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Abstract The prevalence of age-related neurodegenerative disorders in the elderly 
has dramatically increased in parallel to life expectancy and social aging. This 
demands development of effective therapeutic/preventive interventions aimed to 
slow down the negative effects of aging and extend health-span. Here, we overview 
the mechanisms underlying brain aging in the context of the oxi-inflamm-aging 
theory, and discuss cutting edge promising findings opening up the possibility to 
reverse brain and physiological aging based on environmental enrichment. The 
enriched environment (EE) represents an experimental approach in animal models 
to an active social, mental and physical life-style in humans. Interaction with the 
EE provides the animals with a diversion from the monotonous and thus stressful 
cage life. Most important, maintenance of life-long “diversion” by means of EE 
extends lifespan in mice. This sighting confirms the great influence of life-style 
upon brain aging, and suggests that the “happier” we are, the longer we might live 
in good health.

Keywords Aging • Brain • Environmental enrichment • Longevity extension • 
Neuro-immune-endocrine communication

6.1  Introduction—Why does the Brain Age?

According to the World Health Organization projections, life expectancy in western 
countries will continue its increasing trend of three months per year during the next 
years. The news that we are living longer is indeed positive. However, nowadays 
advanced age is often accompanied by chronic disease and neurodegenerative dis-
orders that limit quality of life. Taking this into consideration, longer disabled life 
might not be such good news after all. Therefore, interventions that can either slow 
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or reverse the negative effects of aging would have major benefits for individuals 
and societies, as they promise to open the way for increasing health-span—that is, 
the number of years in healthy, active life.

Aging is associated with progressive loss of function across multiple systems, 
remarkably the regulatory systems namely the nervous, endocrine and immune sys-
tems. Functions of the nervous system especially affected by aging are sensation, 
cognition, memory and motor activity. Notably, cognitive decline has emerged as 
one of the greatest health threats of old age, with nearly 50 % of adults over the age 
of 85 afflicted with Alzheimer’s disease (AD) (Hebert et al. 2003). In this scenario, 
the oldest-old humans represent by contrast a population relatively resistant to de-
generative brain processes (von Gunten et al. 2010). Moreover, brain functionality, 
in terms of cognition and behavior, is also better preserved in mice that achieve 
exceptional longevity (Kinney-Forshee et al. 2004; Sun and Bartke 2007).

In an attempt to understand the neuronal mechanisms underlying normal and 
pathological brain aging, the neurobiology of aging has been one of the most rap-
idly expanding areas of scientific endeavor over the past two decades. Now, it is 
widely believed that the cause of brain aging is that underlying the overall process 
of aging—that is, the chronic oxidative stress leading to progressive damage of bio-
molecules (Rattan 2008; De la Fuente and Miquel 2009). Accumulation of damage 
ultimately gives rise to the age-related decline in physiological functions, including 
the nervous function (Muller et al. 2007; De la Fuente 2008). Thus, oxidative stress 
plays a crucial role in the age-associated cognitive decline as well as in the neuronal 
loss occurring in neurodegenerative diseases like AD (Markesbery 1997).

The hippocampus, structure of the central nervous system (CNS) with high de-
gree of flexibility and adaptation as regards neurogenesis, is clearly affected by this 
age-related oxidative stress. Thereby neurogenesis is impaired and this explains 
the learning and cognitive deterioration in aged subjects (Couillard-Despres et al. 
2011). Moreover, hippocampal neurogenesis alterations may contribute to increas-
ing stress-related disorders in old age (Kozorovitskiy and Gould 2004; Sairanen 
et al. 2005). However, in contrast to neurodegenerative diseases, the cognitive de-
cline in ‘normal aging’ seems not to be associated with a significant loss of neurons 
(Gallagher et al. 1996), suggesting that the only difference between healthy and 
pathological aging might be the rate/degree of oxidation. Importantly, several strat-
egies have been shown to be effective for slowing down this degree of oxidation and 
thereby extend longevity in experimental animals, for instance caloric restriction 
(Barja 2002), and more recently, maintained exposure to environmental enrichment 
(Arranz et al. 2010a).

6.2  Oxidative Stress as a Basis of Brain Aging

The age-related damage caused by oxidative stress is due to a progressive imbal-
ance between endogenous antioxidant and oxidant compounds (De la Fuente 2008; 
De la Fuente and Miquel 2009). As regards antioxidant defenses, a variety of studies 
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show decreased content and/or activity in the aging brain. Glutathione (GSH) is the 
principal intracellular non-protein thiol and plays a major role in preservation of the 
intracellular redox state in most cells, tissues and organs, including brain (Dröge 
2002). Low GSH content, GSH : GSSG (oxidized form) ratio and/or GSH-related 
enzymes have been described with increasing age in all mammalian brain regions 
studied, including the hippocampus (Calabrese et al. 2004; Balu et al. 2005; Dona-
hue et al. 2006; Zhu et al. 2006; Singh et al. 2011). Superoxide dismutase (SOD) 
and catalase (CAT) are two protective enzymes that function in close association 
for detoxification of highly reactive free radicals (Barber and Harris 1994). SOD 
provides the first line of defense against reactive oxygen species by scavenging 
superoxide radicals to H2O2. Subsequently, CAT catalyzes the conversion of H2O2 
into H2O and O2. Both SOD and CAT activities diminish with aging in the brain 
(Navarro and Boveris 2004; Singh et al. 2011).

Additionally, neuronal membranes are especially sensitive to damage by hydrox-
yl radicals, given that they are densely packed with proteins and polyunsaturated 
fatty acids. Ultimately, this could lead to reduction in the number of nerve cells 
(Morrison and Hof 1997) and increase of pigment lipofuscin, free radicals, and 
oxidative damage markers in neuronal and glial cells (Mark et al. 1997). Indeed, 
the age-related increase in oxidative brain damage is best exemplified by products 
of lipid peroxidation (Calabrese et al. 2004; Zhu et al. 2006) and protein oxidation 
(Sigueira et al. 2005; Poon et al. 2006). For instance, an increase in protein carbonyl 
levels has been demonstrated for several brain regions including the hippocampus 
(Sigueira et al. 2005). In contrast, we found lower double bound and peroxidiz-
ability indexes in the brain of long-lived animals when compared to old specimens, 
whereas protein oxidative markers of damage in brain from adult and long-lived 
animals showed similar levels (Arranz et al. 2012).

