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Abstract. 
The causes of aging remain unknown, but they are probably intimately linked to a multifactorial process that affects cell networks to varying degrees. Although a growing number of aging and Alzheimer’s disease (AD) animal models are available, a more comprehensive and physiological mouse model is required. In this context, the senescence-accelerated mouse prone 8 (SAMP8) has a number of advantages, since its rapid physiological senescence means that it has about half the normal lifespan of a rodent. In addition, according to data gathered over the last five years, some of its behavioral traits and histopathology resemble AD human dementia. SAMP8 has remarkable pathological similarities to AD and may prove to be an excellent model for acquiring more in-depth knowledge of the age-related neurodegenerative processes behind brain senescence and AD in particular. We review these facts and particularly the data on parameters related to neurodegeneration. SAMP8 also shows signs of aging in the immune, vascular, and metabolic systems, among others.


1. Introduction to the Model: The Origin of Senescence-Accelerated Mouse Strains
The free radical and mitochondrial theories of aging seem to be the two most prominent theories that have survived the test of time [1, 2]. These theories claim that oxidative stress within mitochondria can lead to a vicious cycle in which damaged mitochondria produce increased amounts of reactive oxygen species, leading in turn to frailty and progressive disability. If aging-associated processes result from oxidative stress, then some of the most prevalent neurodegenerative diseases associated mainly with the deleterious effects of time on cellular mechanisms can also be linked to an imbalance in the homeostatic mechanism controlling oxidative processes in the whole organism and particularly in brain [3]. The main neurodegenerative diseases are Alzheimer’s (AD), Parkinson’s, Huntington’s, or amyotrophic lateral sclerosis [4, 5]. Of these, AD is the most prevalent. Many problems have had to be overcome in the last two decades of research on aging and associated neurodegenerative diseases. These include a lack of diagnostic markers or detection as well as difficulties in discovering the main molecular and cellular pathways and the causes of the deleterious effects of senescence.
In basic research, the main stumbling block has clearly been the lack of an in vivo model that naturally assimilates what happens in humans. Aging models are slow or include rare and specific mutations, such as mutated Klotho protein [6]. In the case of AD, the models used are mice that are genetically modified by human gene insertions with the main proteins associated with AD, that is, protein beta amyloid precursor (APP) and tau protein. We also have models in which tau kinases are overexpressed, including cyclin-dependent kinase 5 (cdk5) [7] or glycogen synthase kinase 3 β (GSK3β) [8]. However, none of the numerous animal models reliably reflect what occurs in humans. The in vitro models that are commonly used behave even worse. These include primary cultures or immortalized cell lines with or without genetic modifications, neurotoxins that undergo excitotoxic stimuli (glutamate, kainate), oxidative stress, or even treatment with amyloid β (Aβ). The aim of such research is to determine which molecular mechanisms are activated after these stimuli.
Senescence-accelerated mice (SAM) were originally generated from AKR/J mice by Takeda at the University of Kyoto in the early 1970s [9, 10]. After inbreeding, the observation that several litters showed features indicative of accelerated ageing, including hair loss, lordokyphosis, periophthalmic disorders, loss of activity, and shortened life expectancy, amongst other characteristics, led to selective breeding for these phenotypes using sister-brother mating. Through subsequent generations, this led the senescence-prone, short-lived inbred strain (SAMP) (mean lifespan of 9.7 months). Littermates of the age-accelerated mice that did not show senescence-related phenotypes were bred in the same fashion to obtain the senescence-resistant, long-lived mouse strain (SAMR) (mean lifespan of 16.3 months). Nine SAMP and three SAMR substrains exist, each exhibiting slightly different phenotypic abnormalities. However, the main characteristic of all SAMP strains is normal development and maturity of reproductive function, followed by an early manifestation of senescence-related phenotypes. These include neurobiological phenotypes such as deficits in learning and memory, brain atrophy, emotional disorders, abnormal circadian rhythms, and hearing impairment [9, 10]. Most of the pathobiological phenotypes observed in SAM are age associated; their incidence and severity increase with age. Cotran et al. [11] indicated that most age-related disorders in humans can be attributed to physiological, rather than pathological, senescence. These disorders can be found in the pathobiological phenotypes in the SAM model: osteoporosis, osteoarthritis (degenerative joint disease), cataracts, hyperinflation of the lungs, and hearing impairment [11].
