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Corticosteroids secreted as end product of the hypothalamic-pituitary-adrenal axis act like a double-edged sword in the brain. The hormones coordinate appraisal processes and decision making
during the initial phase of a stressful experience and promote subsequently cognitive performance
underlying the management of stress adaptation. This action exerted by the steroids on the initiation and termination of the stress response is mediated by 2 related receptor systems: mineralocorticoid receptors (MRs) and glucocorticoid receptors (GRs). The receptor types are unevenly
distributed but colocalized in abundance in neurons of the limbic brain to enable these complementary hormone actions. This contribution starts from a historical perspective with the observation that phasic occupancy of GR during ultradian rhythmicity is needed to maintain responsiveness to corticosteroids. Then, during stress, initially MR activation enhances excitability of
limbic networks that are engaged in appraisal and emotion regulation. Next, the rising hormone
concentration occupies GR, resulting in reallocation of energy to limbic-cortical circuits with a role
in behavioral adaptation and memory storage. Upon MR:GR imbalance, dysregulation of the
hypothalamic-pituitary-adrenal axis occurs, which can enhance an individual’s vulnerability. Imbalance is characteristic for chronic stress experience and depression but also occurs during exposure to synthetic glucocorticoids. Hence, glucocorticoid psychopathology may develop in susceptible individuals because of suppression of ultradian/circadian rhythmicity and depletion of
endogenous corticosterone from brain MR. This knowledge generated from testing the balance
hypothesis can be translated to a rational glucocorticoid therapy. (Endocrinology 155: 2754 –2769,
2014)

F

acing the enormous amount of data generated today by
the genomic revolution and real-time imaging technology, where do you start to examine century-old questions
such as: What is stress? Does stress cause disease? Is there
a future for medicine targeting stress regulation? (Table 1).
My research concerning these questions started more
than 40 years ago, and I was thrilled when the first
results were selected for presentation at the 1974 edition of The Endocrine Society Meeting in Atlanta. The
Symposium was held just before closure of the meeting,
and my talk was about the brain glucocorticoid receptors that had been discovered a few years before by

Bruce McEwen (1). Besides the chairman and the 3 other
speakers, there was 1 other attendant, who fired a
snappy question in Franglais which I unfortunately did
not understand, not even after the third time it was
repeated. The chairman then said: “The question was:
did you also study the binding of aldosterone? And your
answer is: No.” He then proceeded to announce the next
speaker leaving me somewhat “lost in translation.” But
the question about aldosterone binding was highly relevant, because at the time, our notion was that in the
hippocampal brain region, more than 1 population of
corticosteroid-binding sites coexists, which are now
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Definitions

Stress is a state of tension that reflects not so much what happens but rather how one takes it. Selye (184) defined stress as “a
state of non-specific tension in living matter, which manifests itself by tangible morphologic changes in various organs and
particularly in the endocrine glands which are under anterior pituitary control.” A stressor is defined as any stimulus that
disrupts cellular “homeostasis” (185) or, on the organismic level, as “a real or interpreted threat to the physiological and
psychological integrity” (186, 187). Others restrict stress “to conditions where an environmental demand exceeds the regulatory
and adaptive capacity of an organism, in particular in case of unpredictability and uncontrollability” (188, 189).
Most stressful is no information, no control, and no prediction of upcoming events with an uncertain feeling of real or imagined
threat. A safe place, social context, and self-esteem help to cope with this severe stressful psychological condition (190, 191).
The stress response indicates the physiological and behavioral adaptations to the stressor. Selye distinguished “specific” responses
to deal directly with cellular homeostatic disturbances from organism-wide “non-specific” responses. In retrospect, nonspecific
is a misnomer for the central, autonomic, hormonal, immune, and metabolic systems that have the capacity to coordinate and
integrate the organism’s defense reactions to the stressor. To maintain cellular homeostasis, Cannon (185) proposed that “it is
the relative stability, despite environmental fluctuations, of those tissue parameters that are critical for cell survival, e.g. nutrient
availability, oxygen availability, temperature, pH and ion concentrations.” As argued by Day (192), “Cannon also mentioned that
other parameters that stayed within a normal range at rest, would lead in case of ’emotional excitement’ to ’anticipatory’
increases in e.g. blood sugar, blood pressure and heart rate that ’put the organism in readiness for meeting the demands which
will be made upon it.”
Neuroendocrinology. Harris and Jacobsohn demonstrated that such environmental demands trigger neuroendocrine secretions via
the brain by using “a common final pathway,” the median eminence-portal vessel-anterior pituitary route (193). Because the
very same hypothalamic and pituitary peptides that stimulated endocrine secretions also carry potent neurotrophic and
behavioral activity, De Wied coined the term neuropeptides in the early seventies (194). The Nobel prize for the discovery of
the releasing factors was awarded to Guillemin, Schally, and Yalow (195) in 1977. Vale (196, 197) discovered the structure of
the CRF-family of peptides.
Allostasis and allostatic load. To study the role of stress in all aspects of life the allostasis concept was introduced (179): “The
concept of allostasis, i.e. maintaining stability through change, describes a fundamental process through which organisms
actively adjust to both predictable and unpredictable events. Allostatic load refers to the cumulative cost to the body of
allostasis, with allostatic overload being a state in which serious pathophysiology can occur.”
Stress concept. With the above considerations in mind, the late Seymour Levine (198) stated a practical concept of operation:
“stress is a composite, multidimensional construct, in which three components interact: (i) the input, when the stressor is
perceived and appraised, (ii) the processing of stressful information and (iii) the output or stress response. The three components
interact via complex self-regulating feedforward and feedback loops with the goal to restore homeostasis through behavioral
and physiological adaptations.”