Age-related oxidative modifications have also been found in nuclear and mi-
tochondrial DNA (Hamilton et al. 2001). Gene expression studies of brain aging 
in mice, rats, chimpanzees and humans confirm an age-dependent upregulation of 
oxidative stress-response genes (Hasty et al. 2003; Longo and Finch 2003; Yankner 
et al. 2008). Moreover, genes that mediate oxidative stress responses constitute the 
largest class of genes upregulated in the aging human prefrontal cortex (Lu et al. 
2004). In this regard, Lu et al. (2004) showed that aging of the human cortex is char-
acterised by reduced expression of genes that mediate synaptic plasticity, includ-
ing NMDA and AMPA receptor function, calcium-mediated signaling, and synaptic 
vesicle release and recycling. This gene silencing was correlated with age-depen-
dent DNA damage to the promoters of these genes. Of note, the young adult and 
extreme aged human populations are relatively homogeneous in their gene expres-
sion patterns in the prefrontal cortex. However, the middle age population between 
40 and 70 years of age exhibits much greater heterogeneity. Thus, individuals may 
diverge in their rates of aging as they transit through middle age, approaching a state 
of ‘old age’ at different rates (Lu et al. 2004). Furthermore, recent studies show that 
DNA damage can induce changes in histone modification patterns and thereby in 
gene expression through SIRT1 (Oberdoerffer et al. 2008; O’Hagan et al. 2008), a 
conserved lifespan regulatory gene linking oxidative stress and epigenomics.
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Mitochondria play a key role in aging, given that they are main sources of oxygen 
radicals and presumably the major targets of ROS (Miquel et al. 1980). Mitochon-
drial DNA is particularly vulnerable to oxidative damage, showing a more than ten-
fold greater mutation rate than nuclear DNA (Dröge and Schipper 2007). Mutated 
mitochondrial DNA may code for abnormal cytochromes and cause infidelity of the 
electron transport chain associated with increased superoxide radical production. 
Additionally, a decrease in the activity of cytochrome c oxidase and glutathione in 
synaptic mitochondria has been observed in the brain of aged mice (Ferrandiz et al. 
1994). Ultimately, this would give rise to a vicious cycle of progressively increas-
ing oxidative stress (Sastre et al. 2003; Viña et al. 2003). Moreover, accumulation 
of peroxidation products in mitochondria leads to a decrease in ATP production and 
compromises the maintenance of cellular homeodynamics (Chance et al. 1979). 
Mitochondrial dysfunction and mitochondria-derived ROS have been involved in 
both normal brain aging and neurodegenerative diseases (Toescu and Verkhratsky 
2003; Lin and Beal 2006). In the mammalian CNS, cellular senescence is often 
associated with the accumulation of mitochondria-derived cytoplasmic inclusions 
such as Gomori-positive glial granules and corpora amylacea (Brunk and Terman 
2002; Schipper 2004).

Taken together, oxidative damage accumulates in the aging brain and in areas 
such as the hippocampus is crucial for the age-related impairment in cognition and 
memory, both essential for preservation of life-quality in humans. Moreover, the 
brain does not function in isolation but closely related to other regulatory systems, 
such as the immune and endocrine systems (De la Fuente 2008).

6.3  Homedynamic Decay: Neuro-Immune-Endocrine 
Disruption During Aging

As mentioned by Rattan (2008), senescence and death are the final manifestations 
of age-related failure of the homeodynamic machinery. Age-related changes oc- 
cur not only in the nervous function but also affect the other regulatory systems in- 
volved in homeodynamics, i.e. the endocrine and the immune systems, as well as 
the communication among them. This is responsible for homeodynamic capacity 
loss and results ultimately in age-related increased morbidity and mortality (De la 
Fuente and Miquel 2009).

Now we know that the three regulatory systems are intimately linked and inter-
dependent. There is a “neuroendocrine-immune” system that coordinates homeody-
namics and thereby preserves health (Besedovsky and Del Rey 2007). The commu-
nication among these systems allows understanding of why depression, emotional 
stress and anxiety are accompanied by greater vulnerability to infections, cancers 
and autoimmune diseases in humans (Arranz et al. 2007, 2009; Costa-Pinto and 
Palermo-Nieto 2010). In mice, our research group has shown that animals exhibit-
ing excess reactivity to stress and chronic anxiety suffer accelerated immune senes-
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cence and also die prematurely (Guayerbas et al. 2002a, b; Guayerbas and De la 
Fuente 2003).

Consequences of the aging immune system are decreased resistance to infec-
tions and increased autoimmune processes and cancer. These features are indicative 
of a less competent immune system and exert a great influence on the age-related 
morbidity and mortality as mentioned above (Wayne et al. 1990; High 2004; De 
la Fuente and Miquel 2009). In fact, the increased death rate found in older adult 
humans is due, at least in part, to an increase in the incidence of infections (Castle 
et al. 2007). Although there are contradictory results on the impact of aging upon 
the immune response, it is presently accepted that almost every component of the 
immune system undergoes striking age-associated re-structuring, leading to chang-
es that may include enhanced as well as diminished functions (De la Fuente and 
Miquel 2009). This process is overall termed immunosenescence (Pawelec et al. 
2002).

Nowadays it is becoming clear that these alterations to the immune system can 
interfere in the function of the nervous system. Age-related peripheral chronic in-
flammation has been described to influence central glial cells, leading to neuroin-
flammation, which in areas such as the hippocampus plays a key role in the cogni-
tive decline associated to the aging process and age-related diseases such as AD 
(von Bernhardi 2007). Interestingly, both humans and mice who achieve longevity 
have been shown to preserve a low peripheral chronic inflammatory status (De 
Martinis et al. 2005, 2006; Arranz et al. 2010b).

