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ABSTRACT: Brain aging has been suggested to be conditioned by an excessive glucocortioid secretion 

leading to damages on brain areas involved not only in cognitive and emotional processes but also in the 

control of the activity of the hypothalamic-pituitary adrenal axis. This review describes some of the 

hypothesis that try to explain the relation between the dysregulation of the stress response and brain 

aging, focusing on corticosterone but also on neurotransmission in the hippocampus, the prefrontal cortex 

and the amygdala. Moreover, different molecular factors can account for an enhanced vulnerability of the 

aged brain to stress exposure, specially for resilience. Among them, good candidates could be those 

mechanisms determining the levels of corticosterone in the brain, several molecules downstream 

glucocorticoid receptor activation (ie: heat shock proteins, BAG-1) or even the epigenetic programming of 

the HPA axis in early stages. In conclusion, genetic and environmental factors (early life stress, chronic 

stress during adulthood) can produce an enhanced vulnerability and a reduced resilience of the brain to 

subsequent stress exposures or to metabolic challenges leading, in turn, to an unsuccessful aging of the 

brain. However, results obtained with the use of the environmental enrichment model in animals, added to 

several results in humans also described in this review suggest that positive environmental factors 

(cognitive-demanding tasks or physical exercise) can help to maintain neuronal plasticity during aging 

and to protect the brain against the damaging effects of stress exposure. 

 

Key words: Aging; stress; resilience; corticosterone; glucocorticoids; neurotransmitters; hippocampus; 

prefrontal cortex; amygdalal; rat 

 

 
Non-pathological or physiological aging is associated 

with a general decline of cognitive functions, such as 

declarative memory, verbal fluidity or working memory 

[1-3]. However, it is clear that aging does not affect 

everyone in the same way. While some people maintain 

a good cognitive performance on late ages (successful 

aging), others show a mild cognitive decline or even 

dementia (unsuccessful aging). Many different factors 

have been suggested to cause this enhanced individual 

vulnerability of the brain to aging. Although some 

authors suggest a genetic basis for aging [4-6], there is 

the generalized idea that aging is not a genetically 

controlled process but an interaction between 

environment and genes [7]. Among the negative 

environmental factors enhancing the vulnerability of the 

brain to aging, the most studied of them is stress. By 

contrast, diet [8], physical exercise [9], or to be engaged 

in cognitive-demanding activities [10] can lead to a 

successful aging of the brain. All of these environmental 

factors exert their positive or negative actions on the 

brain through the direct modulation of brain plasticity or 

through the modulation of other factors involved 

indirectly in brain plasticity.  

This review will focus on the role of the 

dysregulation of the stress response as an environmental 

risk factor that negatively affects brain aging. Past and 

current hypotheses that try to model how the 

dysregulation of the stress response can lead to 

unsuccessful aging are described. Some of the molecular 

factors that could be involved in the dysregulation of the 

stress response during aging are also depicted. Finally, 

given that many individuals are able to enjoy a 

successful aging, this review will also focus on several 

mechanisms that could be involved in the vulnerability 

of the brain to stress. Among these mechanisms are 

resilience, epigenetic mechanisms, and those 
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environmental factors thought to exert positive effects on 

brain aging, with an special focus on the environmental 

enrichment model.  

   

1. The response to stress and the HPA axis: effects of 

aging 

 
The definition of stress can vary depending on the 

circumstances. This term has been used in an ambiguous 

way, describing either the set of physiological systems 

that are activated in response to an actual or potential 

threat (stressor) or the stimulus itself. In this review, the 

first of these definitions will be used. 

The presence of a stressor triggers different 

physiological responses. The first response is the 

activation of the sympathetic nervous system, which 

promotes the release of adrenaline and noradrenaline 

from the adrenal glands, allowing the so-called “Fight or 

Flight” response [11]. Adrenaline and noradrenaline will 

increase the respiratory rate, the heartbeat, the blood 

concentration of glucose and the blood flow to the 

skeletal muscle. This fast response is primarily related to 

survival.  This response is, however, beyond the scope of 

this review. 

The stressor also triggers the activation of the 

hypothalamo-pituitary-adrenal (HPA) axis, which begins 

with the activation of the parvocellular neurons in the 

paraventricular nucleus of the hypothalamus (PVN). The 

release of corticotrophin releasing hormone (CRH) from 

the PVN leads in turn to the release of 

adrenocorticotropic hormone (ACTH) from the 

hypothalamus. ACTH will be delivered into the 

bloodstream, reaching the adrenal cortex and promoting 

the release of glucocorticoids (GCs) into the blood [12]. 

These GCs are cortisol in most of the mammals, and 

corticosterone (CORT) in rodents, although it can also be 

found in the human blood [13]. GCs mobilize energy, 

either by activating or inhibiting different processes, to 

cope with the energetic demands triggered by the 

behavioral response to the stressor. For example, GCs 

activates proteolysis and lipolysis, and inhibits glycolysis 

and inmunogenesis in different tissues [14]. These active 

processes are promoted with the aim to restore 

homeostasis. When it has been recovered, high levels of 

GCs are not demanded. In fact, the release of GCs is 

regulated by a negative feedback mechanism in which 

CORT can bind to receptors located in the pituitary, the 

PVN and in different areas of the limbic system [15-19].  

There are two types of GCs receptors: 

mineralocorticoid (MRs) and glucocorticoid receptors 

(GRs), also called type I and type II receptors, 
respectively. MRs show a ten-fold higher affinity than 

GRs for GCs, and the majority of them are occupied 

under basal conditions. GRs show low affinity for GCs 

and they are almost unoccupied under basal conditions. 

Therefore, it is thought that MRs are involved in the 

maintenance of stress system activity, while GRs drive 

the steroid control of the recovery from stress [20].  