known as mineralocorticoid receptors (MRs) and glucocorticoid receptors (GRs) (2, 3).
In this contribution, I will highlight how the function of
this dual corticosteroid receptor system has influenced the
neuroendocrinology of stress. I will do this in a historical
perspective from the identification of both receptor types
to their complementary mode of operation during coping
with stress (4 –7). Two phases in the acute stress reaction
can be distinguished through the combination of evidence
from the cellular and systems level with functional magnetic resonance imaging-based network analysis of the human brain (8). Thus, during stress exposure, energy resources that initially support a salience network
underlying vigilance, selective attention, and emotional
reactivity are reallocated to neuronal networks underlying
executive cognitive control (8). I will conclude with recent
data demonstrating that the effect of acute corticosteroid
exposure changes dramatically after a history of chronic
stress and argue that the knowledge of the dual MR:GR
system can be exploited for a rational glucocorticoid
therapy.

This contribution is written in the awareness that an
acute stressor can activate within seconds the sympathetic
nervous system and the hypothalamic-pituitary-adrenal
(HPA) axis, the latter via a cascade of peptidergic secretions from the paraventricular (PVN) parvocellular corticotropin-releasing factor (CRF) neurons and the anterior
pituitary pro-opiomelanocortin-producing-producing corticotrophs that release ACTH to stimulate the adrenocortical
secretion of corticosteroid hormones. The HPA axis operates
as a closed feedback loop to maintain a given setpoint in
circulating corticosterone (B) or cortisol (F) concentrations,
ie, the corticostat (9, 10).
In response to a stressor, B and F usually reach a peak
in circulating concentrations after 15–30 minutes and return to baseline levels an hour later. Based on this temporal
aspect, Sapolsky et al (11) classified the function of corticosteroid actions during acute stress reactions as permissive, stimulatory, or suppressive with the potential to determine the outcome of a subsequent stressor. This elegant
analysis had its foundations in Munck’s original view (12)
that the late secretion of corticosteroids serves to limit the
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tissues. We observed that 3H-dex
and 3H-F were poorly retained in cell
nuclei of the hippocampus, in contrast to the strikingly high retention
of 3H-B. In contrast, 3H-dex accumulated in pituitary corticotrophs,
its preferential site of action in the
suppression of stress-induced HPA
axis activity (Figure 1) (2, 3). So there
had to be different populations of receptor sites for the corticosteroids in
brain and pituitary, a conclusion
that was also reached by Rotsztejn
after measuring available binding
sites in the hippocampus of ADX animals that had received graded doses
of B (14).
Meanwhile, also for the mineralo3
3
corticoid aldosterone were high afFigure 1. Nuclear retention of H-corticosterone and H-dex in purified cell nuclei of
hippocampus (Hippo), hypothalamus (Hypo), and anterior pituitary at various time intervals after
finity binding sites identified in hipadministration in tracer doses to ADX rats. Cort, corticosterone. Reprinted from de Kloet et al (2).
pocampus resembling those present
in the kidney (15, 16). Furthermore,
Moguilevski from Roussel Uclaf eximpact of acute stress reactions and to prevent them from
perimented
with
the
pure glucocorticoid RU26988 and
becoming overactive and damaging, a concept that is
showed
that
after
its
inclusion
in cytosol, a population of
translated here to the endocrinology of the brain. Or as
binding
sites
remained
that
had
not only very high affinity
Marius Tausk (1952) in The Netherlands metaphorically
stated: “glucocorticoids are required to limit the water for aldosterone but surprisingly also bound B (17–19). In
