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Abstract: A model animal showing spontaneous onset is a useful tool for investigating the mechanism 
of disease. Here, I would like to introduce two aging model animals expected to be useful for 
neuroscience research: the senescence-accelerated mouse (SAM) and the klotho mouse. The SAM 
was developed as a mouse showing a senescence-related phenotype such as a short lifespan or 
rapid advancement of senescence. In particular, SAMP8 and SAMP10 show age-related impairment 
of learning and memory. SAMP8 has spontaneous spongy degeneration in the brain stem and spinal 
cord with aging, and immunohistochemical studies reveal excess protein expression of amyloid 
precursor protein and amyloid β in the brain, indicating that SAMP8 is a model for Alzheimer’s disease. 
SAMP10 also shows age-related impairment of learning and memory, but it does not seem to 
correspond to Alzheimer’s disease because senile plaques primarily composed of amyloid β or 
neurofibrillary tangles primarily composed of phosphorylated tau were not observed. However, severe 
atrophy in the frontal cortex, entorhinal cortex, amygdala, and nucleus accumbens can be seen in 
this strain in an age-dependent manner, indicating that SAMP10 is a model for normal aging. The 
klotho mouse shows a phenotype, regulated by only one gene named α-klotho, similar to human 
progeria. The α-klotho gene is mainly expressed in the kidney and brain, and oxidative stress is 
involved in the deterioration of cognitive function of the klotho mouse. These animal models are 
potentially useful for neuroscience research now and in the near future.
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Introduction

In the field of experimental biology, a research hy-
pothesis must be proven by scientific experiments. For 
this reason, it is as important to investigate how the 
phenomena going on in vitro are reflected to the vital 
responses as to resolve the individual behavior into the 
molecular mechanisms. Using a suitable animal model 
for a preferred study is a powerful tool in this process. 
In recent years, studies using animals in which a target 

gene is artificially altered have been prevalent and have 
made outstanding progress; they are excellent ways of 
determining the function of the target gene. However, 
such a deductive methodology does not work well in 
some pathological cases because diseases are generally 
attributed to a combination of a lot of factors. A model 
animal showing spontaneous onset similar to that of hu-
man disease is useful in this regard, and there are a va-
riety of model animals from mice to monkeys addressing 
the increase in demands. Of course, it should be noted 
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that experimenters always need to check whether the 
pathophysiological features of the model animals cor-
respond to those of humans. Hypertension, obesity, or 
diabetes model animals, for example, are relatively 
simple to apply to disease cases in humans using index 
parameters. On the other hand, model animals for neu-
ronal diseases, such as dementia, amnesia, or depression 
model animals, are rather difficult to correlate to cases 
in humans because it is not easy to evaluate these neu-
rological disorders in animals; we sometimes decide the 
definition of neural diseases in animals on our own by 
observing them. Therefore, we need to keep accumulat-
ing collateral evidence with these animals from various 
aspects for continued development of new model ani-
mals.

Recently, aging research is attracting attention. Here, 
I would like to introduce two aging animal models ex-
pected to be useful for neuroscience research: the senes-
cence-accelerated mouse (SAM), of which two series 
are available for neuronal aging, and the klotho mouse. 
The purpose of this review is to introduce the character-
istic of these model animals and to discuss advantages 
and disadvantages of using these model animals with 
our findings or data from earlier studies.

SAMP8

The senescence-accelerated mouse (SAM) was devel-
oped at Kyoto University through the selective inbreed-
ing of the AKR/J strain [34]. To date, 9 senescence-prone 
inbred strains (SAMP) and 3 senescence-resistant inbred 
strains (SAMR) have been established. SAMPs seem to 
show a senescence-related phenotype such as short lifes-
pan or rapid advancement of senescence [34]. SAMP8 
is an especially interesting model animal in terms of 
mechanism of learning and memory, because it has age-
related impairment of learning and memory. It shows 
short avoidance latency in the retention test for passive 
avoidance response and long escape latency in the Mor-
ris water maze task compared with SAMR1, indicating 
that SAMP8 shows age-related deterioration of ability 
in learning and memory [5, 21, 24, 37, 40]. Age-related 
impairment of this strain is expressed in difficult tasks 
compared with simple ones [8]. Furthermore, histologi-
cal techniques revealed that SAMP8 has spontaneous 
spongy degeneration in the brain stem and spinal cord, 
in which hypertrophic astrocytes increase with aging 
[39]. In addition, decreases in muscarinic acetylcholine 

receptors, alpha 2-adrenoceptors, N-methyl-D-aspartate 
receptors, and L-type Ca2+ channels in the cerebral cor-
tex and hippocampus were reported [16]. These results 
indicate that the number of neurons and activity of the 
neural network, which are relevant to cognitive function, 
were attenuated in SAMP8.