 As mentioned, the stress response involves the 

activation of a set of hormonal and neural responses that 

contributes to recover the actual or potentially threatened 

homeostasis. These kind of processes, aimed to actively 

maintain or re-establish homeostasis are termed allostatic 

responses. The term allostasis refers to the ability of the 

body to produce hormones and other mediators (i.e.: 

neurotransmitters, cytokines) that help an animal adapt 

to a new situation or challenge [21]. Stress is therefore 

an adaptive response. However, if this response is 

maintained for more time than necessary or if it is 

activated chronically, harmful effects on the body (i.e.: 

immunosuppression, peripheral muscle dysfunction, 

neuronal death) can appear. This process is called 

allostatic load, and it could be considered the basis to 

explain why stress is an important risk factor for an 

unsuccessful aging of the brain [22].  

The link between stress exposure and aging was 

begun to be established by the late 70s and the 80s of the 

last century. In their seminal study Landfield et al. [23] 

found a positive correlation between blood levels of 

CORT and the astrocyte reactivity (a marker of brain 

damage) in the hippocampus (HC) of aged rats. They 

also observed that adrenalectomy reduced the astrocyte 

reactivity, which suggested a role for stress hormones on 

brain aging [24]. A few years later, Sapolsky et al [25] 

showed that the recovery of stress-induced levels of 

CORT to basal levels was protracted in the aged rat, a 

finding that has later been confirmed by other studies 

[25-29]. These results suggested that aged rats are 

subjected to an allostatic load mediated by enhanced 

levels of CORT, which could provide an explanation for 

some of the age-related changes of the brain. 

 

2. GCs in the brain and the “glucocorticoid cascade 

hypothesis” 

 

Apart from the PVN, the main site in which CORT 

release is controlled, MRs and GRs are found in different 

limbic areas of the brain [30]. While GRs and MRs occur 

in the (HC) and the amygdala, the prefrontal cortex 

(PFC) expresses GRs, but the MR expression is sparse in 

this brain area [15-17]. Importantly, these limbic areas 

not only mediate the stress response but they also play a 

key role in the regulation of different cognitive and 

emotional processes [31-33]. 
GCs play at least three functions in the brain. The 

first is, like in the rest of the body, to regulate energy 
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availability during the stress response. For instance, GCs 

can modulate the glucose transport into the neurons [34]. 

The second is to promote behavioral adaptation, 

regulating (either enhancing or impairing) several 

memory processes  [35]. For example, stress can 

enhance the consolidation of spatial and emotional 

memories, but it can also impair their retrieval [36-38]. 

The third function of GCs in the brain is the control of 

the HPA axis activity  through GRs located in the HC, 

the PFC and the PVN [19]. An impairment in the third of 

these functions has been in fact closely linked to brain 

aging.  

In the 80s and 90s, several studies showed that 

lesions of the HC lead to an enhanced increase of CORT 

under acute stress conditions [39-42] thus suggesting that 

the HC plays an inhibitory role on the activity of the 

HPA axis. Moreover, the aged HC was shown to contain 

lower levels of GCs receptors than the young HC 

[25,27,43-47]. Added to that it was also found that 

enhanced levels of CORT leaded to a lower number of 

neurons in the HC [48] along with an enhanced 

vulnerability of these neurons to neurotoxic insults [34]. 

In 1986, Sapolsky et al. [49], proposed the 

“glucocorticoid cascade hypothesis” (GCH), by which 

they elegantly linked these findings with those showing a 

protracted inhibition of the HPA axis in the aged rat. The 

GCH suggests that an impairment in the negative 

feedback mechanism to control the release of CORT in 

the aged rat leads to an enhanced exposure of the brain 

of aged animals to CORT which, in turn, would reduce 

the number of neurons in the HC and the consequent 

age-related cognitive deficits. Moreover, the damage of 

the HC would reduce the expression of GRs leading to a 

worsening of the accuracy of the inhibitory control of the 

CORT release that would potentiates the damages in the 

HC (Figure 1). Some studies supported this hypothesis. 

For instance, it was shown that only cognitively-

impaired aged rats show a protracted recovery of basal 

levels of CORT and a reduced neuron density in the CA1 

and CA3 regions of the HC [50]. Moreover, a rat model 

of “successful aging”, which shows a longer expectancy 

of life does not display the disruption of the GC negative 

feedback during aging [29,51]. And, importantly, GCs 

can also damage the human brain. It has been shown that 

Cushing syndrome patients, who are exposed to high 

cortisol levels due to an adrenal tumor, are characterized 

by a reduced hippocampal volume and cognitive deficits 

[52-54]. Recently, it has also been reported an 

association between cortisol levels and the thickness of 

different subregions of the PFC in middle-aged men 

[55].  
 

 

 

 

 
 
Figure 1. Schematic representation of the “glucocorticoid 

cascade hypothesis”. The presence of a stressor triggers the 

release of CORT by the activation of the HPA axis. CORT can 

bind to CBGs to act on target tissues, and free CORT can cross 

the blood-brain-barrier, reaching the GRs (green squares) in the 

HC and the PFC. In the young rat (up) these brain areas exert a 

precise inhibitory control on the HPA axis activity in response to 

the stress-induced levels of CORT. In the aged rat (bottom) a 

dysregulation in the control of the HPA axis activity leads to 

enhanced levels of CORT, which in turn will produce damages 

in the HC and the PFC, thus worsening the inhibitory control of 

the HPA axis. 
 