Moreover, peripheral T and B cells enter the normal brain in low numbers and 
carry out functional activities, whereas recent data from our research group point 
to a differential affectation of both cell types in old and long-lived mice (Arranz 
et al. 2010c, d). T cells are also thought to contribute to the pathogenesis of AD 
(Marx et al. 1998). More recently, Stichel and Luebbert (2007) have suggested that 
progressive accumulation of T lymphocytes during normal aging in brain areas such 
as the hippocampus might have a great impact on the progressive cognitive impair-
ment that occurs with aging. T cells locate preferably in perivascular areas, indica-
tive of recruitment from systemic sources, and the T cell load is different depending 
on the brain area considered, which suggests a selective entry (Stichel and Luebbert 
2007).

Several changes accompany aging of the endocrine system, including for ex-
ample decrease of growth hormone/insulin-like factor-1 axis (somatopause) and 
sexual hormones, i.e. estradiol (menopause), testosterone (andropause) and dehy-
droepiandrosterone (adrenopause) (Makrantonaki et al. 2010). Moreover, age-relat-
ed disturbances of the hypothalamic-pituitary-adrenal (HPA) axis are responsible 
for decreased stress adaptability in old subjects, which contributes importantly to 
health impairment (Lupien et al. 2009).

It is obviously difficult to determine whether this age-related deterioration of 
the nervous, endocrine and immune systems occurs simultaneously or starts in one 
of them and thereby spreads to the others. In the past, the age-related changes in 
the communication among the homeodynamic systems were proposed as the main 
cause for physiological senescence (Fabris 1990). Although this is still an open 
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question, more recently we have proposed that the age-related impairment of the 
immune system could affect the functions of the other regulatory systems through 
increased oxidative and inflammatory stress (De la Fuente and Miquel 2009). What-
soever, another key question arises: could we take advantage of this strong commu-
nication among regulatory systems to reverse aging damage?

6.4  The Environment Counts! Beneficial Effects of 
Enriched Environment on Brain and Neuro-Immune-
Endocrine Aging

Environmental enrichment (EE) is a good experimental approach in animal models 
to understand the effect of maintenance of an active social, mental and physical 
life in humans. The most common EE protocol in rodents is grouped housing us-
ing large cages with a variety of objects (running wheels, tunnels, ladders, etc) and 
spatial configurations, which are changed frequently. This more complex housing 
induces sensory, cognitive, motor and social stimulation (Nithianantharajan and 
Hannan 2006). The continual exposure to new objects enables the animals to ac-
quire sensory and cognitive experiences (van Praag et al. 2000). Notably, when 
facing novel stressful situations, animals living under enriched conditions show 
reduced escape-related behaviors (Zambrana et al. 2007), which could be consid-
ered adaptive and indicative of improved ability to cope with stress. From this point 
of view, the EE could be interpreted as a hormetic intervention, in which animals 
are constantly exposed to novelty, abundant sensorial stimulation, and thus mild-
stress. Indeed, hormesis stimulates maintenance and repair systems and strengthens 
the homeodynamic space of organisms (Rattan 2010), improving adaptation and 
thereby slowing down the effects of aging. Availability of running wheels, ropes, 
ladders, tunnels or bridges allows exercising, and housing in relatively large cages 
in groups of typically 6–12 animals facilitates social interaction (Pham et al. 2002). 
The EE represents thus a joyful and stimulating habitat as opposed to the regular 
monotonous housing.

These environments enriched in intellectual and/or physical activities have been 
reported to reverse many of the adverse effects of the aging process on the nervous 
system at the neural, cognitive and behavioral level (Mattson et al. 2001; Segovia 
et al. 2006, 2009; Zambrana et al. 2007). Moreover, EE reduces brain pathology 
and improves cognition and behavioral responses in a variety of murine models for 
age-related neurodegenerative diseases such as AD (Arendash et al. 2004; Lazarov 
et al. 2005; Görtz et al. 2008).

Animals exposed to EE show numerous differences when compared to animals 
living in standard housing (van Praag et al. 2000) such as upregulation of adult 
neurogenesis specific to the hippocampus (Brown et al. 2003), the brain structure 
critical for learning and affectivity. Among the reported behavioral effects of EE, 
improvements in learning and memory are remarkable (Nilsson et al. 1999; Bruel-
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Jungerman et al. 2005), in addition to decreased emotional reactivity by means of 
anxiety-like behaviors (Roy et al. 2001). However, Meshi et al. (2006) demonstrated 
that the effects of EE on spatial learning, habituation to an unfamiliar environment, 
and conflict-based anxiety do not require adult hippocampal neurogenesis. The au-
thors proposed upregulation of growth factors such as brain-derived neurotrophic 
factor, as well as morphological changes such as increased dendritic branching and 
synaptogenesis (van Praag et al. 2000) as plausible candidate mechanisms.

In this regard, a more recent study demonstrated the importance of the epigen-
etic status in the control of brain neuronal gene expression underlying synaptic 
plasticity and memory. Fischer et al. (2007) used a mouse model in which inducible 
expression of p25, regulator of cyclin-dependent kinase 5, elicits neurodegenera-
tion. Transient expression of p25 in adult mice resulted in certain degree of neu-
rodegeneration and synapse loss in the hippocampus, together with memory loss. 
EE promoted the recovery of lost memories, accompanied by increased synaptic 
plasticity and the induction of activating histone acetylation marks. These findings 
highlight the role of epigenetic changes in memory loss associated with neurode-
generation, and suggest that loss of memory storage is distinct from loss of neural 
pathways that access stored memory (Fisher et al. 2007). Given that human brain 
aging is characterised by memory loss and reduced synaptic connectivity but no 
significant neuronal loss, it is likely that loss of ability to access stored memories 
underlies age-dependent memory deficits (Bishop et al. 2010). If this is so, life-style 
strategies affecting the epigenetic landscape could ameliorate the cognitive deficits 
associated with aging and neurodegenerative disorders.

