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Effects of stress hormones on the  
brain and cognition

Evidence from normal to pathological aging

Juliana Nery de Souza-Talarico1, Marie-France Marin2, Shireen Sindi 3, Sonia J. Lupien4

Abstract  –  Several studies have demonstrated a wide cognitive variability among aged individuals. One factor 

thought to be associated with this heterogeneity is exposure to chronic stress throughout life. Animal and human 

evidence demonstrates that glucocorticoids (GCs), the main class of stress hormones, are strongly linked to memory 

performance whereby elevated GC levels are associated with memory performance decline in both normal and 

pathological cognitive aging. Accordingly, it is believed that GCs may increase the brain’s vulnerability to the effects 

of internal and external insults, and thus may play a role in the development of age-related cognitive disorders 

such as Alzheimer’s disease (AD). The aim of this review article was to investigate the effects of GCs on normal 

and pathological cognitive aging by showing how these hormones interact with different brain structures involved 

in cognitive abilities, subsequently worsen memory performance, and increase the risk for developing dementia.

Key words: glucocorticoids, memory, aging, Alzheimer’s disease.

Efeitos dos hormônios do estresse no cérebro e cognição: evidências do envelhecimento normal ao patológico

Resumo  –  Vários estudos têm demonstrado uma ampla variabilidade cognitiva entre indivíduos idosos. Um 

dos fatores que tem sido associado com esta heterogeneidade é a exposição crônica ao estresse ao longo da 

vida. Evidências em humanos em animais têm mostrado que os glicocorticóides (GCs), principal classe de 

hormônios do estresse, estão fortemente associados com o desempenho da memória, sendo que concentrações 

elevadas de GCs está correlacionada com declínio da memória no envelhecimento cognitivo normal e patológico. 

Consequentemente, alguns autores têm proposto que os GCs podem aumentar a vulnerabilidade do cérebro 

aos efeitos de insultos internos e externos desempenhando, portanto, papel importante no desenvolvimento 

de transtornos cognitivos associados à idade como a doença de Alzheimer (AD). Este artigo de revisão discute 

os efeitos dos GCs no envelhecimento cognitivo normal e patológico demonstrando como estes hormônios 

interagem com diferentes estruturas cerebrais envolvidas em habilidades cognitivas e subsequentemente pioram 

o desempenho da memória e aumentam o risco para o desenvolvimento de demência.

Palavras-chave: glicocorticóides, memória, envelhecimento, doença de Alzheimer.
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It is well-documented in the scientific literature that 
older adults show significant variability in terms of cogni-
tive performance. Consequently, some researchers became 
particularly interested in understanding the various factors 
that could contribute to this differential aging phenom-
enon. Differing patterns of glucocorticoids (GCs) secre-

tion have also been reported in older adults, with some 
individuals attaining very high levels of GCs, while others 
maintain moderate levels. Hence, it has been proposed that 
the cognitive variability observed in older adults could be 
explained by exposure to elevated levels of GCs throughout 
the life span.
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Glucocorticoids are a major class of stress hormones re-
leased by activation of the hypothalamic-pituitary-adrenal 
(HPA) axis. When an organism is exposed to a stressful 
situation, the HPA axis is activated. This cascade is first ini-
tiated by the release of corticotropin releasing factor (CRF) 
from the paraventricular nucleus of the hypothalamus. 
This leads to the secretion of adrenocorticotropin hormone 
(ACTH) from the pituitary and the release of GCs (mainly 
corticosterone in animals and cortisol in humans) from the 
adrenal glands then ensues. It is important to note that bas-
al GC secretion follows a circadian rhythm characterized by 
a peak reached approximately 30 to 60 minutes after awak-
ening followed by a progressive decline throughout the day. 

Following an increase in GCs, the organism needs to 
return to a homeostatic basal state. In order to do so, GCs 
cross the blood-brain-barrier exploiting their liposoluble 
properties, and bind to the pituitary and the hypothalam-
ic regions to exert negative feedback. Importantly, other 
brain structures are rich in GC receptors. There are two 
types of GC receptor: mineralocorticoid receptors (MR or 
Type I) and glucocorticoid receptors (GR or Type II). They  
differ from each other with respect to their affinity and their 
distribution throughout the various brain structures. GCs 
bind with a much higher affinity to MRs than GRs.1 This 
means that in the morning period, GCs occupy more than 
90% of MRs, but only 10% of GRs. However, when facing 
a stressor and/or during the circadian peak of GC secretion, 
MRs are saturated and approximately 70% of the GRs are 
occupied.2 Moreover, the two categories of GC receptors 
differ with regards to their distribution in the brain. In fact, 
the MRs are exclusively present in the limbic system whereas 
GRs are present in both subcortical and cortical structures, 
with a preferential distribution in the prefrontal cortex.3 

Briefly, GC receptors are mainly found in the following 
regions: the amygdala, prefrontal cortex and hippocampus. 
Given that the amygdala is very important for processing 
emotional information, the prefrontal cortex is involved 
in executive functions, and that the hippocampus is well-
known for its role in learning and memory, this represented 
a good rationale for scientists to further investigate the role 
of stress and stress hormones on the different cognitive 
functions subserved by these brain regions. Interestingly, the 
effects of GCs on cognitive performance are quite variable 
and depend on many factors, one of them being the dura-
tion of exposure to high levels of GCs. Thus, acute effects 
of GCs on memory are quite distinct from chronic effects.

GCs and memory: acute effects
Acute variations in GC levels, induced either endog-

enously in response to a stressor or exogenously with 
pharmacological protocols, profoundly impact memory 

performance. These effects are differential and depend on 
multiple factors, such as time of day and the population 
being studied. Notwithstanding these two modulators, one 
of the most important factors that needs to be taken into 
account is the memory process (e.g. consolidation vs. re-
trieval) being studied. 