2. First Steps in Characterizing SAMP8 Brain Alteration: Oxidative Disturbances
Oxidative stress occurs when the generation of free radicals of oxygen and nitrogen exceeds the endogenous antioxidant capacity of the cells, causing neuronal death and neurodegeneration in brain. Therefore, oxidative damage is associated with ageing and neurodegenerative disorders such as AD. The free radical theory of aging postulates that oxidative modifications by reactive oxygen species (ROS) of proteins, DNA, lipid membranes, and other molecules lead to cellular dysfunction and aging in humans and animals [1, 2]. Physiologically, ROS are found in all aerobic organisms and arise from the secondary production of superoxide by mitochondrial reduction of molecular oxygen, the production of H2O2 by oxidases such as monoamine oxidase, and the reaction of superoxide with nitric oxide to yield peroxynitrite, which is capable of both oxidation and nitration reactions. The hydroxyl radical is the principal ROS implicated in biologically relevant oxidative stress and is responsible, either directly or indirectly, for most of the free radical damage seen in AD [12–16]. In mice with accelerated senescence, several of the processes associated with mitochondrial dysfunction have been shown to lead to a vicious circle with the formation of more free radicals resulting in neuronal disturbances [17–20], as shown in Table 1. The higher oxidative stress status observed in SAMP mice is partly due to mitochondrial dysfunction and may be a cause of the senescence acceleration and age-dependent alterations in cell structure and function [21].
Table 1: Oxidative disturbances found in SAMP8.
	

	Target	Modification	References
	

	Protein carbonylation	Increased	[22–25]
	Lipid peroxidation	Increased	[22, 24, 26–28]
	Nucleic acid oxidation	Increased	[25, 29]
	Mn SOD	Decreased activity	[30]
	Glutathione reductase	Not modified or decreased activity 	[22, 31]
	Catalase	Not modified or decreased activity	[22, 31]
	Glutamine synthetase	Decreased activity	[24]
	NO synthase	Increased activity	[32–34]
	Accumulation of 8-oxoguanine	Increased	[35]
	




As expected, SAMP8 exhibited higher levels of lipid peroxides and protein carbonyls than SAMR1 [22, 26]. Carbonyl modification of Cu,Zn-superoxide dismutase (Cu,Zn-SOD) in liver at 3 months and hippocampal cholinergic neurostimulating peptide precursor protein (HCNP-pp) in brain at 9 months were higher in SAMP8 than in control SAMR1 [23]. Early increases in lipid peroxidation are also supported by earlier studies demonstrating that the SAMP8 shows strain-specific increases in this ROS as early as 2 months of age [27]. However, the literature on oxidative stress in SAMP8 is not always unequivocal. For example, Alvarez-Garcia et al. [22] found no differences in the activity of catalase and glutathione reductase. A different study in animals of the same age showed the opposite result: glutathione-S-transferase was not affected, but glutathione reductase and catalase were significantly inhibited compared to SAMR1 [31].
Pharmacological treatments that reduce Aβ (antisense to APP and antibodies to Aβ) not only improve memory but reduce oxidative stress. Early changes in lipid peroxidative damage favor mitochondrial dysfunction as a trigger for Aβ overproduction in this genetically susceptible mouse strain [36]. SAMP8 fed with alpha-lipoic acid had significantly increased glutathione and decreased glutathione peroxidase and malondialdehyde, which indicated a reversal of oxidative stress, although they reported a reduction in the lifespan [37].
Oxidative processes in genomic material have also been described for SAMP8. For example, in hippocampi of old SAMP8, there were higher amounts of 8-oxoguanine (8-oxo-7,8-dihydroguanine) in the RNA and lower expression of mammalian MTH1 protein, which is MutT related and catalyzes the hydrolysis of 8-oxo-7,8-dihydroguanosine triphosphate (8-oxoGTP) to monophosphate MTH1 than in age-matched SAMR1 [35]. Under these conditions, 8-oxoguanine accumulates in the nuclear DNA in the CA1 and CA3 subregions of the hippocampus of SAMP8 in an age-dependent manner [38]. These oxidative parameters of nucleosides are also observed in the hippocampi of patients suffering from Alzheimer’s disease.
