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Introduction

ging of the brain is a very complex biological
process associated with declines in sensory, motor, and
cognitive functions. However, aging is not a disease.
Aging is a normal physiological process that can develop
without the appearance of concurrent diseases. When
this occurs, the process is referred as “successful aging.”1

Nonetheless, with advanced age, the possibility of indi-
viduals suffering from dementia, as a consequence of
that physiological process of aging, has been postulated.
In fact, it has been suggested that around 120 years of
age, without concomitant diseases, the population of
neocortical synapses could decline to the level found in
Alzheimer’s disease, with a loss of intracerebral connec-
tivity of around 40%. This loss can result in true primary
senile dementia without the presence of the plaques and
tangles that characterize Alzheimer’s disease.2 Although
these data are open to discussion and also clearly refer
to a very old age, which in fact is at the upper limit of
human longevity, they nevertheless reveal the intimate
relationship between age and disease. 
Life expectancy is continuing to increase, thus making
longevity “one of humanity’s most astonishing successes.”3

Thus, it is important to decipher not only the mechanisms
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Aging is a physiological process that can develop without
the appearance of concurrent diseases. However, very fre-
quently, older people suffer from memory loss and an
accelerated cognitive decline. Studies of the neurobiology
of aging are beginning to decipher the mechanisms
underlying not only the physiology of aging of the brain
but also the mechanisms that make people more vulner-
able to cognitive dysfunction and neurodegenerative dis-
eases. Today we know that the aging brain retains a con-
siderable functional plasticity, and that this plasticity is
positively promoted by genes activated by different
lifestyle factors. In this article some of these lifestyle fac-
tors and their mechanisms of action are reviewed, includ-
ing environmental enrichment and the importance of
food intake and some nutrients. Aerobic physical exercise
and reduction of chronic stress are also briefly reviewed.
It is proposed that lifestyle factors are powerful instru-
ments to promote healthy and successful aging of the
brain and delay the appearance of age-related cognitive
deficits in elderly people. 
© 2013, LLS SAS Dialogues Clin Neurosci. 2013;15:45-52.
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underlying this prolonged human longevity, but also the
complex factors that make humans more vulnerable to
pathology and neurodegenerative diseases. It is also
important to understand the factors that delay pathologi-
cal aging, because by so doing we can emphasize a lifestyle
that promotes healthy aging of the entire body, including
the brain. Current research provides an increasing body of
evidence supporting the existence of an environment-
dependent plasticity of the brain and the relevance of this
plasticity for aging and neurodegenerative diseases.1,4-6

The aim of this article is to first review the anatomical
and functional changes of the aging brain, and second to
review the reported plastic effects of environmental
enrichment on different neurobiological parameters.
This article will also review the effects of caloric restric-
tion, physical exercise, and stress, with special emphasis
on glucocorticoids on the aging brain. It will be proposed
that lifestyle factors are powerful instruments that pro-
mote a delay in the appearance of age-related deficits
and lead to a healthy and successful aging of the brain.

Genome, ambiome, and longevity

Aging is an endogenous, progressive, and deleterious
process that does not seem to be genetically pro-
grammed, but rather results from many molecular
events that cause an accumulation of damaged cellular
components including proteins, DNA, and cell mem-
branes.7,8 This deleterious process is mostly due to an
increase in oxidative stress free radicals and mitochon-
drial instability, which results in a lower production of
ATP, which would render less energy available to invest
in the maintenance and repair of the organism.9

Longevity, which refers to how long the process of aging
will continue, is in part governed by genes that promote
molecular mechanisms controlling antioxidant activity
and the maintenance and repair of damage induced by
free radicals.7 Nonetheless, today we are starting to
understand that the increase in longevity that we are
currently witnessing does not seem to rely as much on
those genes already mentioned, but rather on genes that
become activated during aging by different lifestyle fea-
tures and the proteins encoded by these activated
genes.9,10,11

Lifestyle factors seem to be of crucial importance, not
because they can determine how long we will live, but
rather because they can determine how healthily we will
age and thus maintain an independent life during aging.