GCs and memory consolidation  –  Memory consoli-
dation refers to the process whereby newly acquired infor-
mation is transferred from an initially unstable state in the 
short-term memory system into a stable state in the long-
term memory system.4 This process of memory consolida-
tion can be modulated (enhanced or impaired) by differ-
ent manipulations administered proximally to the time of 
encoding, which demonstrates the unstable nature of the 
memory trace early in the consolidation process. Addition-
ally, GCs have the capacity to modulate this consolidation 
process. In general, an elevation in GC levels enhances 
memory consolidation.5,6 Moreover, it is important to note 
that very low levels of GCs (induced pharmacologically by 
the administration of metyrapone which blocks the syn-
thesis of GCs) can impair the consolidation of both neutral 
and emotional information.7 

GCs and memory retrieval  –  Memory retrieval re-
fers to the notion of remembering memory traces that are 
already consolidated. Interestingly, the impact of GCs on 
memory retrieval is the opposite from that observed on the 
consolidation process, whereby an elevation in GC levels 
can impair the process of memory retrieval.8-10 In other 
words, when GC levels are elevated, the capacity to retrieve 
a previously consolidated memory trace is reduced.10 

However, it would be wrong to assume that the rela-
tionship between GCs and memory retrieval is linear. Stud-
ies have demonstrated that low GC levels, induced pharma-
cologically, are also harmful for delayed memory recall.11 
These findings are in line with the proposed inverted-U 
shape relationship between circulating levels of GCs and 
memory performance.12 In this formulation, both very low 
and very high levels of GCs are detrimental for memory 
performance, whereas moderate levels result in optimal 
performance. This can be explained by the occupancy of 
GC receptors and has been termed the GC Receptor Bal-
ance Hypothesis. Specifically, it proposes that when the 
MR/GR ratio is high (low or moderate levels of GCs, thus 
high occupation of MRs but low occupation of GRs), mem-
ory performance is enhanced. However, when the MR/GR 
ratio is low (high levels of GCs, thus high occupation of 
MRs and GRs), memory performance is impaired. Sup-
porting this hypothesis, a recent finding demonstrated an 
association between impaired free recall and low glucocor-
ticoids levels induced by administration of cortisol synthe-
sis inhibitor. However, recognition remained unaffected.104 
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GCs and working memory  –  For many years, the 
effects of GCs on memory were thought to be restricted 
to declarative memory, which is subserved by the hippo-
campus. In 2000, a study on primates demonstrated the 
presence of GC receptors in the prefrontal cortex (mainly 
Type II receptors), which led scientists to hypothesize that 
an increase in GC levels could have an impact on cognitive 
functions which are dependent on the frontal lobes. Vari-
ous neuropsychological studies have demonstrated the role 
of the prefrontal cortex in working memory, the process 
allowing an individual to maintain a limited amount of 
information online for a short amount of time.13

With this in mind, the effects of GCs on working 
memory have been investigated in different studies. For 
example, it has been shown that hydrocortisone admin-
istration had detrimental effects on working memory in 
young healthy adults.14 Interestingly enough, declarative 
memory was also measured in the same study and was un-
affected by the hydrocortisone administration. This dem-
onstrates not only that working memory is impaired by an 
elevation in GC levels but also that this cognitive function 
is more sensitive to GC variations compared to declarative 
memory. Other studies using psychosocial stressor instead 
of hydrocortisone administration have also reported im-
pairments in working memory functions.15 

Clearly, acute modulation of GC levels could have 
significant effects on different memory processes. More-
over, as mentioned previously, older adults as a popula-
tion demonstrate broad variability in terms of cognitive 
performance.101,102 Based on animal studies supporting the 
relationship between elevated levels of GCs and memory 
performance in aged rodents, some researchers have started 
to question whether the cognitive impairments observed 
in a certain portion of older adults might be explained by 
their long-term exposition to elevated levels of GCs. 

Aging and GCs 
Older adults demonstrate great variability in HPA axis 

activity and in its impact on cognitive performance. Re-
search findings on stress and aging are inconclusive as to 
whether basal GC levels increase during the aging process. 
Whereas some studies on older adults yield evidence for 
elevated basal levels of cortisol,16,17 others have shown lower 
basal levels,18,19 and some evidence suggests that cortisol 
levels remain stable in healthy older subjects.20,21 Addition-
ally, circadian rhythm among older adults also tends be 
characterized by an advanced phase.16 This finding revealed 
that the diurnal rhythmicity of cortisol secretion is pre-
served in old age, but the relative amplitude was damp-
ened, and the timing of the circadian elevation was ad-
vanced.16 Further, a study on the circadian rhythm cortisol 

profile in a large community dwelling population showed 
that those with a raised cortisol profile tended to be older 
than those with normative curves.103 Different sampling 
methods as well as times at which samples were collected 
may partly explain the diverse results obtained thus far. 
Moreover, inter-individual differences play an important 
role in determining cortisol levels. Lupien et al. (1996) con-
ducted a longitudinal study where a sample of healthy old-
er adults had cortisol levels measured on an annual basis. 
Their findings demonstrated that basal cortisol levels could 
be categorized into three sub-groups.22 One group showed 
an annual increase and had high current levels (Increasing 
/ High group), another had an annual increase with mod-
erate current levels (Increasing / Moderate group), while 
the final group presented with an annual decrease and 
moderate current cortisol levels (Decreasing / Moderate 
group). This evidence suggests that HPA-axis functioning 
displays vast inter-individual variation among older adults. 
Interestingly, the group with high current levels and an 
annual increase showed impaired cognitive performance 
compared to the other groups. Higher levels of basal GCs 
may not be a feature of normal aging but instead serve as a 
marker for cognitive impairment and pathological aging.23 