 

However, although by this time the GCH was a 

convincing and suggestive explanation about the causes 

of brain aging and the age-related cognitive deficits, 

subsequent studies have shown that some of the 

assumptions of this hypothesis were not accurate. The 

first problem of the GCH is the animal model. Not all 

strains of rats reproduce the age-impairment of the GCs 
negative feedback, even although they show a cognitive 

decline [56,57]. But more importantly, although not 
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many studies have focused on the stress response and 

aging in humans, it is not clear whether elderly people 

show a protracted recovery of CORT in response to 

stress [58-61]. Also, patients suffering Alzheimer´s 

disease, which is associated with loss of neurons in the 

HC, do not show impairments in the glucocorticoid 

negative-feedback elicited by dexamethasone, a 

synthetic agonist of GRs [62]. Moreover, it is not clear 

whether GR expression in the primate brain is similar to 

that observed in the rodent brain. In fact, several studies 

have shown that, contrary to what is found in the rodent 

brain, the primate brain shows an enhanced expression of 

GRs in the PFC compared to the HC [63,64]. The second 

problem of the GCH refers to the increases of CORT in 

the brain of aged rats. The GCH made the assumption 

that higher CORT levels in the blood would lead to 

higher levels in the brain. However, a recent study has 

shown that while aged rats show enhanced increases of 

plasma CORT compared to young rats, they do not show 

this enhancement in the HC or the PFC [65]. This result 

suggests that aged animals are not exposed to higher 

levels of CORT than young animals during the stress 

response in spite of the differences in the levels of 

CORT in the blood. The third problem refers to cell 

death induced by GCs. When neuron-counting 

techniques were improved it became clear that the aged 

HC does not show a reduced number of neurons in 

humans [66] or even in animals showing spatial memory 

deficits [46,67]. More importantly, chronic stress or 

chronic treatment with CORT do not produce cell death 

in the HC of different species, including humans [68-71]. 

This data suggest that CORT per se is not enough to lead 

to the death of neurons. Different research groups have 

shown, however, that these treatments can lead to 

dendritic atrophy and spine loss in the pyramidal neurons 

of the CA3 area of the HC, which correlate with deficits 

in hippocampal-dependent tasks [72-75]. Moreover, it 

has been shown that CORT may not produce neuronal 

death but an enhanced vulnerability to metabolic 

challenges (i.e. hypoxia, ischemia), an effect possibly 

mediated by an enhanced glutamatergic signal  [34]. The 

fourth problem of the GCH involves the dynamics of the 

GCs actions during aging. If GCs are the principal cause 

for age-related changes in the brain, then the changes in 

different molecular parameters produced by the GCs on 

the brain should follow the same direction as those 

produced by aging. However, studies using gene arrays 

have shown that this is not case [76]. It seems that the 

interaction between GCs and aging is more complex and, 

while some actions of the GCs are potentiated during 

aging, other are inhibited, and these actions could be 
dependent on the cell type. The fifth problem refers to 

the initiation of the cascade. In the model of the GCH, an 

enhanced probability of the aged brain to suffer 

metabolic challenges leads in turn to an enhanced 

probability of a concurrent increase of CORT levels 

together with a metabolic challenge that would produce 

neuronal damages, a lower expression of GRs and the 

impaired negative feedback mechanism. At this point, 

subsequent concurrent events of metabolic challenge and 

enhanced levels of CORT would be then more probable. 

However, it has been suggested that a metabolic 

challenge is not needed at the same time of an increase 

of CORT to lead to an enhanced vulnerability of the 

brain. The laboratory of Dr. Cheryl Conrad has shown 

that a chronic treatment with CORT produces an 

enhanced vulnerability of the neurons of the HC to the 

harmful effects of a subsequent  treatment with different 

neurotoxic drugs [77,78].  

 

3. Aging and the “glucocorticoid vulnerability 

hypothesis” 

 
Several problems of the GCH have been reviewed and 

tried to be solved by the proposal of the “glucocorticoid 

vulnerability hypothesis”. This hypothesis suggests that 

repeated enhanced levels of CORT, such as during 

chronic stress, would not be the unique determinant for 

cell loss in the aged HC. It proposes that CORT would 

play a role  priming the HC to show an enhanced 

vulnerability when exposed to subsequent insults [79]. 

Although some studies support this hypothesis, this idea 

has only been tested using neurotoxic drugs as insults 

[77,78]. Given that it is not easy for the brain to be 

exposed to neurotoxic drugs, more studies are needed to 

test whether a period of elevated CORT levels could also 

produce an enhanced susceptibility to the harmful effects 

of more realistic insults, such as hypoxia or ischemia. 

Moreover, as previously mentioned, the aged 

hippocampus does not show a lower number of neurons 

in spite of spatial memory impairments and a delayed 

recovery of basal CORT following the exposure to a 

stressor [46,67]. For this reason, this hypothesis could 

not be useful to explain the link between stress and non-

pathological aging. The hypothesis suggests, however, 

that a reduced dendritic arborization may be needed to 

confer an enhanced vulnerability to the HC, a point that 

has been sparsely studied [77]. This could be an 

interesting marker to predict vulnerability to the 

exposure to chronic stressors or even to GC effects on 

the aged HC. However, it is not clear whether genetic 

factors could also contribute to a reduced volume of the 

HC and, in turn, to a dysregulated HPA axis [80] or 

whether a prolonged exposure to CORT leads to a 
reduced volume of the HC and the subsequent HPA axis 

dysregulation. Some authors suggest that there would be 
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a situation between those two possibilities where 

different sensitive periods can drive the influence of 

vulnerability to genetic or environmental factors [81].  

Both the GCH and the glucocorticoid vulnerability 

hypothesis focus on the role of GRs on brain aging. An 

alternative suggested possibility is that an imbalance 

between GRs and MRs could be the cause of 

susceptibility to stress-related brain disorders and brain 

aging [20]. However, this hypothesis also has its own 

problems. Thus, while the imbalance of GRs and MRs is 

a suggestive hypothesis for the changes observed during 

aging in the HC, it would not be good to explain the 

changes in other areas of the brain, such as the PFC, in 

which MRs do not seem to play an important role due to 

their very low expression levels [15-17].      