addition, aldosterone rather than dex could prevent the
damage caused by the fire brigade.”
cell nuclear retention of 3H-B in vivo in the hippocampus
(20, 21). These findings suggested that B, like aldosterone,
can bind to MR but also, like dex, to GR.
Discovery of Brain Corticosteroid
In 1985, Gustafsson and Fuxe (22) presented the first
Receptors
immunocytochemistry of GR, but unlike the high 3H-B
December 1, 1968 marked the day I started my PhD re- retention, the hippocampal cornu ammonis 3 had very low
search. The day before, on November 30, Bruce McEwen expression of immunoreactive-GR. We then realized that,
had published in Nature the remarkable finding that tracer because the binding affinity of B to GR was 10-fold lower
amounts of 3H-B were not retained in the hypothalamus than to MR, the tracer amounts of 3H-B were too low for
and pituitary but rather in cell nuclei of higher limbic brain labeling GR in vivo but sufficient for MR. The nuclear
regions (1). This was remarkable, because at the time, localization of GR required the high circulating B levels
neuroendocrine wisdom dictated that receptors for B that are attained after stress and at the circadian/ultradian
would be expected in the core of the HPA axis. Inspired by peaks (Figure 2) (23). The issue was settled by Evans and
McEwen’s discovery, we decided to use the much more coworkers (24), who, after cloning MR and GR, revealed
potent synthetic glucocorticoid dexamethasone (dex) for their 94% homology in the DNA-binding domain. MR
uptake studies in the rat brain. However, despite 3 years and GR were proposed to mediate steroid control of overof experimentation, we were unable to find dex accumu- lapping gene networks in binary fashion (25).
lation in the hippocampus (13). The quest was to discover
The first step in steroid receptor activation involves the
why.
reorganization of a cytoplasmic multimeric protein comIn 1973, while working as a postdoc in the McEwen lab plex and the formation of receptor homodimers that transat The Rockefeller University, we compared using adre- locate to the nucleus for transactivation, whereas mononalectomized (ADX) rats in vitro and in vivo the binding mers can interact with a variety of transcription factors
of 3H-labeled steroids to soluble receptor proteins and in resulting in transrepression (26). Using fluorescence resvivo the retention in a purified cell nuclear fraction of these onance energy transfer imaging of MR and GR labeled
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Figure 2. Bioavailability of MR and GR in postmortem hippocampus
cytosol of ADX rats at increasing concentrations of circulating
corticosterone. MR is determined by Woolf analysis of 3H-corticosterone binding in the presence of a 100-fold excess of the pure
glucocorticoid RU26988. GR is determined by Woolf analysis of 3HRU28362 binding, also a pure glucocorticoid. Data are expressed as %
of maximal binding capacity determined in ADX animals (100%). The
Bmax of MR and GR is 164.8 and 396.1 fmol/mg protein, respectively.
Reprinted from Reul and de Kloet (23).
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Heterodimerization is thought to enhance the diversity of
corticosteroid actions.
Using confocal microscopy, the colocalization of fluorescent MR and GR in rat hippocampus was observed in distinct domains of chromatin (28). A recent study using chromatin-immunoprecipitation combined with parallel DNA
sequencing revealed different ratios of MR and GR binding
to DNA that can be altered by the concentration of B (Figure
3) (29). One class likely represents genes implicated in circadian processes, such as Per1. Another class was found to
respond only to B concentrations occurring during the circadian peak or after stress (29). In microarray analysis, indeed, a few percent of the hippocampal genome appeared
responsive to MR:GR activation in distinct and partly
overlapping gene networks. An inventory of responsive
genes is available (30, 31).