Perhaps aging does not have an impact on the regula-
tion of basal HPA functioning, but instead may have an 
impact on HPA reactivity. Older adults show an altered 
HPA recovery response to both psychological and phar-
macological challenges.24,25 Evidence suggests that older 
individuals tend to show decreased responsiveness to HPA 
negative feedback inhibition, as demonstrated by a blunted 
suppression of plasma ACTH in response to ACTH chal-
lenge.24,26 Insufficient sensitivity to cortisol feedback inhi-
bition is associated with memory impairments.27 More-
over, prolonged increases in levels of cortisol reactivity 
were observed in response to a driving simulation test.28 
Consistently, some studies have indicated that older adults 
show large cortisol reactivity in response to a psychosocial 
stressor (which involved a public speaking task in a labo-
ratory setting),29 yet conversely other studies have found a 
decreased response.30 More recent findings failed to detect a 
correlation between age and cortisol reactivity in response 
to a psychosocial stress task.31 Such results may provide 
further evidence for the inter-individual variation among 
older populations. Notably, socio-economic characteristics 
such as education level and social economic status may also 
contribute to contradictory findings. Recently, educational 
level has been reported as a factor that may modulate cor-
tisol reactivity to psychosocial stress in aging.100 The cited 
study demonstrated that elderly participants with a low 
educational level showed greater specific stress response 
to the Trier Social Stress Test.100 
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Aging, GCs, memory and the hippocampus  –  In aged 
rodents, chronic stress and high levels of basal GC were asso-
ciated with impaired cognitive performance on hippocam-
pal-dependent tasks, as well as decreased hippocampal vol-
ume, hippocampal neuronal loss and dendritic atrophy.32-39 
Interestingly, prospective reports of high levels of chronic 
stress over a period of 20-years were associated with hip-
pocampal atrophy and reduced orbitofrontal cortex grey 
matter.40 Impairments have been observed in hippocampal 
dependent tasks including spatial memory.33,35 Chronically 
high levels of GC attenuate neurogenesis in the dentate gyrus 
region of the hippocampus, a brain region that continues to 
generate neurons throughout the adult lifespan.41 Intrigu-
ingly, if GC secretion is decreased from midlife onwards, 
increased neurogenesis and preserved spatial memory func-
tioning is subsequently observed in aging.42 This evidence 
suggests that neuronal plasticity may play an important 
role in maintaining cognitive functioning during aging. 

When middle-aged rats are administered high levels of 
GC for extended periods of time, the resulting deficits in 
memory performance are similar to those found in aged 
rats with high basal GC levels.43 Conversely, memory im-
pairments and hippocampal atrophy are not present when 
cortisol levels are maintained at low levels (either through 
surgical andrenalectomy or pharmacologic methods).43 
Consistent discoveries have formed the foundations of the 
‘glucocorticoid cascade hypothesis’,44 which postulates that 
exposure to elevated levels of GC for extended periods of 
time can have a cumulative impact, which in turn increases 
the risk for memory impairments and hippocampal atro-
phy. According to this hypothesis, hippocampus dysfunc-
tion disrupts the normal negative feedback to the HPA axis, 
which may result in hypercortisolemia. Prolonged hyper-
cortisolemia may also lead to hippocampal dysfunction, 
potentially creating a vicious circle.44 Based on more re-
cent evidence regarding potential underlying mechanisms 
of this relationship, this hypothesis is currently referred to 
as the ‘neurotoxicity hypothesis’.

As previously stated, cognitive performance and hippo-
campal functioning both show significant inter-individual 
variation among older adults.45,46 Findings from a recent 
study demonstrated that hippocampal volume also shows a 
considerable degree of variability among older adults.47 Re-
duced hippocampal volume may be a marker of cognitive de-
cline as opposed to a natural consequence of healthy aging.48 

Consistently, prospective studies have demonstrated 
that older adults with increased levels of cortisol presented 
deficits in memory performance compared to groups with 
stable cortisol levels.49,50 More significant increases in corti-
sol reactivity to a psychosocial stressor were associated with 
deficits in declarative memory.51 Similarly, longitudinal 

data has shown elevated levels of cortisol to be correlated 
with impaired memory performance and reduced hippo-
campal volume in a sample of healthy older adults.52 These 
findings are consistent with the neurotoxicity framework 
previously described. 

One factor that may partially contribute to the high 
variability in cognitive performance among elderly subjects 
is the testing environment that may itself be inherently 
stressful. When measuring cognitive performance among 
older individuals, the testing environment is a critical fac-
tor to take into account. It has been demonstrated that 
older adults are more reactive to the environment in which 
they are tested compared to young adults.53,54 Older adults 
show higher levels of cortisol at the time of their arrival at 
the laboratory to perform tests of cognitive functioning.53 
However, after memory testing and performance of a psy-
chosocial stress task, older adults’ cortisol levels no longer 
differ from young adults, elucidating their heightened sen-
sitivity to the testing environment. Moreover, when older 
adults perform cognitive tasks that emphasize the memory 
component, they show impaired memory performance 
compared to young adults. Yet when the task instructions 
(for the same tasks) are altered to decrease the emphasis on 
the memory, performance between older and young adults 
becomes quite similar.55,56 It is possible that having cogni-
tive capacities tested is a stressful task for older adults due 
to their concerns about symptoms of dementia. Clearly, a 
stressful testing environment for cognitive testing may play 
an important role in predicting stress-induced memory 
impairments observed among older adults. Stereotypes in 
aging and memory loss may also have an important role 
to play in influencing older adults’ beliefs regarding their 
cognitive capacities.57 Evidently, the testing environment 
consists of a variety of components that need to be ad-
justed for older adults in order to prevent stress-induced 
deficits in memory performance.

The evidence on the relationship between glucocorti-
coids and memory decline allied to hippocampal atrophy 
has aroused the interest of different research groups in in-
vestigating the involvement of stress hormones in patho-
logical cognitive impairment among the elderly. 

Acute and chronic stress in Alzheimer dementia-type
The neurotoxicity hypothesis previously described has 