Another aspect of the relation between aging and the 

HPA axis is the role of basal levels of CORT on the 

damages of the HC with aging. The GCH and the 

“glucocorticoid vulnerability hypothesis” are mostly 

focused on the harmful effects of the stress-induced 

levels of CORT than on its basal levels. However, in the 

case of the “glucocorticoid vulnerability hypothesis” 

stress levels, as well as high basal levels of CORT could 

program the HPA axis for an enhanced vulnerability to 

further insults. GCs are released in a circadian rhythm 

reaching a peak before the onset of the active phase 

(dark phase in rodents, light phase in humans). These 

peak-levels can even be as high as those produced by a 

mild stressor [82]. Therefore, a dysregulation of the 

circadian rhythm, or continuously enhanced basal levels 

of CORT could contribute to the changes of the aged 

brain and the impaired recovery of basal levels after the 

exposure to a stressor. Studies focusing on aging show 

either enhanced levels [25,28,83] or no differences 

[46,51,56,57,65,84] on basal CORT levels in aged 

compared to young rats. A more detailed study found 

that about a 30% of aged rats show hypersecretion of 

CORT [50], and the only study that has measured CORT 

in the brain of aged rats in vivo has shown that basal 

levels of CORT are enhanced in the HC and the PFC of 

aged compared to young rats [65]. In line with an 

involvement of basal levels of CORT on brain aging, a 

study showed that adrenal weight, a marker of HPA axis 

hyperactivity, correlated negatively with the 

performance of a spatial memory task and also with the 

neurogenesis in the dentate gyrus of the aged HC. 

Adrenalectomy since 10 months of age prevented these 

effects [28]. In humans, in spite of the lack of differences 

in basal cortisol levels between young and elderly people 

[58,59], Lupien et al. [85,86] showed that the dynamics 

of the basal levels of cortisol during aging can depend on 
individual differences. In a longitudinal study during 5 

years they described three different patterns of variation 

of cortisol levels on elderly individuals. In the first 

subgroup, cortisol levels were reduced with time, in the 

second they remain stable, and in the third they rose. 

Interestingly, those individuals showing the increasing 

pattern also showed hippocampal atrophy and memory 

deficits [86]. These results have been replicated, at least 

in part, by other research groups [87,88].  

Therefore, although the GCH and the “glucocorticoid 

vulnerability hypothesis” provide a heuristic approach 

for the link between stress and aging, the scenario seems 

to be more complex, involving more variables than those 

mentioned by both hypothesis. Thus, the second half of 

this review will focus on several factors that could be 

interesting to study the relation between stress and aging 

as well as the efficacy of the environmental enrichment 

model and its application to the human being to attenuate 

or delay the effects of brain aging related to the exposure 

to stress.   

 

4. Two new actors: the PFC and the amygdala 

 

The PFC and the amygdala undergo a plethora of 

changes during aging. The PFC is possibly the only area 

of the brain in which there is a clear reduction of 

dendritic branching of the pyramidal neurons with aging, 

both in humans and rodents [89,90]. The pyramidal 

neurons of the amygdala, by contrast, become 

hypertrophic with aging [91]. Under stress conditions, a 

lower activation of the PFC and the medial amygdaloid 

nucleus has been also shown in aged rats [84,92]. 

Moreover, several functions related to the PFC and the 

amygdala are impaired in aged animals [47,93-98].  

The GCH, the “glucocorticoid vulnerability 

hypothesis” and the hypothesis of an imbalance between 

GRs and MRs are focused on the effects of GCs on the 

HC. However, as the HC, the PFC and the amygdala are 

activated in response to different stressors [99-102], and 

they modulate the activity of the HPA axis [103-107]. 

On one hand, the PFC shows a region-specific function: 

the dorsomedial PFC (prelimbic and cingulate cortices) 

plays an inhibitory role, while the ventromedial PFC 

(infralimbic cortex) plays and excitatory role on the 

activity of the HPA axis [107,108]. On the other hand, 

the amygdala plays an excitatory role on the HPA axis 

activity [105]. Furthermore, the dendritic arborization of 

pyramidal neurons in the PFC and the amygdala is also 

sensitive to chronic stress or chronic treatment with 

CORT. While the pyramidal neurons of the PFC show a 

retraction similar to that observed in the HC [107,109-

111], those of the amygdala respond with an increase of 

their dendritic arborization [112,113]. In both cases, the 
changes of the dendritic arborization are accompanied by 
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changes on PFC and amygdala dependent behaviors 

[111,114].  

These findings have broadened the point of view 

about the areas of the brain involved in the regulation of 

the stress response and its relation to brain aging. Studies 

regarding the link between the PFC or the amygdala with 

aging and stress are sparse, although they are 

progressively increasing. Now, it is thought that the 

functional interaction between the HC, the amygdala and 

the PFC could be more important than the sole action of 

one of these brain areas. For instance, the PFC-

basolateral nucleus of the amygdala (BLA) pathway has 

been  suggested to be important for the development of 

major depression and post-traumatic stress disorder 

(PTSD) [115]. Changes in this pathway during aging 

could also have a relevant impact on brain aging and the 

modulation of the stress response. An imbalance 

between the activation of the PFC and that of the 

amygdala could lead to deficits in the response to stress. 

For instance, as previously described, it has been shown 

that aged rats show a reduced activation (measured as c-

fos expression) in response to an acute stressor of the 

medial PFC but not of the BLA compared to young 

animals [84,92]. Since the PFC is thought to inhibit BLA 

pyramidal neurons [116], the BLA in aged animals could 

be more active, triggering a disinhibition of the HPA 

axis. Added to that, and in relation with a lower activity 

of the PFC of aged rats, in a recent study in our 

laboratory (P.Garrido., M. De Blas, E.Giné, A.Santos, F. 