3. Genomic Approach: The Unknown World of SAMP8
In SAMP8, there are few genetic expression studies using the array procedures and the strategies are unclear. There is wide variation in the experimental approaches, ages, organs, and brain areas that are analyzed. For these reasons, among others, clear genetic variation among SAMP8 and its putative control SAMR1 or the original strain ARJ/K was not determined until recently.
The chromosomes of the SAM strains were typed with 581 microsatellite markers amplified by PCR, and fundamental genetic information was obtained [39]. One-third of the examined markers displayed polymorphism among the strains, and only two alleles were detected in almost all loci among the SAM and AKR/J strains. However, in 12 loci (5.6% of the total 215 polymorphic markers), the third allele was detected among the SAM strains. A comparison of the distribution of the loci in the SAMP and SAMR series revealed notable differences in the four regions on chromosomes 4, 14, 16, and 17. This indicated that some of these chromosomal sites might contain the genes responsible for accelerated senescence in the SAMP series. An analysis in the SAM strain of microsatellite polymorphisms that explain some genetic differences can be found in http://samrc.md.shinshu-u.ac.jp/SAM_Microsatellite.htm.
Butterfield and Poon [40] demonstrated that alterations in gene expression and protein abnormalities were relevant to the age-associated learning and memory deficits in the SAMP8 strain of mice. These genes and proteins were functionally categorized into neuroprotection, signal transduction, protein folding/degradation, cytoskeleton/transport, immune response, and ROS production. All of these processes were reportedly involved in age-related cognitive decline.
Cheng and coworkers [41] used subtractive cDNA libraries containing 3136 cDNA to show that the profiles of gene expression in the hippocampus of 12-month-old SAMP8 and SAMR1 were significantly different and may play important roles in the age-related learning and memory deficit in SAMP8. In this study, of all 91 differentially expressed genes, 50 were upregulated and 41 were downregulated in the hippocampus of 12-month-old male SAMP8 compared with age-matched SAMR1. These differentially expressed genes are involved in the structures or functions of mitochondrion, purine metabolism, cell skeleton, transcription factors, the Ser/Thr family of protein kinases, the Tyr family of protein kinases, the protein-tyrosine phosphatase family, the Rab family, and other signal transduction, such as MTCO1, MTCO3, UQCRFS1, Fhit, Dnchc1, kinectin, NF-L, zinc finger protein 238, GANP, RNase H and ARNT2, CAMK2A, Map4k6-pending, ADRBK1, protein kinase raf1 and Rock1, Eph receptor B6 and Ntrk2, and RAB26. Besides the known functional genes, 38 genes without any functional clues were also identified. However, expression changes were only confirmed for six genes.
Microarray analysis in SAMP8 under treatment with a Chinese traditional preparation has been performed. They focused their analysis on the effect of the treatment, rather than the intrinsic variations between SAMP8 and its genetic control SAMR1 [42]. They reported 35 and 42 genes (in hippocampus and cortex, resp.) which vary with the treatment and validated seven genes.
Chen et al. examined frontal cortex tissue from 4- and 12-month-old SAMP8, but no comparisons were made with SAMR1 [43]. They performed a microarray with around 25,000 probe sets and expressed sequence tags. However, the analysis results were disappointing and quite limited. Only four genes were selected compared with genes reported in human aging brain.
A low-density microarray analysis was performed to analyze simultaneously the expression of some genes involved in signaling pathways related to oxidative stress, mitochondrial-related apoptosis, cell cycle proteins, the sirtuin family, and other proteins related to neurologic diseases, cell structure, and general cell processes. In this work, 62 genes were studied and the expression levels among SAMP8 and SAMR1 were compared at different ages (3, 6, and 9 months). After a cross analysis, none of the 62 analyzed genes showed significant differences among z-scores across ages or genotype [44].