given rise to the investigation of the relationship between 
stress hormones and Alzheimer’s disease (AD), a neurode-
generative disorder clinically characterized by progressive 
cognitive and functional impairments. In line with this 
hypothesis, it has been proposed that the hippocampal at-
rophy reported in AD subjects may lead to negative feed-
back caused by HPA axis dysfunction that produces high 
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levels of cortisol. Such dysregulation may be detrimental to 
hippocampal neurons and thereby compromise memory 
performance.2,44 Accordingly, transgenic rodent models of 
AD have demonstrated increased levels of corticosterone 
under acute and chronic stress situations.58-60 In humans, 
recent findings have demonstrated a significant association 
between decreased visuospatial memory, decreased hippo-
campal CA1 volume (hippocampal region which expresses 
high levels of GR receptors) and abnormal negative feed-
back in the HPA axis among patients with mild to moder-
ate AD.61 Further, several studies have shown that subjects 
with AD61-70 and Mild Cognitive Impairment (MCI), a state 
between normal aging and dementia,71 have higher basal 
cortisol levels than healthy elderly individuals.70,72,73 How-
ever, longitudinal findings failed to demonstrate signifi-
cant differences in cortisol levels between AD and healthy 
controls.66 Notably, biological specimens as well as time 
and methods of sampling may contribute to contradictory 
findings. Recently, seasonal variations in cortisol levels have 
been reported as a factor influencing GC concentrations in 
MCI and AD subjects.70 The study reveals that controlling 
for seasonal effects on basal salivary cortisol levels, partici-
pants with MCI and AD secreted higher cortisol concentra-
tions compared to healthy elderly controls.70 In addition to 
the neurotoxicity hypothesis as the central mechanism that 
induces GCs elevation, exposure to stressful events has also 
been associated with increased AD development. Epide-
miological evidence has shown that older adults who are 
more prone to distress are 2.7 times more likely to develop 
AD compared to those who are not prone to distress.74 
Moreover, high levels of perceived stress have been associ-
ated with elevated cortisol levels in MCI subjects.75 

As shown in normal cognitive aging, recent animal and 
human evidence has demonstrated a relationship between 
GCs and memory performance in pathological cognitive 
conditions. In experimental models of AD, both acute and 
chronic exposure to stress was followed by further declines 
in cognitive function.76,77 Similarly, increased levels of basal 
plasma cortisol were inversely related to cognitive perfor-
mance in both MCI68,78 and AD patients.86 Moreover, a 
positive association between high cortisol levels and disease 
progression was reported in AD subjects.69 

Despite the evidence of a relationship between cortisol 
levels and cognitive impairment, the role of GCs in the 
neuropathology of AD remains elusive. In fact, beyond the 
association between elevated cortisol levels and AD, recent 
studies have shown that GCs exacerbate AD pathogenesis 
and may worsen cognitive deficits.79 

The neuropathology of AD is characterized by extra-
cellular plaque formation by β-amyloid (Aβ) deposition 
and intracellular neurofibrillary tangles by aggregates of 

protein tau hyperphosphorylation in the cortex and hip-
pocampus.80 Alterations in hippocampus plasticity and 
neurogenesis have also been reported in AD subjects.81,82 

Besides previous animal studies showing that accu-
mulations of Aβ in the hippocampus precede increases in 
corticosterone,58,60,83 elevations in GCs have also been asso-
ciated with both accelerated Aβ production and decreased 
Aβ degradation in AD.84 Taken together, these findings 
support the hypothesis that GCs may play a role in AD 
neuropathology. Accordingly, increase in Aβ production 
can be pharmacologically reversed after administration 
of metyrapone in animals submitted to chronic restraint 
stress leading to a decrease in Aβ deposition.84 Interestingly, 
better spatial working memory was also observed after me-
tyrapone administration in unstressed rodent models of 
AD,83 implying that GCs may also contribute to the cogni-
tive impairments exhibited by individuals with dementia. 

Increased corticosterone levels induced by chronic 
immobilization stress or by acute administration of dexa-
methasone are associated with both accelerated Aβ plaque 
formation and tau protein phosphorylation, once again 
showing a relationship between AD neuropathology bio-
markers and stress hormones.59,84 Additionally, recent evi-
dence links GCs, Aβ formation and neuronal apoptosis af-
ter chronic administration of high doses of dexamethasone 
in mice models of AD.85 

Although evidence suggests a relationship between GCs 
and AD neuropathology biomarkers, the exact mechanisms 
involved in this association are unclear. It is known that 
oxidative stress (imbalance between reactive oxygen spe-
cies production and antioxidant defenses) and hippocam-
pal dysfunction can be observed in both stressed and AD 
participants. This could represent a potential pathway in 
which stress hormones play a role in AD pathogenesis.

In agreement with this, chronic restraint stress, sleep 
deprivation and social isolation are associated with mark-
ers of oxidative stress in the brain.86-88 In fact, GCs have 
been proposed to be a marker of susceptibility to oxidative 
brain damage since rodents exposed to acute stress have 
shown accumulation of oxidative/nitrosative and pro-
inflammatory mediators in the brain while showing less 
anti-inflammatory protection.89 Some studies have shown 
that Aβ deposition induces formation of reactive oxygen 
species leading to lipid peroxidation and protein oxida-
tion90,91 in MCI and AD subjects. Oxidative stress markers 
have been shown to precede increases in AD neuropatho-
logical hallmarks,92 suggesting that oxidative stress may 
contribute to AD development. Concordantly, previous 
associations between AD pathology and common oxidized 
brain proteins in MCI subjects, early AD (EAD) and late-
stage AD91,93 have been substantiated. The presence of the 
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epsilon4 allele of apolipoprotein E (APOE), a risk factor for 
sporadic AD, has also been associated with nitrite oxidative 
stress markers.94 Interestingly, recent findings have shown 
that increases in lipid peroxidation were three-fold greater 
in stressed AD mice compared to unstressed controls, and 
these elevations in oxidative stress markers decrease after 
pharmacological blocking of corticosterone.84 

Regarding hippocampal plasticity, chronic adverse 
stress may lead to increased apoptosis of newly generated 
neurons in the hippocampus, a group of cells believed to be 
associated with hippocampus plasticity and neurogenesis.95 
Further, elevated GC levels were found to lead to atrophy 
of the CA3 apical dendrites region of the hippocampus 
in rodents.96 Intriguingly, a similar reduction in dendritic 
spine density is observed in AD,97 and previous studies 
have shown a relationship between hippocampal atrophy 
and elevated GC levels in animals and humans.98,99 This 
association among stress hormones, hippocampal cell loss 
and plasticity reveal another common finding observed in 
chronic stress and AD pathology. In line with these find-
ings, it has been proposed that the GCs released in response 
to a psychological stressor trigger oxidative stress markers, 
which increase the susceptibility of the brain to the damag-
ing effects of pathological aging.