In fact a key point in our society, and the goal we are
currently trying to achieve through the field of biogeron-
tology, is how long we can grow old “gracefully” and
with full emotional involvement in life.12

All of this is in line with current research which is pro-
viding evidence indicating that the aging brain retains a
considerable functional plasticity which is very much
dependent on the environment and, as mentioned, on
the lifestyles of the individuals.1,9 In fact, we coined the
term “ambiome” (ambiens-ambientis = environment) to
describe that “set of physical, psychological, and cultural
factors that change the biochemistry, anatomy, and phys-
iology of the brain during the lifespan of an individual
or can determine the clinical expression of a disease.” 13

For instance, caloric restriction and aerobic physical
exercise have been shown to promote not only healthy
aging of the brain, but also slow down the progression of
neurodegenerative diseases, including Parkinson’s dis-
ease and Alzheimer’s disease.14-17

Anatomical and functional changes
in the aging brain

During aging the brain changes its structure and func-
tion, and these changes are in fact modulated by the
interaction of the individuals with their environment.1

Today we know that the plastic changes of the brain dur-
ing aging are not homogeneous throughout the entire
brain, but are related to the neuronal-synaptic-
molecular substrates found in each area. This hypothe-
sis is supported by findings showing that, during aging,
changes in the morphology of neurons, as well as
changes in the tissue density, are specific to each area of
the brain.18,19 Also, dendritic and spine densities and
dynamics and functional interactions among different
neurotransmitters do change differently among specific
areas of the brain during aging.19-22

Particularly relevant for understanding plasticity of the
aging brain are data showing that, with the exception of
neurons from the monoamine cell groups in the mid-
brain and basal forebrain23,24 and some areas of the dor-
solateral prefrontal cortex,25 there is no significant loss
of neurons during the normal process of aging. This has
been shown primarily in brain areas related to learning
and memory and other cognitive functions that are cen-
tered in the hippocampus and the cerebral cortex of
rodents, primates, and humans.18,26 Also, dendritic branch-
ing in the cerebral cortex and hippocampus does not
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seem to change during aging in rats, primates, and
humans.18 However, other brain regions, particularly
some areas of the prefrontal cortex and hippocampus,
suffer a volume decline with aging, and this decline may
be produced by a decrease in synaptic density.2,19,27

In contrast to the scarce morphological changes that
occur in the cerebral cortex and hippocampus during
aging, functional changes in these two areas of the brain
have been reported. For example, deficits in long-term
potentiation induction or reversal, as well as long-term
depression induction, have been reported in old rats.
These deficits have been suggested to be the neural basis
of cognitive and motor dysfunctions observed in aged
animals.4,18 Also, normal aging is accompanied by alter-
ations in neuronal calcium homeostasis.8,28 which could
be related to oxidation of proteins that are involved in
cellular ion homeostasis. This is important, since sus-
tained elevations of intracellular calcium concentrations
can cause neuritic degeneration and cell death, and by
so doing form the bases for age-related impairments in
learning and memory.29

Neurotrophic factors seem to be very much relevant in the
aging brain because of their involvement in a high-order
of brain plasticity such as learning. In fact, the expression
of neurotrophic factors, such as brain-derived neurotrophic
factor (BDNF), in the hippocampus has been reported to
decrease with age, and these decreases might contribute to
age-related cognitive impairments in rats.1,30,31 Also, a deficit
in the expression of genes that encode for neurotrophic
factors that promote neuronal survival, dendritic branch-
ing, and outgrowth of synaptic plasticity, has been shown
to be associated with increased cell vulnerability during
aging and neurodegenerative diseases.4

With regard to neurotransmission and aging of the brain,
we reported that in the prefrontal cortex the release of
dopamine induced by a mild stressor and the increases
of dopamine and γ-aminobutyric acid (GABA) in the
nucleus accumbens by activation of glutamate receptors
decrease with age.1,32,33 Moreover, we have recently pro-
posed that the interaction between neurotransmitters in
specific areas of the brain could provide new clues to
understanding the age-related changes in specific circuits
of the brain.21,34 For instance, we have found that the
interaction between glutamate and dopamine decreases
with age in the nucleus accumbens, but not in the dorsal
striatum of aged rats.34 These results reinforce the idea
already expressed in this review that the effects of aging
on the brain are regionally specific, and further highlight

the relevance of studies to investigate the potential inter-
actions between neurotransmitters in specific neural net-
works during the normal process of aging.1,34

An experimental setting that provides evidence for the
plasticity of the brain in both adult and aged animals is
referred to as “environmental enrichment.” This will be
discussed below. 

