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a b s t r a c t

This review aims to discuss the evidence supporting the link between chronic stress, cognitive function
and mental health. Over the years, the associations between these concepts have been investigated in dif-
ferent populations. This review summarizes the findings that have emerged from older populations as
well as from populations suffering from pathological aging, namely Mild Cognitive Impairment and Alz-
heimer’s Disease. Although older adults are an interesting population to study in terms of chronic stress,
other stress-related diseases can occur throughout the lifespan. The second section covers some of these
stress-related diseases that have recently received a great deal of attention, namely burnout, depression,
and post-traumatic stress disorder. Given that chronic stress contributes to the development of certain
pathologies by accelerating and/or exacerbating pre-existing vulnerabilities that vary from one individual
to the other, the final section summarizes data obtained on potential variables contributing to the asso-
ciation between chronic stress and cognition.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Glucocorticoids (GCs) are a class of stress hormones released
upon exposure to a stressful situation. GCs (primarily cortisol in
humans and corticosterone in animals) are the end products of
activation of the hypothalamic–pituitary–adrenal (HPA) axis.
The activation of the HPA axis is first triggered by the release of
corticotropin-releasing factor (CRF) from the paraventricular nu-
cleus of the hypothalamus. This in turn provokes the release of
adrenocorticotropin hormone (ACTH) from the anterior part of
the pituitary gland. ACTH then travels into the bloodstream until
it reaches its receptors on the adrenal glands, located just above
the kidneys. GCs are finally released from the cortex of the
adrenal glands. Because of their liposolubility, they have the
capacity to cross the blood–brain barrier and bind to GC receptors
in various brain regions (for a review see Herman & Cullinan,
1997).
ll rights reserved.

ies on Human Stress, 7331
+514 251 2616.
pien).
Two types of GC receptors have been identified: the mineralo-
corticoid receptor (MR or Type I) and the glucocorticoid receptor
(GR or Type II). Type I has a much higher affinity to GCs compared
to Type II (Reul & de Kloet, 1985). While Type I is mainly distrib-
uted in the limbic system, Type II is present in subcortical and cor-
tical structures, with a preferential distribution in the prefrontal
cortex (Diorio, Viau, & Meaney, 1993; McEwen, De Kloet, & Rosten-
e, 1986; McEwen, Weiss, & Schwartz, 1968; Meaney, Sapolsky, &
McEwen, 1985; Sanchez, Young, Plotsky, & Insel, 2000; Sarrieau
et al., 1988). Importantly, Type II receptors are also involved in
the negative feedback mechanism that regulates the HPA axis.
When GC levels increase, a portion of them binds at the level of
the pituitary and the hypothalamus in order to maintain homeo-
stasis. It has recently been demonstrated that glucocorticoids
may act at the level of membrane receptors. Although they have
been less documented than the MR and GR, the membrane recep-
tors seem to be responsible for the rapidly GC-mediated effects (for
a review see de Kloet, Karst, & Joels, 2008).

Albeit the negative feedback at the level of the pituitary and
the hypothalamus, the HPA axis is regulated by three main
structures: the hippocampus, the amygdala and the medial pre-
frontal cortex. The amygdala, known for its role in fear detection,
is the only one of the three regulators that activates the HPA
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axis (Davis, 1992; Herman, Ostrander, Mueller, & Figueiredo,
2005). In contrast, the prefrontal cortex and the hippocampus
play an inhibitory role on the HPA axis (Dunn & Orr, 1984; Her-
man et al., 2005; Rubin, Mandell, & Crandall, 1966). Of the three
structures, the hippocampus is indubitably the most well defined
regulator of the HPA axis due to its involvement in various well-
documented mental health disorders such as depression, post-
traumatic stress disorder (PTSD) and Alzheimer’s Disease (AD)
(Caetano et al., 2004; Shin, Rauch, & Pitman, 2006). Given that
both types of GC receptors are found in this structure (Herman,
1993; Herman et al., 2005; Reul & de Kloet, 1985), the hippo-
campus is a key site for negative feedback regulation of the
stress axis (Herman et al., 2005). Yet, the integrity of these three
structures must be maintained in order for the HPA axis to
function optimally.

Over the last decades, chronic exposure to GCs has been widely
studied from different perspectives: some describe the neuroendo-
crine profiles of certain stress-related diseases, while others inves-
tigate the possible mechanisms explaining outcomes such as
cognitive deficits or psychopathologies. To explore such a broad
depth of knowledge, the review has three sections: the first section
details findings that have emerged from the field of aging research,
where high variability in cortisol secretion and cognitive perfor-
mance has been reported. This section will explore literature that
investigates whether chronic stress exposure can partly explain
pathological aging, such as Mild Cognitive Impairment (MCI) and
Alzheimer’s Disease (AD). Although some effects can be particu-
larly striking in older adults, one must keep in mind that the chro-
nicity implies that stressors have been present for a long period of
time and thus, some consequences of chronic stress could be man-
ifested earlier in life.

The second section explores other human models of chronic
stress such as burnout, depression, and PTSD. Finally, despite the
wealth of knowledge about different stress-related diseases and
their associated neuroendocrine and cognitive profiles, the ability
to predict disease outcome in the clinic remains limited. This
may partly be explained by the fact that research commonly fo-
cuses on the disease endpoint with very little attention devoted
to the individual’s history. Indeed, throughout an individual’s life-
span, different vulnerabilities and protective factors accumulate.
Elucidating such factors may help increase the capacity to predict
or, at least, detect at-risk individuals at an earlier stage before
symptom manifestation. Factors such as sex, early life adversity
and genetics have an important impact on the perception of what
is stressful and consequently, on increased stress reactivity,
cognition deficits and susceptibility to developing psychopathol-
ogy. The third section of this review summarizes the importance
of taking an individualized perspective when investigating
psychopathologies.
2. Normal and pathological aging: could chronic stress be an
important player?

2.1. Normal aging

Aging is characterized by variability in physiological function-
ing and cognitive performance. This variance is in part rooted in
the HPA axis functioning and its impact on cognitive performance.

Elevated basal levels of GCs in aged rats do not represent a typ-
ical aging process and are observed in about 30% of the aging ro-
dent population (Issa, Rowe, Gauthier, & Meaney, 1990). Further,
it has been demonstrated that rats with memory impairments
show increased HPA activity compared to their cognitively intact
counterparts (Issa et al., 1990; Landfield, Waymire, & Lynch,
1978). One possible mechanism that could explain the memory
deficits resulting from high levels of GCs is the integrity of the hip-
pocampus, a brain structure well-known for its role in learning and
memory (Squire, Knowlton, & Musen, 1993).

Given the high density of GC receptors in this brain structure, it
is particularly vulnerable to the neurotoxic effects of GCs (McEwen
et al., 1982, 1986; Seckl, Dickson, Yates, & Fink, 1991). In fact,
chronic exposure to high levels of GCs has been associated with
impaired cognitive performance, particularly on hippocampal-
dependent tasks such as spatial memory (Borcel et al., 2008; Sandi
et al., 2003). Mirroring the behavioral data, chronic exposure to
elevated levels of GCs has been linked to hippocampal neuronal
loss, dendritic atrophy and reduced hippocampal volume (Borcel
et al., 2008; Issa et al., 1990; Kerr, Campbell, Applegate, Brodish,
& Landfield, 1991; Landfield, Baskin, & Pitler, 1981; Sandi, 2004;
Sandi et al., 2003; Sapolsky, Krey, & McEwen, 1985; Woolley,
Gould, & Mcewen, 1990). It has also been associated with
decreased neurogenesis in the dentate gyrus region of the hippo-
campus, one of the few brain regions that continue to generate
neurons throughout adulthood (Gould & Tanapat, 1999; Sousa,
Lukoyanov, Madeira, Almeida, & Paula-Barbosa, 2000). However,
findings on widespread neuronal loss have not been replicated
when using different methods for counting neurons, such as
unbiased stereology as opposed to assumption-based counting
techniques (Sapolsky, 1999; West, 1999).

Although age is an important risk factor for cognitive deficits
and neuronal deterioration, it is not a direct predictor of impaired
cognitive function. Indeed, when middle-aged rats are adminis-
tered high levels of GCs for extended periods of time, the resulting
deficits in memory performance are similar to those found in aged
rats with high basal GC levels (Landfield et al., 1978). In contrast,
decreasing GC secretion seems to be protective against spatial
memory impairments in aging and has also been associated with
increased neurogenesis (Montaron et al., 2006). Such results form
the basis of the ‘Glucocorticoid Cascade Hypothesis’ (Sapolsky, Krey,
& McEwen, 1986) which is now known as the ‘neurotoxicity
hypothesis’ (Lupien et al., 2007). This theory postulates that expo-
sure to high levels of GCs for long periods of time can exert a
deleterious effect on HPA-axis regulation that cumulatively
impacts hippocampal volume and memory performance. Inter-
individual vulnerability factors may increase the risk for height-
ened or dysfunctional stress reactivity and subsequent cognitive
impairment (Sandi & Touyarot, 2006). For instance, it has been
reported that rats that are high responders to novelty have an
increased risk for later cognitive deficits and rapid decline (Dellu,
Mayo, Vallee, Le Moal, & Simon, 1994; Sandi & Touyarot, 2006;
Touyarot, Venero, & Sandi, 2004).

Human research on stress and memory tends to complement
findings from the animal literature. Consistent with the data ob-
tained in rodents, evidence shows that humans also have a wide
range of inter-individual variability regarding GC secretion, cogni-
tive performance and hippocampal volume and functioning
(Christensen, 2001; Lupien et al., 2007; Nyberg, Persson, & Nilsson,
2002; Rabbitt, Diggle, Smith, Holland, & Mc Innes, 2001). A longitu-
dinal study followed a sample of healthy older adults annually and
had cortisol levels measured hourly during a 24-h period (Lupien
et al., 1996). Results showed the presence of three subgroups in ba-
sal cortisol levels after 7-year follow-up: (1) increasing cortisol
secretion over time, resulting in high cortisol levels at the end of
the study (Increasing/High group); (2) increasing cortisol secretion
over time, resulting in moderate cortisol levels at the end of the
study (Increasing/Moderate group); and (3) decreasing cortisol
secretion over time, resulting in moderate cortisol levels at the
end of the study (Decreasing/Moderate group). The authors noted
that the Increasing/High subgroup had memory impairments and
smaller hippocampal volume when compared to older adults
who had moderate cortisol levels at the end of the follow-up per-
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iod (Lupien et al., 1994, 1998). Similarly, a more recent prospective
study reported an association between increased chronic stress
over a 20-year period and smaller hippocampal volume and orbito-
frontal cortex gray matter (Gianaros et al., 2007). Some reports do
not support this evidence, as it has been shown that although
cortisol levels are associated with reduced memory performance
in a sample of healthy elderly men, an association with reduced
hippocampal volume was absent (MacLullich et al., 2005).
2.2. Pathological aging

Given the intricate associations between cortisol, the hippo-
campus, and cognition as well as the importance of individual dif-
ferences, a question that emerges is whether chronic exposure to
high levels of GCs might contribute to pathological cognitive aging.
Cognitive aging may be conceptualized as a spectrum; at one end
of this spectrum are cognitively healthy older adults and at the
other end are patients with dementia, Alzheimer’s Disease (AD)
being the most common type. The memory deficits characterizing
AD are thought to result from the accumulation of amyloid-beta
plaques and neurofribrillary tangles, resulting in loss of neurons
and atrophy of the cerebral cortex and certain subcortical regions,
namely the hippocampus. As the neuropathology spreads through
the brain, other cognitive deficits arise. Since the formulation of the
neurotoxicity hypothesis, many cross-sectional studies have con-
firmed the hypersecretion of basal cortisol in AD compared to
healthy elderly (Arsenault-Lapierre, Chertkow, & Lupien, 2010;
Davis et al., 1986; Giubilei et al., 2001; Peskind, Wilkinson, Petrie,
Schellenberg, & Raskind, 2001; Spada et al., 2002).

Somewhere along the cognitive spectrum are individuals with
Mild Cognitive Impairment (MCI). These individuals present at
memory clinics with subjective memory deficits, corroborated
by small deficits on neuropsychological tests, not sufficient to re-
sult in social or functional impairment, thus not fulfilling demen-
tia criteria (Petersen et al., 1997). Studies show that they are at
an increased risk to progress to AD (Petersen et al., 1997), but
not all do. They also show hippocampal atrophy that falls be-
tween healthy older adults and AD patients (Grundman et al.,
2004). A few studies have reported similar basal cortisol levels
in MCI compared with healthy older adults (Csernansky et al.,
2006; Kalmijn et al., 1998; Lee et al., 2008; Popp et al., 2009;
Souza-Talarico, Chaves, Lupien, Nitrini, & Caramelli, 2010; Wolf,
Convit, Thorn, & de Leon, 2002). However, looking at APOe4
carriers, who are also at risk of developing AD, Fiocco and col-
leagues (2008) have found higher cortisol levels in ApoE carriers
when compared to normal healthy elderly. However, this effect
was only found at the first year of this longitudinal study. Subse-
quent annual measures of cortisol did not reveal any group dif-
ferences as a function of ApoE status, suggesting that the
association between ApoE status and cortisol levels may be related
to stress reactivity rather than to basal cortisol levels. Another study
found that 15 min post-awakening cortisol levels is higher in the
MCI group than in the healthy controls (Lind, Edman, Nordlund, Ols-
son, & Wallin, 2007). These contradicting results may be explained
by the confounding effects of the season of collection. In fact, when
controlling for season of collection, MCI individuals are found
to secrete higher basal cortisol levels than healthy elderly (Arsena-
ult-Lapierre et al., 2010). Altogether, these studies suggest a step-
wise association between cortisol secretion and cognitive impair-
ment, with AD patients secreting more cortisol than normal elderly
and MCI individuals, and MCI individuals secreting more cortisol
than normal elderly. Given that MCI individuals and AD patients
do have smaller hippocampal volumes and that the hippocampus
is an important regulator of the HPA axis, it is possible that higher
cortisol secretion is mediated via an impaired negative feedback
capacity from the hippocampus to the HPA axis (Csernansky et al.,
2006).