Conclusion
The literature has extensively shown that elderly subjects 

are widely exposed to adverse and challenging situations in 
their daily routine and are consequently also exposed to 
stress hormones and their effects on cognition. In addi-
tion to age-induced brain modifications, these individuals 
carry the effects of stress hormones cumulated throughout 
life, which may increase their susceptibility to pathological 
cognitive impairment. Although the exact mechanisms by 
which stress hormones may contribute to dementia develop-
ment are not fully understood, the literature has consistently 
shown a strong association between GCs and biomarkers of 
AD pathogenesis during aging. Hence, psychoneuroendo-
crine evaluation with appropriate methods allied to neu-
ropsychological assessment may represent an additional 
factor to be taken into account in the AD screening. In ad-
dition, given that psychological stress can be managed to a 
certain extent, learning how to decrease stress levels using 
evidence-based stress management strategies may be ben-
eficial for older adults. Findings in elderly individuals may 
set the stage for more complex models that can help pre-
vent the development of pathological cognitive impairment. 

Acknowledgments – The authors would like to ac-
knowledge Ms. Nathalie Wan and Mr. Robert-Paul Juster 
who kindly assisted with the manuscript review.

References
1.	 Reul JM, de Kloet ER. Two receptor systems for corticoste-

rone in rat brain: microdistribution and differential occupa-

tion. Endocrinology 1985;117:2505-2511.

2.	 de Kloet ER, Oitzl MS, Joels M. Stress and cognition: are 

corticosteroids good or bad guys? Trends Neurosci 1999;22: 

422-426.

3.	 Diorio D, Viau V, Meaney MJ. The role of the medial pre-

frontal cortex (cingulate gyrus) in the regulation of hypo-

thalamic-pituitary-adrenal responses to stress. J Neurosci 

1993;13:3839-3847.

4.	 McGh JL. Memory: a century of consolidation. Science 2000 

14;287(5451):248-251.

5.	 Beckner VE, Tucker DM, Delville Y, Mohr DC. Stress facili-

tates consolidation of verbal memory for a film but does not 

affect retrieval. Behav Neurosci 2006;120:518-527.

6.	 Schwabe L, Bohringer A, Chatterjee M, Schachinger H. Ef-

fects of pre-learning stress on memory for neutral, positive 

and negative words: different roles of cortisol and autonomic  

arousal. Neurobiol Learn Mem 2008;90:44-53.

7.	 Maheu FS, Joober R, Beaulieu S, Lupien SJ. Differential ef-

fects of adrenergic and corticosteroid hormonal systems on 

human short- and long-term larative memory for emotion-

ally arousing material. Behav Neurosci 2004;118:420-428.

8.	 Buchanan TW, Tranel D. Stress and emotional memory re-

trieval: effects of sex and cortisol response. Neurobiol Learn 

Mem 2008;89:134-141.

9.	 Buchanan TW, Tranel D, Adolphs R. Impaired memory retriev-

al correlates with individual differences in cortisol response 

but not autonomic response. Learn Mem 2006;13:382-387.

10.	 Het S, Ramlow G, Wolf OT. A meta-analytic review of the 

effects of acute cortisol administration on human memory. 

Psychoneuroendocrinology 2005;30:771-784.

11.	 Lupien SJ, Wilkinson CW, Briere S, Menard C, Ng Ying Kin 

NM, Nair NP. The modulatory effects of corticosteroids on 

cognition: studies in young human populations. Psychoneu-

roendocrinology 2002;27:401-416.

12.	 Lupien SJ, McEwen BS. The acute effects of corticosteroids on 

cognition: integration of animal and human model studies.  

Brain Res Brain Res Rev 1997;24:1-27.

13.	 Baddeley A. The episodic buffer: a new component of work-

ing memory? Trends Cogn Sci 2000;4:417-423.

14.	 Lupien SJ, Gillin CJ, Her RL. Working memory is more sen-

sitive than larative memory to the acute effects of cortico-

steroids: a dose-response study in humans. Behav Neurosci 

1999;113:420-430.

15.	 Oei NY, Everaerd WT, Elzinga BM, van Well S, Bermond B. 

Psychosocial stress impairs working memory at high loads: 

an association with cortisol levels and memory retrieval. 

Stress 2006;9:133-141.

16.	 Van Cauter E, Leproult R, Kupfer DJ. Effects of gender and 



Dement Neuropsychol 2011 March;5(1):8-16

14        Stress hormones and cognition        Souza-Talarico JN, et al.

age on the levels and circadian rhythmicity of plasma cor-

tisol. J Clin Endocr Metab 1996;81:2468-2473.

17.	 Touitou Y, Sulon J, Bogdan A, et al. Adrenal circadian system 

in young and elderly human subjects: a comparative study. 

J Endocrinol 1982;93:201-210.

18.	 Sharma M, Palacios-Bois J, Schwartz G, et al. Circadian 

rhythms of melatonin and cortisol in aging. Biol Psychiatry 

1989;25:305-319.

19.	 Drafta D, Schindler AE, Stroe E, Neacsu E. Age-related 

changes of plasma steroids in normal adult males. J Steroid 

Biochem 1982;17:683-687.

20.	 Sherman B, Wysham C, Pfohl B. Age-related changes in the 

circadian rhythm of plasma cortisol in man. J Clin Endo-

crinol Metab 1985;61:439-443.

21.	 Waltman C, Blackman MR, Chrousos GP, Riemann C, Harman 

SM. Spontaneous and glucocorticoid-inhibited adrenocorti-

cotropic hormone and cortisol secretion are similar in healthy 

young and old men. J Clin Endocr Metab 1991;73:495-502.

22.	 Lupien S, Lecours AR, Schwartz G, et al. Longitudinal study 

of basal cortisol levels in healthy elderly subjects: evidence 

for subgroups. Neurobiol Aging 1996;17:95-105.

23.	 Lee BK, Glass TA, McAtee MJ, et al. Associations of salivary 

cortisol with cognitive function in the Baltimore memory 

study. Arch Gen Psychiat 2007;64:810-818.

24.	 Wilkinson CW, Peskind ER, Raskind MA. Reased hypothalam-

ic-pituitary-adrenal axis sensitivity to cortisol feedback inhi-

bition in human aging. Neuroendocrinology 1997; 65:79-90.

25.	 Otte C, Yassouridis A, Jahn H, et al. Mineralocorticoid recep-

tor-mediated inhibition of the hypothalamic-pituitary-ad-

renal axis in aged humans. J Gerontol Biol 2003;58:900-905.