Environmental enrichment and 
aging of the brain

Environmental enrichment refers to an experimental
setting in which animals experience enhanced cognitive
and social interactions as well as sensory and motor abil-
ities, and this potentiates learning and memory.1 Several
studies have shown that this experimental model facili-
tates the study of plastic changes that occur in the brains
of young as well as aged animals. Animals living in these
environmental conditions exhibit improved learning and
memory and have a reduction in the responses of sev-
eral neurotransmitters to stress, enhanced neurogenesis
in the dentate gyrus of the hippocampus, increased brain
weight and size, and enhanced gliogenesis, as well as den-
dritic branching and new synapse formation in several
areas of the brain.1,6,35-37 Animals living in enriched envi-
ronments show increased expression of the genes for
nerve growth factor NGF, glial derived neurotrophic fac-
tor (GDNF) and BDNF in several areas of the brain.6,38

BDNF, in particular, seems to be required for the
improvement in learning and the neurogenesis produced
in the hippocampus of animals living in these enriched
environments.39

Several experimental studies have shown, specifically in
aged animals, that environmental enrichment attenuates
the age-related changes in cortical thickness, dendritic
branching, spine density, neurogenesis, and gliogenesis.1,40-42

All these effects have been correlated with an improved
performance of old animals in different learning tasks.1,43

These experimental data are indicative of the plastic
capacities of the aged brain. Taken collectively they rein-
force the idea that the aged brain is highly responsive to
challenges, and they may also help to explain why cog-
nitive and physical exercise make individuals resistant
to developing Alzheimer’s disease and other types of
dementia.14,44

The studies reviewed here on animals living in an
enriched environment provide powerful evidence for the
effects of different lifestyle elements on the anatomy and
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physiology of the brain and particularly on the aged
brain and its plasticity. Several other lines of research in
animal models and also humans further emphasize the
intimate relationship between lifestyle and successful
brain aging (see below). 

Lifestyle and successful brain aging

It is becoming apparent that successful brain aging is
possible if people maintain certain healthy lifestyle
habits throughout their lives. These lifestyle factors
include: the number of calories ingested, composition
and quality of diet, physical as well as mental exercise,
not smoking, active social life, effective use of technical
innovations for social communication, maintenance of
an active emotional life, and control of a stressful
lifestyle.10 Some of these are briefly reviewed below, and
are also summarized in Table I.

Reduction in food intake and the effects of specific
nutrients

Caloric restriction a reduction of food intake by 20% to
40% without malnutrition has been shown to decrease
the rate of aging of the brain, probably due in part to a

significant decrease in the production of mitochondrial
reactive oxygen species and a corresponding decrease in
their detrimental effects on different cellular macro-
molecules including proteins, lipids, and DNA.45 This
dietary manipulation has powerful effects on the health
of many species, including monkeys and humans.17,46-48

Caloric restriction has protective effects, particularly in
the aging brain. Some of these effects are: reduction in
motor and cognitive deficits, improvements in metabolic
functions including insulin sensitivity and glucose home-
ostasis, and reductions in the appearance of tumors and
the incidence of cardiovascular diseases.9,49,50 The under-
lying mechanisms for these protective effects of caloric
restriction, particularly the improvement in learning and
memory in aged animals, includes changes in synaptic
plasticity reduction in spine loss and increased neuroge-
nesis in the hippocampus.51

The effects of caloric restriction on the brain, particu-
larly the aging brain, are regionally specific and very
much dependent on the neuronal and synaptic sub-
strates of that specific area and its neuronal circuits.1 For
example, it has been shown that the gray matter volume
in the caudate nucleus decreases with age in control ani-
mals, but is preserved in calorie-restricted monkeys.46 In
contrast, other areas of the monkey brain, including the
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Current research is providing evidence for some lifestyle features that can be modified by individuals to help decrease the risk of cognitive

dysfunctions. Some of these lifestyle factors may produce their effects through convergent molecular mechanisms.10,67,68

Cognitive exercise

Experiments in rats living in enriched environments which enhance cognitive and social interactions provide indications of possible 

mechanisms for the benefits of cognitive stimulation in humans. Environmental enrichment produces improvements in learning and memory, 

enhances neurogenesis, increases brain weight, dendritic branching, and new synapse formation, and increases the expression of genes for 

neurotrophic factors.1,6,11,38,75,76

Reduction of food intake and healthy diet

Caloric restriction has protective effects in the aging brain. These effects include improvements in learning and memory, reduction of spine 

loss, and increased neurogenesis. Caloric restriction may be protective in Alzheimer’s disease and Parkinson’s disease. Specific nutrients such as 

omega-3-fatty acids and vitamins E and C may decrease the rate of brain aging by protecting membranes from oxidative damage and slowing

down the rate of cognitive decline and also progression of Alzheimer’s disease.46,49,51,52,53,55,57,77

Aerobic physical exercise

Aerobic physical exercise maintains brain health and plasticity throughout life. Exercise improves cognitive function in humans, produces 

increases in brain volume, stimulates neurogenesis and synaptogenesis, and increases neurotrophic factors in different areas of the brain. 