As mentioned above, research on stress in older adults has shown that chronic 
stress mimics, exacerbates, and possibly accelerates the effects of aging on immu-
nity (Hawkley and Cacioppo 2004). Additionally stress-related emotional responses 
are exacerbated in aged subjects (Zambrana et al. 2007). Interaction with the EE 
provides animals with a diversion from the monotonous and thus stressful cage 
life, resulting in lower HPA axis activity, in terms of adrenocorticotropic hormone 
and corticosterone levels, both in baseline conditions and after mild stress (Belz 
et al. 2003). Our group has confirmed that the improvement of emotional responses 
after short-term (5–8 weeks) EE exposure reported by several authors (Benaroya-
Milshtein et al. 2004) is more marked in aged subjects (Zambrana et al. 2007). In 
parallel, we have shown that short-term (8–16 weeks) exposure to EE exerts a great 
influence on immunity, leading to a striking improvement of leukocyte functions 
and decreased oxidative stress affecting immune cells, especially in animals at older 
ages, in which the age-related immune deterioration is more marked (Arranz et al. 
2010a). This scenario strongly supports the proposal that EE-related neuroendo-
crine improvements underlie improvement of the age-related immune changes ex-
erted by EE exposure. Thus, basic research on experimental animals demonstrates 
the importance of maintaining active mental and/or physical activity to preserve 
health and life quality in terms of immunity and neuroendocrine responses with 
aging. EE might be providing a clue for healthy overall aging: “happiness”. In hu-
mans, negative emotions are intimately linked to the initiation and/or progression 
of cancer, HIV, cardiovascular disease, and autoimmune disorders (Barak 2006). 
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However, effects of positive emotions, especially “happiness”, on physiological 
parameters and immunity have received very little attention. The specific physi-
ological responses induced by pleasant stimuli were recently investigated with the 
immune and endocrine systems being monitored when pleasant stimuli such as 
odors and emotional pictures were presented to subjects. The results revealed that 
pleasant emotions induce changes such as increase in secretory immunoglobulin A 
and decrease in salivary cortisol (Barak 2006). Then, could positive emotions delay 
or even avoid the onset of disease in humans? Could “happiness” help us preserve 
our health during aging and extend our lifespan?

6.5  A Magnetic Resonance Imaging Study of Enriched 
Environment and the Aging Brain

Magnetic resonance imaging (MRI) is a non-invasive method that allows the char-
acterisation and evaluation of neuropathological lesions that are involved in human 
and other species, brain aging and diseases such as AD. In humans, MRI can help 
discriminate between AD and normal aging based on the degree of cerebral atrophy 
(Murphy et al. 1992; Tien et al. 1993). When using T2-weighted images (T2WI) on 
a high-field MR unit, low signal intensity in the nuclei of the extra pyramidal sys-
tem has been described in humans. In adults, prominently low signal intensity has 
been reported in the substantia nigra, pallidum, red nucleus, and dentate nucleus. 
The putamen shows intermediate intensity levels, whereas the thalamus and cau-
date nucleus exhibit the highest intensities (Drayer et al. 1986; Chen et al. 1989; 
Schenker et al. 1993). In the elderly brain, the hypointense structures are the same, 
but their intensities are lower than in young adults (Drayer et al. 1986). Moreover, 
variations of the normal intensity pattern of the brain measured by MRI are some-
times associated with degenerative disorders (Bartzokis et al. 1994).

We have recently studied the age-related changes in brain morphology by MRI 
in mice, including animals that had achieved exceptional longevity, and determined 
the effects of EE on those changes. ICR (CD1) female mice of different ages at the 
time of the study, namely adult (44 ± 4 weeks), old (69 ± 4 weeks), very old (92  ±4 
weeks) and extreme long-lived (125 ± 4 weeks), were used. They were housed in 
cages under standard or EE conditions (16–18 weeks) (Arranz et al. 2010a). The 
animals were subjected to MRI for the study of the T2WI signal intensity and T2 
relaxation times of relevant brain areas, and cerebrospinal fluid was also evaluated.

Hyperintense areas in the T2WI images, which represent brain atrophy, were 
more pronounced in animals at older ages, including long-lived mice (Fig. 6.1). 
These hyperintense areas were less evident in enriched than in control animals. 
Among all brain regions studied, entorhinal cortex was found to be primarily affect-
ed in very old mice ( p < 0.01 vs. old controls), whereas cerebral deterioration in the 
long-lived seemed to initiate in somatosensory cortex ( p=0.061 vs. adult controls). 
Both brain areas were better preserved in the enriched groups. Thus, very old en-
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riched mice showed similar T2 relaxation times in entorhinal cortex to old controls 
and a trend towards higher T2 values as compared to adult controls ( p = 0.098) in 
somatosensory cortex (Table 6.1).

In view of these results, mice that naturally achieve longevity exhibit brain 
morphological changes in different areas in comparison with younger old animals. 
Although this is a preliminary study which should be confirmed in future work 
increasing the sample numbers to improve the statistical power of the present data, 
it is of great interest considering that, using a similar technique, entorhinal cortex 
has been described to be the most affected area within the hippocampal formation in 
patients of AD as compared to healthy humans (Small et al. 2000). Taken together, 
generally old but not the long-lived would suffer from a decline in memory abilities 

6 The Importance of the Environment in Brain Aging: Be Happy, Live Longer!

Fig. 6.1  Hyper intense areas are more pronounced in animals at older ages than in the adults. 
T2-weighted with fat suppression coronal images for four contiguous brain slices of two adult (a) 
and two long-lived (b) ICR/CD1 female mice. Bright areas of high intensity signal correspond to 
cerebrospinal fluid and represent brain atrophy
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and proneness to AD-like dementia. Long-lived mice would in contrast be primarily 
affected in learning behaviors, which are integrated in the somatosensory cortex.

In addition, the present results suggest that T2WI hyperintense areas (high T2 
relaxation time areas), which correspond to cerebrospinal fluid and indicate cere-
bral atrophy (Murphy et al. 1992), are more pronounced in aged than in adult mice, 
which confirm previous work in humans and mouse lemurs (Murphy et al. 1992; 
Dhenain et al. 1997). Moreover, according to our data, accumulation of cerebro-
spinal fluid also occurs in the brain of long-lived mice, suggesting that moderate 
cerebral atrophy accompanies both normal and healthy aging. Similar results have 
been described for healthy humans of 66–96 years of age (Coffey et al. 1998). The 
physiological consequences of this atrophy deserve future research, but should not 
be major given that they do not prevent achieving longevity. Besides, our results 
show a trend towards lower atrophy in enriched animals than in non-enriched con-
trols, especially as regards the most affected areas in old and long-lived mice, this 
is the hippocampus and the somatosensory cortex, respectively. The T2 decline in 
entorhinal cortex from very old mice as compared to younger mice is reversed by 
the enriched environment. These data are in agreement with previous published 
work on the improvement in the age-related impairment in cognition when animals 
are exposed to EE (Mattson et al. 2001; Segovia et al. 2006, 2009; Mora et al. 2007), 
since the most benefitted cerebral areas seem to be those associated to learning and 
memory abilities.