26.	 Boscaro M, Paoletta A, Scarpa E, et al. Age-related changes 

in glucocorticoid fast feedback inhibition of adrenocorti-

cotropin in man. J Clin Endocr Metab 1998;83:1380-1383.

27.	 O’Brien JT, Schweitzer I, Ames D, Tuckwell V, Mastwyk M. 

Cortisol suppression by dexamethasone in the healthy el-

derly: effects of age, dexamethasone levels, and cognitive 

function. Biol Psychiatry 1994;36:389-394.

28.	 Seeman TE, Berkman LF, Gulanski BI, et al. Self-esteem and 

neuroendocrine response to challenge: MacArthur studies 

of successful aging. J Psychosom Res 1995;39:69-84.

29.	 Gotthardt U, Schweiger U, Fahrenberg J, Lauer CJ, Holsboer 

F, Heuser I. Cortisol, ACTH, and cardiovascular response to 

a cognitive challenge paradigm in aging and depression. Am 

J Physiol 1995;268:R865-873.

30.	 Nicolson N, Storms C, Ponds R, Sulon J. Salivary cortisol 

levels and stress reactivity in human aging. J Gerontol A 

Biol Sci Med Sci 1997;52:M68-75.

31.	 Kudielka BM, Schmidt-Reinwald AK, Hellhammer DH, 

Schurmeyer T, Kirschbaum C. Psychosocial stress and HPA 

functioning: no evidence for a reduced resilience in healthy 

elderly men. Stress 2000;3:229-240.

32.	 Landfield PW, Baskin RK, Pitler TA. Brain aging correlates: 

retardation by hormonal-pharmacological treatments. Sci-

ence 1981;214(4520):581-584.

33.	 Sandi C, Davies HA, Cordero MI, Rodriguez JJ, Popov VI, 

Stewart MG. Rapid reversal of stress induced loss of syn-

apses in CA3 of rat hippocampus following water maze 

training. Eur J Neurosci 2003;17:2447-2456.

34.	 Sandi C. Stress, cognitive impairment and cell adhesion 

molecules. Nat Rev Neurosci 2004;5:917-930.

35.	 Borcel E, Perez-Alvarez L, Herrero AI, et al. Chronic stress 

in adulthood followed by intermittent stress impairs spatial 

memory and the survival of newborn hippocampal cells 

in aging animals: prevention by FGL, a peptide mimetic 

of neural cell adhesion molecule. Behav Pharmacol 2008; 

19:41-49.

36.	 Issa AM, Rowe W, Gauthier S, Meaney MJ. Hypothalamic-

pituitary-adrenal activity in aged, cognitively impaired and 

cognitively unimpaired rats. J Neurosci 1990;10:3247-3254.

37.	 Sapolsky RM, Krey LC, Mcewen BS. Prolonged glucocorti-

coid exposure reduces hippocampal neuron number - im-

plications for aging. J Neurosci 1985;5:1222-1227.

38.	 Kerr DS, Campbell LW, Applegate MD, Brodish A, Landfield 

PW. Chronic stress-induced acceleration of electrophysi-

ologic and morphometric biomarkers of hippocampal ag-

ing. J Neurosci 1991;11:1316-1324.

39.	 Woolley CS, Gould E, Mcewen BS. Exposure to excess gluco-

corticoids alters dendritic morphology of adult hippocam-

pal pyramidal neurons. Brain Res 1990;531:225-231.

40.	 Gianaros PJ, Jennings JR, Sheu LK, Greer PJ, Kuller LH, 

Matthews KA. Prospective reports of chronic life stress 

predict reased grey matter volume in the hippocampus. 

Neuroimage 2007;35:795-803.

41.	 Gould E, Tanapat P. Stress and hippocampal neurogenesis. 

Biol Psychiatry 1999;46:1472-1479.

42.	 Montaron MF, Drapeau E, Dupret D, et al. Lifelong corti-

costerone level determines age-related line in neurogenesis 

and memory. Neurob Aging 2006;27:645-654.

43.	 Landfield PW, Waymire JC, Lynch G. Hippocampal aging 

and adrenocorticoids: quantitative correlations. Science 

1978;202(4372):1098-1102.

44.	 Sapolsky RM, Krey LC, McEwen BS. The neuroendocrinol-

ogy of stress and aging: the glucocorticoid cascade hypoth-

esis. Endocr Rev 1986;7:284-301.

45.	 Christensen H. What cognitive changes can be expected 

with normal ageing? Aust Nz J Psychiat 2001;35:768-775.

46.	 Nyberg L, Persson J, Nilsson LG. Individual differences in 

memory enhancement by encoding enactment: relation-

ships to adult age and biological factors. Neurosci Biobehav 

Rev 2002;26:835-839.

47.	 Lupien SJ, Evans A, Lord C, et al. Hippocampal volume is 

as variable in young as in older adults: Implications for the 



Dement Neuropsychol 2011 March;5(1):8-16

Souza-Talarico JN, et al.        Stress hormones and cognition        15

notion of hippocampal atrophy in humans. Neuroimage 

2007;34:479-485.

48.	 Burgmans S, van Boxtel MPJ, Vuurman EFPM, et al. The 

prevalence of cortical gray matter atrophy may be over-

estimated in the healthy aging brain. Neuropsychol 2009; 

23:541-550.

49.	 Lupien S, Lecours AR, Lussier I, Schwartz G, Nair NPV, 

Meaney MJ. Basal cortisol-levels and cognitive deficits in 

human aging. J Neurosci 1994;14:2893-2903.

50.	 Kalmijn S, Launer LJ, Stolk RP, et al. A prospective study 

on cortisol, dehydroepiandrosterone sulfate, and cogni-

tive function in the elderly. J Clin Endocr Metab 1998;83: 

3487-3492.

51.	 Lupien SJ, Gaudreau S, Tchiteya BM, et al. Stress-induced 

larative memory impairment in healthy elderly subjects: 

relationship to cortisol reactivity. J Clin Endocrinol Metab 

1997;82:2070-2075.

52.	 Lupien SJ, de Leon M, de Santi S, et al. Cortisol levels during 

human aging predict hippocampal atrophy and memory 

deficits. Nat Neurosci 1998;1:69-73.