Mora, unpublished observations), we have observed that 

the activation of the PFC inhibits the release of CORT in 

response to restraint and also produces an impairment of 

aversive memory consolidation in young rats, but these 

effects are not observed in aged animals, which suggest 

that the aged PFC has a lower capacity to control the 

HPA axis activity. Finally, a recent study has shown that 

the PFC-BLA pathway is not affected by a protocol of 

chronic restraint on adult rats, while other neurons in the 

PFC and the amygdala showed the usual dendritic 

retraction and hypertrophy, respectively [115]. The 

authors suggest that the insensitivity of the PFC-BLA 

pathway to stress could constitute a mark of health, 

while the alteration of this specific pathway could be 

involved in mood disorders. It would be very interesting 

to know whether this pathway is modified in aged 

animals showing hypersecretion of CORT and age-

related cognitive deficits.       

   

5. The role of neurotransmission on stress and its 

relevance to aging 

 
While the effects of aging on hormonal stress responses 

are well characterized, those of the different 

neurotransmitters in the limbic areas that modulate the 

HPA axis activity are poorly known. It is known that 

different acute stressors increase the release of 

dopamine, noradrenaline, serotonin, acetylcholine or 

glutamate in different areas of the brain such as the HC, 

the PFC or the amygdala [117-125]. The precise role of 

the stress-induced increases of these neurotransmitters in 

these areas of the brain is not completely understood. 

This is a relevant issue because the response of 

neurotransmission is considerably faster than hormonal 

responses to a stressor, which suggests that changes in 

neurotransmission in these brain areas can modulate the 

HPA axis activity [126]. In line with this suggestion, 

lesions of dopaminergic, cholinergic or noradrenergic 

neurons in different brain areas produce changes in the 

HPA axis activity [127-130]. Moreover, some studies 

have shown local effects of several neurotransmitters on 

the HPA axis activity acting on the HC, the PFC or the 

amygdala [131-135].  

With regard to aging, the response of dopamine and 

setotonin to an acute stressor is reduced in the HC and 

the PFC of aged rats [136,137] and the response of 

acetylcholine does not change [138,139]. A relevant 

question is whether changes in these neurotransmitters 

with aging or an imbalance between them can influence 

the HPA axis activity and be responsible, at least in part, 

of the age-related changes on it. They could also be 

responsible of the age-related cognitive deficits. In 

relation with this hypothesis, it has been proposed that an 

imbalance between excitatory and inhibitory signals 

could be responsible of some of the age-related cognitive 

deficits [140-142]. This is also in line with the 

observation that the activation by picrotoxin of the 

young but not the aged PFC can inhibit the release of 

CORT in response to an acute stressor (P.Garrido, M. De 

Blas, E.Giné, A.Santos, F. Mora, unpublished 

observations). Only a few works have studied the 

changes of glutamate and GABA subunit receptors in the 

brain with aging [142,143] and it is not clear whether 

these changes could contribute to HPA axis 

dysregulation.  Given that glutamatergic signals have 

been also involved in the harmful effects of CORT on 

the brain [34], this question is not trivial. Moreover, the 

contribution of different neuromodulators (mainly the 

monoamines) to the activation/inhibition imbalance 

during aging should not be discarded.   

The interaction between the HPA axis and 

neurotransmission could be, however, more complex 

than the simple action of neurotransmitters on the HPA 

axis. In fact, it could be established a bi-directional 

relation between neurotransmitters and CORT. For 
instance, CORT can modulate the activity of different 

neurotransmitter systems either at short- or long term- 
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periods. Rapid actions of CORT have been described for 

the release of glutamate or the trafficking of its AMPA 

and NMDA receptors [144-148], while long-term effects 

on the mesocortical dopaminergic system have been 

observed after ADX in the PFC [149]. Further studies 

are needed to elucidate the dynamics of the local 

interaction of CORT and neurotransmitters in different 

areas of the brain and whether these relations do change 

with aging.   

 

6. Resilience 

 
Although the continuous exposure to stressors can lead 

to maladaptive physiological responses (allostatic load), 

this is not the case for all individuals. For this reason, the 

ability of an individual to adapt to different stressors and 

the mechanisms that allow this adaptation are important 

for the study individual vulnerability for the exposure to 

GCs. The ability to adapt successfully to different 

stressors is termed resilience. A resilient individual has 

thus been tested by adversity and continues to 

demonstrate adaptive psychological and physiological 

stress responses, or an adequate allostasic response 

[150]. 

A capital question about the changes that stress 

exposure produces on the brain is the stability of those 

changes, and whether there is the possibility for a return 

to normal conditions after a prolonged period of 

exposure to GCs. The dendritic branching and the 

number of spines in the HC and the PFC return to normal 

conditions after several weeks from the end of the 

exposure to a chronic stressor in young animals [74,151-

153]. It has been suggested that the dendritic retraction 

of the neurons of those brain areas could constitute a 

protective mechanism against the increased release of 

glutamate, being reversed when chronic stress conditions 

have ceased [154]. However, if resilience is lost, those 

responses activated during the exposure to the chronic 

stressor would be permanent, leading to a continuous 

enhanced activity of the HPA axis, along with spatial 

and working memory impairments produced, at least in 

part, by the morphological changes in the HC, the PFC 

and the amygdala .  

A lower resilience in response to the changes 

produced by the exposure to a chronic stressor could 

explain some of the morphological, hormonal and 

behavioral changes observed in the aged brain. In accord 

with this idea, a recent study has shown that the 

morphological reorganization shown by the PFC of 

young rats 21 days after the exposure to a chronic 

stressor is not observed in the PFC of middle-aged or 
aged rats [90]. Since the aged PFC responds to a chronic 

stressor, this result suggests that it is resilience but not 

plasticity which it is impaired in the aged brain. 