Physical exercise may protect the brain against reduction in cognitive functions in the elderly and delay the onset and slow down the 

progression of Alzheimer disease.14,16,58,59,62,68,78

Reduction in chronic stress

Chronic stress may produce cognitive dysfunction in the elderly and may increase the rate of cognitive decline in Alzheimer’s patients. 

Stressful lifestyles have been suggested to increase glucocorticoid levels in the brain and this be neurotoxic, affecting neuronal energy 

balance and producing a decline in cognitive functions. Minimizing life stress has been recommended.11,69,74 

Table I. Lifestyle factors that may facilitate successful aging of the brain.

13_AG_1004_BA_INTERIEUR.qxd:DCNS#55  1/03/13  17:13  Page 48



frontal and temporal cortex, are characterized by a sig-
nificant reduction in gray matter volume that is not
decreased by a reduction in food intake.46 Several stud-
ies have shown that caloric restriction elevates the lev-
els of BDNF in several areas of the brain, particularly
the hippocampus.51 These increases in BDNF levels seem
to be regionally specific, as suggested by a recent study
that evaluated the release of neurotransmitters and
BDNF levels in rats subjected to a 40% restriction in
food intake throughout their entire lifespan.17

Caloric restriction may also be protective in Alzheimer’s
disease and Parkinson’s disease, as well as in other neu-
rodegenerative disorders.52,53 For instance, in mouse mod-
els of Alzheimer’s disease, caloric restriction has been
shown to reverse the deficits in learning and memory
typically found in these animals.54 Also, the motor
impairment detected in a monkey model of Parkinson’s
disease has been shown to be attenuated by caloric
restriction.52 A major role of neurotrophic factors as well
as other proteins and enzymes on these protective
effects of caloric restriction has been suggested.9

Several studies highlight the role of certain nutrients for
normal brain function, and these nutrients may influence
the activities of specific molecular substrates important
for learning, memory, and other cognitive functions.55 An
example of one of those nutrients is the omega-3 fatty
acids, which are considered essential for maintaining
synaptic function and plasticity.55 In fact, the omega-3
fatty acid, docosahexaenoic acid, is an important com-
ponent of neuronal membranes and it has been found
that dietary supplementation with this fatty acid elevates
the levels of BDNF in the hippocampus and counteracts
rat learning disabilities after traumatic brain injury.56

Other micronutrients, such as vitamin E, have been
shown to have the specific capacity to protect synaptic
membranes from oxidative damage. Thus there are
micronutrients that protect the brain against aging by
promoting neuronal plasticity.55 Moreover, different
micronutrients, including flavonoids, contained in fruits
and vegetables may counteract the aging process by
improving cognitive functions.57

Aerobic physical exercise

Frequent aerobic physical exercise is a way of maintain-
ing brain health and plasticity throughout life, and par-
ticularly during aging.10,58-60 Earlier studies showed the
benefits of exercise on the brain, more specifically cog-

nitive function, during aging in humans.61 More recent
research in animals has given support to this emphasis
on the beneficial effects of exercise by showing that it
has the capacity to stimulate neurogenesis in the hip-
pocampus and enhance learning, synaptogenesis, and
agiogenesis.49,62,63 Neurotrophic factors such as BDNF,
nerve growth factor, and fibroblast growth factor are
important mediators of these brain effects mediated by
physical exercise. In particular and most importantly,
BDNF has emerged as one of the most relevant media-
tors for synaptic plasticity and neuronal connectivity, and
therefore this factor is being considered a key element
for mediating the protective effects of physical exercise
on the brain.49,64 All these effects provide convincing sup-
port to the idea that the practice of regular physical
activity has a protective effect on brain function that
may be of particular relevance during aging.9

Several recent studies have reported the benefits of
physical exercise, both in terms of cognitive functions
and reducing the risk of impairment of these functions
in the elderly and in patients with Alzheimer’s disease
and psychiatric diseases such as depression.14,65 In fact, in
Alzheimer’s disease physical exercise has been sug-
gested to not only delay the onset of the disease but also
slow down the course of the disease.14 Moreover, physi-
cal exercise can improve the motor impairments that
occur in Parkinson’s disease patients, and may also have
beneficial effects on slowing down the progression of
other neurodegenerative diseases, as has been shown
recently in an animal model of spinocerebellar ataxia.16,66