Moreover, to discover and identify the key protein biomarkers in the aging process in SAMP8 and in the control strain SAMR1, a proteomic study was reported recently [45]. The authors performed a differential proteomic analysis of hippocampus and cortex in 5- and 15-month-old SAMP8 and in control strain SAMR1. Using 2-DE combined with MALDI TOF/TOF mass spectrometry, about 1700 protein spots were isolated, and three groups of differentially expressed proteins were identified. The first group contained the strain-specific and non-age-related differential proteins that were differentially expressed in SAMP8 compared with SAMR1 mice. The changes might be implicated in the genetic difference between SAMP8 and SAMR1 mice. Specifically, the proteins ubiquitin carboxyl-terminal esterase L3, Mitofilin, adenylate kinase 4, and an unnamed protein product (gi|12847201) may be involved. The proteins in the second group were age specific and were differentially expressed between 5- and 15-month-old SAM mice. These proteins are particularly interesting, since the changes were aging related and some of them were previously reported to be expressed in AD patients. These proteins included N-myc downstream-regulated gene 2, enolase 2, Cu/Zn superoxide dismutase, myosin, and two unnamed protein products (gi|74214304 and gi|74178239). The protein in the third group was SAMP8-specific age-related protein, which was identified as heme binding protein 1. This earlier study provides new information about SAMP8-specific and aging-related protein changes in brain. The significance of these proteins in the brain aging process and their potential roles as biomarkers to identify differences between SAMP8 and SAMR1 remains to be studied in depth.
4. SAMP8 Postulated as an Early Model of Alzheimer’s Disease
While no animal model mimics exactly all of the features that are present in physiological disease or aging, the SAMP8 strain is particularly well suited to study the “transitional switch” between aging and AD as it shares many neuropathological, neurochemical, and cognitive abnormalities found in aged individuals and, to a greater extent, in patients with AD. SAMP8 presented not only similar characteristics to aged humans, such as shorter lifespan, lordosis, reduced physical activity, and hair loss [46, 47], but also some neurodegenerative features, such as early onset of learning and memory deficits [48], altered emotions and abnormal circadian rhythm [49, 50], neuronal cell loss [51], and reduction in the release of neurotransmitters in the brain [52, 53]. Besides, impairment of mitochondrial functions has been shown in SAMP8 brain at a relatively early age compared to SAMR1 mice [29]. The SAMR1 mice do not show these senescence-related neuronal phenotypes and can therefore be used as a control strain commonly.
4.1. Histopathological Similarities in SAMP8 and AD
Pathological changes in AD patients included tau hyperphosphorylation and senile plaques [54]. SAMP8 brains overproduce amyloid precursor protein (APP) and have increased phosphorylation of tau [36]. Notably, tau hyperphosphorylation increases occur as early as 5 months of age in SAMP8 [22, 55], which suggests that this process is an integral part of aging and, like oxidative stress, an early event in AD. Indeed, recent studies provide a more in-depth understanding of tau phosphorylation dynamics in the SAMP8. As such, the data indicates that various forms of hyperphosphorylated tau are more present in SAMP8 than in SAMR1 [22, 55].
Other authors have demonstrated abnormal levels of phosphorylated tau in aged (11-month-old) SAMP8 compared to SAMR1 mice [56]. Tau hyperphosphorylation in SAMP8 is mediated by AD-related mechanisms, such as increases in Cdk5 expression [55]. Moreover, treatments such as melatonin [57, 58] and lithium chloride [59] that reduce Cdk5 and GSK3β activation and activation of the cdk5/p35 pathway at its cleavage to cdk5/p25, which are all key players in AD-related hyperphosphorylation of tau during aging and neurodegenerative diseases [4, 60], lead to a reduction in tau hyperphosphorylation when administered to SAMP8.
Aβ deposition plaques are another pathological hallmark of AD. In SAMP8, early studies using a polyclonal antibody to A
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 [62] showed, in comparison with control SAMR1, an age-related increase of Aβ peptide that was localized in AD-affected regions including the hippocampus [62]. Similarly, SAMP8 also shows age-related increases in AβPP and mRNA [63–65]. Furthermore, cognitive deficits observed in SAMP8 were significantly improved by downregulating the expression of AβPP using an antisense oligonucleotide specific to AβPP mRNA in aged SAMP8 [64, 66] and oxidative stress [67, 68]. Furthermore, other markers associated with Aβ dynamics and AD such as apolipoprotein E (ApoE) and PS2 mRNA are also altered in the SAMP8 [56].