In conclusion, differential age-related brain morphological changes in old and 
long-lived mice could contribute to different susceptibility and/or development of 
age-related brain dysfunction. EE stands out as a useful strategy to improve these 
age-related changes in brain morphology.

6.6  Conclusions: Be Happy, Live Longer?

Indeed, the positive effects of the EE are manifested by many molecular, cellular 
and functional modifications, leading to an overall improvement in the physiologi-
cal and physical well being of experimental animals even under short-term expo-
sure. Most important, our research group has shown that long-term exposure of 
mice to EE significantly extends their lifespan (Arranz et al. 2010a). Moreover, we 
have demonstrated that the only strategy efficient in improving longevity is expo-
sure to the EE from adulthood and prolonged until natural death.

Importantly, longitudinal studies in human centenarians have shown lifelong 
preserved immunity as a marker of longevity (De la Rosa et al. 2006; Alonso-
Fernández et al. 2008; Alonso-Fernández and De la Fuente 2011) and cross-section-
al studies in naturally long-living mice have reproduced these results (Puerto et al. 
2005; De la Fuente and Miquel 2009; Arranz et al. 2010c). Likewise, as mentioned 
above, our research group has shown that mice exhibiting intrinsic excess reactivity 
to stress and chronic anxiety suffer accelerated immune senescence and die prema-
turely (Guayerbas et al. 2002a, b; Guayerbas and De la Fuente 2003; Viveros et al. 
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2007). Similarly, negative emotions, depression, emotional stress and anxiety are 
intimately linked to the initiation and/or progression of cancer, infections, cardio-
vascular disease, and autoimmune disorders in humans (Barak 2006; Arranz et al. 
2007, 2009; Costa-Pinto and Palermo-Nieto 2010).

Taken together, although short-term EE is enough for health and life quality 
improvements, the active life should be initiated at early stages of the aging process 
and preserved until death to improve lifespan. Lifelong well-preserved immunity as 
well as emotional responses are likely to underlie lifespan extension by long-term 
EE exposure. This sighting confirms the great influence of life-style upon brain and 
physiological aging, and suggests that the “happier” we are, the longer we might 
live in good health.

Acknowledgments This work was supported by the Spanish Ministry of Science and Innovation 
(BFU2008–04336, BFU2011–30336) and Ministry of Health (RETICEF, RD06/0013/003), and 
Research Group of UCM (910379). The authors would like to thank the CAI of Nuclear Magnetic 
Resonance and Electron Spin of the UCM, especially to Mª Encarnación Fernández and David 
Castejón for their technical support. Additional thanks to Nuria M. De Castro and Ianire Maté for 
helpful assistance, and José Regidor for technical advice.

References

Alonso-Fernández P, Puerto M, Maté I, Ribera JM, De la Fuente M (2008) Neutrophils of cente-
narians show function levels similar to those of young adults. J Am Geriatr Soc 56:2244–2251

Alonso-Fernández P, De la Fuente M (2011) Role of the immune system in aging and longevity. 
Curr Aging Sci 4:78–100

Arendash GW, Garcia MF, Costa DA, Cracchiolo JR, Wefes IM, Potter H (2004) Environmental 
enrichment improves cognition in aged Alzheimer’s transgenic mice despite stable beta-amy-
loid deposition. Neuroreport 15:1751–1754

Arranz L, Guayerbas N, De la Fuente M (2007) Impairment of several immune functions in anx-
ious women. J Psychosom Res 62:1–8

Arranz L, De Vicente A, Muñoz M, De la Fuente M (2009) Impairment of immune function in the 
social excluded homeless population. Neuroimmunomodulation 16:251–260

Arranz L, De Castro NM, Baeza I, Maté I, Viveros MP, De la Fuente M (2010a) Environmen-
tal enrichment improves age-related immune system impairment. Long-term exposure since 
adulthood increases life span in mice. Rejuvenation Res 13:415–428

Arranz L, Lord JM, De la Fuente M (2010b) Preserved ex vivo inflammatory status and cytokine 
responses in naturally long-lived mice. Age (Dordr) 32:451–466

Arranz L, Caamaño JH, Lord JM, De la Fuente M (2010c) Preserved immune functions and con-
trolled leukocyte oxidative stress in naturally long-lived mice: possible role of nuclear factor 
kappa B. J Gerontol A Biol Sci Med Sci 65:941–950

Arranz L, De Castro NM, Baeza I, De la Fuente M (2010d) Differential expression of Toll-like 
receptor 2 and 4 on peritoneal leukocyte populations from long-lived and non-selected old 
female mice. Biogerontology 11:475–482

Arranz L, Naudí A, De la Fuente M, Pamplona R (2012) Exceptionally old mice are highly resis-
tant to lipoxidation-derived molecular damage. Age (Dordr). doi: 10.1007/s11357–012-9391–0

Balu M, Sangeetha P, Murali G, Panneerselvam C (2005) Age-related oxidative protein damages 
in central nervous system of rats: modulatory role of grape seed extract. Int J Dev Neurosci-
ence 23:501–507

M. De la Fuente and L. Arranz



91

Barak Y (2006) The immune system and happiness. Autoimmun Rev 5:523–527
Barber DA, Harris SR (1994) Oxygen free radicals and antioxidants: a review. Am Pharm 34:26–

35
Barja G (2002) Endogenous oxidative stress: relationship to aging, longevity and caloric restric-

tion. Aging Res Rev 1:397–411
Bartzokis G, Sultzer D, Mintz J, Holt LE, Marx P, Phelan CK, Marder SR (1994) In vivo evalu-

ation of brain iron in Alzheimer’s disease and normal subjects using MRI. Biol Psychiatry 
35:480–487