Interestingly, the effects of aerobic physical exercise,
caloric restriction, and enriched environments all seem
to converge in terms of their abilities to enhance neu-
ronal plasticity via a mechanism involving BDNF.67 More
specifically, flavonoids and exercise may both enhance
synaptic plasticity and learning by increasing BDNF lev-
els and activating similar molecular pathways.68 In sum-
mary, it can be stated that aerobic exercise and dietary
restriction, through similar molecular mechanisms, may
make neurons more resistant to oxidative stress and less
susceptible to mitochondrial impairment; therefore both
of these factors may protect against neurodegenerative
diseases. 

Stress reduction

Human beings living in societies experience various
forms of stress. There is a permanent organic response

Successful brain aging - Mora Dialogues in Clinical Neuroscience - Vol 15 . No. 1 . 2013

49

13_AG_1004_BA_INTERIEUR.qxd:DCNS#55  1/03/13  17:13  Page 49



50

T r a n s l a t i o n a l  r e s e a r c h

to this chronic social stress, with implications for the
brain, and particularly for the aging brain.10,69 From a
physiological perspective, and among the many different
hormones and neuromodulators that are released from
both the brain itself and other organs and glands in the
body under a situation of stress, glucocorticoids are
probably the most relevant.11 In fact glucocorticoids,
which are released from the adrenal gland into the
bloodstream during stress, enter the brain through the
blood-brain barrier and are distributed throughout dif-
ferent areas of the brain, including the prefrontal cortex,
amygdala, and hippocampus.70 Glucocorticoids do inter-
act with neurons and astrocytes in those specific areas
and produce changes, both at the functional neuro-
transmitter and anatomic levels.12,71,72

Of special relevance for aging of the brain are the effects
mediated by glucocorticoids in the hippocampus,11,73

where they seem to be neurotoxic, affecting neuronal
energy balance and the neuronal substrates for learning
and memory.73 Moreover, the reduction in the number
of neurons in this area of the brain produced by gluco-
corticoids has been correlated with a decline in cognitive
functions.74 Interestingly, environmental enrichment is
effective in attenuating the increases of glucocorticoids
produced by acute stress in the prefrontal cortex of adult
rats.1,11

Recent experimental findings are relevant for further
understand the chronic effects of stress and glucocorti-
coids, with particular implications for the aged brain. Up
until recently the deleterious effects of glucocorticoids,
particularly in the hippocampus, were mainly ascribed
to the effects mediated by their elevated levels that
result as a consequence of acute stress, rather than to
chronic increases in the basal levels of these steroids.
However, we and others have proposed that a perma-
nent increase of the “basal” levels of glucocorticoids that
results from a stressful lifestyle could also contribute to
the neuronal damage that occurs in the these areas of
the brain during aging.11,71

Conclusions

Aging is a highly complex process influenced by a large
number of factors that vary from individual to individ-
ual. It is clear that many factors, including controlling the
amount of food we ingest as well as the components of
our diet, the incorporation of aerobic physical activity
into our daily routine, and the attenuation of stress, are
essential components for a successful aging of the brain.
As reviewed here, aging of the brain is a process that is
not only intrinsic to the neuronal mechanisms within the
brain but also influenced by important hormones and
neuromodulators that are released from peripheral
organs and endocrine glands. Especially relevant in this
context are the glucocorticoid hormones. During aging
and with a chronic stressful lifestyle, corticosterone in
rats or cortisol in humans could potentially change the
function of specific neuronal circuits in the brain. These
effects could be modulated and attenuated in animals
living in enriched environmental conditions, which
emphasizes the importance of lifestyles in maintaining
health during aging of the brain. 
A major problem facing modern societies is how to
change lifestyle and habits, particularly in the older pop-
ulation. Yet research is providing powerful evidence for
the idea that prevention of many diseases can be dimin-
ished by a healthy diet and lifestyle that includes cog-
nitive exercise, stress management, and a reduction in
cardiovascular risk through regular physical exercise.
Prevention of the cognitive decline and dementia that
occurs during aging could well be a decisive argument to
support the modification of public health policies. ❏
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Envejecimiento cerebral exitoso: 
plasticidad, enriquecimiento ambiental y
estilo de vida