Furthermore, SAMP8 has been considered to be a sound model for investigating the pathophysiology of the early events in AD, due to Aβ accumulation [69, 70], cerebral amyloid angiopathy [71], brain blood barrier alterations [71–73], and different hippocampal protein aggregates [74].
The receptor for advanced glycation end product (RAGE) is a representative influx transporter of APP and Aβ protein in cerebral vessels, while low-density lipoprotein receptor (LDLR) and LDL-related protein 1 (LRP1) are efflux transporters. These receptors play roles not only in clearance of Aβ protein but also in control of oxidative stress. Wu et al. [75] found that the gene and protein expressions of RAGE were lower in SAMP8 brains than in SAMR. Moreover, LDLR levels were higher in SAMP8 brains than in SAMR1.
Recent experimental evidence in vitro and in vivo supports soluble Aβ oligomers as the predominant toxic species for neurons [76, 77]. SAMP8 shows spontaneous overproduction of soluble Aβ in the hippocampus [26] and cortex [58]. Evidence strongly suggests that an increase in soluble Aβ contributes to cognitive decline in aged SAMP8. It is involved in AD because reductions of Aβ using antibodies or antisense oligonucleotides improve learning and memory in these mice [36, 40, 78]. In addition, recent results using long-term green tea catechin administration prevented spatial learning and memory decline in SAMP8 by decreasing A
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 oligomers and upregulating synaptic- plasticity-related proteins in the hippocampus [79].
The expression of presenilin 1 (PS1) is increased in the SAMP8 hippocampus. PS1 has been shown to play a critical role in facilitating γ-secretase activity, and levels of γ-secretase modulate the Aβ 42/Aβ 40 ratio, which is important for plaque formation [80]. Moreover, mutations in this protein are associated with familial AD (FAD).
Studies in APP transgenic mice have shown functional deficits and synaptic loss before the onset of Aβ plaque [81] and neurofibrillary tangle formation [82]. Furthermore, several studies have characterized alterations in the dendritic spine density in mouse models of AD, including a significant decrease in dendritic spine density in the hippocampus of the J20 and APP/PS1 mice [83] and in the CA1 subzone in Tg2576 and APP/Lo mice [84]. Dendritic spine state alterations have been described in SAMP8 [70].
Taken together (see Table 2), these finding suggest that abnormal expression of AD-associated genes may play a key role in the AD-like cognitive deterioration observed in the SAMP8 model.
Table 2: Histopathological and cellular markers of AD and aging found in SAMP8.
	

	Target	Modification	References
	

	Tau protein	Increased levels and phosphorylation	[22, 55, 56]
	Tau kinases	Increased levels or activity in Cdk5/p25 and GSK3
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	[22, 58, 59] 
	Receptor for advanced glycation end product (RAGE)	Increased	[75]
	APP protein	Increased	[63–65, 80, 85, 86]
	B-amyloid	Amyloid content increased and aggregates	[26, 61, 62, 69, 70, 74, 87] 
	Secretases	ADAM-10 and PS1	[65, 80, 88]
	BBH	Disrupted	[72, 73, 89]
	




4.2. Sirtuin 1 in SAMP8: Biochemical Coincidences in Aging and AD
The sirtuins are a family of NAD+-dependent deacetylases, which are highly conserved throughout evolution from yeast to eukaryotes [90]. In mammals, seven sirtuins have been described with different subcellular localizations. Their main function is deacetylating lysine residues of histones. This process is a posttranslational modification that interferes with the stability and activity of the protein concerned. The deacetylation of nuclear proteins such as histones plays a critical role in gene expression regulation and chromatin silencing, in some cases allowing DNA repair [91].
Activation of sirtuin 1 (Sirt1) enables the deacetylation of a variety of proteins, resulting in a robust, protective cellular response. In this way, Sirt1 regulates many processes in mammals such as cell death, metabolism, or neurodegeneration. For example, it can deacetylate the p53 protein, which exerts antiproliferative effects and may stop growth and induce apoptosis and cellular senescence. Under stress, p53 is activated by acetylation. By deacetylating p53, Sirt1 causes it to be degraded by ubiquitination, suppressing apoptosis. By regulating the transcription factor family FoxO, Sirt1 promotes survival signals. Cell death can also be inhibited by modulating the activity of NFκB, a protein that can lead to apoptosis through inflammatory mechanisms. Sirt11 attenuates the expression of genes involved in the inflammatory response in the brain. These genes have increased expression in AD [92, 93].
