT1 these alterations were also found in total cortical extracts. Both SESN2 and 

MFN2 levels were found to be altered in the total cortical extracts but not in the cortical 

synaptosomes. Thus, it is possible that, the characteristic AD synaptic dysfunction, starts 

and is influenced by other regions other the synapse itself. Indeed, glial cells, such as 

astrocytes and microglia, are intrinsically involved in synapses formation, elimination and 

function and synaptic plasticity (Chung et al., 2015). Furthermore, microglial activation, 

neuroinflammation and reactive astrogliosis are features of AD (Chung et al., 2015). 
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SIRT1 is shown to be reduced in aging microglia, which contributes to memory 

deficits (Cho et al., 2015). Furthermore, activation of SIRT1 in astrocytes prevents 

astrogliosis and reduce inflammation in a model of AD (Scuderi et al., 2014). Incubation 

of SH-SY5Y cells with Aβ and glia maturation factor (GMF), a neuroinflammatory protein, 

led to a decrease of the levels of MFN2 and other fusion proteins and an increase of the 

levels of fission proteins (Ahmed et al., 2019). These results suggest that these proteins 

could be important contributors to neurodegeneration via functions action in glial cells.  

Given our results, it is important to understand if activation of the proteins whose 

levels are decreased in AD models, can revert the memory and learning impairments 

observed. For example, various compounds have been described as sirtuins activators, 

such as the natural compound resveratrol (Howitz et al., 2003), compound SRT1720 

(Milne et al., 2007) and various oxazolo[4,5-b]pyridines (Bemis et al., 2009; Villalba & 

Alcaín, 2012). Resveratrol seems to have a neuroprotective effect against 

neurodegeneration as it also prevents learning impairment (Kim et al., 2007). 

Additionally, resveratrol is a powerful antioxidant (Rege et al., 2014). 
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Conclusion 

Alzheimer’s disease is a neurodegenerative disease affecting millions of people 

(Alzheimer’s Disease International et al., 2020). Mitochondria dysfunction and synapse 

loss are alterations present even before the characteristic Aβ plaques found in AD 

(Selkoe, 2002; Swerdlow, 2018). Targeting the synapse and its modifications in 

metabolism, mitochondria dynamics and autophagy in the early stages of AD is crucial 

as it helps the development of new therapies, that could prevent or delay disease 

progression 

In this study, we found that female APP/PS1 mice, a mice model of AD, have a 

mild memory impairment starting at 6 months, evaluated by the modified Y-Maze test, 

that is also present at 9 months old, evaluated by the Morris Water Maze test. 

Furthermore, APP/PS1 mice seem to be more anxious than control mice, as observed 

in the open field test and the elevated plus maze test at 6 months old and at 9 months 

old in the Morris Water Maze test. Thus, females of this AD mouse model, show memory 

and mood impairments later than males (Viana da Silva et al., 2016). At 6 months old, 

we found a decrease in autophagy marker LC3-I in cortical synaptosomes and a 

dysregulation of synaptic marker PSD-95 and syntaxin. At 9 months old, we found a 

decrease in the levels of SIRT1 and pAMPK in the cortical synaptosomes and a decrease 

in the levels of SIRT1, MFN2 and SESN2 in total cortical extracts. Therefore, it seems 

that metabolism might be altered in APP/PS1 synapses, and an altered metabolism and 

mitochondria dynamics might be present in the cortex of these mice. 

Moreover, with a Aβ1-42-injected model of AD, we found no alterations in the levels 

of the proteins evaluated except for MFN2, whose levels decrease in the cortical 

synaptosomes of the Aβ1-42-injected model, 20 days after injection. An increase in the 

levels of synaptic markers SNAP-25, PSD-95, syntaxin and synaptophysin were 

observed in the Aβ1-42-injected model 14 days after injection and these levels return to 

normal in the Aβ1-42-injected model 20 days after injection. The cortex is a heterogeneous 

mass and densities of these synaptic markers can differ from one region to another. 

Furthermore, densities of these proteins also differ from one cerebral region to another, 

as for example, mice injected with Aβ1-42 show a decrease in the densities of SNAP-25 

and synaptophysin in the hippocampus (Canas et al., 2009). 

These results are indicative of mitochondria dynamics and metabolism 

impairment in the cortex of APP/PS1 mice related to cognitive impairments. In the 

synapses, a metabolic impairment could be present. However, the synaptic dysfunction 
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characteristic of AD, could be initiated and influenced by other compartments and cell 

types than the synapse itself, as suggested by our alterations in the densities of the 

tested proteins in total cortical extracts but not in the synaptosomes. Furthermore, 

synaptic markers dysregulation was also found which could contribute to synapse loss.  
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Future Perspectives 

In this work, an initial characterization of levels of different proteins was 

performed with APP/PS1 and Aβ1-42-injected mice at 2 different time-points. However, 

for a robust characterization of these processes, various tests can be additionally 

performed.  

First, for a more detailed understanding of synaptic senescence other 

senescence markers should be characterized, including cell cycle markers. As for an 

autophagy characterization, it is important to explore and characterize other autophagic 

markers, such as accumulation of p62, which can then give us more detailed information 

about the autophagy flux in the synapses of the AD models.  

Furthermore, functional studies of mitochondria’s metabolism, such as 

quantification of glucose uptake using positron emission tomography/computed 

tomography, could be performed. Moreover, mitochondria’s morphology could be 

evaluated by, for example, assessing fission proteins, such as Dpr1, levels, so that the 

balance between mitochondria fusion and fission can be assessed.  

To complement our results, we could identify the pathways involved in the 

alterations of the levels of SIRT1, MFN2, SESN2 and pAMPK found, for example, 

assessing the levels of mTOR and PGC-1α. Furthermore, as some of these alterations 

were found only in the cortical extracts, we could evaluate glial and neuroinflammation 

markers, such as glial fibrillary acidic protein (GFAP) for astrocytes and could use ionized 

calcium-binding adaptor protein-1 (IBA-1) for microglia cells. 

Lastly, various activators of SIRT1 and SESN2 are already described and well 

characterized. It is important to test if these activators can revert the memory and 

learning impairments found in the mice that showed decreased levels of those two 

proteins.  
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Supplementary Data 
Table 1 - Summary of the alterations found in SIRT1, SIRT3, SESN2, AMPK, pAMPK, MFN2, LC3, and synaptic markers 

SNAP-25, syntaxin, synaptophysin and PSD-95 in APP/PS1 with 6 and 9 months old, in cortical synaptosomes and total 

cortical extracts, and in Aβ1-42-injected mice, in cortical synaptosomes and total cortical extracts, 14 and 20 days after 

injection. A decrease in the levels of the proteins is represent by (↓), an increase by (↑), no alteration by (=) and if 

the levels were not assessed a (-) is designated. 

 

 

APP/PS1 Aβ1-42 

6 months 9 months 14 days 20 days 

Synaptosomes Synaptosomes 
Total 

extracts 
Synaptosomes 

Total 

extracts 
Synaptosomes 

SIRT1 = ↓ ↓ = - = 

SIRT3 = = = = = = 

SESN2 = = ↓ = = = 

AMPK = = = = - = 

pAMPK = ↓ = = - = 

MFN2 = = ↓ = - ↓ 

LC3-I 

LC3-II 

LC3-II/LC3-I 

↑ 

= 

= 

= 

- 

- 

= 

- 

- 

= 

- 

- 

= 

- 

- 

= 

= 

= 

SNAP-25 = = 

 

↑ 

 

= 

Syntaxin ↓ = ↑ = 

Synaptophysin = = ↑ = 

PSD-95 ↑ = ↑ = 