El envejecimiento es un proceso fisiológico que
puede desarrollarse sin la aparición de enfermeda-
des en forma concomitante. Sin embargo, muy fre-
cuentemente, las personas de edad avanzada sufren
de pérdida de memoria y de una declinación cogni-
tiva acelerada. Los estudios sobre la neurobiología
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9. Stranahan AM, Mattson MP. Recruiting adaptive cellular stress
responses for successful brain ageing. Nat Rev Neurosci. 2012, 13:209-216.
10. Mora F. ¿Se puede retrasar el envejecimiento del cerebro? Madrid, Spain:
Alianza Editorial; 2011.
11. Mora F, Segovia G, del Arco A, de Blas M., Garrido P. Stress, neuro-
transmitters, corticosterone and body-brain integration. Brain Res.
2012;1476:71-85.
12. Abbot A. Aging: growing old gracefully. Nature. 2004;428:116-118.
13. Mora F, Sanguinetti AM. Diccionario de Neurociencia. Madrid, Spain:
Alianza Editorial; 2004.
14. Rolland Y, van Kan GA, Vellas B. Physical activity and Alzheimer’s dis-
ease: from prevention to therapeutic perspectives. J Am Med Dir Assoc.
2008;9:390-405.
15. Dibble LE, Addision O, Papa E. The effects of exercise on balance in per-
sons with Parkinson´s disease: a systematic review across the disability spec-
trum. J Neurol Phys Ther. 2009;33:14-26.
16. Gitler AD. Another reason to exercise. Science. 2011;334:606-607.
17. Del Arco A, Segovia G, De Blas M, et al. Prefrontal cortex, caloric restric-
tion and stress during aging: studies on dopamine acetylcholine release,
BDNF and working memory. Behav Brain Res. 2011;216:136-145.
18. Burke SN, Barnes CA. Neural plasticity in the ageing brain. Nat Neurosci.
2006;7:30-40.
19. Hedden T, Gabrieli JDE. Insights into the aging mind: a view from cog-
nitive neuroscience. Nat Rev Neurosci. 2004;5:87-96.

20. Del Arco A, Segovia G, Fuxe K, Mora F. Changes of dialysate concen-
trations of glutamate and GABA in the brain: an index of volumen trans-
mission mediated actions? J Neurochem. 2003;85:23-33.
21. Mora F, Del Arco A, Segovia G. Glutamate-dopamine interactions in
striatum and nucleus accumbens of the conscious rat during aging. In:
Graybiel AM, ed. Basal Ganglia IV. New York, NY: Plenum Press; 2003:615-622.
22. Segovia G, Porras A, del Arco A, Mora F. Glutamatergic neurotrans-
misión in aging: a critical perspective. Mech Ageing Dev. 2001;122:1-29.
23. Calne DB, Peppard RF. Aging of the nigrostriatal pathway in humans.
Can J Neurol Sci. 1987;14:424-427.
24. Decker MW. The effects of aging on hippocampal and cortical projec-
tions of the forebrain cholinergic system. Brain Res Rev. 1987;12:423-438.
25. Smith DE, Rapp PR, Mckay HM, Roberts JA, Tuszynski MH. Memory
impairment in aged primates is associated with focal death of cortical neu-
rons and atrophy of subcortical neurons. J Neurosci. 2004;24:4373-4381.
26. Morrison JH, Hoff PR. Life and death of neurons in the aging brain.
Science. 1997;278:412-419.
27. Morrison JH, Baxter MG. The aging cortical synapse: hallmarks and
implications for cognitive decline. Nat Rev Neurosci. 2012;13:240-250.
28. Toescu EC, Verkhratsky A, Landfield PW. Ca++ regulation and gene
expression in normal brain aging. Trends Neurosci. 2004;27:614-620.
29. Kapogiannis D, Mattson MP. Disrupted energy metabolism and neu-
ronal circuit dysfunction in cognitive impairment and Alzheimer´s disease.
Lancet Neurol. 2011;10:187-198.