The correlation between aging and neurodegeneration has led researchers to investigate the sirtuin pathway as it pertains to AD. Recent reports demonstrate that Sirt1 hyperactivity can reduce AD pathologies both in vitro and in vivo through upregulation of the ADAM10 gene [94, 95].
Moreover, in a study with mice that overexpress the p25 protein, the activation of SIRT1 resulted in reduced levels of tau phosphorylation, accompanied by cognitive enhancement [96]. Accordingly, a decrease of SIRT1 expression with age in SAMP8 has been found [97] that correlate with a decrease in tau phosphorylation and with an increase in ADAM10 [58].
This deficiency in the neuroprotection and increase in longevity mediated by the sirtuin 1 pathway in SAMP8 neurons may contribute to the early age-related brain damage in these mice. This supports the therapeutic use of sirtuin 1-enhancing agents against age-related nerve cell dysfunction and brain frailty [20].
4.3. Behavioral Characteristics
In normal aging humans and in individuals with AD, to a more severe degree, there is deterioration in episodic memories [98, 99] as well as working and spatial memory [98, 99]. Importantly, the hippocampus is also one of the most age-sensitive areas in the brain, and it is thought that the aging process greatly diminishes the plastic capabilities of this region and these declines lead to the age-related impairments in cognitive output.
SAMP8 develops age-related deficits in memory and learning. Consequently, SAMP8 has been extensively phenotyped for behavioral abnormalities. The results indicate that cognitive abnormalities in this model are abundant and the mimic behavioral/cognitive deficits observed in AD patients and other transgenic models [50, 100, 101]. SAMP8 also demonstrated impairment of aversive and appetitive training [101]. In SAMP8, spatial memory impairments are detected using spatial tasks such as the Morris Water Maze (MWM) and the Radial Arm Maze (RAM) beginning at approximately 4 months of age [102–104]. However, other studies suggest that spatial impairments appear earlier when more sensitive tests are used, such as the Radial Arm Water Maze (RAWM). In the RAWM, rather than in the MWM, impairments in spatial learning can be detected in SAMP8 as early as 3 months old, and the impairment in spatial memory in SAMP8 can be observed at 5 months. These results indicate that spatial learning and memory is affected in the SAMP8 early on [87].
Conversely, associative learning in the fear conditioning task is not affected in the SAMP8, but both passive and active avoidance (i.e., learning to escape by exiting the chamber in which an aversive stimulus was previously received) shows significant declines starting as early as 2 months of age [29, 105, 106]. It is interesting to note that the SAMP8 exhibits reduced anxiety-like behavior [107]. These findings, similar to those in AD patients and other AD mouse models, indicate that tasks associated with hippocampal involvement are more consistently affected in the SAMP8 than nonassociated tasks.
Del Valle et al. [70] demonstrated altered synaptic dendrite distribution and number in SAMP8 compared with SAMR1. This suggests that the learning capabilities of SAMP8 decrease, since thin spines have been related with information acquisition (learning) [108–110]. This is in agreement with the finding that SAMP8 was inefficient at resolving the object recognition test at 9 months of age.
5. New Avenues on Molecular Changes Related to Ageing and AD in SAMP8
5.1. Autophagy
The function of autophagy declines with aging and could determine cell and individual lifespan [111, 112]. Many neurodegenerative diseases, such as AD, Parkinson’s disease, and Huntington’s disease, are characterized by the formation of intracellular protein aggregates in affected brain regions, and these protein deposits are composed of ubiquitin conjugates, suggesting a failure in the protein degrading system [111, 113]. The autophagy-lysosome pathway and ubiquitin-proteasomal system (UPS) are the main systems responsible for the digestion of most cytosolic and aggregated or misfolded proteins in brain cells [114]. The UPS selectively degrades the short-lived misfolded proteins trapped in cells [115]. In contrast, autophagy is less selective and contributes to the degradation of long-lived proteins and damaged intracellular organelles (such as mitochondria) and even extracellular bodies [116]. Therefore, autophagy is fundamental for neuronal homeostasis by removing aged and prone aggregated potentially damaged proteins and providing macromolecules for further synthesis.