Although cortisol seems to be implicated in AD to a certain ex-
tent, whether increased cortisol secretion is associated with
dementia remains to be elucidated. To our knowledge, no study
has prospectively looked at the association between baseline corti-
sol secretion and progression to dementia or AD. A few studies
have looked at the association between cortisol levels at baseline
and cognitive decline in elderly individuals, individuals at risk of
AD, and AD patients. Most studies found that cortisol levels mea-
sured at baseline did not associate with cognitive decline in normal
elderly (Comijs et al., 2010; Csernansky et al., 2006; Kalmijn et al.,
1998; Kohler et al., 2010; Peavy et al., 2009) except for three
studies (Beluche, Carriere, Ritchie, & Ancelin, 2010; Greendale,
Kritz-Silverstein, Seeman, & Barrett-Connor, 2000; Li et al., 2006).
The association in AD patients is less clear. Some have found an
association, where higher cortisol levels are positively associated
with increased cognitive decline (Huang et al., 2009; Umegaki
et al., 2000; Weiner, Vobach, Olsson, Svetlik, & Risser, 1997). The
association in MCI individuals or individuals at risk of AD is even
more controversial. On one hand, Csernansky and colleagues
(2006) and Swanwick and collaborators (1996) found a positive
association between higher cortisol levels in individuals with a
Clinical Dementia Rating scale of 0.5 and an increased cognitive
decline. On the other hand, negative relationships have been also
observed. One study found that lower morning cortisol levels are
associated with increased cognitive decline in APOe4 carriers
(Gerritsen, Comijs, Deeg, Penninx, & Geerlings, 2009) whereas an-
other reported that higher cortisol levels are associated with
slower cognitive decline (Peavy et al., 2009).

It is currently premature to make conclusions on the exact role
cortisol has in predicting cognitive decline in individuals at risk of
AD or even AD patients. If cortisol plays a role in AD pathology, it is
far from being the sole contributor nor biomarker involved. With
respect to aging in general, the term allostatic load (McEwen & Stel-
lar, 1993) refers to the cumulative strain chronic stress exerts on
neuroendocrine, immune, metabolic, and cardiovascular systems
that ultimately renders individuals more susceptible to developing
stress-related problems. This multi-systemic damage increases
steadily as our bodies and minds age, then plateaus at around
age 60 (Crimmins, Johnston, Hayward, & Seeman, 2003). This
suggests that physiological dysregulations begin to emerge
decades before manifest diseases occur in late life. Consequently,
the field of stress research has turned its attention to earlier
periods in the lifespan to further understand the role that stress
hormones and inter-connected biomarkers might exert on disease
trajectories.
3. Beyond aging: chronic stress at work and following trauma
exposure

3.1. Depression and burnout in the workplace

Aging research centered upon the effects of chronic stress on
neuroendocrine profiles and cognitive performance has propelled
a complementary area of research that focuses on workplace stress
(Taylor, Repetti, & Seeman, 1997). Compared to the aging field, re-
search in this domain has been more compartmentalized where
neuroendocrine and cognitive profiles have been studied sepa-
rately in relation with the disorder.

While the cognitive functioning of distressed workers has
received limited attention thus far, cognitive dysfunctions are nev-
ertheless integral symptoms of numerous associated psychopathol-
ogies (e.g., cognitive theory of depression (Beck, 1963) or cognitive
fatigue in burnout (Maslach, Schaufeli, & Leiter, 2001)). In addition
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to potentially rendering individuals more vulnerable to problems
later on in older adulthood, cognitive impairments in adulthood
strongly interact with biological activities that modulate appraisals
of past, present, and future stressful contexts.

Theories of occupational health often inherently assume infor-
mation-processing deficits whereby the strain of chronic work-
place distress overwhelms the psychological capacities of the
individual and puts them at greater risk of psychiatric manifesta-
tions such as burnout and depression. For example, concepts and
research on burnout have been vastly informed by a variety of cog-
nitively oriented perspectives (for a review see Hodgkinson & Hea-
ley, 2008).

According to clinical observations, burnt out individuals pur-
portedly complain more about difficulties in focusing on daily
tasks (Maslach et al., 2001; Schaufeli & Enzmann, 1998). Based
on the premise that burnout might be characterized by a deficit
in executive control, van der Linder and colleagues (2005) showed
that increased frequency of burnout symptoms are associated with
increased frequency of cognitive failures in daily life, and increased
inhibition errors and performance variability on attention task. Gi-
ven that cognitive deficits are not exclusively manifested in clinical
burnout but also in prodromal stages suggest that it might be
detectable with cognitive screening (van der Linden, Keijsers, Eling,
& van Schaijk, 2005). In the first comprehensive study of multiple
cognitive domains (general cognitive abilities, attention, visuo-
spatial functions, and memory functions), Sandstrom and
colleagues (2005) found that female burnout patients had signifi-
cantly decreased performance on nonverbal memory as well as
delayed reaction on attention measures in contrast to a control
group, although no differences were detected between the groups
for verbal memory.

Likewise, depressed workers experience impairments in numer-
ous work domains at an estimated loss of 5 h per week in the form
of presenteeism (Stewart, Ricci, Chee, Hahn, & Morganstein, 2003)
and even greater costs in absenteeism (Goldberg & Steury, 2001).
Note that the DSM-IV-TR criteria for a diagnosis of major depres-
sive disorder include symptoms that are cognitive in nature (e.g.,
diminished ability to think or concentrate, or indecisiveness). Early
research suggested that a positive association existed between
memory impairment and the severity of depressive symptoms (Co-
hen, Weingartner, Smallberg, Pickar, & Murphy, 1982; Henry,
Weingartner, & Murphy, 1973; Sternberg & Jarvik, 1976;
Stromgren, 1977). It is now widely accepted that depression corre-
sponds to learning and episodic memory impairments (for an
earlier review see Goodwin, 1997). In a matched-control study, a
worsening of depressive illness was found to progressively impair
cognitive functioning for memory tasks and visuo-motor speed,
but not digit span (Austin et al., 1992). A more recent review sug-
gests that depression is also associated with executive impair-
ments in set-shifting tasks (Austin, Mitchell, & Goodwin, 2001).

In contrast to cognition, considerably more research has as-
sessed neuroendocrine profiles in relation to workplace stress as
they relate to divergent disease profiles that share similar sympto-
matologies. Although depression and burnout are two conditions
that are qualitatively similar (Iacovides, Fountoulakis, Kaprinis, &
Kaprinis, 2003; Nyklicek & Pop, 2005; Tennant, 2001), they are sus-
pected to differ substantially in terms of stress hormone levels. For
instance, the diurnal pattern of cortisol (e.g., awakening cortisol re-
sponse (Pruessner et al., 1997)) in depression appears to be more
hypercortisolemic in nature, while that found in burnout is a hyp-
ocortisolemic profile more akin to PTSD (Chida & Steptoe, 2009);
however, this remains debatable. Hypocortisolism is indeed a phe-
nomenon that occurs in approximately 20–25% of patients suffer-
ing from stress-related diseases like chronic fatigue syndrome,
fibromyalgia, PTSD, burnout, and atypical depression to name a
few (for a review see Fries, Hesse, Hellhammer, & Hellhammer,
2005). How these biological signatures correspond to cognitive
impairments or declines has yet to be investigated.

Besides depression and burnout, numerous conditions related
to chronic stress (e.g., chronic fatigue syndrome, PTSD, fibromyal-
gia) interact with features in the workplace that can amplify psy-
chological and physical problems at that moment in the lifespan
and perhaps thereafter. For instance, physical and psychological
traumas are more likely to occur in certain occupations (i.e., mili-
tary service, police force, firefighters) and augment one’s risk of
developing depression and/or PTSD later on (Bender & Farvolden,
2008). While speculative, it seems highly probable that such expe-
riences in earlier life carry with them scars that accelerate senes-
cence, highlighting the necessity to explore previous stressors
and traumas in a person’s life when studying the effects of chronic
stress on age-related phenomena.

3.2. Post-traumatic stress disorder

PTSD is an anxiety disorder that can occur following exposure to
a traumatic event. The lifetime prevalence in the population of
adults living in the United States has been estimated at 8%. PTSD
is characterized by symptoms of hyperarousal, avoidance and re-
experience of the traumatic event such as in the case of flashbacks
or nightmares. As it is the case with depression and burnout, few
studies have looked at both cognitive and neuroendocrine mea-
sures with respect to this stress-related disorder.

PTSD individuals show different profiles of cognitive function-
ing. In general, they have an attentional bias towards trauma-re-
lated stimuli. For example, they are slower to name the color of
trauma-related words in an emotional Stroop-task, but they do
not exhibit differences in reaction times when naming the color
of other words unrelated to the traumatic event (Bryant & Har-
vey, 1997; Foa, Feske, Murdock, Kozak, & McCarthy, 1991; McNal-
ly, English, & Lipke, 1993). Deficits have been reported in working
memory tasks and other cognitive tasks sustained by frontal re-
gions. Some studies have reported deficits in episodic memory
(for a review on cognitive functions in PTSD see Isaac, Cushway,
& Jones, 2006). However, these cognitive differences must be
interpreted with caution. In fact, it is important to establish
whether the memory deficits are direct consequence of PTSD
symptomatology or whether they could be explained by the
attention deficits or by the different hormonal status observed
in PTSD.

In fact, it has been reported that PTSD patients have distinct
neuroendocrine profiles. They present lower basal cortisol levels
when compared to healthy controls and to individuals who have
been exposed to trauma without developing PTSD. Conversely,
some studies have reported hypercortisolemic profiles (for a re-
cent review see Handwerger, 2009). With regards to stress reac-
tivity, PTSD diagnosed individuals show increased reactivity
when exposed to trauma-related stimuli (Elzinga, Schmahl, Ver-
metten, van Dyck, & Bremner, 2003; Liberzon, Abelson, Flagel,
Raz, & Young, 1999). Although it may be speculated that this
marked reactivity is specific to trauma-related stimuli, it is not.
Individuals with PTSD also display a more pronounced anticipa-
tion and reactivity to other cognitive stressors that are not associ-
ated with the trauma (Bremner et al., 2003; Liberzon et al., 1999).
However, one study reported lower reactivity in PTSD patients
when exposed to the cold pressor test (Santa Ana et al., 2006).
It is possible that the nature of the stressor (psychological vs.
physical) has an impact on the direction of the effect (higher vs.
lower stress reactivity).

When assessing the functioning of the HPA axis, different phar-
macological challenges have been used, notably the dexametha-
sone suppression test. Its purpose is to measure the feedback
inhibition of the HPA axis. Dexamethasone is a synthetic form of
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cortisol. Usually, it is administered late at night and cortisol levels
are measured the morning following administration. Individuals
diagnosed with PTSD have much lower levels of cortisol in the
morning compared to healthy controls, suggesting greater negative
feedback (for reviews see de Kloet et al., 2006; Handwerger, 2009).
Contrary to people with depression who are hypo-suppressors
(very high levels of cortisol in the morning following
dexamethasone administration), PTSD individuals are hyper-
suppressors. Recent studies have demonstrated that a hypersup-
pression profile is present not only in individuals diagnosed with
PTSD but also in individuals who were exposed to a traumatic
event without developing the disorder (de Kloet et al., 2007; Golier,
Schmeidler, Legge, & Yehuda, 2006). Thus, according to these stud-
ies, exposure to the traumatic event rather than PTSD itself seems
to be linked to a hypersuppression profile in response to the dexa-
methasone test.

Although a majority of individuals will be exposed to a trau-
matic event at some point in their life, about a quarter to a third
will meet the criteria for a diagnosis of PTSD (McCarroll, Fagan,
Hermsen, & Ursano, 1997; Yehuda, Southwick, & Giller, 1992). This
suggests that some factors could render an individual more or less
at risk of developing PTSD following trauma exposure. Keep in
mind that the vast majority of studies have been performed after
the trauma, thereby rendering it impossible to assume that the dif-
ferences found between PTSD individuals and healthy controls re-
sults solely from trauma exposure and not from pre-existing
vulnerabilities.