13_AG_1004_BA_INTERIEUR.qxd:DCNS#55  1/03/13  17:13  Page 51



52

T r a n s l a t i o n a l  r e s e a r c h
30. Adlard PA, Perreau VM, Cotman CW. The exercise-induced expression
of BDNF within the hippocampus varies across life-span. Neurobiol Aging.
2005;26:511-520.
31. Gooney M, Messaoudi E, Maher FO, Bramham CR, Lynch MA. BDNF-
induced LTP in dentate gyrus is impaired with age: analysis of changes in
cell signalling events. Neurobiol Aging. 2004;25:1323-1331.
32. Del Arco A, Segovia G, Mora F. Dopamine release Turing stress in the pre-
frontal cortex of the rat decreases with age. Neuroreport. 2001;12:4019-4022.
33. Segovia G, Mora F. Dopamine and GABA increases produced by activa-
tion of glutamate receptors in the nucleus accumbens are decreased dur-
ing aging. Neurobiol Aging.2005;26:91-101.
34. Mora F, Segovia G, Del Arco A. Glutamate-dopamine-GABA interactions
in the aging basal ganglia. Brain Res Rev. 2008;58:340-353.
35. Segovia G, del Arco A, Garrido P, de Blas M, Mora F. Effects of an
enriched environment on the release of dopamine in the prefrontal cortex
produced by stress and on working memory during aging in the awake rat.
Beh Brain Res.2008;187:304-311.
36. Segovia G, del Arco A, Mora F. Environmental enrichment, prefrontal
cortex, stress and aging of the brain. J Neural Transm. 2009;116:1007-1016.
37. Leggio MG, Mandolesi L, Federico F, et al. Environmental enrichment
promotes improved spatial abilities and enhanced dendritic growth in the
rat. Behav Brain Res. 2005;163:78-90.
38. Pham TM, Winblad B, Granholm AC, Mohammed AH. Environmental
influences on brain neurotrophins in rats. Pharmacol Biochem Behav.
2002;73:167-175.
39. Rossi C, Angelucci A, Costantin L, et al. Brain-derived neurotrophic fac-
tor BDNF is required for the enhancement of hippocampal neurogenesis
following environmental enrichment. Eur J Neurosci. 2006;24:1850-1856.
40. Kempermann G, Gast D, Gage FH. Neuroplasticity in old age: sustained
fivefold induction of hippocampal neurogenesis by long-term environ-
mental enrichment. Ann Neurol. 2002;52:135-143.
41. Kolb B, Gibb R, Gorni G. Experience-dependent changes in dendritic
arbour and spine density in neocortex vary qualitatively with age and sex.
Neurobiol Learn Mem. 2003;79:1-10.
42. Segovia G, Yague AG, Garcia-Verdugo JM, Mora F. Environmental
enrichment promotes neurogenesis and changes the extracellular concen-
trations of glutamate and GABA in the hippocampus of aged rats. Brain Res
Bull. 2006;70:8-14.
43. Bennett JC, McRae PA, Levy LJ, Frick KM. Long-term continuous, but
not daily, environmental enrichment reduces spatial memory decline in
aged male mice. Neurobiol Learn Mem. 2006;85:139-152.
44. Marx J. Preventing Alzheimer´s: a life long commitment? Science.
2005;309:864-866.
45. Barja G. Free radicals and aging. Trends Neurosci. 2004;27:595-600.
46. Colman RJ, Anderson RM, Johnson SC, et al. Caloric restriction delays
disease onset and mortality in rhesus monkeys. Science. 2009;325:201-204.
47. Willcox BJ, Willcox DC, Todoriki H, et al. Caloric restriction, the tradi-
tional okinawan diet and healty aging. Ann NY Acad Sci. 2007;1114:434-455.
48. Witte A, Fobker M, Gellner AR, Knecht S, Floel A. Caloric restriction
improves memory in elderly humans. PNAS. 2009;106:1255-1260.
49. Prolla TM, Mattson MP. Molecular mechanisms of brain aging and neu-
rodegenerative disorders: lessons from dietary restriction. Trends Neurosci.
2001;11:S21-S31.
50. Mattison JA, Roth GS, Beasley TM, et al. Impact of caloric restriction on
health and survival in rhesus monkeys from the NIA study. Nature.
2012;489:318-321.
51. Lee J, Duan W, Mattson MP. Evidence that brain derived neurotrophic
factor is required for basal neurogenesis and mediates, in part, the enhance-
ment of neurogenesis by dietary restriction in the hippocampus of adult
mice. J Neurochem. 2002;82:1367-1375.
52. Masswood N, Young J, Tilmont E, et al. Caloric resdtriction increases
neurotrophic factor levels and attenuates neurochemical and behavioural
deficits in a primate model of Parkinson´s disease. PNAS. 2004;101:18171-
18176.
53. Love R. Calorie restriction may be neuroprotective in AD and PD. Lancet
Neurol. 2005;4:84.