Although the response of the aged HC to a period of 

chronic stress after a period of recovery is unknown, it is 

highly probable that the aged HC also shows a similar 

pattern to that of the PFC. In fact, another study showed 

that the downregulation of GRs that is usually observed 

in the HC of young rats after a long period of training in 

a foot-shock avoidance task is not observed in middle-

aged and aged-rats [155]. An important question derived 

from these findings is whether a chronic exposure to a 

stressor during middle-age could lead to higher 

probabilities to develop an unsuccessful aging of the 

brain. Some studies support this idea in rodents 

[156,157] although they are still scarce. In humans, 

different studies show that people exposed to chronic 

stressors (i.e: high job demands, caregivers of family 

members with dementia) show accelerated cellular aging 

[158] and a longer physiological and perceived period of 

time to recover from the exposure to a situation of stress 

[159,160]. These evidences suggest that a period of 

chronic stress during adulthood or at old ages might 

accelerate the aging of the brain. We can go even further 

to ask whether suffering stress-related psychopathologies 

during the adulthood can be considered as a risk factor 

for brain aging. For instance, elderly people that 

underwent a situation of PTSD during adulthood show a 

higher memory decline when they are old [161,162]. In 

line with this idea and given that depression and aging 

show some similarities on its effects on the brain, and 

that both of them are thought to be related to an 

enhanced cortisol exposure, it has been proposed that 

mood disorders and cognitive deficits may be considered 

as a continuum that becomes increasingly manifest with 

aging [163,164]. Although suggestive, this hypothesis 

needs further experimental evidences to be evaluated.    

The primary cause for the loss of resilience during 

aging has not been studied. It could be related to the 

lower levels of brain-derived neurotrophic factor 

(BDNF) or its receptors in the aged brain [98,165-168], 

although CORT can also modulate the expression of 

BDNF in the brain. Moreover, many other molecular 

parameters may also contribute to the loss of resilience 

in the aged brain. Some of them are below described.    

 

7. Molecular aspects of the stress response in the 

aged brain 

 

The morphological, neurochemical and behavioral 

changes produced by the exposure of the brain to 

enhanced levels of GCs are obviously driven by 

underlying molecular mechanisms in response to the 
binding of CORT to its specific receptors in the neurons. 

Figure 2 shows some of the intracellular mechanisms 
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that take place when CORT binds to GRs. The 

“classical” genomic action of the GCs leads to the 

activation or repression of different genes. In general, 

many of the genes modulated by GRs are involved in 

synaptic plasticity and, more specifically, in neuronal 

remodeling [169]. This observation has sense in view of 

the plastic changes produced by chronic stressors on the 

brain [170]. Moreover, there are also GRs located in the 

membrane of neurons [171]. Membrane GRs mediate 

genomic actions, but also non-genomic actions, 

involving the modulation of neurotransmission at 

synaptic level. For example, GRs have been shown to 

modulate glutamate [145,146] and GABA signaling 

[172] in different areas of the brain.  

 

 

 
 
Figure 2. Schematic view of several intracellular actions 

promoted by CORT. First, CORT binds to a monomer of GR in 

the cytosolic region of the neuron (1), and GR in turn rapidly 

binds to a multiprotein complex of heat-shock proteins (HSPs) 

(2), which is going to mediate the translocation of GR to the 

nucleus. Then, the activated GR split up from the HSPs and it 

can bind to other activated monomer to form a homodimer or 

remain as a monomer (3). Homodimers and monomers will 

travel to the nucleus and will bind to specific sequences of DNA 

in the promoter region on target genes called glucocorticoid 

response elements (GREs) (4). They can also interact with 

proteins like the nuclear factor κB (NF-κB) or the CRE-binding 

protein (CREB), among many others, which also act as 

transcription factors (5). There are also GR receptors in the 

membrane that can mediate genomic (6) or non-genomic actions 

(not shown).  

 

 

Since many of these molecular mechanisms are still 

poorly understood there are only a few studies focusing 

on the role of them on brain aging. In general, different 

studies have shown reduced levels and binding of GRs in 
the HC and the PFC of aged animals [27,47,173-176], 

although these observations seem to be dependent on 

individual differences [46]. These changes in GR and 

MR levels would impair or, at least, reduce the accurate 

cellular response to stress conditions. For instance, it has 

been shown that the impaired GC negative feedback 

observed on aged rats following the local injection of 

dexamethasone in the HC, the PFC or the PVN could be 

due to a reduced number of GR positive cells in those 

brain areas [47]. However, it is also possible that further 

intracellular events produced by the activation of GRs 

could be impaired in the aged brain. For example, the 

impairment of the GC inhibitory feedback on aged rats 

has been related to a decreased translocation of GRs to 

the cellular nucleus in the HC, the PFC and the PVN of 

aged rats [47,177]. Related also to the translocation of 

GRs to the nucleus is the GR-cochaperone protein BAG-

1, which could exert a dual action: the attenuation of the 

translocation of GRs to the nucleus in the case of 

enhanced CORT levels and the protection against 

apoptosis [178,179]. Therefore, this could be a good 

molecular candidate to mediate resilience.   

GRs can also regulate gene expression in the 

mithocondria. CORT binds to Bcl-2, leading to anti-

apoptotic responses and to the modulation of calcium 

influx into the mithocondria [179]. In fact, GRs 

stimulation enhances Bcl-2 expression and promotes the 

activity of the mithocondria under acute stress 

conditions, but these actions are attenuated by high 

levels of CORT or the exposure to a chronic stressor 

[179-181]. Could a similar process be observed in the 

vulnerable neurons of the HC or the PFC with aging? 