An important study performed by Gilbertson and colleagues
(2002) demonstrated how some characteristics might be present
before trauma exposure, thereby representing vulnerabilities
rather than consequences. The authors investigated hippocampal
volumes in war veterans with PTSD and compared them to other
war veterans who did not develop the diagnosis, but were exposed
to the traumatic event. Not surprisingly, they reported smaller hip-
pocampal volumes in PTSD individuals compared to non-PTSD
individuals, confirming previous studies with similar findings
(Bremner et al., 1995, 1997; Gurvits et al., 1996; Stein, Koverola,
Hanna, Torchia, & McClarty, 1997). However, war veterans who
were tested in that study each had a monozygotic twin (100% of
shared genes) who did not go to war and was therefore not ex-
posed to the traumatic event. If smaller hippocampal volume is a
consequence of the neurotoxic effects of chronically elevated levels
of GCs following a trauma, then the monozygotic twin who did not
go to war should have had a larger hippocampal volume. Surpris-
ingly, it was not the case. Twins had similar hippocampal volume
even if one of them was not exposed to the traumatic event. This
strongly supports the notion that smaller hippocampal volume is
a pre-existing condition, rather than a consequence, that renders
the individual more at risk of developing PTSD upon exposure to
a traumatic event.

Overall, PTSD is characterized by increased reactivity to stress-
ors and traumatic stimuli. Moreover, basal cortisol levels seem to
follow a hypocortisolemic profile. Importantly, when the body’s
homeostasis is challenged with a dexamethasone administration,
trauma-exposed people have hypersuppressive profiles. Regarding
cognitive profiles, individuals diagnosed with PTSD exhibit certain
deficits; however, results need to be interpreted with care. At the
neuroanatomical level, differences have been reported both func-
tionally and structurally. Perhaps the most striking finding is that
smaller hippocampal volumes have been reported amidst initial
belief that it was the neurotoxic consequence of dysregulated
GCs on the hippocampus. However, relatively new findings
strongly suggest that a smaller hippocampal volume represents a
vulnerability to develop PTSD following a trauma and therefore
not a consequence of the trauma (Lupien, McEwen, Gunnar, &
Heim, 2009).
Nonetheless, it is important to note that these findings are
rarely equivocal and a great deal of variability remains. This could
be explained in various ways. Perhaps one important way is based
on the fact that we study a common endpoint, namely PTSD, that
actually stems from a different etiology than presumed. Although
the final diagnosis is the same, the precipitating factors often differ.
It is thus crucial to take into account factors such as age when the
traumatic event was experienced, time elapsed since the traumatic
event, type of trauma (e.g., vehicle accident vs. sexual abuse), chro-
nicity of the trauma (single vs. multiple exposure to the traumatic
event) and sex of the victim. Additionally, comorbidity is the rule
rather than the exception in PTSD. Therefore, substance abuse
and depression, which are common comorbid conditions, could
also have an influence on the neuroendocrine and cognitive pro-
files of these individuals. This underlies the importance of taking
an individualized approach when trying to understand the etiology
of this and other disorders.
4. Beyond diagnostic criteria: the individual’s history

As presented in the previous sections, chronic stress can mark-
edly increase one’s vulnerability of developing a host of different
psychopathologies. Despite increasingly understood mechanisms
that explain the path to disease, the capacity to predict which indi-
vidual is more at risk for a particular disease remains elusive. This
suggests that chronic stress might be an accelerator and/or ampli-
fier of certain pre-existing vulnerabilities. Consequently, it is of
crucial importance to take an individualized approach by consider-
ing one’s vulnerabilities across the lifespan. The following section
will explain how factors, such as sex, early life adversity, and
genetics might act as protective or risk factors to develop certain
stress-related diseases.
4.1. Sex and sex hormones

Being a woman or a man confers different vulnerability and/or
resiliency factors to stress. For instance, women are more likely to
develop autoimmune and affective disorders, while early mortal-
ity, substance abuse, antisocial and conduct disorders, as well as
infectious diseases are more common in men (Blume, 1994;
Fattore, Altea, & Fratta, 2008; Gleicher & Barad, 2007; Kessler &
Wang, 2008; Kjelsberg & Friestad, 2009; May, 2007). Investigations
of acute stress exposure in laboratory settings repeatedly demon-
strate that men display a higher cortisol stress response compared
to women (Kajantie & Phillips, 2006; Kudielka & Kirschbaum,
2005). On the other hand, the MacArthur studies provide evidence
for age-specific sex differences in chronic stress biomarkers and its
consequences (Juster, McEwen, & Lupien, 2009). For example, it
was found that high cortisol levels are associated with memory
impairments in women (Seeman, Singer, Rowe, Horwitz, &
McEwen, 1997), while elevated epinephrine levels relate to cogni-
tive declines in men (Karlamangla, Singer, Chodosh, McEwen, &
Seeman, 2005).

One key factor explaining sex differences stem from the two
distinct endocrine milieus of women and men. It is thus important
to take into account the different sex steroids (i.e., testosterone vs.
estrogens and progestogens), their levels, dynamics (i.e., phase of
the menstrual cycle, pregnancy, menopause), and previous or
lifelong exposure (i.e., age at menarche/puberty, number of preg-
nancies, age at menopause, exogenous administration such as
hormonal contraceptive and replacement therapy). Bidirectional
interplays exist between the HPA axis and the hypothalamo–
pituitary–gonadal (HPG) axis, from which sex hormones are the
end products. While cortisol has inhibitory effects at all three
levels of the HPG-axis, hypothalamic regulation of the HPA axis
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is inhibited by testosterone (Terburg, Morgan, & van Honk, 2009).
This might explain why the sexes differ vis-à-vis stress-related
HPA activity.

In a variety of species, males have lower ACTH and GC levels in
both basal and reactive conditions, which might be due to sex ste-
roids such as testosterone and estrogen (Charney, 2004; Handa,
Burgess, Kerr, & O’Keefe, 1994; Luine, Beck, Bowman, Frankfurt, &
Maclusky, 2007; Young, 1998). Confirming this, gonadectomy in-
creases ACTH and corticosterone responses to acute stress while
5-alpha-dihydrotestosterone (5a-DHT) replacement reverses
this effect in male rats; however, this has not be scrutinized in
studies of chronic stress (Handa et al., 1994). While evidence is
scarce – particularly concerning progesterone – the mechanisms
underlying the cross-talk between estrogen/progesterone and the
HPA axis remains elusive. Preclinical and clinical evidence suggests
that estrogen might dampen the HPA axis and potentially counter-
act the damaging actions of chronic stress on neural integrity and
functioning (Kajantie & Phillips, 2006; McEwen, 2002). Data also
suggest that estrogen actions are dependent on doses and exposure
duration with low doses of estrogen suppressing the HPA axis
responses and supraphysiological doses and prolonged treatment
enhances the hormonal stress responses (Charney, 2004; Kajantie
& Phillips, 2006; Young, Altemus, Parkison, & Shastry, 2001). More-
over, sex steroids are known to be neuroprotective factors influ-
encing structural integrity of the hippocampus, amyloid beta
formation, neuronal loss and neurogenesis (Behl, 2002; Lord, Buss,
Lupien, & Pruessner, 2008; McEwen, 2002).

To better understand the differential impact of chronic stress in
men and women and consequently the nature and origins of sex-
related conditions, special attention must be directed toward the
differential organizational and activational hormonal/physiological
contexts and their interactions with the environment.
4.2. Early life adversity and risk for psychopathology

A topic that has recently received a great deal of attention is
the importance and the impact of early life adversity (ELA) on gen-
eral health in later adulthood. From physical to mental health
problems, ELA has been linked with a host of negative health
outcomes. Markedly, ELA encompasses numerous life events and
circumstances ranging from poor parental care to physical
abuse. These events or situations increase the child’s exposure
to stress and its adverse effects (for a recent review see Pechtel
& Pizzagalli, 2011). During early childhood, a window of critical
development, the adverse effects of chronic stress can affect
neurodevelopment and program the individual’s stress reactivity
later in life (for reviews see Lupien et al., 2009; Panzer, 2008).
For this reason, ELA may affect the individual’s neural processes,
increasing the risk for stress-related psychopathologies such as
depression.

Rodent studies have developed various paradigms to investigate
the impact of ELA on learning and memory. Chronic disruptive and
fragmented contact with the dam has been utilized and is found to
impair learning and memory functions in hippocampal-dependent
tasks such as the Morris Water Maze (MWM) and object recognition
in rodents 4–8 months of age (Rice, Sandman, Lenjavi, & Baram,
2008). As well, learning deficits in acquisition of the MWM have
been observed in maternally separated rats (Huot, Plotsky, Lenox,
& McNamara, 2002). Conversely, increase in neonatal handling and
novelty exposure is shown to have enhancing effects on spatial
memory in adult rats (Daskalakis, Kaperoni, Koros, de Kloet, & Kit-
raki, 2009). However, negative findings have been reported in terms
of spatial learning and contextual fear memory, despite anatomical
changes found in the dentate gyrus in maternally deprived female
rats (Oomen et al., 2011).
Whilst investigating long-term effects of ELA in rodents, ana-
tomical changes and HPA axis dysregulation have been observed.
It is reported that early life stress induces permanent and harmful
lifelong changes on the HPA axis (Meaney, Aitken, Bhatnagar, &
Sapolsky, 1991). Maternal deprivation has also been shown to in-
duce increased GC response to stressors, and decreased number
of GC receptors in the hippocampus and frontal cortex (Meaney,
2001; Meaney, Aitken, Viau, Sharma, & Sarrieau, 1989; O’Donnell,
Larocque, Seckl, & Meaney, 1994; Sarrieau, Sharma, & Meaney,
1988; Viau, Sharma, Plotsky, & Meaney, 1993). This is reflected in
diminished negative feedback and a prolonged stress response.
On the other hand, proper maternal care has been linked with
dampened reactivity to stress and having a positive impact on
the neurodevelopment in the offspring of rodents (Dent, Okimoto,
Smith, & Levine, 2000; Meaney, 2001). Furthermore, handled pups
show less of an age-related increase in basal cortisol, diminished
stress reactivity and less hippocampal cell loss compared to non-
handled rats (Meaney et al., 1991).

Human studies report deficits in learning and memory, primar-
ily in extreme cases of ELA (i.e., physical and emotional abuse and/
or neglect). A recent pilot study found impaired spatial working
memory performance in subjects who experienced emotional
abuse and physical neglect. The latter was also associated with def-
icits on pattern recognition memory (Majer, Nater, Lin, Capuron, &
Reeves, 2010). In addition, Grassi-Oliveira and colleagues (2008)
investigated patients with major depressive disorder who suffered
childhood physical neglect and found impairment on immediate
verbal memory recall.

Moreover, it is well established that ELA is a major risk factor for
major depressive disorder (Brown & Harris, 1993; Faravelli et al.,
1986; Kessler, Davis, & Kendler, 1997). A wide range of early life
events or circumstances including loss of a parent (Bifulco, Brown,
& Harris, 1987; Harris, Brown, & Bifulco, 1987), poor maternal care
(Heider, Matschinger, Bernert, Alonso, & Angermeyer, 2006; Hill
et al., 2000; Kendler, Sheth, Gardner, & Prescott, 2002) and parental
neglect (Bifulco, Brown, Lillie, & Jarvis, 1997; Kilpatrick et al.,
2003), have been associated with increased risk for depression in
adulthood. Several studies show that these effects can also be ob-
served as early as adolescence (Kilpatrick et al., 2003). Different
mechanisms have been proposed to explain the link between ELA
and depression later on in life.

Indeed, depression is reportedly associated with dysregulation
of the HPA axis and a smaller hippocampal volume (Burke, Davis,
Otte, & Mohr, 2005; Campbell, Marriott, Nahmias, & MacQueen,
2004; Gold & Chrousos, 2002). Not surprisingly, ELA has also been
associated with physiological indicators of depression (Gunnar &
Donzella, 2002; Plotsky & Meaney, 1993; Rao et al., 2010). The
hippocampus, known for its role in learning and memory, is sen-
sitive to chronic stress (Bannerman et al., 2004; Gould & Tanapat,
1999; Gould, Tanapat, Hastings, & Shors, 1999; McEwen, 2000;
Sapolsky, 2000; Sapolsky, Uno, Rebert, & Finch, 1990). Being one
of the regulators of the HPA axis, the hippocampus seems to be
a highly plausible target for the effects of ELA at the neuronal
level.

As animal studies have established the impact of ELA on hippo-
campal development, it is not surprising to observe smaller hippo-
campal volume in adults who were victims of maltreatment.
Smaller bilateral hippocampal volume was observed in women ex-
posed to childhood abuse and diagnosed with borderline personal-
ity disorder (Driessen et al., 2000). Smaller left hippocampal
volume was observed in adults exposed to severe childhood phys-
ical and sexual abuse, accompanied with a diagnosis of PTSD or
Dissociative Identity Disorder (Bremner et al., 1997; Stein et al.,
1997). On the other hand, De Bellis and colleagues (1999) investi-
gated maltreated children with PTSD diagnosis and did not observe
any significant differences in hippocampal volumes.
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Another notion that is becoming more and more important
when hypothesizing about the potential neuroanatomical and cog-
nitive consequences is the timing of ELA (Lupien et al., 2009). In
fact, the amygdala, the prefrontal cortex and the hippocampus
have different development trajectories (e.g., the hippocampus is
fully developed by the age of 2 years, the development of the pre-
frontal cortex mostly takes place between the age of 8 and 14 years
and the amygdala continues to develop until the late 20s). Thus,
ELA during the first months of life will most likely affect the devel-
opment of the hippocampus, but adversity at the age of 10 years
will probably affect more the development of the prefrontal cortex
and the amygdala. This notion of ‘timing’ is of great importance
and might explain why findings are mixed with regards to ELA
and certain brain structure volumes and/or functioning. For exam-
ple, smaller medial prefrontal cortex has been reported in subjects
who report childhood emotional maltreatment before the age of
16 years (van Harmelen et al., 2010).