54. Halagappa VK, Guo Z, Pearson M, et al. Intermittent fasting and caloric
restriction ameliorate age-related behavioural deficits in the triple-trans-
genic mouse model of Alzheimer´s disease. Neurobiol Dis. 2007;26:212-220.
55. Gomez-Pinilla F. Brain foods: the effects of nutrients on brain function.
Nature Rev Neurosci. 2008;9:568-578.
56. Wu A, Ying Z, Gomez-Pinilla F. Docosahexaenoic acid dietary supple-
mentation enhances the effects of exercise on synaptic plasticity and cog-
nition. Neuroscience. 2008;26:751-759.
57. Letenneur L, Proust-Lima C, Le Gouge A, Dartigues JF, Barberger-Cateau
P. Flavonoid intake and cognitive decline over 10-year period. Am J
Epidemiol. 2007;165:1364-1371.
58. Editorial. Exercising to keep aging at bay. Nat Neurosci. 2007;10:203.
59. Hillman CH, Erickson KI, Kramer AF. Be smart, exercise effects on brain
and cognition. Nat Rev Neurosci. 2008;9:58-65.
60. Woelcker-Rehage C, Godde B, Standinger UB. Physical and motor fit-
ness are both related to cognition in old age. Eur J Neurosci. 2010: 21:167-
176.
61. Hill RD, Storandt M, Malley H. The impact of long-term exercise train-
ing on psychological function in older adults. J Gerontol. 1993;48:P12-P17.
62. Cotman CW, Berchtold NC, Christie LA. Exercise builds brain health: key
roles of growth factor cascade and inflammation. Trends Neurosci.
2007;30:464-472.
63. Van Praag H, Shubert T, Zhao C, Gage FH. Exercise enhances learning
and hippocampal neurogenesis in aged mice. J Neurosci. 2005;25:8680-
8685.
64. Cotman CW, Berchtold NC. Exercise: a behavioural intervention to
enhance brain health and plasticity. Trends Neurosci. 2002;25:295-301.
65. Lawlor DA, Hopker SW. The effectiveness of exercise as an intervention
in the management of depression: systemic review and meta-regression
analysis of randomised controlled trials. BMJ. 2001;322:763-767.
66. Fryer JD, Yu P, Kang H, et al. Exercise and genetic rescue of SCA1 via the
transcriptional repressor capicua. Science. 2011;334:690-693.
67. Lazarov O, Mattson MP, Peterson DA, Pimplikar SW, Van Praag H. When
neurogénesis encounters ageing and disease. Trends Neurosci. 2010;33:569-
579.
68. Van Praag H. Exercise and the brain: something to chew on. Trends
Neurosci. 2009;32:283-290.
69. Dias-Ferreira E, Sousa JC, Melo I, Morgado P, Mesquita AR, Cerqueira
JJ, Chronic stress causes frontostriatal reorganization and affects decision-
making. Science. 2009;325:621-625.
70. McEwen BS, Weiss JM, Schwartz LS. Selective retention of corticos-
terone by limbic structures in rat brain. Nature. 1968;220:911-912.
71. Garrido P, De Blas M, Del Arco A, Segovia G, Mora F. Aging increases
basal but not stress-induced levels of corticosterone in the brain of the
awake rat. Neurobiol Aging. 2012;33:375-382.
72. McEwen BS. Stress, sex and neural adaptation to a changing environ-
ment: mechanisms of neuronal remodelling. Ann NY Acad Sci. 2010;1204:38-
59.
73. Hibberd C, Yau JLW, Seckl JR. Glucocorticoids and the aging hip-
pocampus. J Anat. 2000;197:553-562.
74. Sapolski RM, Krey LC, McEwen BS. The neuroendocrinology of stress
and aging: glucocorticoid cascade hypothesis. Endocr Rev. 1986;7:284-301.
75. Fratiglioni L, Paillard-Borg S, Winblad B. An active and socially inte-
grated lifestyle in late life might protect against dementia. Lancet Neurol.
2004;3:343-353.
76. Salthouse TA, Berish DE, Miles JD. The role of cognitive stimulation on
the relations between age and cognitive functioning. Psychol Aging. 2002;17:
548-557.
77. Johnson JB, Summer W, Cutler RG, et al. Alternate day calorie restric-
tion improves clinical findings and reduces markers of oxidative stress and
inflammation in overweight adults with moderate asthma. Free Radic Biol
Med. 2007;42:665-674.
78. Colcombe SJ, Eriksom KI, Scalf EP, et al. Aerobic exercise training
increases brain volume in aging human. J Gerontol A Biol Sci Med Sci.
2006;61:1160-1170.

13_AG_1004_BA_INTERIEUR.qxd:DCNS#55  1/03/13  17:13  Page 52