Further studies should address this question. 

Another molecular aspect of the stress response is the 

set of mechanisms that modulates the availability of 

CORT in the brain. This is a relevant issue since most of 

the stress studies involving rodents have measured 

CORT in plasma and not in the brain. However, some 

studies have shown that CORT levels in the brain could 

not mirror plasma levels [65,182,182-186]. Therefore, it 

would be interesting to know the regulation of 

mechanisms that modulate the availability of CORT in 

the brain and whether aging changes any of these 

parameters. When CORT is released from the adrenal 

cortex, most of it is bound to corticosteroid-binding-

globulins (CBGs), proteins that help to carry CORT to 

its target tissues in the body. A small proportion of 

CORT (5-10%) is not bound to CBGs [187]  and is able 

to cross the blood brain barrier. Regarding aging, it has 

been shown that aged rats show either reduced levels of 

CBGs [174] or reduced binding of CBGs to CORT [27], 

which suggests that the brain of aged rats would be 

exposed to higher levels of CORT. This suggestion has 
been recently confirmed, at least in the case of basal 

levels of CORT in the HC and the PFC of aged rats [65]. 
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Furthermore, the availability of CORT in the brain could 

be also modulated by a protein expressed in the blood 

brain barrier, the multidrug resistance 1 (MDR1) type 

glycoprotein. Although cortisol levels in the brain are 

thought to be regulated by this protein, this is  not clear 

in the case of CORT [71,188-191]. Therefore, this 

mechanism could be even more interesting in the case of 

humans than in the case of rodents. A third molecule that 

can also modulate the levels of CORT in the brain is the 

11-β-hydroxysteroid dehydrogenase type 1. This enzyme 

is able to synthesize CORT from 11-keto-derivates 

[192]. Interestingly, it is enhanced in the CA3 region of 

the HC and in the cortex of aged mice [193]. Moreover, 

spatial and working memory impairments are not 

observed in knock-out mice or mice treated with an 

inhibitor of this enzyme [83,194,195]. An inhibitor of 

this enzyme was also able to enhance some cognitive 

aspects on healthy elderly individuals [196]. Therefore, 

the mechanisms that modulate the availability of CORT 

in the brain could be a relevant factor determining the 

age-related cognitive decline. More studies are needed to 

define which factors (i.e: chronic stressors, genetic 

susceptibility, acquired vulnerability) could modulate 

these molecular mechanisms that mediate the stress 

response.   

 

8. Epigenetics and individual vulnerability 

 
In the last years we have witnessed a sudden increase in 

the number of studies related to epigenetics in the field 

of neuroscience. Epigenetic mechanisms, at a molecular 

level, refer to biochemical modifications of the DNA and 

histone proteins that will mediate the silencing or 

facilitation of gene transcription by modifying the 

structure of chromatin [197]. Some of these genes are 

involved in different cognitive processes and also on 

synaptic plasticity [198-200]. It is also known that acute 

and chronic stress can either increase or decrease some 

of those epigenetic marks in the HC or the PFC [201-

205]. What is not currently known is whether these 

mechanisms could be relevant for age-related cognitive 

deficits and for the changes produced by GCs on the 

brain. It has been suggested that age-related cognitive 

deficits could be mediated, at least in part, by a 

dysregulation of epigenetic control mechanisms and 

aberrant epigenetic marks [206]. Some studies are in line 

with this suggestion [206,207]. Interestingly, and 

regarding the “glucocorticoid vulnerability hypothesis”, 

epigenetic modifications produced by the enhanced 

exposure to CORT could be the “priming mechanism” 

that enhances the vulnerability to subsequent metabolic 
challenges. 

Since epigenetic mechanisms are modulated by the 

environment, they are excellent candidates to explain the 

individual vulnerability to stressors and the effects of 

GCs on the brain during aging. For instance, in a seminal 

work, Weaver et al. [208] showed that a dysregulation of 

the HPA axis in rats can be mediated by a reduced 

maternal care, which leads to an enhanced methylation 

of the promoter region of the GR gene. These animals 

show enhanced CORT responses to an acute stressor and 

reduced levels of GRs in the HC. Interestingly, a similar 

result has been obtained in the case of prenatal exposure 

to maternal depression in humans [209]. However, few 

studies have focused on the effects of negative early life 

events on aging. One study showed that maternal 

separation enhances the cognitive deficits observed in 

aged mice [210]. Another study showed that maternal 

separation leads to enhanced individual differences in 

senescent rats (30 minths) [211]. Therefore, negative 

environmental conditions during early life or during 

adulthood (above described) not only can modulate brain 

aging but they can also reveal and expand individual 

differences produced either by genetic differences or by 

other environmental factors.  

Until now, this review has focused on a negative 

environmental factor, the exposure to stressors, which 

can lead to detrimental outcomes during aging. However, 

some environmental factors could exert a positive 

influence on brain aging [1,9]. It is therefore paramount 

to study those environmental factors that not only 

mediate brain vulnerability to aging, but also those that 

can attenuate or even reverse the effects of aging on the 

brain by the modulation of the stress response. 

 

9. Improving environmental conditions: relevance 

for lifestyles in humans 

 
As it has been shown during this review, most of the 

changes produced by stress and its consequences on 

aging are the result of the modulation of brain plasticity. 

The mechanisms that allow brain plasticity are 

maintained during the lifespan and they can be 

considered as essentially bidirectional. Depending on the 

circumstances, these mechanisms can improve or worsen 

the brain function [2].   