In conclusion, it seems that ELA is associated with a host of neg-
ative health outcomes, namely vulnerability to depression and im-
paired hippocampal-dependent cognitive function. Although the
precise mechanisms underlying these processes have not been
fully identified at the molecular level, evidence points to HPA axis
programming and its impact on brain anatomy and functioning.
Emerging evidence show that ELA affects not only the functioning
of the hippocampus, but also the prefrontal cortex and the amyg-
dala (Stevenson, Spicer, Mason, & Marsden, 2009; van Harmelen
et al., 2010). By further investigating how ELA might affect cogni-
tive processes subserved by these regions, notably fear condition-
ing, fear extinction and emotion regulation, we will be one step
ahead in understanding the association between ELA, neuroanat-
omy, cognition and psychopathology.

4.3. Genetics

In addition to biological (e.g., sex) and environmental (e.g., early
life adversity) factors, one’s genetic makeup may moderate or
mediate the relationship between chronic stress and health out-
comes. Although few studies have focused on genetics as a moder-
ator/mediator in the relationship between chronic stress and
mental health, research has shown how genetics is associated with
stress and stress outcomes. Further, while many disorders have a
genetic component, with moderate to high levels of heritability,
much of the variation in the onset of disease can be explained by
gene–environment interactions. Indeed, the study of genetics and
the study of stress are not two separate entities, but are inter-
twined very closely to produce phenotypic variations.

Twin studies provide valuable insight into the proportion of
phenotypic variation that is attributed to genetic and environ-
mental factors among individuals. Although findings are mixed
(Kirschbaum, Wust, Faig, & Hellhammer, 1992), quantitative ge-
netic modeling has demonstrated significant heritability for stress
reactivity (Steptoe, van Jaarsveld, Semmler, Plomin, & Wardle,
2009). A recent meta-analysis reported that the pooled heritabil-
ity estimates range from 0.26 to 0.43 for reactivity to psychosocial
stress (i.e., mental stressor) and 0.21–0.55 for reactivity to physi-
cal stress (i.e. cold pressor test) (Wu, Snieder, & de Geus, 2010).
Twin studies have further shown that the association between
salivary cortisol levels and prefrontal cortical thinning may be
genetically regulated (Kremen et al., 2010). High-risk twins for
affective disorder have been found to secrete higher levels of
evening cortisol (Vinberg, Bennike, Kyvik, Andersen, & Kessing,
2008), display a tendency for higher levels of neuroticism (Vin-
berg, Mortensen, Kyvik, & Kessing, 2007), and show signs of dis-
crete cognitive dysfunction (Christensen, Kyvik, & Kessing,
2006). Furthermore, heritability estimates have been reported
for stress-related illnesses, notably for depression (Kendler, Gatz,
Gardner, & Pedersen, 2006; Sullivan, Neale, & Kendler, 2000)
and PTSD (Lyons et al., 1993; True et al., 1993). However, while
estimates of heritability provide important information, the mag-
nitude of heritability reveals nothing about the genetic structure
of a particular endophenotype and the plausible number of genes
that are involved.

Single nucleotide polymorphisms (SNPs), a one base pair change
in DNA sequence with a frequency of 1%, is the most abundant type
of variation in the human genome (Muller-Myhsok, 2005). Poly-
morphisms in the glucocorticoid receptor (GR) gene have a signif-
icant impact on the neuroendocrine system. Studies show that GR
polymorphisms account for inter-individual variability in HPA
activity, serum levels of HPA-axis markers, and GC sensitivity of
target tissue to stress hormones, which ultimately determine vul-
nerability to disease (DeRijk, Schaaf, & de Kloet, 2002). The most
common GR genes under investigation include the BclI and the
ER22/23EK polymorphisms. While both genes are associated with
increased risk for depression (Krishnamurthy et al., 2008; van
Rossum et al., 2006; Zobel et al., 2008), their impact on the HPA
system is remarkably different: carriers of the BclI gene display
hypersensitivity to GCs (Huizenga et al., 1998; van Rossum et al.,
2003, 2006), whereas ER22/23EK carriers show GC resistance
(van Rossum et al., 2002). With regards to brain health, no associ-
ation was found for either BclI or ER22/23EK on hippocampal
volume (van Rossum et al., 2008; Zobel et al., 2008). However, in
one prospective study with a mean follow-up of 5.8 years, it was
found that carriers of the ER22/23EK gene are at lower risk of
developing dementia, display fewer white matter lesions and per-
form better on a psychomotor speed task (van Rossum et al., 2008).
As ER22/23EK carriers exhibit decreased sensitivity to GCs (van
Rossum et al., 2002), it may be that ER22/23EK carriers are pro-
tected from the detrimental effect of chronic GC exposure with
aging, which contributes to increased longevity in this group
(van Rossum & Lamberts, 2004). Furthermore, although the
ER22/23EK gene confers risk for the development of depression,
it is reported that depressed patients who carry the ER22/23EK
gene exhibit better treatment response and cognitive processing
(van Rossum et al., 2006).

Apart from the GR gene, other biological systems have been as-
sessed due to their involvement in the regulation of stress hor-
mones. Genetic variants, including the serotonin transporter
polymorphism (5-HTT: s/l) (Caspi et al., 2003), apolipoprotein E
(APOE) (Fiocco et al., 2008, 2009), serotonin 2a receptor gene
(5-HT2A: G/A) (Fiocco, Joober, Poirier, & Lupien, 2007), brain de-
rived neurotrophic factor (BDNF: Met66Val) (Vinberg et al., 2009),
and the catechol-O-methyltransferase gene (COMT: Met158Val)
(Yavich, Forsberg, Karayiorgou, Gogos, & Mannisto, 2007) have pro-
vided valuable information on individual differences in markers
and outcomes of stress.

The serotonin transporter gene (5-HTT), which is coded by a
short or long allele, has been widely assessed in relation to
depression (Dorado et al., 2007). The 5-HTT is involved in reup-
take of serotonin, with the short allele associated with lower lev-
els of serotonin uptake and lower transcriptional efficiency of
the 5-HT transporter (Lesch & Gutknecht, 2005). It has been
shown that carriers of the short allele tend to report greater per-
ceived stress than carriers of the long allele (Otte, McCaffery, Ali,
& Whooley, 2007), exhibit elevated MRI amygdala activation
reactivity to threatening stimuli (Hariri, Tessitore, Mattay, Fera,
& Weinberger, 2002), and display greater stress reactivity to psy-
chosocial stress, with the greatest response in those homozygotic
for the short allele (Gotlib, Joormann, Minor, & Hallmayer, 2008;
Way & Taylor, 2010).

COMT catalyzes the degradation of catecholamines in the brain
(Yavich et al., 2007) and is reportedly related to psychosis suscep-
tibility (Craddock, Owen, & O’Donovan, 2006). The gene that
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codes for COMT contains a functional common Val158Met poly-
morphism, with the Val allele exhibiting a three- to fourfold in-
crease in enzyme activity compared to the Met allele (Chen
et al., 2004). Recent studies show that, compared to Val/Val car-
riers, healthy adults with the Met/Met genotype report greater
sensory and affective ratings of pain following a sustained pain
challenge (Zubieta et al., 2003) and increased limbic and prefron-
tal activation following the presentation of unpleasant stimuli
(Smolka et al., 2005). Furthermore, in a recent longitudinal study
of non-demented elderly men and women, it was found that the
Met allele is associated with greater cognitive decline over years
compared to homozygotic carriers of the Val allele (Fiocco et al.,
2010). While studies that focus on a single SNP have been mar-
ginal and somewhat inconsistent, COMT has been found to pre-
dict individual differences in neuroticism, risk for anxiety, and
risk for major depressive disorder (Hettema et al., 2008). These
studies suggest that the Met allele lowers physiological and psy-
chological resilience against negative environmental challenges
(i.e. chronic stress), which may increase the risk of stress-induced
disease.

While the studies reported herein provide important informa-
tion on inter-individual variations in stress sensitivity and disease
susceptibility, a number of negative findings are also reported. One
potential explanation for this is that genes do not act in isolation.
In addition to gene–gene interactions, gene–sex (Kumsta et al.,
2007) and gene–environment interactions (Bet et al., 2009) must
be considered. For example, the pioneering work of Caspi and col-
leagues (Caspi et al., 2003) demonstrated a gene-by-environment
interaction in a prospective-longitudinal study that assessed the
relationship between the 5-HTT polymorphism and stressful life
events on depressive symptomatology. However, it is important
to note that these findings have not been replicated so far.

In addition to gene–environment interactions, environmental
exposure has a tremendous impact on our development by influ-
encing our physiology at its foundation, the DNA. Epigenetics
examines changes in DNA that are produced by perturbations in
the environment (e.g., early adversity) that alter the function, but
not the structure, of a gene. Animal models show that changes in-
curred through epigenetics are stable and can at times be transmit-
ted intergenerationally (Meaney & Szyf, 2005). For example,
animal studies have shown that maternal care affect genetic
expression, via DNA methylation, precisely acting on factors in-
volved in GC receptor expression in the hippocampus (Fish et al.,
2004; O’Donnell et al., 1994; Weaver, Diorio, Seckl, Szyf, & Meaney,
2004).

The epigenetic model in humans can be evaluated via epidemi-
ologic studies. A twin study that examined the genetic and
environmental contributions to cortisol reactivity in a cohort of
19-month-old twins from high and low family adversity found that
high family adversity had a programming developmental effect on
cortisol reactivity (Ouellet-Morin et al., 2008). Both genetic and
environmental factors explained the variance in cortisol reactivity
to a mild stressor in twins from low family adversity. However, in
twins from high family adversity, only shared and unique environ-
mental factors contributed to variance in cortisol reactivity. The
authors suggested that infants who are exposed to an adverse
environment undergo alterations of the stress-sensitive system
that are over and above any genetic contribution alone. Whether
the epigenetic programming effect of early adversity is on GC gene
promotor expression in the hippocampus via DNA methylation re-
mains unclear. However, a recent postmortem study (McGowan
et al., 2009) that assessed the epigenetic regulation of GC receptor
in suicide victims with or without a history of childhood abuse,
reported differential neuron-specific GC receptor promotor in post-
mortem hippocampus. Abused suicide victims displayed decreased
levels of GC receptor mRNA and increased cytosine methylation of
the GC receptor promotor compared to non-abused suicide
victims.

In conclusion, a growing body of research is attempting to ex-
plain how genes, environment, and their interaction, determine
individual differences in stress sensitivity and risk for stress-
related disease. Population neuroscience is an emerging field that
incorporates genetics, cognitive neuroscience, and epidemiology,
which may guide future research in examining and identifying
complex environmental and genetic factors that contribute to indi-
vidual differences in the neuronal and behavioral phenotypes that
ensue (Paus, 2010). A number of longitudinal assessments are
being implemented to elucidate the impact of genetic and environ-
mental factors on human brain structures to understand normative
brain aging and neuropsychiatric disorders.
5. Conclusion

Given that GCs have access to the brain and more particularly to
brain regions responsible for memory, emotions and emotional
regulation, it is not surprising that chronic exposure to elevated
levels of GCs has an impact on cognition and the development of
different psychopathologies. Ultimately, various factors will con-
tribute to the development of different stress-related mental
health diseases. Manifestations could occur during aging with cog-
nitive impairments ranging from MCI to AD but could also occur
earlier in life in the form of burnout, depression or PTSD during
adulthood. Notwithstanding, these represent only a few models
of human chronic stress.

One must keep in mind that stress influences the manner in
which one perceives and appraises the next situation and conse-
quently chronic stress can put into place a chronic loop from which
it is difficult to escape. In order to prevent the development of cer-
tain diseases or to identify at-risk individuals early, it is crucial to
view chronic stress from a developmental perspective. With this
goal in mind, this review has addressed the importance of looking
beyond the diagnosis and trying to understand the different pro-
tective and risk factors that each individual has and that can be
conveyed by sex, early life experience and genetic factors. Taking
a more individualized approach may foster increased understand-
ing of stress-related pathologies, which in turn might eventually
prevent the development of certain diseases.
6. Disclosure statement

All authors declare that they have no conflict of interest.
7. Role of funding source

Funding for this article is thanks to a Doctoral scholarship
awarded to Marie-France Marin from the Canadian Institutes of
Health Research and to a Senior Investigator Chair from the Cana-
dian Institutes of Health Research, Institute of Gender and Health
and Gender to Sonia Lupien.

Acknowledgment

We want to thank Nathalie Wan for proofreading this article.

References

Arsenault-Lapierre, G., Chertkow, H., & Lupien, S. (2010). Seasonal effects on cortisol
secretion in normal aging, mild cognitive impairment and Alzheimer’s disease.
Neurobiology of Aging, 31, 1051–1054.

Austin, M. P., Mitchell, P., & Goodwin, G. M. (2001). Cognitive deficits in depression:
Possible implications for functional neuropathology. British Journal of Psychiatry,
178, 200–206.