Belz EE, Kennell JS, Czambel RK, Rubin RT, Rhodes ME (2003) Environmental enrichment 
lowers stress-responsive hormones in singly housed male and female rats. Pharmacol Biochem 
Behav 76:481–486

Benaroya-Milshtein N, Hollander N, Apter A, Kukulansky T, Raz N, Wilf A, Yaniv I, Pick CG 
(2004) Environmental enrichment in mice decreases anxiety, attenuates stress responses and 
enhances natural killer cell activity. Eur J Neurosci 20:1341–1347

Besedovsky HO, Del Rey A (2007) Physiology of psychoneuroimmunology: a personal view. 
Brain Behav Immun 21:34–44

Bishop NA, Lu T, Yankner BA (2010) Neural mechanisms of aging and cognitive decline. Nature 
464:529–535

Brown J, Cooper-Kuhn CM, Kempermann G, Van Praag H, Winkler J, Gage FH, Kuhn HG (2003) 
Enriched environment and physical activity stimulate hippocampal but not olfactory bulb neu-
rogenesis. Eur J Neurosci 17:2042–2046

Bruel-Jungerman E, Laroche S, Rampon C (2005) New neurons in the dentate gyrus are involved 
in the expression of enhanced long-term memory following environmental enrichment. Eur J 
Neurosci 21:513–521

Brunk UT, Terman A (2002) The mitochondrial-lysosomal axis theory of aging: accumulation of 
damaged mitrochondria as a result of imperfect autophagocytosis. Eur J Biochem 269:1996–
2002

Calabrese V, Scapagnini G, Ravagna A, Colombrita C, Spadaro F, Butterfield DA, Guffrida Stella 
AM (2004) Increased expression of heat shock proteins in rat brain during aging: relationship 
with mitochondrial function and glutathione redox state. Mech Aging Dev 125:325–335

Castle SC, Uyemura K, Fulop T, Makinodan T (2007) Host resistance and immune responses in 
advanced age. Clin Geriatr Med 23:463–79

Chance B, Sies H, Boveris A (1979) Hydroperoxide metabolism in mammalian organs. Physiol 
Rev 59:527–605

Chen JC, Hardy PA, Clauberg M, Joshi JG, Parravano J, Deck JH, Henkelman RM, Becker LE, 
Kucharczyk W (1989) T2 values in the human brain: comparison with quantitative assays of 
iron and ferritin. Radiology 173:521–526

Coffey CE, Lucke JF, Saxton JA, Ratcliff G, Unitas LJ, Billig B, Bryan RN (1998) Sex differences 
in brain aging: a quantitative magnetic resonance imaging study. Arch Neurol 55:169–179

Costa-Pinto FA, Palermo-Nieto J (2010) Neuroimmune interactions in stress. Neuroimmunomod-
ulation 17:196–199

Couillard-Despres S, Iglseder B, Aigner L (2011) Neurogenesis, cellular plasticity and cognition: 
the impact of stem cells in the adult and aging brain. Gerontology 57:559–564

De la Fuente M (2008) Role of neuroimmunomodulation in aging. Neuroimmunomodulation 
15:213–223

De la Fuente M, Miquel J (2009) An update of the oxidation-inflammation theory of aging: the 
involvement of the immune systemin oxi-inflamm-aging. Curr Pharm Des 15:3003–3026

De Martinis M, Franceschi C, Monti D, Ginaldi L (2005) Inflamm-aging and lifelong antigenic 
load as major determinants of aging rate and longevity. FEBS Lett 579:2035–2039

De Martinis M, Franceschi C, Monti D, Ginaldi L (2006) Inflammation markers predicting frailty 
and mortality in the elderly. Exp Mol Pathol 80:219–227

De la Rosa O, Pawelec G, Peralbo E, Wikby A, Mariani E, Mocchegiani E, Tarazona R, Solana R 
(2006) Immunological biomarkers of aging in man: changes in both innate and adaptive im-
munity are associated with health and longevity. Biogerontology 7:471–481

6 The Importance of the Environment in Brain Aging: Be Happy, Live Longer!



92

Dhenain M, Michot JL, Volk A, Picq JL, Boller F (1997) T2-weighted MRI studies of mouse le-
murs: a primate model of brain aging. Neurobiol Aging 18:517–521

Donahue AN, Aschner M, Lash LH, Syversen T, Sonntag WE (2006) Growth hormone adminis-
tration to aged animals reduces disulfideglutathione levels in hippocampus. Mech Aging Dev 
127:57–63

Drayer B, Burger P, Darwin R, Riederer S, Herfkens R, Johnson GA (1986) MRI of brain iron. AJR 
Am J Roentgenol 147:103–110

Dröge W (2002) Aging-related changes in the thiol/disulfide redox state: implications for the use 
of thiol antioxidants. Exp Gerontol 37:1333–1345

Dröge W, Schipper HM (2007) Oxidative stress and aberrant signaling in aging and cognitive 
decline. Aging Cell 6:361–370

Fabris N (1990) A neuroendocrine-immune theory of aging. Int J Neurosci 51:373–375
Ferrandiz ML, Martínez M, De Juan E, Diez A, Bustos G, Miquel J (1994) Impairment of mito-

chondrial oxidative phosphorylation in the brain of aged mice. Brain Res 644:335–338
Fischer A, Sananbenesi F, Wang X, Dobbin M, Tsai LH (2007) Recovery of learning and memory 

is associated with chromatin remodelling. Nature 447:178–182
Gallagher M, Landfield PW, McEwen B (1996) Hippocampal neurodegeneration in aging. Science 

274:484–485
Görtz N, Lewejohann L, Tomm M, Ambrée O, Keyvani K, Paulus W, Sachser N (2008) Effects 

of environmental enrichment on exploration, anxiety, and memory in female TgCRND8 Al-
zheimer mice. Behav Brain Res 191:43–48

Guayerbas N, De la Fuente M (2003) An impairment of phagocytic function is linked to a shorter 
life span in two strains of prematurely aging mice. Dev Comp Immunol 27:339–350