Another feature of SAMP8 is its Alzheimer’s disease-
like pathogenesis such as excess protein expression of 
amyloid precursor protein (APP) and amyloid β (Aβ), 
increased oxidative stress, and tau phosphorylation [7, 
25, 28]. Antisense oligonucleotides against the Aβ region 
of APP reduced the levels of APP, which induced oxida-
tive stress, and restored learning and memory [18, 25, 
29]. Moreover, altered levels of ApoE (epsilon 4 allele 
is known to be related to synaptic plasticity or Alzheim-
er’s disease [14]) and presenilin-2 (polymorphism of 
presenilin-2 seems to be a risk factor of sporadic Al-
zheimer’s disease [4]) were reported [18, 38]. Piecing 
all these findings together, SAMP8 seems to be a good 
model animal not only for basic research on learning and 
memory or aging study but also for elucidation of the 
pathophysiological mechanism of Alzheimer’s disease.

We also use SAMP8 for neuroscience study in our 
laboratory now. Not many studies about the learning 
ability of SAMP8 have been performed at the electro-
physiological level compared with the studies at the 
behavioral level as mentioned above. We focus on long-
term potentiation (LTP), which is thought to be one of 
the synaptic plasticities related to learning and memory, 
since the excitatory postsynaptic potential lasts for hours 
after theta burst stimulation [1]. An earlier study re-
ported that SAMP8 shows a smaller degree of LTP com-
pared with age-matched SAMR1 after 6 months of age 
[41]. On the other hand, we record LTP at the hippocam-
pal Schaffer collateral-CA1 synapses and mossy fiber-
CA3 synapses in young (2–3 weeks old) animals. There 
are two reasons why we use young animals; one is to 
know when senescence starts in SAM strains, and the 
other is to make it easy to compare the features with 
‘‘normal’’ mice, since we already have a lot of data for 
young normal mice [12]. In our studies, SAMP8 shows 
attenuated LTP compared with SAMR1 at both CA1 and 
mossy fiber synapses in 2- to 3-week-old brain slices 
(Fig. 1, unpublished data). In studies by Katsuki et al., 
SAMP8 showed attenuated LTP in 10-month-old mice 
compared with 5-month-old mice as in SAMR1 and no 
significant changes in LTP between SAMP8 and SAMR1 
both at CA1 and CA3 synapses [13]. Although these 
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discrepancies seem to depend on the age of the mice used 
in the experiments, no phenotypic differences have been 
reported in 2- to 3-week-old SAMP8 until now. Our 
results suggest that SAM series may have some genetic 
backgrounds besides the accelerated senescence-related 
ones. Because it is an interesting model for geronto-
logical study in addition to the view of the neuroscience 
of aging, further studies to explore the features of the 
SAM are expected.

SAMP10

The other SAM that shows brain dysfunction is 
SAMP10. This strain of SAM also shows impairment of 
ability with regard to learning and memory in the passive 
avoidance test, active avoidance test, and Morris water 
maze test [23, 27, 32]. However, senile plaques primar-
ily composed of amyloid β or neurofibrillary tangles 
primarily composed of phosphorylated tau were not 
observed in SAMP10 [31]. Instead, severe atrophy in 
the frontal cortex, entorhinal cortex, amygdala, and 
nucleus accumbens can be seen in this strain in an age-
dependent manner [31], indicating that SAMP10 is a 
model for normal aging rather than Alzheimer’s disease. 
This atrophy seems to be attributed to the age-related 
retraction of neuronal dendrites and decrease in the num-
ber of spines from a morphological standpoint [33]. 
Recently, it has been reported that the concentration of 
catecholamine is decreased in the SAMP10 cortex de-
spite catecholamine metabolites levels that are compa-
rable with SAMR1 [22]. This study suggests that dimin-
ished catecholamine synthesis cause impairment of 

learning and memory in SAMP10. Interestingly, the 
hippocampus does not show severe atrophy, although 
performance associated with learning and memory de-
clines. Although the reason for the impairment of abil-
ity with regard to learning and memory is partially at-
tributed to reduced motivation and depression [23], there 
is no electrophysiological data such as LTP pertaining 
directly to it.

In the brain of SAMP10, pro-inflammatory cytokines 
such as IL-1β, IL-6, IFN-γ, and TNF-α were more high-
ly expressed than in that of SAMR1 in terms of the 
mRNA level [17]. However, neuroinflammation induced 
by intraperitoneal injection of kainate did not induce 
upregulation of IFN-γ and its receptors in SAMP10 [9]. 
These studies indicate that neuroinflammation is in-
volved in neurodegeneration in SAMP10 and that cyto-
kine interactions relating to neuroprotection are defective 
in the brain of this mouse. Recently, it was reported that 
the superoxide level in the brain of SAMP10 is higher 
than that of SAMR1 in an age-dependent manner [30]. 
In addition, antioxidative enzyme glutathione peroxidase 
activity decreases in an age-dependent manner [15]. 
Taken together with the results showing that antioxidant 
catechin intake improves brain functions [35, 36], it is 
suggested that oxidative damage results in neurodegen-
eration or atrophy. Further neuroscientific studies using 
SAMP10 is expected to continue in the future.