M.-F. Marin et al. / Neurobiology of Learning and Memory 96 (2011) 583–595 591
Austin, M. P., Ross, M., Murray, C., O’Carroll, R. E., Ebmeier, K. P., & Goodwin, G. M.
(1992). Cognitive function in major depression. Journal of Affective Disorders, 25,
21–29.

Bannerman, D. M., Rawlins, J. N., McHugh, S. B., Deacon, R. M., Yee, B. K., Bast, T.,
et al. (2004). Regional dissociations within the hippocampus–memory and
anxiety. Neuroscience and Biobehavioral Reviews, 28, 273–283.

Beck, A. (1963). Thinking and depression. Archives of General Psychiatry, 9, 324–333.
Behl, C. (2002). Sex hormones, neuroprotection and cognition. Progress in Brain

Research, 138, 135–142.
Beluche, I., Carriere, I., Ritchie, K., & Ancelin, M. L. (2010). A prospective study of

diurnal cortisol and cognitive function in community-dwelling elderly people.
Psychological Medicine, 40, 1039–1049.

Bender, A., & Farvolden, P. (2008). Depression and the workplace: A progress report.
Current Psychiatry Reports, 10, 73–79.

Bet, P. M., Penninx, B. W., Bochdanovits, Z., Uitterlinden, A. G., Beekman, A. T., van
Schoor, N. M., et al. (2009). Glucocorticoid receptor gene polymorphisms and
childhood adversity are associated with depression: New evidence for a gene–
environment interaction. American Journal of Medical Genetics. Part B,
Neuropsychiatric Genetics, 150B, 660–669.

Bifulco, A., Brown, G. W., Lillie, A., & Jarvis, J. (1997). Memories of childhood neglect
and abuse: Corroboration in a series of sisters. Journal of Child Psychology and
Psychiatry, 38, 365–374.

Bifulco, A. T., Brown, G. W., & Harris, T. O. (1987). Childhood loss of parent, lack of
adequate parental care and adult depression: A replication. Journal of Affective
Disorders, 12, 115–128.

Blume, S. B. (1994). Gender differences in alcohol-related disorders. Harvard Review
of Psychiatry, 2, 7–14.

Borcel, E., Perez-Alvarez, L., Herrero, A. I., Brionne, T., Varea, E., Berezin, V., et al.
(2008). 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.
Behavioural Pharmacology, 19, 41–49.

Bremner, J. D., Randall, P., Scott, T. M., Bronen, R. A., Seibyl, J. P., Southwick, S. M.,
et al. (1995). MRI-based measurement of hippocampal volume in patients with
combat-related posttraumatic stress disorder. American Journal of Psychiatry,
152, 973–981.

Bremner, J. D., Randall, P., Vermetten, E., Staib, L., Bronen, R. A., Mazure, C., et al.
(1997). Magnetic resonance imaging-based measurement of hippocampal
volume in posttraumatic stress disorder related to childhood physical and
sexual abuse – A preliminary report. Biological Psychiatry, 41, 23–32.

Bremner, J. D., Vythilingam, M., Vermetten, E., Adil, J., Khan, S., Nazeer, A., et al.
(2003). Cortisol response to a cognitive stress challenge in posttraumatic stress
disorder (PTSD) related to childhood abuse. Psychoneuroendocrinology, 28,
733–750.

Brown, G. W., & Harris, T. O. (1993). Aetiology of anxiety and depressive disorders in
an inner-city population. 1. Early adversity. Psychological Medicine, 23, 143–154.

Bryant, R. A., & Harvey, A. G. (1997). Attentional bias in posttraumatic stress
disorder. Journal of Traumatic Stress, 10, 635–644.

Burke, H. M., Davis, M. C., Otte, C., & Mohr, D. C. (2005). Depression and cortisol
responses to psychological stress: A meta-analysis. Psychoneuroendocrinology,
30, 846–856.

Caetano, S. C., Hatch, J. P., Brambilla, P., Sassi, R. B., Nicoletti, M., Mallinger, A. G.,
et al. (2004). Anatomical MRI study of hippocampus and amygdala in patients
with current and remitted major depression. Psychiatry Research, 132, 141–147.

Campbell, S., Marriott, M., Nahmias, C., & MacQueen, G. M. (2004). Lower
hippocampal volume in patients suffering from depression: A meta-analysis.
American Journal of Psychiatry, 161, 598–607.

Caspi, A., Sugden, K., Moffitt, T. E., Taylor, A., Craig, I. W., Harrington, H., et al. (2003).
Influence of life stress on depression: Moderation by a polymorphism in the 5-
HTT gene. Science, 301, 386–389.

Charney, D. S. (2004). Psychobiological mechanisms of resilience and vulnerability:
Implications for successful adaptation to extreme stress. American Journal of
Psychiatry, 161, 195–216.

Chen, J., Lipska, B. K., Halim, N., Ma, Q. D., Matsumoto, M., Melhem, S., et al. (2004).
Functional analysis of genetic variation in catechol-O-methyltransferase
(COMT): Effects on mRNA, protein, and enzyme activity in postmortem
human brain. American Journal of Human Genetics, 75, 807–821.

Chida, Y., & Steptoe, A. (2009). Cortisol awakening response and psychosocial factors:
A systematic review and meta-analysis. Biological Psychology, 80, 265–278.

Christensen, H. (2001). What cognitive changes can be expected with normal
ageing? Australian and New Zealand Journal of Psychiatry, 35, 768–775.

Christensen, M. V., Kyvik, K. O., & Kessing, L. V. (2006). Cognitive function in
unaffected twins discordant for affective disorder. Psychological Medicine, 36,
1119–1129.

Cohen, R. M., Weingartner, H., Smallberg, S. A., Pickar, D., & Murphy, D. L. (1982).
Effort and cognition in depression. Archives of General Psychiatry, 39, 593–597.

Comijs, H. C., Gerritsen, L., Penninx, B. W., Bremmer, M. A., Deeg, D. J., & Geerlings,
M. I. (2010). The association between serum cortisol and cognitive decline in
older persons. American Journal of Geriatric Psychiatry, 18, 42–50.

Craddock, N., Owen, M. J., & O’Donovan, M. C. (2006). The catechol-O-methyl
transferase (COMT) gene as a candidate for psychiatric phenotypes: Evidence
and lessons. Molecular Psychiatry, 11, 446–458.

Crimmins, E. M., Johnston, M., Hayward, M., & Seeman, T. (2003). Age differences in
allostatic load: An index of physiological dysregulation. Experimental
Gerontology, 38, 731–734.
Csernansky, J. G., Dong, H., Fagan, A. M., Wang, L., Xiong, C., Holtzman, D. M., et al.
(2006). Plasma cortisol and progression of dementia in subjects with
Alzheimer-type dementia. American Journal of Psychiatry, 163, 2164–2169.

Daskalakis, N. P., Kaperoni, M., Koros, C., de Kloet, E. R., & Kitraki, E. (2009).
Environmental and tactile stimulation modulates the neonatal handling effect
on adult rat spatial memory. International Journal of Developmental Neuroscience,
27, 747–755.

Davis, K. L., Davis, B. M., Greenwald, B. S., Mohs, R. C., Mathe, A. A., Johns, C. A., et al.
(1986). Cortisol and Alzheimer’s disease, I: Basal studies. American Journal of
Psychiatry, 143, 300–305.

Davis, M. (1992). The role of the amygdala in fear and anxiety. Annual Review of
Neuroscience, 15, 353–375.

De Bellis, M. D., Keshavan, M. S., Clark, D. B., Casey, B. J., Giedd, J. N., Boring, A. M.,
et al. (1999). A.E. Bennett Research Award. Developmental traumatology. Part
II: Brain development. Biological Psychiatry, 45, 1271–1284.

de Kloet, C. S., Vermetten, E., Geuze, E., Kavelaars, A., Heijnen, C. J., & Westenberg, H.
G. (2006). Assessment of HPA-axis function in posttraumatic stress disorder:
Pharmacological and non-pharmacological challenge tests, a review. Journal of
Psychiatric Research, 40, 550–567.

de Kloet, C. S., Vermetten, E., Heijnen, C. J., Geuze, E., Lentjes, E. G., & Westenberg, H.
G. (2007). Enhanced cortisol suppression in response to dexamethasone
administration in traumatized veterans with and without posttraumatic
stress disorder. Psychoneuroendocrinology, 32, 215–226.

de Kloet, E. R., Karst, H., & Joels, M. (2008). Corticosteroid hormones in the central
stress response: Quick-and-slow. Frontiers in Neuroendocrinology, 29, 268–
272.

Dellu, F., Mayo, W., Vallee, M., Le Moal, M., & Simon, H. (1994). Reactivity to novelty
during youth as a predictive factor of cognitive impairment in the elderly: A
longitudinal study in rats. Brain Research, 653, 51–56.

Dent, G. W., Okimoto, D. K., Smith, M. A., & Levine, S. (2000). Stress-induced alterations
in corticotropin-releasing hormone and vasopressin gene expression in the
paraventricular nucleus during ontogeny. Neuroendocrinology, 71, 333–342.

DeRijk, R. H., Schaaf, M., & de Kloet, E. R. (2002). Glucocorticoid receptor variants:
Clinical implications. Journal of Steroid Biochemistry and Molecular Biology, 81,
103–122.

Diorio, D., Viau, V., & Meaney, M. J. (1993). The role of the medial prefrontal cortex
(cingulate gyrus) in the regulation of hypothalamic–pituitary–adrenal
responses to stress. Journal of Neuroscience, 13, 3839–3847.

Dorado, P., Penas-Lledo, E. M., Gonzalez, A. P., Caceres, M. C., Cobaleda, J., & Llerena,
A. (2007). Increased risk for major depression associated with the short allele of
the serotonin transporter promoter region (5-HTTLPR-S) and the CYP2C9�3
allele. Fundamental & Clinical Pharmacology, 21, 451–453.

Driessen, M., Herrmann, J., Stahl, K., Zwaan, M., Meier, S., Hill, A., et al. (2000).
Magnetic resonance imaging volumes of the hippocampus and the amygdala in
women with borderline personality disorder and early traumatization. Archives
of General Psychiatry, 57, 1115–1122.

Dunn, J. D., & Orr, S. E. (1984). Differential plasma corticosterone responses to
hippocampal stimulation. Experimental Brain Research, 54, 1–6.

Elzinga, B. M., Schmahl, C. G., Vermetten, E., van Dyck, R., & Bremner, J. D. (2003).
Higher cortisol levels following exposure to traumatic reminders in abuse-
related PTSD. Neuropsychopharmacology, 28, 1656–1665.

Faravelli, C., Sacchetti, E., Ambonetti, A., Conte, G., Pallanti, S., & Vita, A. (1986). Early
life events and affective disorder revisited. British Journal of Psychiatry, 148,
288–295.

Fattore, L., Altea, S., & Fratta, W. (2008). Sex differences in drug addiction: A review
of animal and human studies. Women’s Health, 4, 51–65.

Fiocco, A. J., Joober, R., Poirier, J., & Lupien, S. (2007). Polymorphism of the 5-HT(2A)
receptor gene: Association with stress-related indices in healthy middle-aged
adults. Frontiers in Behavioral Neuroscience, 1, 3.

Fiocco, A. J., Lindquist, K., Ferrell, R., Li, R., Simonsick, E. M., Nalls, M., et al. (2010).
COMT genotype and cognitive function: An 8-year longitudinal study in white
and black elders. Neurology, 74, 1296–1302.

Fiocco, A. J., Nair, N. P., Schwartz, G., Ng Ying Kin, F., Joober, R., Poirier, J., et al.
(2009). Influence of genetic polymorphisms in the apolipoprotein (APOE) and
the butyrylcholinesterase (BCHE) gene on stress markers in older adults: A 3-
year study. Neurobiology of Aging, 30, 1001–1005.

Fiocco, A. J., Poirier, J., Joober, R., Nair, N. P., & Lupien, S. J. (2008). Acute and long-
term associations between ApoE genetic polymorphism, cortisol levels, and
declarative memory performance in older adults. Psychoneuroendocrinology, 33,
625–633.

Fish, E. W., Shahrokh, D., Bagot, R., Caldji, C., Bredy, T., Szyf, M., et al. (2004).
Epigenetic programming of stress responses through variations in maternal
care. Annals of the New York Academy of Sciences, 1036, 167–180.

Foa, E. B., Feske, U., Murdock, T. B., Kozak, M. J., & McCarthy, P. R. (1991). Processing
of threat-related information in rape victims. Journal of Abnormal Psychology,
100, 156–162.

Fries, E., Hesse, J., Hellhammer, J., & Hellhammer, D. H. (2005). A new view on
hypocortisolism. Psychoneuroendocrinology, 30, 1010–1016.

Gerritsen, L., Comijs, H. C., Deeg, D. J., Penninx, B. W., & Geerlings, M. I. (2009).
Salivary cortisol, APOE-varepsilon4 allele and cognitive decline in a prospective
study of older persons. Neurobiology of Aging, doi:10.1016/j.neurobiolaging.
2009.09.007.