In SAMP8, several signs of autophagic processes have been described [112, 117]. For example, the cathepsin D/B ratio was lower in SAMP8 than in SAMR1, which indicates dysfunction of the autophagy-lysosomal pathway.
An increase in the autophagic process was described in 10-old-month SAMP8 and related with a decrease in NFκB factor, oxidative stress, and immunodeficiency [117]. Subsequently, in the hippocampal neurons of 12-month-old SAMP8, correlated with cognitive decline in these animals, an increase in ubiquitinated proteins was described: numerous dense clumps and autophagic vacuoles were found in the cytoplasm and axons [118]. LC3-II and Beclin 1 expression showed an increase in brain areas of 7-month-old SAMP8. At 12 months, LC3-II expression remains increased whereas that of Beclin 1 was diminished. These reports suggest that autophagic activity may increase reactively at the beginning of AD and then decline with aging. The pathological changes of 12-month-old SAMP8 are similar to late-onset AD, from the perspective of autophagy. In addition, in spiral ganglion neurons of SAMP8, an autophagic stress process was demonstrated, with accumulation of lipofuscin inside these cells [119].
5.2. Mitochondrial Functionality in Ageing and AD
A growing body of evidence supports mitochondrial dysfunction as a prominent and early chronic oxidative stress-associated event that contributes to synaptic abnormalities in aging and, ultimately, to increased susceptibility to age-related disorders, including AD.
SAMP8 exhibits various signs of age-associated neurodegeneration, and rapid mitochondrial dysfunction, unlike SAMR1 mice [120]. The SAMP8 brain mitochondria demonstrated a higher redox state and greater activity of mitochondrial respiration with a lower respiration control ratio than the mitochondria of SAMR1 mouse brains. This indicates that an inefficient hyperactive state can exist in the mitochondrial electron transport system before age-associated mitochondrial dysfunction develops.
Studies of aging brain mitochondria consistently report reductions in complex I activity, complex IV activity, and increased ROS production. Other age-related mitochondrial changes include reduced membrane potential and increased size. Defects in mtDNA have been found in elderly persons without AD and have been associated with decreased cytochrome oxidase activity in brain. The accumulation of mtDNA changes might increase ROS production and reduce mitochondrial ATP in an age-dependent manner. Increases in somatic mtDNA in aging might contribute to AD development (for a review, [121]).
In brain aging, mitochondrial biogenesis might represent a compensatory response to longitudinal declines in brain mitochondrial function. In AD, data suggest that mitochondrial biogenesis picture may be mixed. There are certainly fewer normal mitochondria and more abnormal mitochondria in AD neurons. Mitochondrial removal via lysosomes is increased. The expression of oxidative phosphorylation subunit genes also appears mixed, with some studies showing decreased expression and others showing increased expression (at least in the intermediate stages of the disease). This raises the possibility that switching from an enhanced state to a diminished state of mitochondrial biogenesis could represent a key transition between normal brain aging and AD. If so, then the induction of mitochondrial biogenesis should be a viable pharmacologic target for the treatment of AD and other neurodegenerative diseases (for a review, [122]).
In SAMP8, impairment of mitochondrial functions, including a decrease in cytochrome c oxidase (COX) activity, mitochondrial ATP content, and the mitochondrial glutathione (GSH) level, has been shown in SAMP8 brain at a relatively early age compared to SAMR1 mice [29]. In addition, significant age-dependent mitochondrial dysfunction with diminished efficiency of the electron transport chain and reduced ATP production has been found, accompanied by increased oxidative/nitrosative stress [123, 124]. Primary cultured neurons from SAMP8 showed reduced mitochondrial membrane potential and mitochondrial alterations in complexes II and IV [20]. For disturbances at a glance, see Table 3. SAMR1 mice do not show these senescence-related phenotypes and are commonly used as a control strain.
Table 3: Molecular and cellular pathways altered in SAMP8.