53.	 Lupien SJ, Maheu F, Tu M, Fiocco A, Schramek TE. The ef-

fects of stress and stress hormones on human cognition: im-

plications for the field of brain and cognition. Brain Cogn 

2007;65:209-237.

54.	 Wolf OT, Convit A, McHugh PF, et al. Cortisol differentially 

affects memory in young and elderly men. Behav Neurosci 

2001;115:1002-1011.

55.	 Hasher L, Zacks RT, Rahhal TA. Timing, instructions, and 

inhibitory control: some missing factors in the age and 

memory debate. Gerontology 1999;45:355-357.

56.	 Rahhal TA, Colcombe SJ, Hasher L. Instructional manipu-

lations and age differences in memory: now you see them, 

now you don’t. Psychol Aging 2001;16:697-706.

57.	 Lupien SJ, Wan N. Successful ageing: from cell to self. Philos 

Trans R Soc Lond B Biol Sci 2004;359(1449):1413-1426.

58.	 Pedersen W, Culmsee C, Ziegler D, Herman J, Mattson M. 

Aberrant stress response associated with severe hypoglyce-

mia in a transgenic mouse model of Alzheimer’s disease. J 

Mol Neurosci 1999;13:159-165.

59.	 Green K, Billings L, Roozendaal B, McGh J, LaFerla F. Glu-

cocorticoids increase amyloid-beta and tau pathology in a 

mouse model of Alzheimer’s disease. J Neurosci 2006;26: 

9047-9056.

60.	 Dong H, Yuede C, Yoo H, et al. Corticosterone and related 

receptor expression are associated with increased beta-am-

yloid plaques in isolated Tg2576 mice. Neuroscience 2008; 

155:154-163.

61.	 Elgh E, Lindqvist Astot A, Fagerlund M, Eriksson S, Olsson 

T, Näsman B. Cognitive dysfunction, hippocampal atrophy 

and glucocorticoid feedback in Alzheimer’s disease. Biol 

Psychiatry 2006;59:155-161.

62.	 Davis K, Davis B, Greenwald B, et al. Cortisol and Alzheimer’s  

disease, I: Basal studies. Am J Psychiatry 1986;143:300-305.

63.	 Dodt C, Dittmann J, Hruby J, et al. Different regulation of 

adrenocorticotropin and cortisol secretion in young, men-

tally healthy elderly and patients with senile dementia of 

Alzheimer’s type. J Clin Endocrinol Metab 1991;72:272-276.

64.	 O’Brien J, Ames D, Schweitzer I, Colman P, Desmond P, Tress 

B. Clinical and magnetic resonance imaging correlates of 

hypothalamic-pituitary-adrenal axis function in depression 

and Alzheimer’s disease. Br J Psychiatry 1996;168:679-687.

65.	 Hartmann A, Veldhuis J, Deuschle M, Standhardt H, Heuser 

I. Twenty-four hour cortisol release profiles in patients with 

Alzheimer’s and Parkinson’s disease compared to normal 

controls: ultradian secretory pulsatility and diurnal varia-

tion. Neurobiol Aging 1997;18:285-289.

66.	 Swanwick G, Kirby M, Bruce I, et al. Hypothalamic-pitu-

itary-adrenal axis dysfunction in Alzheimer’s disease: lack of 

association between longitudinal and cross-sectional find-

ings. Am J Psychiatry 1998;155:286-289.

67.	 Umegaki H, Ikari H, Nakahata H, et al. Plasma cortisol 

levels in elderly female subjects with Alzheimer’s disease: 

a cross-sectional and longitudinal study. Brain Res 2000; 

881:241-243.

68.	 Wolf O, Convit A, Thorn E, de Leon M. Salivary cortisol day 

profiles in elderly with mild cognitive impairment. Psycho-

neuroendocrinology 2002;27:777-789.

69.	 Csernansky J, Dong H, Fagan A, et al. Plasma cortisol and 

progression of dementia in subjects with Alzheimer-type 

dementia. Am J Psychiatry 2006;163:2164-2169.

70.	 Arsenault-Lapierre G, Chertkow H, Lupien S. Seasonal ef-

fects on cortisol secretion in normal aging, mild cognitive 

impairment and Alzheimer’s disease. Neurobiol Aging 2010; 

31:1051-1054.

71.	 Petersen R, Stevens J, Ganguli M, Tangalos E, Cummings J, 

DeKosky S. Practice parameter: early detection of dementia: 

mild cognitive impairment (an evidence-based review): re-

port of the Quality Standards Subcommittee of the Ameri-

can Academy of Neurology. Neurology 2001;56:1133-1142.

72.	 Lind K, Edman A, Nordlund A, Olsson T, Wallin A. In-

creased saliva cortisol awakening response in patients with 

mild cognitive impairment. Dement Geriatr Cogn Disord 

2007;24:389-395.

73.	 Popp J, Schaper K, Kölsch H, et al. CSF cortisol in Alzheimer’s  

disease and mild cognitive impairment. Neurobiol Aging 

2009;30:498-500.

74.	 Wilson R, Arnold S, Schneider J, Kelly J, Tang Y, Bennett 

D. Chronic psychological distress and risk of Alzheimer’s 

disease in old age. Neuroepidemiology 2006;27:143-153.

75.	 Souza-Talarico JN. Chonic stress is associated with emo-

tional coping style in subjects with mild cognitive impair-

ment. Dement Geriatr Cogn Disord 2009:10.



Dement Neuropsychol 2011 March;5(1):8-16

16        Stress hormones and cognition        Souza-Talarico JN, et al.

76.	 Dong H, Goico B, Martin M, Csernansky C, Bertchume 

A, Csernansky J. Modulation of hippocampal cell prolif-

eration, memory, and amyloid plaque deposition in APPsw 

(Tg2576) mutant mice by isolation stress. Neuroscience 

2004;127:601-609.

77.	 Jeong Y, Park C, Yoo J, et al. Chronic stress accelerates learning 

and memory impairments and increases amyloid deposition 

in APPV717I-CT100 transgenic mice, an Alzheimer’s disease 

model. FASEB J. 2006;20: 729-731.