Klotho Mouse

The klotho mouse was found by Nabeshima et al. in 
the process of making transgenic mice in 1997 [19]. This 

Fig. 1.	 Comparison of degree of LTP between 2- to 3-week-old SAMP8 and age-matched 
SAMR1 mice. LTP levels increase in SAMP8 compared with SAMR1 at both CA1 and 
CA3 excitatory synapses. (A) LTP at Schaffer collateral-CA1 synapses. (B) LTP at 
mossy fiber-CA3 synapses.
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mouse shows a phenotype similar to human progeria 
such as short lifespan, gait abnormality, hypokinesia, 
infertility, arteriosclerosis, and osteoporosis. Thus, the 
klotho mouse is expected to be a human aging model 
animal. It is interesting that these phenotypes are regu-
lated by only one gene named α-klotho.

The α-klotho gene encodes a single-pass transmem-
brane protein [19]. Cleaved by α- and β-secretase, which 
also cleave amyloid precursor protein (APP), Klotho 
protein function is divided into two types: the membrane 
type and secreted type. Secreted Klotho is a member of 
family 1 glycosidases and acts on the transient receptor 
potential vanilloid 5 (TRPV5) or renal outer medullary 
potassium channel 1 (ROMK1) on the kidney cell mem-
brane to remove sialic acids [2, 3]. Galactose appears 
after this removal and binds galectin-1, and this complex 
suppresses the internalization of TRPV5 and ROMK1, 
resulting in an increase in Ca2+ influx and K+ efflux, 
respectively. Secreted Klotho not only regulates ion 
channel activity but also type 2a sodium-dependent phos-
phate cotransporter (Npt2a), and suppresses renal tran-
sepithelial phosphate reabsorption [10]. These results 
indicate that secreted Klotho protein is involved in the 
regulation of glycoproteins in the kidney. Membrane 
Klotho is known to make a receptor of fibroblast growth 
factor (FGF) 23 with the FGF receptor [20]. FGF23, a 
bone-derived phosphaturic hormone, binds to the FGF 
receptor-Klotho complex to activate transcription of the 
klotho gene through the mitogen-activated protein kinase 
(MAPK)-Egr1 signaling pathway [6]. This membrane 
Klotho converts into secreted Klotho to regulate phos-
phate homeostasis. In addition to this paracrine system, 
phosphate homeostasis is also under endocrine control. 
Phosphate metabolism was thought to be regulated by 
calcium-regulating hormones such as calcitriol (1,25-di-
hydroxyvitamin D3) and parathyroid hormones (PTH). 
But Klotho is expressed in both the kidney and parathy-
roid to make the FGF receptor-Klotho complex, and 
FGF23 is secreted by bone, suggesting that the bone-
kidney-parathyroid axis maintains phosphate homeosta-
sis instead of the calcium-regulating hormones. Actu-
ally, the klotho mouse shows hypervitaminosis D, 
hyperphosphatemia, and hypercalcemia [19], and the 
klotho mouse and FGF23-deficient mouse show similar 
phenotypes exhibiting premature aging [20]. As the 
Klotho mutation in humans is involved in severe tu-
moral calcinosis [11], it is likely that Klotho is an im-
portant factor for tissue calcification associated with 

aging.
The α-klotho gene is mainly expressed at the kidney 

and the brain [19], hence it is likely that the klotho mouse 
shows diminished performance associated with brain 
aging. Nagai et al. investigated the cognitive function 
of the klotho mouse [26]. In their study, object recogni-
tion ability and fear conditioning were impaired at 7 
weeks of age. At the same time, apoptotic cells were 
observed in the hippocampus, and oral administration of 
an antioxidant rescued this apoptosis. Furthermore, an 
antioxidant restored the cognitive function impaired in 
the klotho mouse. These data indicate that oxidative 
stress is involved in the deterioration of the cognitive 
function of the klotho mouse. However, 6-week-old mice 
did not show any impairment of learning performance, 
although increases in oxidative lipid and DNA damage 
were already observed in 5-week-old mice. Although the 
cause of this discrepancy still remains unknown, the term 
between 5th and 6th weeks after birth seems to be a 
critical period for learning and memory in the klotho 
mouse.

In this review, I have discussed two model animals 
that are potentially useful for neuroscience research now 
and in the near future. As mentioned above, when we 
apply animal models to neuroscience investigation, we 
need to verify the pros and cons and carefully pick the 
models fit for the studies. Although this process is rela-
tively difficult, there is no doubt that the model animal 
is a powerful tool, so it is desirable for researchers to 
continue checking for animal characteristics correspond-
ing to human diseases to produce more available models.
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