Gianaros, P. J., Jennings, J. R., Sheu, L. K., Greer, P. J., Kuller, L. H., & Matthews, K. A.
(2007). Prospective reports of chronic life stress predict decreased grey matter
volume in the hippocampus. Neuroimage, 35, 795–803.

http://dx.doi.org/10.1016/j.neurobiolaging.2009.09.007
http://dx.doi.org/10.1016/j.neurobiolaging.2009.09.007


592 M.-F. Marin et al. / Neurobiology of Learning and Memory 96 (2011) 583–595
Gilbertson, M. W., Shenton, M. E., Ciszewski, A., Kasai, K., Lasko, N. B., Orr, S. P., et al.
(2002). Smaller hippocampal volume predicts pathologic vulnerability to
psychological trauma. Nature Neuroscience, 5, 1242–1247.

Giubilei, F., Patacchioli, F. R., Antonini, G., Sepe Monti, M., Tisei, P., Bastianello,
S., et al. (2001). Altered circadian cortisol secretion in Alzheimer’s disease:
Clinical and neuroradiological aspects. Journal of Neuroscience Research, 66,
262–265.

Gleicher, N., & Barad, D. H. (2007). Gender as risk factor for autoimmune diseases.
Journal of Autoimmunity, 28, 1–6.

Gold, P. W., & Chrousos, G. P. (2002). Organization of the stress system and its
dysregulation in melancholic and atypical depression: High vs. low CRH/NE
states. Molecular Psychiatry, 7, 254–275.

Goldberg, R. J., & Steury, S. (2001). Depression in the workplace: Costs and barriers
to treatment. Psychiatric Services, 52, 1639–1643.

Golier, J. A., Schmeidler, J., Legge, J., & Yehuda, R. (2006). Enhanced cortisol
suppression to dexamethasone associated with Gulf War deployment.
Psychoneuroendocrinology, 31, 1181–1189.

Goodwin, G. M. (1997). Neuropsychological and neuroimaging evidence for the
involvement of the frontal lobes in depression. Journal of Psychopharmacology,
11, 115–122.

Gotlib, I. H., Joormann, J., Minor, K. L., & Hallmayer, J. (2008). HPA axis reactivity: A
mechanism underlying the associations among 5-HTTLPR, stress, and
depression. Biological Psychiatry, 63, 847–851.

Gould, E., & Tanapat, P. (1999). Stress and hippocampal neurogenesis. Biological
Psychiatry, 46, 1472–1479.

Gould, E., Tanapat, P., Hastings, N. B., & Shors, T. J. (1999). Neurogenesis in
adulthood: A possible role in learning. Trends in Cognitive Sciences, 3, 186–
192.

Grassi-Oliveira, R., Stein, L. M., Lopes, R. P., Teixeira, A. L., & Bauer, M. E. (2008). Low
plasma brain-derived neurotrophic factor and childhood physical neglect are
associated with verbal memory impairment in major depression – A
preliminary report. Biological Psychiatry, 64, 281–285.

Greendale, G. A., Kritz-Silverstein, D., Seeman, T., & Barrett-Connor, E. (2000).
Higher basal cortisol predicts verbal memory loss in postmenopausal women:
Rancho Bernardo Study. Journal of the American Geriatrics Society, 48,
1655–1658.

Grundman, M., Petersen, R. C., Ferris, S. H., Thomas, R. G., Aisen, P. S., Bennett, D. A.,
et al. (2004). Mild cognitive impairment can be distinguished from
Alzheimer disease and normal aging for clinical trials. Archives of Neurology,
61, 59–66.

Gunnar, M. R., & Donzella, B. (2002). Social regulation of the cortisol levels in early
human development. Psychoneuroendocrinology, 27, 199–220.

Gurvits, T. V., Shenton, M. E., Hokama, H., Ohta, H., Lasko, N. B., Gilbertson, M. W.,
et al. (1996). Magnetic resonance imaging study of hippocampal volume in
chronic, combat-related posttraumatic stress disorder. Biological Psychiatry, 40,
1091–1099.

Handa, R. J., Burgess, L. H., Kerr, J. E., & O’Keefe, J. A. (1994). Gonadal steroid
hormone receptors and sex differences in the hypothalamo–pituitary–adrenal
axis. Hormones and Behavior, 28, 464–476.

Handa, R. J., Nunley, K. M., Lorens, S. A., Louie, J. P., McGivern, R. F., & Bollnow, M. R.
(1994). Androgen regulation of adrenocorticotropin and corticosterone
secretion in the male rat following novelty and foot shock stressors.
Physiology & Behavior, 55, 117–124.

Handwerger, K. (2009). Differential patterns of HPA activity and reactivity in adult
posttraumatic stress disorder and major depressive disorder. Harvard Review of
Psychiatry, 17, 184–205.

Hariri, A. R., Tessitore, A., Mattay, V. S., Fera, F., & Weinberger, D. R. (2002). The
amygdala response to emotional stimuli: a comparison of faces and scenes.
Neuroimage, 17, 317–323.

Harris, T., Brown, G. W., & Bifulco, A. (1987). Loss of parent in childhood and adult
psychiatric disorder: The role of social class position and premarital pregnancy.
Psychological Medicine, 17, 163–183.

Heider, D., Matschinger, H., Bernert, S., Alonso, J., & Angermeyer, M. C. (2006).
Relationship between parental bonding and mood disorder in six European
countries. Psychiatry Research, 143, 89–98.

Henry, G. M., Weingartner, H., & Murphy, D. L. (1973). Influence of affective states
and psychoactive drugs on verbal learning and memory. American Journal of
Psychiatry, 130, 966–971.

Herman, J. P. (1993). Regulation of adrenocorticosteroid receptor mRNA expression
in the central nervous system. Cellular and Molecular Neurobiology, 13, 349–
372.

Herman, J. P., & Cullinan, W. E. (1997). Neurocircuitry of stress: Central control of
the hypothalamo–pituitary–adrenocortical axis. Trends in Neurosciences, 20,
78–84.

Herman, J. P., Ostrander, M. M., Mueller, N. K., & Figueiredo, H. (2005). Limbic
system mechanisms of stress regulation: Hypothalamo–pituitary–
adrenocortical axis. Progress in Neuro-psychopharmacology and Biological
Psychiatry, 29, 1201–1213.

Hettema, J. M., An, S. S., Bukszar, J., van den Oord, E. J., Neale, M. C., Kendler, K. S.,
et al. (2008). Catechol-O-methyltransferase contributes to genetic susceptibility
shared among anxiety spectrum phenotypes. Biological Psychiatry, 64, 302–
310.

Hill, J., Davis, R., Byatt, M., Burnside, E., Rollinson, L., & Fear, S. (2000). Childhood
sexual abuse and affective symptoms in women: A general population study.
Psychological Med, 30, 1283–1291.
Hodgkinson, G. P., & Healey, M. P. (2008). Cognition in organizations. Annual Review
of Psychology, 59, 387–417.

Huang, C. W., Lui, C. C., Chang, W. N., Lu, C. H., Wang, Y. L., & Chang, C. C. (2009).
Elevated basal cortisol level predicts lower hippocampal volume and cognitive
decline in Alzheimer’s disease. Journal of Clinical Neuroscience, 16, 1283–
1286.

Huizenga, N. A., Koper, J. W., De Lange, P., Pols, H. A., Stolk, R. P., Burger, H., et al.
(1998). A polymorphism in the glucocorticoid receptor gene may be associated
with and increased sensitivity to glucocorticoids in vivo. Journal of Clinical
Endocrinology and Metabolism, 83, 144–151.

Huot, R. L., Plotsky, P. M., Lenox, R. H., & McNamara, R. K. (2002). Neonatal maternal
separation reduces hippocampal mossy fiber density in adult Long Evans rats.
Brain Research, 950, 52–63.

Iacovides, A., Fountoulakis, K. N., Kaprinis, S., & Kaprinis, G. (2003). The relationship
between job stress, burnout and clinical depression. Journal of Affective
Disorders, 75, 209–221.

Isaac, C. L., Cushway, D., & Jones, G. V. (2006). Is posttraumatic stress disorder
associated with specific deficits in episodic memory? Clinical Psychology Review,
26, 939–955.

Issa, A. M., Rowe, W., Gauthier, S., & Meaney, M. J. (1990). Hypothalamic–pituitary–
adrenal activity in aged, cognitively impaired and cognitively unimpaired rats.
Journal of Neuroscience, 10, 3247–3254.

Juster, R. P., McEwen, B. S., & Lupien, S. J. (2009). Allostatic load biomarkers of
chronic stress and impact on health and cognition. Neuroscience and
Biobehavioral Reviews, 35, 2–16.

Kajantie, E., & Phillips, D. I. (2006). The effects of sex and hormonal status on the
physiological response to acute psychosocial stress. Psychoneuroendocrinology,
31, 151–178.

Kalmijn, S., Launer, L. J., Stolk, R. P., de Jong, F. H., Pols, H. A., Hofman, A., et al. (1998).
A prospective study on cortisol, dehydroepiandrosterone sulfate, and cognitive
function in the elderly. Journal of Clinical Endocrinology and Metabolism, 83,
3487–3492.

Karlamangla, A. S., Singer, B. H., Chodosh, J., McEwen, B. S., & Seeman, T. E. (2005).
Urinary cortisol excretion as a predictor of incident cognitive impairment.
Neurobiology of Aging, 26(Suppl. 1), 80–84.

Kendler, K. S., Gatz, M., Gardner, C. O., & Pedersen, N. L. (2006). A Swedish national
twin study of lifetime major depression. American Journal of Psychiatry, 163,
109–114.

Kendler, K. S., Sheth, K., Gardner, C. O., & Prescott, C. A. (2002). Childhood
parental loss and risk for first-onset of major depression and alcohol
dependence: The time-decay of risk and sex differences. Psychological
Medicine, 32, 1187–1194.

Kerr, D. S., Campbell, L. W., Applegate, M. D., Brodish, A., & Landfield, P. W. (1991).
Chronic stress-induced acceleration of electrophysiologic and morphometric
biomarkers of hippocampal aging. Journal of Neuroscience, 11, 1316–
1324.

Kessler, R. C., Davis, C. G., & Kendler, K. S. (1997). Childhood adversity and adult
psychiatric disorder in the US National Comorbidity Survey. Psychological
Medicine, 27, 1101–1119.

Kessler, R. C., & Wang, P. S. (2008). The descriptive epidemiology of commonly
occurring mental disorders in the United States. Annual Review of Public Health,
29, 115–129.

Kilpatrick, D. G., Ruggiero, K. J., Acierno, R., Saunders, B. E., Resnick, H. S., & Best, C. L.
(2003). Violence and risk of PTSD, major depression, substance abuse/
dependence, and comorbidity: Results from the National Survey of
Adolescents. Journal of Consulting and Clinical Psychology, 71, 692–700.

Kirschbaum, C., Wust, S., Faig, H. G., & Hellhammer, D. H. (1992). Heritability of
cortisol responses to human corticotropin-releasing hormone, ergometry, and
psychological stress in humans. Journal of Clinical Endocrinology and Metabolism,
75, 1526–1530.

Kjelsberg, E., & Friestad, C. (2009). Exploring gender issues in the development from
conduct disorder in adolescence to criminal behaviour in adulthood.
International Journal of Law and Psychiatry, 32, 18–22.

Kohler, S., Thomas, A. J., Lloyd, A., Barber, R., Almeida, O. P., & O’Brien, J. T. (2010).
White matter hyperintensities, cortisol levels, brain atrophy and continuing
cognitive deficits in late-life depression. British Journal of Psychiatry, 196,
143–149.

Kremen, W. S., O’Brien, R. C., Panizzon, M. S., Prom-Wormley, E., Eaves, L. J., Eisen, S.
A., et al. (2010). Salivary cortisol and prefrontal cortical thickness in middle-
aged men: A twin study. Neuroimage, 53, 1093–1102.

Krishnamurthy, P., Romagni, P., Torvik, S., Gold, P. W., Charney, D. S., Detera-
Wadleigh, S., et al. (2008). Glucocorticoid receptor gene polymorphisms in
premenopausal women with major depression. Hormone and Metabolic
Research, 40, 194–198.

Kudielka, B. M., & Kirschbaum, C. (2005). Sex differences in HPA axis responses to
stress: A review. Biological Psychology, 69, 113–132.

Kumsta, R., Entringer, S., Koper, J. W., van Rossum, E. F., Hellhammer, D. H., & Wust,
S. (2007). Sex specific associations between common glucocorticoid receptor
gene variants and hypothalamus–pituitary–adrenal axis responses to
psychosocial stress. Biological Psychiatry, 62, 863–869.

Landfield, P. W., Baskin, R. K., & Pitler, T. A. (1981). Brain aging correlates
– Retardation by hormonal–pharmacological treatments. Science, 214, 581–
584.

Landfield, P. W., Waymire, J. C., & Lynch, G. (1978). Hippocampal aging and
adrenocorticoids: Quantitative correlations. Science, 202, 1098–1102.



M.-F. Marin et al. / Neurobiology of Learning and Memory 96 (2011) 583–595 593
Lee, B. K., Glass, T. A., Wand, G. S., McAtee, M. J., Bandeen-Roche, K., Bolla, K. I., et al.
(2008). Apolipoprotein e genotype, cortisol, and cognitive function in
community-dwelling older adults. American Journal of Psychiatry, 165,
1456–1464.