78.	 Souza-Talarico J, Chaves E, Lupien S, Nitrini R, Caramelli 

P. Relationship between cortisol levels and memory per-

formance may be modulated by the presence or absence of 

cognitive impairment: evidence from healthy elderly, mild 

cognitive impairment and Alzheimer’s disease subjects.  

J Alzheimers Dis 2010;19:839-848.

79.	 Rothman S, Mattson M. Adverse stress, hippocampal net-

works, and Alzheimer’s disease. Neuromolecular Med. 2010; 

12:56-70.

80.	 Mattson M. Pathways towards and away from Alzheimer’s 

disease. Nature 2004;430(7000):631-639.

81.	 Scheff S, Price D, Schmitt F, Mufson E. Hippocampal syn-

aptic loss in early Alzheimer’s disease and mild cognitive 

impairment. Neurobiol Aging 2006 Oct;27:1372-1384.

82.	 Scheff S, Price D, Schmitt F, DeKosky S, Mufson E. Synap-

tic alterations in CA1 in mild Alzheimer disease and mild  

cognitive impairment. Neurology 2007;68:1501-1508.

83.	 Pedersen W, McMillan P, Kulstad J, Leverenz J, Craft S, 

Haynatzki G. Rosiglitazone attenuates learning and memory 

deficits in Tg2576 Alzheimer mice. Exp Neurol 2006;199: 

265-273.

84.	 Lee K, Kim J, Seo J, et al. Behavioral stress accelerates plaque 

pathogenesis in the brain of Tg2576 mice via generation of 

metabolic oxidative stress. J Neurochem 2009;108:165-175.

85.	 Li W, Li W, Yao Y, et al. Glucocorticoids increase impair-

ments in learning and memory due to elevated amyloid 

precursor protein expression and neuronal apoptosis in 

12-month old mice. Eur J Pharmacol 2010;628:108-115.

86.	 Pajović S, Pejić S, Stojiljković V, Gavrilović L, Dronjak S, 

Kanazir D. Alterations in hippocampal antioxidant enzyme 

activities and sympatho-adrenomedullary system of rats in re-

sponse to different stress models. Physiol Res 2006;55: 453-460.

87.	 Singh A, Kumar A. Protective effect of alprazolam against 

sleep deprivation-induced behavior alterations and oxida-

tive damage in mice. Neurosci Res 2008;60:372-379.

88.	 Zafir A, Banu N. Modulation of in vivo oxidative status by 

exogenous corticosterone and restraint stress in rats. Stress 

2009;12:167-177.

89.	 Pérez-Nievas B, García-Bueno B, Caso J, Menchén L, Leza 

J. Corticosterone as a marker of susceptibility to oxidative/

nitrosative cerebral damage after stress exposure in rats. 

Psychoneuroendocrinology 2007;32:703-711.

90.	 Goodman Y, Mattson M. Secreted forms of beta-amyloid 

precursor protein protect hippocampal neurons against 

amyloid beta-peptide-induced oxidative injury. Exp Neurol  

1994;128:1-12.

91.	 Sultana R, Butterfield D. Oxidatively modified, mitochon-

dria-relevant brain proteins in subjects with Alzheimer dis-

ease and mild cognitive impairment. J Bioenerg Biomembr 

2009;41:441-446.

92.	 Nunomura A, Perry G, Aliev G, et al. Oxidative damage is 

the earliest event in Alzheimer disease. J Neuropathol Exp 

Neurol 2001;60:759-767.

93.	 Sultana R, Butterfield D. Role of oxidative stress in the pro-

gression of Alzheimer’s disease. J Alzheimers Dis 2010;19: 

341-353.

94.	 Marcourakis T, Bahia V, Kawamoto E, et al. Apolipoprotein 

E genotype is related to nitric oxide production in platelets. 

Cell Biochem Funct 2008;26:852-858.

95.	 Simon M, Czéh B, Fuchs E. Age-dependent susceptibility of 

adult hippocampal cell proliferation to chronic psychosocial 

stress. Brain Res 2005;1049:244-248.

96.	 Watanabe Y, Gould E, Cameron H, Daniels D, McEwen B. Phe-

nytoin prevents stress- and corticosterone-induced atrophy 

of CA3 pyramidal neurons. Hippocampus 1992;2: 431-435.

97.	 Jacobsen J, Wu C, Redwine J, et al. Early-onset behavioral  

and synaptic deficits in a mouse model of Alzheimer’s  

disease. Proc Natl Acad Sci USA. 2006;103:5161-5166.

98.	 Lupien S, de Leon M, de Santi S, et al. Cortisol levels during 

human aging predict hippocampal atrophy and memory 

deficits. Nat Neurosci 1998; 1:69-73.

99.	 Donohue H, Gabbott P, Davies H, et al. Chronic restraint 

stress induces changes in synapse morphology in stratum 

lacunosum-moleculare CA1 rat hippocampus: a stereologi-

cal and three-dimensional ultrastructural study. Neurosci-

ence 2006;140:597-606.

100.	 Fiocco AJ, Joober R, Lupien SJ. Education modulates corti-

sol reactivity to the Trier Social Stress Test in middle-aged 

adults. Psychoneuroendocrinology 2007; 32:1158-1163.

101.	 Valdois S, Joanette Y, Poissant A, Ska B, Dehaut F. Hetero-

geneity in the cognitive profile of normal elderly. J Clin Exp 

Neuropsychol 1990;12:587-596. 

102.	 Ylikoski R, Ylikoski A, Keskivaara P, Tilvis R, Sulkava R, 

Erkintti T. Heterogeneity of cognitive profiles in aging: 

successful aging, normal aging, and individuals at risk for 

cognitive line. Eur J Neurology 1999;6:645-652.

103.	 Kumari M, Badrick E, Sacker A, Kirschbaum C, Marmot 

M, Chandola T. Identifying patterns in cortisol secretion in 

an older population. Findings from the Whitehall II study. 

Psychoneuroendocrinology 2010;35:1091-1099.

104.	 Rimmele U, Meier F, Lange T, Born J. Suppressing the morn-

ing rise in cortisol impairs free recall. Learn Mem 2010;17: 

186-190. 