Guayerbas N, Catalán M, Víctor VM, Miquel J, De la Fuente M (2002a) Relation of behaviour and 
macrophage function to life span in a murine model of premature immunosenescence. Behav 
Brain Res 134(1–2):41–48

Guayerbas N, Puerto M, Víctor VM, Miquel J, De la Fuente M (2002b) Leukocyte function and 
life span in a murine model of premature immunosenescence. Exp Gerontol 37(2–3):249–256

Hamilton ML, Van Remmen H, Drake JA, Yang H, Guo ZM, Kewitt K, Walter CA, Richard-
son A (2001) Does oxidative damage to DNA increase with age? Proc Natl Acad Sci U S A 
98:10469–10474

Hasty P, Campisi J, Hoeijmakers J, van Steeg H, Vijg J (2003) Aging and genome maintenance: 
lessons from the mouse? Science 299(5611):1355–1359

Hawkley LC, Cacioppo JT (2004) Stress and the aging immune system. Brain Behav Immun 
18:114–119

Hebert LE, Scherr PA, Bienias JL, Bennett DA, Evans DA (2003) Alzheimer disease in the US 
population: prevalence estimates using the 2000 census. Arch Neurol 60:1119–1122

High KP (2004) Infection as a cause of age-related morbidity and mortality. Aging Res Rev 3:1–14
Kinney-Forshee BA, Kinney NE, Steger RW, Bartke A (2004) Could a deficiency in growth hor-

mone signaling be beneficial to the aging brain? Physiol Behav 80:589–594
Kozorovitskiy Y, Gould E (2004) Dominance hieraechy influences adult neurogenesis in the den-

tate gyrus. J Neurosci 24:6755–6759
Lazarov O, Robinson J, Tang YP, Hairston IS, Korade-Mirnics Z, Lee VM, Hersh LB, Sapolsky 

RM, Mirnics K, Sisodia SS (2005) Environmental enrichment reduces Abeta levels and amy-
loid deposition in transgenic mice. Cell 120:701–713

Lin MT, Beal MF (2006) Mitochondrial dysfunction and oxidative stress in neurodegenerative 
diseases. Nature 443:787–795

Longo VD, Finch CE (2003) Evolutionary medicine: from dwarf model to healthy centenarians? 
Science 299:1342–1346

Lu T, Pan Y, Kao SY, Li C, Kohane I, Chan J, Yankner BA (2004) Gene regulation and DNA dam-
age in the aging human brain. Nature 429:883–891

Lupien SJ, McEwen BS, Gunnar MR, Heim C (2009) Effects of stress throughout the lifespan on 
the brain, behaviour and cognition. Nature Rev Neurosci 10:434–445

M. De la Fuente and L. Arranz



93

Makrantonaki E, Schonknecht P, Hossini AM, Kaiser E, Katsouli MM, Adjaye J, Schröder J, 
Zouboulis CC (2010) Skin and brain age together: the role of hormones in the aging process. 
Exp Gerontol 45:801–813

Mark RE, Griffin ST, Graham DI (1997) Aging associated changes in human brain. J Neuropathol 
Exp Neurol 56:1269–1275

Markesbery WR (1997) Oxidative stress hypothesis in Alzheimer’s disease. Free Radic Biol Med 
23:134–147

Marx F, Blasko I, Pavelka M, Grubeck-Loebenstein B (1998) The possible role of the immune 
system in Alzheimer’s disease. Exp Gerontol 33:871–881

Mattson MP, Duan W, Lee J, Guo Z (2001) Suppression of brain aging and neurodegenerative 
disorders by dietary restriction and environmental enrichment: molecular mechanisms. Mech 
Aging Dev 122:757–778

Meshi D, Drew MR, Saxe M, Ansorge MS, David D, Santarelli L, Malapani C, Moore H, Hen 
R (2006) Hippocampal neurogenesis is not required for behavioral effects of environmental 
enrichment. Nat Neurosci 9:729–731

Miquel J, Economos AC, Fleming J, Johnson JE Jr (1980) Mitochondrial role in cell aging. Exp 
Gerontol 15:575–591

Mora F, Segovia G, del Arco A (2007) Aging, plasticity and environmental enrichment: structural 
changes and neurotransmitter dynamics in several areas of the brain. Brain Res Rev 55:78–88

Morrison JH, Hof PR (1997) Life and death of neurons in the aging brain. Science 278:412–419
Muller FL, Lustgarten MS, Jang Y, Richardson A, Van Remmen H (2007) Trends in oxidative ag-

ing theories. Free Radic Biol Med 43:477–503
Murphy DG, DeCarli C, Schapiro MB, Rapoport SI, Horwitz B (1992) Age-related differences in 

volumes of subcortical nuclei, brain matter, and cerebrospinal fluid in healthy men as measured 
with magnetic resonance imaging. Arch Neurol 49:839–845

Navarro A, Boveris A (2004) Rat brain and liver mitochondria develop oxidative stress and lose 
enzymatic activities on aging. Am J Physiol Regul Integr Comp Physiol 287:R1244–R1249

Nilsson M, Perfilieva E, Johansson U, Orwar O, Eriksson PS (1999) Enriched environment in-
creases neurogenesis in the adult rat dentate gyrus and improves spatial memory. J Neurobiol 
39:569–578

Nithianantharajan J, Hannan AJ (2006) Enriched environments, experience-dependent plasticity 
and disorders of nervous system. Nat Rev Neurosci 7:697–709

Oberdoerffer P, Michan S, McVay M, Mostoslavsky R, Vann J, Park SK, Hartlerode A, Stegmuller 
J, Hafner A, Loerch P, Wright SM, Mills KD, Bonni A, Yankner BA, Scully R, Prolla TA, Alt 
FW, Sinclair DA (2008) SIRT1 redistribution on chromatin promotes genomic stability but 
alters gene expression during aging. Cell 135:907–918

O’Hagan HM, Mohammad HP, Baylin SB (2008) Double strand breaks can initiate gene silencing 
and SIRT1-dependent onset of DNA methylation in an exogenous promoter CpG island. PLoS 
Genet 4:e1000155

