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Increase in the quality of life, combined with drug strategies, has been studied as

possibilities for improvingmemory and delaying the onset of neurodegenerative diseases.

A previous study published by the group of the authors has shown that microdose lithium

and enriched environment can improve memory in both mice and humans. To elucidate

this relationship better, this study aimed to evaluate whether the chronic combination

of these two strategies could increase healthy aging in Senescence Accelerated

Mouse-Prone 8 (SAMP8). Animals were submitted to either one or both of these

strategies until the age of 10 months when they were anesthetized and killed and their

hippocampus was extracted. The untreated SAMP-8 group exhibited worse memory

and reduced neuronal density with greater neurodegeneration and increased amyloid-β

plaque density compared with the control group. Moreover, significant alterations in

proteins related to long-term potentiation, such as, synaptophysin and brain-derived

neurotrophic factor (BDNF), were observed in this group. The strategies used in the

study maintained long-term memory, reduced anxiety, and increased neuroprotection.

Both strategies were efficient in reducing neurodegeneration and increasing parameters

related to memory maintenance. In many experiments, the combination of the two

strategies was more effective in improving healthy aging. This study sheds light on the

combination of strategies that choose to improve the quality of life and drugs with low

side effects. Moreover, it opens perspectives for a new field of study for healthy aging.

Keywords: active life expectancy, enriched environment, lithium carbonate, senile plaques, neuroprotection,

healthy aging, SAMP-8
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FIGURE 10 | Senescence Accelerated Mouse-Prone 8 (SAMP-8) submitted to the different strategies presented less neurodegeneration in different hippocampal

areas. (A,C,E) Comparison between senescence-accelerated mice resistant (SAMR)-1 and SAMP-8. (B,D,F) Comparison of untreated SAMP-8 and SAMP-8 treated

with different strategies. Histograms and vertical bars are means ± standard error of the mean (SEM). *p < 0.05; **p < 0.01; ***p < 0.001.

neuronal density in the GrDG, CA1, and CA3 hippocampal areas
when compared with the SAMR-1 control, factors contributing
to the behavioral observations. This could also be related to the

increase in senile plaque deposition in the hippocampus. The
presence of senile plaque, mainly composed of Aβ1-42 peptides,
leads to greater neurotoxicity and neurodegeneration (Pike et al.,
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FIGURE 11 | Cells labeled with fluorojade C (green) in the CA1 hippocampal region of (A–C) senescence-accelerated mice resistant (SAMR)-1, (D–F) Senescence

Accelerated Mouse-Prone 8 (SAMP-8), (G–I) Li, (J–L) EE, and (M–O) Li + EE. Cellular nuclei were labeled with DAPI (blue). Images were obtained using an inverted

DMi8 (Leica, Wetzlar, Germany) microscope with a 10× objective. Scale bar: 100µm.
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FIGURE 12 | Cells labeled with fluorojade C (green) in the CA3 hippocampal region of (A–C) senescence-accelerated mice resistant (SAMR)-1, (D–F) Senescence

Accelerated Mouse-Prone 8 (SAMP-8), (G–I) Li, (J–L) EE, and (M–O) Li + EE. Cellular nuclei were labeled with DAPI (blue). Images were obtained using an inverted

DMi8 (Leica, Wetzlar, Germany) microscope with a 10× objective. Scale bar: 100µm.

1993; Kaku et al., 2003; Oakley et al., 2006). Individual treatments
with lithium and environmental enrichment promoted increases
in neuronal density in GrDG, CA1, and CA3 and decreased
neurodegeneration in the same areas when compared with the
hippocampal samples of the untreated SAMP-8 mice. These
observations are in agreement with the literature, as it has
previously been shown that environmental enrichment with
2 month-old SAMP-8 and in a transgenic mouse model for

AD promoted a reduction in neuronal loss (Akiguchi et al.,
2017; Griñán-Ferré et al., 2018). Lithium also promoted a
neuroprotective effect on GrDG, CA1, and CA3, reducing
neurodegeneration and preserving neuronal density. C57Bl/6
animals with induced neurodegeneration and a transgenic mouse
model of AD also presented increased neuronal density after
treatment with lithium (Nunes et al., 2015; Relaño-Ginés et al.,
2018). The animals treated with the combined strategies in this
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FIGURE 13 | Cells labeled with fluorojade C (green) in the GrDG hippocampal region of (A–C) senescence-accelerated mice resistant (SAMR)-1, (D–F) Senescence

Accelerated Mouse-Prone 8 (SAMP-8), (G–I) Li, (J–L) EE, and (M–O) Li + EE. Cellular nuclei were labeled with DAPI (blue). Images were obtained using an inverted

DMi8 (Leica, Wetzlar, Germany) microscope with a 10× objective. Scale bar: 100µm.

study also presented neuroprotection, but this combination was
not more effective than the treatments alone.