	

	Pathway/protein target	Modification	Reference
	

	Sirtuin 1	Decreased	[20, 58, 97] 
	Autophagic process	Reduced	[117–119]
	Cathepsin system	Inactivated	[117]
	AMPK	Not determined	 
	mTOR	Not determined	 
	mtDNA damage	Increased	[125]
	Mitochondrial electron chain	Diminished efficiency	[20, 21, 29, 126, 127] 
	Fusion/fission proteins	Not determined	 
	Mitochondrial fatty acid oxidation	Altered	[128]
	




Therefore, SAMP8 showed a mitochondrial dysfunction and frailty that partially mimics the effect of aging in this rodent. This supports the involvement of mitochondria in neuronal senescence and AD. Consequently, SAMP8 is a feasible model for developing or screening new neuroprotective molecules.
5.3. Undetermined Pathways in SAMP8 That Could Add Value to This Senescence Mice Model: Future Perspectives
As mentioned above, alterations in Sirt1 expression have been determined in SAMP8 [97]. Sirt1 has been implicated in several cellular processes and in neurodegenerative disorders [90]. Fine-tuned positive and negative regulation of signaling networks is a critical feature of the normal, physiological signaling balance in any given cell and organelles. This is particularly evident with respect to the sirtuin 1, AMPK, and mTOR signaling pathways, which have numerous signaling attenuators and dampeners and are intrinsically related to energy balance (then mitochondrial function). Interestingly, during the aging process, the signaling intensities of these networks change in the brain. This induces brain frailty and susceptibility to the cognitive impairment that is characteristic of neurodegenerative diseases such as AD. Several recent studies have shown the functional role of AMPK in AD [129]. Vingtdeux et al. [130] demonstrated that there was abnormal accumulation of activated AMPK in tangle- and pretangle-bearing neurons in AD. AMPK signaling can regulate tau protein phosphorylation and amyloidogenesis [131]. AMPK is also a potent activator of autophagic degradation, which seems to be suppressed in AD. However, the AMPK activation responses are dependent on stimulation and the extent of activating stress. Evidently, AMPK signaling can repress and delay the appearance of AD pathology. However, later on, with increasing neuronal stress, it can trigger detrimental effects that augment AD pathogenesis.
Evidence from aged and AD brains shows that mTOR signaling is selectively increased in neurons that are likely to develop neurofibrillary tangles and that such an increase correlates with tau phosphorylation [132, 133]. This evidence has led to the hypothesis that the chronic increase in mTOR function that occurs during aging may facilitate the development of tau pathology. Furthermore, the restoration of mTOR signaling with rapamycin reduces cognitive deficits and ameliorates Aβ and tau pathology by increasing autophagy.
It has also been observed that Sirt1 promotes mitochondrial biogenesis by deacetylation and activation of PGC-1α, a key regulator which induces the transcription of genes involved in mitochondrial biogenesis. PGC-1α can also be activated by AMP-activated protein kinase (AMPK). SIRT1 activation in this case would lead to the activation of AMPK through the deacetylation of LKB1, a kinase of AMPK [134–136]. However, it has been demonstrated that activation of sirtuin 1 can stimulate autophagy independently to mTOR or p53. Therefore, it is postulated that the proposed action of sirtuin on longevity occurs partly through cellular autophagy [137, 138].
Recent evidence suggests a parallel morphological correlation in which the balance between fission and fusion of the mitochondrial syncytia is disrupted. This could be implicated in deleterious processes within the cell, such as senescence [139]. Different stresses, such as Aβ, nitric oxide, rotenone, and oxidative and nitrosative stress can all shift the balance from fusion to fission (fragmentation) [140–143]. These same stresses can alter mitochondrial distribution and morphology in cells and induce severe disturbances in cell function.
Moreover, several major neurodegenerative diseases—including AD, Parkinson’s, and Huntington’s disease—involve the disruption of mitochondrial dynamics. Remarkably, in several disease models, the manipulation of mitochondrial fusion or fission can partially rescue disease phenotypes. Finally, the quality of a mitochondrial population is maintained through mitophagy, a form of autophagy in which defective mitochondria are selectively degraded (for a review, [139]).
All these deleterious effects of these age-related pathways should be studied in depth in SAMP8. This would reinforce its role as a feasible, robust model of aging, and frailty that can be used to study brain and AD in particular.
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