Pawelec G, Barnett Y, Forsey R, Frasca D, Globerson A, McLeod J, Caruso C, Franceschi C, 
Fülöp T, Gupta S, Mariani E, Mocchegiani E, Solana R (2002) T cells and aging, January 2002 
update. Front Biosci 7:d1056–d1183

Pham TM, Winblad B, Granholm AC, Mohammed AH (2002) Environmental influences on brain 
neurotrophins in rats. Pharmacol Biochem Behav 73:167–175

Poon HF, Calabrese V, Calvani M, Butterfield DA (2006) Proteomics analyses of specific protein 
oxidation and protein expression in aged rat brain and its modulation by L-acetylcarnitine: 
insights into the mechanisms of action of this proposed therapeutic agent for CNS disorders 
associated with oxidative stress. Antioxid Redox Signal 8:381–394

Puerto M, Guayerbas N, Alvarez P, De la Fuente M (2005) Modulation of neuropeptide Y and 
norepinephrine on several leucocyte functions in adult, old and very old mice. J Neuroimmunol 
165(1–2):33–40

Rattan SI (2008) Increased molecular damage and heterogeneity as the basis of aging. Biol Chem 
389:267–272

6 The Importance of the Environment in Brain Aging: Be Happy, Live Longer!



94

Rattan SI (2010) Targeting the age-related occurrence, removal, and accumulation of molecular 
damage by hormesis. Ann N Y Acad Sci 1197:28–32

Roy V, Belzung C, Delarue C, Chapillon P (2001) Environmental enrichment in BALB/c mice: ef-
fects in classical tests of anxiety and exposure to a predatory odor. Physiol Behav 74:313–320

Sairanen M, Lucas G, Ernfors P, Castren M (2005) Brain-derived neurotrophic factor and antide-
pressant drugs have different but coordinated effects on neuronal turnover, proliferation and 
survival in the adult dentate gyrus. J Neurosci 25:1089–1094

Sastre J, Pallardo FV, Vina J (2003) The role of mitochondrial oxidative stress in aging. Free Radic 
Biol Med 35:1–8

Schenker C, Meier D, Wichmann W, Boesiger P, Valavanis A (1993) Age distribution and iron 
dependency of the T2 relaxation time in the globus pallidus and putamen. Neuroradiology 
35:119–124

Schipper HM (2004) Brain iron deposition and the free radical-mitochondrial theory of aging. 
Aging Res Rev 3:265–301

Segovia G, Yagüe AG, García-Verdugo JM, Mora F (2006) Environmental enrichment promotes 
neurogenesis and changes the extracellular concentrations of glutamate and GABA in the hip-
pocampus of aged rats. Brain Res Bull 70:8–14

Segovia G, Arco AD, Mora F (2009) Environmental enrichment, prefrontal cortex, stress, and ag-
ing of the brain. J Neural Transm 116:1007–1016

Sigueira IR, Fochesatto C, Lucena da Silva Torres I, Dalmaz C, Netto CA (2005) Aging affects 
oxidative state in hippocampus, hypothalamus and adrenal glands of Wistar rats. Life Sci 
78:271–278

Singh R, Kanwar SS, Sood PK, Nehru B (2011) Beneficial effects of folic acid on enhancement of 
memory and antioxidant status in aged rat brain. Cell Mol Neurobiol 31:83–91

Small SA, Nava AS, Perera GM, Delapaz R, Stern Y (2000) Evaluating the function of hippocam-
pal subregions with high-resolution MRI in Alzheimer’s disease and aging. Microsc Res Tech 
51:101–108

Stichel CC, Luebbert H (2007) Inflammatory processes in the aging mouse brain: participation of 
dendritic cells and T-cells. Neurobiol Aging 28:1507–1521

Sun LY, Bartke A (2007) Adult neurogenesis in the hippocampus of long-lived mice during aging. 
J Gerontol A Biol Sci Med Sci 62:117–125

Tien RD, Felsberg GJ, Ferris NJ, Osumi AK (1993) The dementias: correlation of clinical features, 
pathophysiology, and neuroradiology. AJR Am J Roentgenol 161:245–255

Toescu EC, Verkhratsky A (2003) Neuronal aging from an intraneuronal perspective: roles of en-
doplasmic reticulum and mitochondria. Cell Calcium 34:311–323

van Praag H, Kempermann G, Gage FH (2000) Neural consequences of environmental enrich-
ment. Nat Rev Neurosci 1:191–198

Viña J, Sastre J, Pallardo F, Borras C (2003) Mitochondrial theory of aging: importance to explain 
why females live longer than males. Antioxid Redox Signal 5:549–556

von Bernhardi R (2007) Glial cell dysregulation: a new perspective on Alzheimer disease. Neuro-
tox Res 12:215–232

von Gunten A, Ebbing K, Imhof A, Giannakopoulos P, Kövari E (2010) Brain aging in the oldest-
old. Curr Gerontol Geriatr Res pii: 358531

Yankner BA, Lu T, Loerch P (2008) The aging brain. Annu Rev Pathol 3:41–66
Wayne SL, Rhyne RL, Garry PJ, Goodwin JS (1990) Cell-mediated immunity as a predictor of 

morbidity and mortality in subjects over 60. J Gerontol 45:M45–48
Zambrana Z, Marco EM, Arranz L, De Castro NM, Viveros MP, De la Fuente M (2007) Influence 

of aging and enriched environment on motor activity and emotional responses in mice. Ann N 
Y Acad Sci 1100:543–552

Zhu Y, Carvey PM, Ling Z (2006) Age-related change in glutathione and glutathione related en-
zymes in rat brain. Brain Res 1090:35–44

M. De la Fuente and L. Arranz


	Chapter-6
	The Importance of the Environment in Brain Aging: Be Happy, Live Longer!
	6.1 Introduction—Why does the Brain Age?
	6.2 Oxidative Stress as a Basis of Brain Aging
	6.3 Homedynamic Decay: Neuro-Immune-Endocrine Disruption During Aging
	6.4 The Environment Counts! Beneficial Effects of Enriched Environment on Brain and Neuro-Immune-Endocrine Aging
	6.5 A Magnetic Resonance Imaging Study of Enriched Environment and the Aging Brain
	6.6 Conclusions: Be Happy, Live Longer?
	References