Lesch, K. P., & Gutknecht, L. (2005). Pharmacogenetics of the serotonin transporter.
Progress in Neuro-psychopharmacology and Biological Psychiatry, 29, 1062–
1073.

Li, G., Cherrier, M. M., Tsuang, D. W., Petrie, E. C., Colasurdo, E. A., Craft, S., et al.
(2006). Salivary cortisol and memory function in human aging. Neurobiology of
Aging, 27, 1705–1714.

Liberzon, I., Abelson, J. L., Flagel, S. B., Raz, J., & Young, E. A. (1999). Neuroendocrine
and psychophysiologic responses in PTSD: A symptom provocation study.
Neuropsychopharmacology, 21, 40–50.

Lind, K., Edman, A., Nordlund, A., Olsson, T., & Wallin, A. (2007). Increased saliva
cortisol awakening response in patients with mild cognitive impairment.
Dementia and Geriatric Cognitive Disorders, 24, 389–395.

Lord, C., Buss, C., Lupien, S. J., & Pruessner, J. C. (2008). Hippocampal volumes are
larger in postmenopausal women using estrogen therapy compared to past
users, never users and men: A possible window of opportunity effect.
Neurobiology of Aging, 29, 95–101.

Luine, V. N., Beck, K. D., Bowman, R. E., Frankfurt, M., & Maclusky, N. J. (2007).
Chronic stress and neural function: Accounting for sex and age. Journal of
Neuroendocrinology, 19, 743–751.

Lupien, S., Lecours, A. R., Lussier, I., Schwartz, G., Nair, N. P. V., & Meaney, M. J.
(1994). Basal cortisol-levels and cognitive deficits in human aging. Journal of
Neuroscience, 14, 2893–2903.

Lupien, S., Lecours, A. R., Schwartz, G., Sharma, S., Hauger, R. L., Meaney, M. J., et al.
(1996). Longitudinal study of basal cortisol levels in healthy elderly subjects:
Evidence for subgroups. Neurobiology of Aging, 17, 95–105.

Lupien, S. J., de Leon, M., de Santi, S., Convit, A., Tarshish, C., Thakur, M., et al. (1998).
Cortisol levels during human aging predict hippocampal atrophy and memory
deficits. Nature Neuroscience, 1, 69–73.

Lupien, S. J., Evans, A., Lord, C., Miles, J., Pruessner, M., Pike, B., et al. (2007).
Hippocampal volume is as variable in young as in older adults: Implications
for the notion of hippocampal atrophy in humans. Neuroimage, 34, 479–
485.

Lupien, S. J., McEwen, B. S., Gunnar, M. R., & Heim, C. (2009). Effects of stress
throughout the lifespan on the brain, behaviour and cognition. Nature Reviews
Neuroscience, 10, 434–445.

Lyons, M. J., Goldberg, J., Eisen, S. A., True, W., Tsuang, M. T., Meyer, J. M., et al.
(1993). Do genes influence exposure to trauma? A twin study of combat.
American Journal of Medical Genetics, 48, 22–27.

MacLullich, A. M., Deary, I. J., Starr, J. M., Ferguson, K. J., Wardlaw, J. M., & Seckl, J. R.
(2005). Plasma cortisol levels, brain volumes and cognition in healthy elderly
men. Psychoneuroendocrinology, 30, 505–515.

Majer, M., Nater, U. M., Lin, J. M., Capuron, L., & Reeves, W. C. (2010). Association of
childhood trauma with cognitive function in healthy adults: A pilot study. BMC
Neurology, 10, 61.

Maslach, C., Schaufeli, W. B., & Leiter, M. P. (2001). Job burnout. Annual Review of
Psychology, 52, 397–422.

May, R. C. (2007). Gender, immunity and the regulation of longevity. BioEssays, 29,
795–802.

McCarroll, J. E., Fagan, J. G., Hermsen, J. M., & Ursano, R. J. (1997). Posttraumatic
stress disorder in US Army Vietnam veterans who served in the Persian Gulf
War. Journal of Nervous and Mental Disease, 185, 682–685.

McEwen, B. (2002). Estrogen actions throughout the brain. Recent Progress in
Hormone Research, 57, 357–384.

McEwen, B. S. (2000). The neurobiology of stress: From serendipity to clinical
relevance. Brain Research, 886, 172–189.

McEwen, B. S., Biegon, A., Davis, P. G., Krey, L. C., Luine, V. N., McGinnis, M. Y., et al.
(1982). Steroid hormones: Humoral signals which alter brain cell properties and
functions. Recent Progress in Hormone Research, 38, 41–92.

McEwen, B. S., De Kloet, E. R., & Rostene, W. (1986). Adrenal steroid receptors and
actions in the nervous system. Physiological Reviews, 66, 1121–1188.

McEwen, B. S., & Stellar, E. (1993). Stress and the individual. Mechanisms leading to
disease. Archives of Internal Medicine, 153, 2093–2101.

McEwen, B. S., Weiss, J. M., & Schwartz, L. S. (1968). Selective retention of
corticosterone by limbic structures in rat brain. Nature, 220, 911–912.

McGowan, P. O., Sasaki, A., D’Alessio, A. C., Dymov, S., Labonte, B., Szyf, M., et al.
(2009). Epigenetic regulation of the glucocorticoid receptor in human brain
associates with childhood abuse. Nature Neuroscience, 12, 342–348.

McNally, R. J., English, G. E., & Lipke, H. J. (1993). Assessment of intrusive cognition
in PTSD: Use of a modified Stroop paradigm. Journal of Traumatic Stress, 6,
33–41.

Meaney, M. J. (2001). Maternal care, gene expression, and the transmission of
individual differences in stress reactivity across generations. Annual Review of
Neuroscience, 24, 1161–1192.

Meaney, M. J., Aitken, D. H., Bhatnagar, S., & Sapolsky, R. M. (1991). Postnatal
handling attenuates certain neuroendocrine, anatomical, and cognitive
dysfunctions associated with aging in female rats. Neurobiology of Aging, 12,
31–38.

Meaney, M. J., Aitken, D. H., Viau, V., Sharma, S., & Sarrieau, A. (1989). Neonatal
handling alters adrenocortical negative feedback sensitivity and hippocampal
type II glucocorticoid receptor binding in the rat. Neuroendocrinology, 50,
597–604.
Meaney, M. J., Sapolsky, R. M., & McEwen, B. S. (1985). The development of the
glucocorticoid receptor system in the rat limbic brain. II. An autoradiographic
study. Brain Research, 350, 165–168.

Meaney, M. J., & Szyf, M. (2005). Environmental programming of stress responses
through DNA methylation: Life at the interface between a dynamic
environment and a fixed genome. Dialogues in Clinical Neuroscience, 7, 103–
123.

Montaron, M. F., Drapeau, E., Dupret, D., Kitchener, P., Aurousseau, C., Le Moal, M.,
et al. (2006). Lifelong corticosterone level determines age-related decline in
neurogenesis and memory. Neurobiology of Aging, 27, 645–654.

Muller-Myhsok, B. (2005). The usefulness of single nucleotide polymorphisms
(SNPs) for genetic epidemiological investigation of complex psychiatric
diseases. Progress in Neuro-psychopharmacology and Biological Psychiatry, 29,
1017–1020.

Nyberg, L., Persson, J., & Nilsson, L. G. (2002). Individual differences in memory
enhancement by encoding enactment: Relationships to adult age and biological
factors. Neuroscience and Biobehavioral Reviews, 26, 835–839.

Nyklicek, I., & Pop, V. J. (2005). Past and familial depression predict current
symptoms of professional burnout. Journal of Affective Disorders, 88, 63–
68.

O’Donnell, D., Larocque, S., Seckl, J. R., & Meaney, M. J. (1994). Postnatal handling
alters glucocorticoid, but not mineralocorticoid messenger RNA expression in
the hippocampus of adult rats. Brain Research. Molecular Brain Research, 26,
242–248.

Oomen, C. A., Soeters, H., Audureau, N., Vermunt, L., van Hasselt, F. N., Manders, E.
M., et al. (2011). Early maternal deprivation affects dentate gyrus structure
and emotional learning in adult female rats. Psychopharmacology, 214, 249–
260.

Otte, C., McCaffery, J., Ali, S., & Whooley, M. A. (2007). Association of a serotonin
transporter polymorphism (5-HTTLPR) with depression, perceived stress, and
norepinephrine in patients with coronary disease: The Heart and Soul Study.
American Journal of Psychiatry, 164, 1379–1384.

Ouellet-Morin, I., Boivin, M., Dionne, G., Lupien, S. J., Arseneault, L., Barr, R. G., et al.
(2008). Variations in heritability of cortisol reactivity to stress as a function of
early familial adversity among 19-month-old twins. Archives of General
Psychiatry, 65, 211–218.

Panzer, A. (2008). The neuroendocrinological sequelae of stress during brain
development: The impact of child abuse and neglect. African Journal of
Psychiatry, 11, 29–34.

Paus, T. (2010). Population neuroscience: Why and how. Human Brain Mapping, 31,
891–903.

Peavy, G. M., Salmon, D. P., Jacobson, M. W., Hervey, A., Gamst, A. C., Wolfson, T.,
et al. (2009). Effects of chronic stress on memory decline in cognitively normal
and mildly impaired older adults. American Journal of Psychiatry, 166,
1384–1391.

Pechtel, P., & Pizzagalli, D. A. (2011). Effects of early life stress on cognitive and
affective function: an integrated review of human literature.
Psychopharmacology, 214, 55–70.

Peskind, E. R., Wilkinson, C. W., Petrie, E. C., Schellenberg, G. D., & Raskind, M. A.
(2001). Increased CSF cortisol in AD is a function of APOE genotype. Neurology,
56, 1094–1098.

Petersen, R. C., Smith, G. E., Waring, S. C., Ivnik, R. J., Kokmen, E., & Tangelos, E. G.
(1997). Aging, memory, and mild cognitive impairment. International
Psychogeriatrics, 9(Suppl. 1), 65–69.

Plotsky, P. M., & Meaney, M. J. (1993). Early, postnatal experience alters
hypothalamic corticotropin-releasing factor (CRF) mRNA, median eminence
CRF content and stress-induced release in adult rats. Brain Research. Molecular
Brain Research, 18, 195–200.

Popp, J., Schaper, K., Kolsch, H., Cvetanovska, G., Rommel, F., Klingmuller, D., et al.
(2009). CSF cortisol in Alzheimer’s disease and mild cognitive impairment.
Neurobiology of Aging, 30, 498–500.

Pruessner, J. C., Wolf, O. T., Hellhammer, D. H., Buske-Kirschbaum, A., von Auer, K.,
Jobst, S., et al. (1997). Free cortisol levels after awakening: A reliable biological
marker for the assessment of adrenocortical activity. Life Sciences, 61,
2539–2549.

Rabbitt, P., Diggle, P., Smith, D., Holland, F., & Mc Innes, L. (2001). Identifying and
separating the effects of practice and of cognitive ageing during a large
longitudinal study of elderly community residents. Neuropsychologia, 39,
532–543.

Rao, U., Chen, L. A., Bidesi, A. S., Shad, M. U., Thomas, M. A., & Hammen, C. L. (2010).
Hippocampal changes associated with early-life adversity and vulnerability to
depression. Biological Psychiatry, 67, 357–364.

Reul, J. M., & de Kloet, E. R. (1985). Two receptor systems for corticosterone in rat
brain: Microdistribution and differential occupation. Endocrinology, 117,
2505–2511.

Rice, C. J., Sandman, C. A., Lenjavi, M. R., & Baram, T. Z. (2008). A novel mouse model
for acute and long-lasting consequences of early life stress. Endocrinology, 149,
4892–4900.

Rubin, R. T., Mandell, A. J., & Crandall, P. H. (1966). Corticosteroid responses
to limbic stimulation in man: Localization of stimulus sites. Science, 153,
767–768.

Sanchez, M. M., Young, L. J., Plotsky, P. M., & Insel, T. R. (2000). Distribution of
corticosteroid receptors in the rhesus brain: Relative absence of glucocorticoid
receptors in the hippocampal formation. Journal of Neuroscience, 20, 4657–
4668.



594 M.-F. Marin et al. / Neurobiology of Learning and Memory 96 (2011) 583–595
Sandi, C. (2004). Stress, cognitive impairment and cell adhesion molecules. Nature
Reviews Neuroscience, 5, 917–930.

Sandi, C., Davies, H. A., Cordero, M. I., Rodriguez, J. J., Popov, V. I., & Stewart, M. G.
(2003). Rapid reversal of stress induced loss of synapses in CA3 of rat
hippocampus following water maze training. European Journal of Neuroscience,
17, 2447–2456.

Sandi, C., & Touyarot, K. (2006). Mid-life stress and cognitive deficits during early
aging in rats: Individual differences and hippocampal correlates. Neurobiology of
Aging, 27, 128–140.

Sandstrom, A., Nystrom Rhodin, I., Lundberg, M., Olsson, T., & Nyberg, L. (2005).
Impaired cognitive performance in patients with chronic burnout sysndrome.
Biological Psychology, 69, 271–279.

Santa Ana, E. J., Saladin, M. E., Back, S. E., Waldrop, A. E., Spratt, E. G., McRae, A. L.,
et al. (2006). PTSD and the HPA axis: Differences in response to the cold pressor
task among individuals with child vs. adult trauma. Psychoneuroendocrinology,
31, 501–509.