Long-term memory formation, as observed in this study
during the aging process of mice, depends on changes in
neuronal structure and connection, known as long-term
potentiation (LTP) (Bliss and Collingridge, 1993; Nicoll,
2017). In this biological process, the activation of the
N-methyl D-aspartate (NMDA) and alfa-amino-3-hydroxy-
methyl-5-4-isoxazolpropionic (AMPA) receptors is critical

for the establishment of the LTP molecular pathway (Bliss
and Collingridge, 1993). Other studies have already shown
dysfunction in LTP in SAMP-8 when compared with SAMR-1
(Taniguchi et al., 2015a,b). In this study, although there was
a significant reduction in memory behavior in the untreated
SAMP-8 mice when compared with the SAMR-1 mice, no
difference in the NMDA-2B receptor was observed. One possible
explanation for this is that this specific NMDA receptor has
particularity in brains with a neurodegenerative process. The
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FIGURE 14 | Different strategies increased the density of CAMK IV measured in hippocampal tissue. The density of proteins NMDA-2B, AMPA, and CAMK IV in the

hippocampal samples of SAMR-1 compared with SAMP-8 (A,C,E,G) and untreated Senescence Accelerated Mouse-Prone 8 (SAMP-8) and SAMP-8 treated with

microdosing lithium, submitted to microdosing lithium, enriched environment, or combined treatment (B,D,F,G). *p < 0.05.

expression of NMDA-2B may be reduced in the neuronal
synaptic surface and increased in the extra-synaptic region in
SAMP-8 because of the high density of senile plaque in these
animals (Snyder et al., 2005; Parsons and Raymond, 2014;
Bading, 2017). In this study, however, it was not possible to verify
the cellular localization of NMDA-2B. The SAMP-8 group also
presented a greater density of AMPA receptors when compared
with the SAMR-1 group. Similar data were observed in patients
with AD, with no change in NMDA receptor density (Marcello
et al., 2013), and in a transgenic mouse model for AD (Megill

et al., 2015), reinforcing the hypothesis that the increase in the
density of these receptors may promote neurodegeneration. In
the brain samples of the treated SAMP-8 mice, no difference in
the density of AMPA receptors was found. With respect to the
LTP cellular pathway, the untreated SAMP-8 mice presented
a lower density of the intracellular protein CAMK IV, when
compared with the SAMR-1 control. A decrease in this protein
suggests a reduction in early LTP (Tomobe and Nomura, 2009),
which could explain the worse performance of these animals
in the Barnes maze. However, the treatments applied to the
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FIGURE 15 | Synaptophysin density, but not brain-derived neurotrophic factor (BDNF), was increased in Senescence Accelerated Mouse-Prone 8 (SAMP-8) submitted

to the different strategies. Density of synaptophysin (A,B,E) measured with Western-blot assays) and BDNF (C,D) measured with enzyme-linked immunosorbent

assays (ELISAs) in the samples of SAMR-1, untreated SAMP-8, and SAMP-8 from the Li, EE, and Li + EE groups. *p < 0.05; **p < 0.01; ***p < 0.001; ap < 0.0001.

SAMP-8 mice promoted an increase in the density of CAMK
IV when compared with the untreated animals, although no
significant changes in memory behavior were observed in the
Barnes maze. As observed previously with transgenic mice for
AD, environmental enrichment promoted an increase in CAMK
IV, with an increase in pCREB (Hu et al., 2013). The same
was observed in lymphoblast cells treated with lithium, which
presented an increased density of pCREB (Alda et al., 2013).
Combined treatment was not more effective than treatments
alone but showed efficacy, as it promoted an increase in CAMK
IV density. With respect to LTP and its structural consequences,
a reduction in the density of synaptophysin was observed in
SAMP-8 and has been related to a low capacity for learning and
memorizing, and has been demonstrated in other animal species
(Wang et al., 2007). Both treatments applied during the aging
process maintained the synaptic density of the SAMP-8 mice,
as was observed previously with the lithium treatment of naïve
rats after traumatic brain injury (Carlson et al., 2017) and with
the exposure of rats to an enriched environment (Saito et al.,
1994). In the untreated SAMP-8 samples, a significant reduction
in the BDNF density of the hippocampus was observed when
compared with the hippocampus of the SAMR-1 mice, as was

observed previously (Chan et al., 2017). In this study, when
the animals were submitted to the different strategies, all the
groups showed increases in BDNF density, and a significant
increase was observed when the animals were submitted to the
combined strategies. Earlier, the group of the authors has shown
that transgenic mice for AD also presented increased density
of BDNF after treatment with microdose lithium (Nunes et al.,
2015) or exposure to an enriched environment (Baraldi et al.,
2013). Also, an increase in BDNF serum levels was already
reported after treatment of patients with AD with lithium (Leyhe
et al., 2009).

CONCLUSION

The group of the authors has previously shown that treatment
with microdoses of lithium and environmental enrichment
are effective strategies to prevent the evolution of Alzheimer’s
disease in different animal models. In this study, we show that
the combined use of these strategies is effective in promoting
memory retention and reducing anxiety-like behavior, although
we did not see an increase in the potency of neuroprotection, as
all the treatments maintained the number of neurons, alongside
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a reduction in senile plaques density and neurodegeneration in
the SAMP-8 treated groups. The treatments also contributed
to maintaining long-term potentiation and, consequently, long-
term memory, with the combined treatment being as or more
effective than the treatments applied alone. This conclusion
is extremely valuable, as in everyday life individuals may be
exposed to multiple positive stimuli (nutritional, intellectual,
sensorial, emotional, physical, etc.), but this is random rather
than through a plan. Moreover, this study highlights the fact
that those who lack a variety of stimulation during their lives,
and particularly individuals with a genetic tendency to develop
memory and emotional alterations, are at increased risk. In this
way, it is suggested that individuals should be more conscious
of what these strategies are and apply them more systematically.
In other words, changing the lifestyle to increase environmental
enrichment together or not with microdose lithium treatment,
should be strongly considered as a plan for a better life, for health
span. We hope that the results of this study can help to inform
future programs devoted to healthy aging.
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