Environmental enrichment (EE) is an experimental 

model of positive environmental conditions that has been 

shown to be effective in rodents on the attenuation of 

age-related-cognitive deficits through the modulation of 

brain plasticity [212,213]. On EE conditions, laboratory 

animals are reared in large cages, in which they have 

enhanced social, sensorial and motor stimulation. Some 
protocols of EE also include running wheels in their 

cages to promote voluntary physical exercise.  
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EE protects against age-related changes on the 

neuronal remodeling in different areas of the brain [214-

217], and the loss of neurogenesis observed during aging 

in the dentate gyrus of the HC [98,218]. Therefore EE is 

thought to be a positive factor that could counteract some 

of the effects of stress on the aged brain. EE on young 

adult rodents reduces the response of plasma ACTH and 

CORT to different stressors [219-223]. EE also increases 

the levels of GRs in the hippocampus, which would 

facilitate a faster recovery of basal levels of CORT under 

stress conditions [224]. Moreover, EE has been shown to 

be effective reducing the effects of chronic stressors and 

social defeat on different behavioral and molecular 

parameters [225-227]. However, studies on rodents 

focusing on EE and the stress response during aging are 

sparse. It has been shown that the increases of dopamine 

and acetylcholine in the PFC in response to acute 

restraint are reduced in aged EE rats [139,228]. 

Interestingly, EE enhances the levels of BDNF in  the 

aged brain, which could favor resilience to negative 

effects of chronic stressors in these animals [228-230].  

 

 

 
 
 

Figure 3. Scheme depicting the determining factors mediating or preventing unsuccessful aging. Changes 

during life on the hormonal and neurochemical stress response can lead to a state of enhanced vulnerability to 

subsequent exposures to stressors or to programmed changes produced by exposure to early life negative 

events. The interaction between negative environmental factors and changes during life span would lead to 

cognitive deficits and, in some cases to neuronal dysfunction and dementias. By contrast, positive 

environmental factors, such as to be engaged in cognitive-demanding tasks during life or physical exercise  can 

attenuate or prevent the effects of aging on the brain.   

 

 

In general, the lower hormonal and neurochemical 

reactivity of EE animals to different stressors is thought 

to be due to the “inoculation of stress” [231]. The 

conditions of EE, which imply continuous changes in the 

environment and enhanced social interactions would 

increase the exposure to mild stressors during life that 

would lead to enhanced levels of neurotrophic factors 

such as BDNF or GDNF, an enhanced expression of 

HSPs [232] and better coping with stressors in a similar 

way to habituation. Interestingly, the PFC could play a 
main role on this lower reactivity to stressors [233].     

The relevant question, however, is if it is possible to 

reverse or attenuate brain aging in humans. Physiological 

aging in the human being is associated with a decline of 

episodic and working memory, linguistic abilities, 

information processing and speed response [1-3,234]. 

However, the onset and progression of these cognitive 

deficits are subjected to individual differences [235]. In 

fact, it is estimated that at least a 25% individuals 

diagnosed post-mortem of Alzheimer disease do not 

show cognitive deficits during their life [3]. These 
individual differences have lead to the search for factors 

that could account for a successful aging.    
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The factors that could predict cognitive decline 

during aging or dementia are genetic and environmental. 

One of the most studied genetic factors that could 

account for the onset of dementia is the presence of the 

APOEε4 allele [235,236]. However, the fact that not all 

the individuals carrying the apoEε4 allele develop 

dementia suggests that environmental factors can also be 

a relevant variable to account for individual vulnerability 

to brain aging. Moreover, the discovering of 

environmental factors related to lifestyles could have a 

high therapeutic value, given that theoretically lifestyles 

can be more easily modified than genetic factors. Among 

the environmental factors that might prevent cognitive 

decline and dementia are educational levels, engagement 

in cognitive demanding leisure activities, cognitive 

demanding jobs during life and physical exercise [235-

237]. The positive effects of these factors on brain aging 

are thought to be mediated by an increase of the so-

called cognitive reserve. This term refers to the 

individual differences in cognitive processes or neural 

networks that would allow to some individuals to face 

age-related changes and brain insults in a more effective 

way than others [3]. This hypothesis proposes that 

environmental stimuli can change the morphology and 

function of the brain through brain plasticity mechanisms 

leading to a lower vulnerability of the brain to aging. 

Given that stress and GCs can alter the morphology and 

function of different brain areas involved in cognitive 

processes, such as the HC and the PFC, they are also 

good candidates to be modulated by protective factors. 

However, it is not well-known whether these positive 

environmental factors prevent cognitive decline by 

reducing stress levels. For example, higher educational 

levels do not seem to correlate with lower levels of 

cortisol [238]. However, in the case of the human being 

a very important variable regarding the effects of 

stressors and the subsequent stress response is the feeling 

of controllability over the stressor [239]. For this reason, 

variables related to this feeling of control over stress, 

such as social support, socioeconomic status or hierarchy 

could also be protective against brain aging  [239,240]. 

 

10. Conclusions 

 

The main message of this review is that stress plays a 

key role on brain aging. Changes produced by 

physiological aging can interact with a certain genetic 

background and/or negative environmental conditions 

(i.e: chronic stressors, stressors during infancy), which 

lead to an allostatic load. The final result of this 

interaction is an enhanced vulnerability of the brain to 
enhanced levels of GCs and metabolic challenges, and a 

reduced resilience to subsequent exposures to stressors. 

These changes will constitute the features of a 

unsuccessful aged brain, added to cognitive deficits and 

neuronal death (Figure 3). However, more efforts should 

be done to study: 1/ the dynamics of the vulnerability to 

enhanced levels of GCs during the life-span; 2/ the 

influence of stress disorders or the exposure to chronic 

stressors during adulthood on brain aging; 3/ the 

molecular mechanisms conferring resilience to stress 

exposure and their changes during aging; 4/ the 

environmental factors that could reduce the levels of 

stress leading to better coping and to a successful brain 

aging, and the molecular pathways that mediate this 

effects.      
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