Sapolsky, R. M. (1999). Glucocorticoids, stress, and their adverse neurological
effects: Relevance to aging. Experimental Gerontology, 34, 721–732.

Sapolsky, R. M. (2000). Glucocorticoids and hippocampal atrophy in
neuropsychiatric disorders. Archives of General Psychiatry, 57, 925–935.

Sapolsky, R. M., Krey, L. C., & McEwen, B. S. (1985). Prolonged glucocorticoid
exposure reduces hippocampal neuron number: Implications for aging. Journal
of Neuroscience, 5, 1222–1227.

Sapolsky, R. M., Krey, L. C., & McEwen, B. S. (1986). The neuroendocrinology of stress
and aging: The glucocorticoid cascade hypothesis. Endocrine Reviews, 7,
284–301.

Sapolsky, R. M., Uno, H., Rebert, C. S., & Finch, C. E. (1990). Hippocampal damage
associated with prolonged glucocorticoid exposure in primates. Journal of
Neuroscience, 10, 2897–2902.

Sarrieau, A., Dussaillant, M., Sapolsky, R. M., Aitken, D. H., Olivier, A., Lal, S., et al.
(1988). Glucocorticoid binding sites in human temporal cortex. Brain Research,
442, 157–160.

Sarrieau, A., Sharma, S., & Meaney, M. J. (1988). Postnatal development and
environmental regulation of hippocampal glucocorticoid and mineralocorticoid
receptors. Brain Research, 471, 158–162.

Schaufeli, W. B., & Enzmann, D. (1998). The burnout companion to study and practice:
A critical analysis. London: Taylor & Francis.

Seckl, J. R., Dickson, K. L., Yates, C., & Fink, G. (1991). Distribution of glucocorticoid
and mineralocorticoid receptor messenger RNA expression in human
postmortem hippocampus. Brain Research, 561, 332–337.

Seeman, E., Singer, B. H., Rowe, J., Horwitz, R. I., & McEwen, B. (1997). Price of
adaptation – Allostatic load and its health consequences. Archives of Internal
Medicine, 157, 2259–2268.

Shin, L. M., Rauch, S. L., & Pitman, R. K. (2006). Amygdala, medial prefrontal cortex,
and hippocampal function in PTSD. Annals of the New York Academy of Sciences,
1071, 67–79.

Smolka, M. N., Schumann, G., Wrase, J., Grusser, S. M., Flor, H., Mann, K., et al. (2005).
Catechol-O-methyltransferase val158met genotype affects processing of
emotional stimuli in the amygdala and prefrontal cortex. Journal of
Neuroscience, 25, 836–842.

Sousa, N., Lukoyanov, N. V., Madeira, M. D., Almeida, O. F. X., & Paula-Barbosa, M. M.
(2000). Reorganization of the morphology of hippocampal neurites and
synapses after stress-induced damage correlates with behavioral
improvement. Neuroscience, 101, 483.

Souza-Talarico, J. N., Chaves, E. C., Lupien, S. J., Nitrini, R., & Caramelli, P. (2010).
Relationship between cortisol levels and memory performance may be
modulated by the presence or absence of cognitive impairment: Evidence
from Healthy elderly, mild cognitive impairment and Alzheimer’s disease
subjects. Journal of Alzheimer’s Disease, 19, 839–848.

Spada, R. S., Cento, R. M., Proto, C., Cosentino, F. I., Ferri, R., Iero, I., et al. (2002).
Twenty-four-hour urinary cortisol levels in Alzheimer disease and in mild
cognitive impairment. Journal of Endocrinological Investigation, 25, 78–80.

Squire, L. R., Knowlton, B., & Musen, G. (1993). The structure and organization of
memory. Annual Review of Psychology, 44, 453–495.

Stein, M. B., Koverola, C., Hanna, C., Torchia, M. G., & McClarty, B. (1997).
Hippocampal volume in women victimized by childhood sexual abuse.
Psychological Medicine, 27, 951–959.

Steptoe, A., van Jaarsveld, C. H., Semmler, C., Plomin, R., & Wardle, J. (2009).
Heritability of daytime cortisol levels and cortisol reactivity in children.
Psychoneuroendocrinology, 34, 273–280.

Sternberg, D. E., & Jarvik, M. E. (1976). Memory functions in depression. Archives of
General Psychiatry, 33, 219–224.

Stevenson, C. W., Spicer, C. H., Mason, R., & Marsden, C. A. (2009). Early life
programming of fear conditioning and extinction in adult male rats. Behavioural
Brain Research, 205, 505–510.

Stewart, W. F., Ricci, J. A., Chee, E., Hahn, S. R., & Morganstein, D. (2003). Cost of lost
productive work time among US workers with depression. Journal of the
American Medical Association, 289, 3135–3144.

Stromgren, L. S. (1977). The influence of depression on memory. Acta Psychiatrica
Scandinavica, 56, 109–128.

Sullivan, P. F., Neale, M. C., & Kendler, K. S. (2000). Genetic epidemiology of major
depression: Review and meta-analysis. American Journal of Psychiatry, 157,
1552–1562.

Swanwick, G. R., Coen, R. F., Walsh, J. B., Coakley, D., & Lawlor, B. A. (1996). The
predictive value of hypothalamic–pituitary–adrenal axis dysfunction in
Alzheimer’s disease. Biological Psychiatry, 39, 976–978.
Taylor, S. E., Repetti, R. L., & Seeman, T. (1997). Health psychology: What is an
unhealthy environment and how does it get under the skin? Annual Review of
Psychology, 48, 411–447.

Tennant, C. (2001). Work-related stress and depressive disorders. Journal of
Psychosomatic Research, 51, 697–704.

Terburg, D., Morgan, B., & van Honk, J. (2009). The testosterone-cortisol ratio: A
hormonal marker for proneness to social aggression. International Journal of Law
and Psychiatry, 32, 216–223.

Touyarot, K., Venero, C., & Sandi, C. (2004). Spatial learning impairment induced by
chronic stress is related to individual differences in novelty reactivity: Search
for neurobiological correlates. Psychoneuroendocrinology, 29, 290–305.

True, W. R., Rice, J., Eisen, S. A., Heath, A. C., Goldberg, J., Lyons, M. J., et al. (1993). A
twin study of genetic and environmental contributions to liability for
posttraumatic stress symptoms. Archives of General Psychiatry, 50, 257–264.

Umegaki, H., Ikari, H., Nakahata, H., Endo, H., Suzuki, Y., Ogawa, O., et al. (2000).
Plasma cortisol levels in elderly female subjects with Alzheimer’s disease: A
cross-sectional and longitudinal study. Brain Research, 881, 241–243.

van der Linden, D., Keijsers, G. P., Eling, P., & van Schaijk, R. (2005). Work stress and
attentional difficulties: An initial study on burnout and cognitive failures. Work
& Stress, 19, 23–36.

van Harmelen, A. L., van Tol, M. J., van der Wee, N. J., Veltman, D. J., Aleman, A.,
Spinhoven, P., et al. (2010). Reduced medial prefrontal cortex volume in adults
reporting childhood emotional maltreatment. Biological Psychiatry, 68, 832–
838.

van Rossum, E. F., Binder, E. B., Majer, M., Koper, J. W., Ising, M., Modell, S., et al.
(2006). Polymorphisms of the glucocorticoid receptor gene and major
depression. Biological Psychiatry, 59, 681–688.

van Rossum, E. F., de Jong, F. J., Koper, J. W., Uitterlinden, A. G., Prins, N. D., van Dijk,
E. J., et al. (2008). Glucocorticoid receptor variant and risk of dementia and
white matter lesions. Neurobiology of Aging, 29, 716–723.

van Rossum, E. F., Koper, J. W., Huizenga, N. A., Uitterlinden, A. G., Janssen, J. A.,
Brinkmann, A. O., et al. (2002). A polymorphism in the glucocorticoid receptor
gene, which decreases sensitivity to glucocorticoids in vivo, is associated with
low insulin and cholesterol levels. Diabetes, 51, 3128–3134.

van Rossum, E. F., Koper, J. W., van den Beld, A. W., Uitterlinden, A. G., Arp, P., Ester,
W., et al. (2003). Identification of the BclI polymorphism in the glucocorticoid
receptor gene: Association with sensitivity to glucocorticoids in vivo and body
mass index. Clinical Endocrinology, 59, 585–592.

van Rossum, E. F., & Lamberts, S. W. (2004). Polymorphisms in the glucocorticoid
receptor gene and their associations with metabolic parameters and body
composition. Recent Progress in Hormone Research, 59, 333–357.

Viau, V., Sharma, S., Plotsky, P. M., & Meaney, M. J. (1993). Increased plasma ACTH
responses to stress in nonhandled compared with handled rats require basal
levels of corticosterone and are associated with increased levels of ACTH
secretagogues in the median eminence. Journal of Neuroscience, 13, 1097–
1105.

Vinberg, M., Bennike, B., Kyvik, K. O., Andersen, P. K., & Kessing, L. V. (2008). Salivary
cortisol in unaffected twins discordant for affective disorder. Psychiatry
Research, 161, 292–301.

Vinberg, M., Mortensen, E. L., Kyvik, K. O., & Kessing, L. V. (2007). Personality traits
in unaffected twins discordant for affective disorder. Acta Psychiatrica
Scandinavica, 115, 442–450.

Vinberg, M., Trajkovska, V., Bennike, B., Knorr, U., Knudsen, G. M., & Kessing, L. V. (2009).
The BDNF Val66Met polymorphism: Relation to familiar risk of affective
disorder, BDNF levels and salivary cortisol. Psychoneuroendocrinology, 34,
1380–1389.

Way, B. M., & Taylor, S. E. (2010). The serotonin transporter promoter
polymorphism is associated with cortisol response to psychosocial stress.
Biological Psychiatry, 67, 487–492.

Weaver, I. C., Diorio, J., Seckl, J. R., Szyf, M., & Meaney, M. J. (2004). Early
environmental regulation of hippocampal glucocorticoid receptor gene
expression: Characterization of intracellular mediators and potential genomic
target sites. Annals of the New York Academy of Sciences, 1024, 182–212.

Weiner, M. F., Vobach, S., Olsson, K., Svetlik, D., & Risser, R. C. (1997). Cortisol
secretion and Alzheimer’s disease progression. Biological Psychiatry, 42,
1030–1038.

West, M. J. (1999). Stereological methods for estimating the total number of
neurons and synapses: Issues of precision and bias. Trends in Neurosciences, 22,
51–61.

Wolf, O. T., Convit, A., Thorn, E., & de Leon, M. J. (2002). Salivary cortisol day profiles
in elderly with mild cognitive impairment. Psychoneuroendocrinology, 27,
777–789.

Woolley, C. S., Gould, E., & Mcewen, B. S. (1990). Exposure to excess glucocorticoids
alters dendritic morphology of adult hippocampal pyramidal neurons. Brain
Research, 531, 225–231.

Wu, T., Snieder, H., & de Geus, E. (2010). Genetic influences on cardiovascular stress
reactivity. Neuroscience and Biobehavioral Reviews, 35, 56–68.

Yavich, L., Forsberg, M. M., Karayiorgou, M., Gogos, J. A., & Mannisto, P. T. (2007).
Site-specific role of catechol-O-methyltransferase in dopamine overflow
within prefrontal cortex and dorsal striatum. Journal of Neuroscience, 27,
10196–10209.

Yehuda, R., Southwick, S. M., & Giller, E. L. Jr., (1992). Exposure to atrocities and
severity of chronic posttraumatic stress disorder in Vietnam combat veterans.
American Journal of Psychiatry, 149, 333–336.

Young, E. A. (1998). Sex differences and the HPA axis: Implications for psychiatric
disease. Journal of Gender-Specific Medicine, 1, 21–27.



M.-F. Marin et al. / Neurobiology of Learning and Memory 96 (2011) 583–595 595
Young, E. A., Altemus, M., Parkison, V., & Shastry, S. (2001). Effects of estrogen
antagonists and agonists on the ACTH response to restraint stress in female rats.
Neuropsychopharmacology, 25, 881–891.

Zobel, A., Jessen, F., von Widdern, O., Schuhmacher, A., Hofels, S., Metten, M., et al.
(2008). Unipolar depression and hippocampal volume: Impact of DNA sequence
variants of the glucocorticoid receptor gene. American Journal of Medical
Genetics. Part B, Neuropsychiatric Genetics, 147B, 836–843.

Zubieta, J. K., Heitzeg, M. M., Smith, Y. R., Bueller, J. A., Xu, K., Xu, Y., et al. (2003).
COMT val158met genotype affects mu-opioid neurotransmitter responses to a
pain stressor. Science, 299, 1240–1243.


	Chronic stress, cognitive functioning and mental health
	Introduction
	Normal and pathological aging: could chronic stress be an important player?
	Normal aging
	Pathological aging

	Beyond aging: chronic stress at work and following trauma exposure
	Depression and burnout in the workplace
	Post-traumatic stress disorder

	Beyond diagnostic criteria: the individual’s history
	Sex and sex hormones
	Early life adversity and risk for psychopathology
	Genetics

	Conclusion
	Disclosure statement
	Role of funding source
	Acknowledgment
	References