Specificity of MR and GR

But why does brain MR respond to B, while the kidney
MR responds selectively to aldosterone in the regulation
of sodium homeostasis? In 1988, 2 studies pointed to 11␤with different fluorescent proteins, heterodimerization hydroxysteroid dehydrogenase type 2 (11␤HSD-2) as an
was demonstrated. The data showed that at low cortico- enzyme capable in kidney epithelial cells of inactivating
steroid concentrations, MR forms homodimers, whereas F and B but not aldosterone (32, 33). The conversion
at higher concentrations mimicking stressful conditions, was blocked by glycerrhetinic acid present in licorice
the formation of MR:GR heterodimers is promoted (27). enabling the kidney MR to retain tracer 3H-B, explaining the role of 11␤HSD-2 in hypertension (34). Funder and Myles
(35) argued, however, that the capacity of 11␤HSD-2 was perhaps
insufficient to clean the cell of
the 100- to 1000-fold excess of bioactive B or F and suggested that
the NADH generated by the dehydrogenase additionally caused a redox state unfavorable for MR
activation.
The iso-enzyme 11␤HSD-1 with
cofactor NADPH is widely expressed in neurons and glial cells and
serves to regenerate bioactive B and F
from their inactive congeners. ParFigure 3. To identify GR binding sites (GBSs) on DNA, corticosterone was administered ip in a
ticularly during aging, the ensuing
high dose of 3000 g/kg to ADX rats, and after 1 hour, the chromatin-receptor complexes of the
hippocampus were precipitated with GR antibodies and the generated DNA fragments subjected
intracellular corticosteroids are a
to next-generation sequencing (ChIP-Seq). Using this procedure, 2470 significant genomic GBSs
concern for causing damage and cogwere identified at a 13% false discovery rate cutoff. A, Distribution of GBS relative to the nearest
nitive decline. Seckl and coworkers
gene, resulting in regions that lie within or outside genes. The black bar represents a gene,
showing that 39% of the GBSs are located within genes. The GBSs that are located up or
(36) managed to protect the aged
downstream from the nearest gene are divided into 3 bins: within 10 kb, between 10 and 100
brain from exposure to excess B
kb, and more than 100 kb from a gene. B, Pie chart showing the location of intragenic GBS
by genetic deletion or blockade of
within annotated RefSeq genes, divided into 3⬘ and 5⬘-untranslated regions, intron, exon, intron/
exon overlap. Reprinted from Polman et al (29).
11␤HSD-1, a finding that may even-
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Figure 4. Multidrug resistance Pgp hampers penetration of exogenous cortisol, but not
endogenous corticosterone, in mouse brain. Representative autoradiograms of 12-m coronal
sections of the brain of wild-type (A and C) and mdr1a⫺/⫺ mice (B and D) at hippocampus level.
Autoradiograms show labeling with 3H-cortisol (A and B) or 3H-corticosterone (C and D)
administered to ADX mice. Note the pituitary mounted on top of the brain. The dark spots in A
represent transverse sectioning of the cerebroventricular space and adjacent ventricular walls. A
similar pattern as cortisol in wild types and mutants is demonstrated with the synthetic
glucocorticoids, such as dex (39). Reprinted from Karssen et al (199).

tually lead to a neuropharmaceutical intervention strategy
to manage unwanted effects of cellular hypercortisolemia
(37).
But why was the high affinity of dex to GR not been
reflected in a distinct cell nuclear retention pattern in the
brain as we observed in pituitary corticotrophs? This mystery was solved when it was discovered that dex is a substrate for the multidrug resistance P-glycoprotein (Pgp)
transporter (38). We found that a tracer 3H-dex, administered to mice with a genetic deletion of Pgp, showed a
pattern of cell nuclear labeling that was reminiscent of the
immunocytochemical distribution of GR (Figure 4) (39).
This finding has had important implications. Because dex
inhibits HPA axis activity, the level of circulating B will be
very low, leading to depletion of the steroid from brain
MR and GR, a condition we termed chemical ADX (2, 3).
Moreover, because dex poorly penetrates the blood-brainbarrier the few dex molecules that can enter will occupy
GR rather than MR. Hence, dex treatment produces a
condition of severe MR:GR imbalance, because MR becomes unoccupied.
The preferential targeting of the pituitary corticotrophs
is fundamental for the dex suppression test launched by
Carroll in the early 1970s (40) and Holsboer’s more refined dex-CRF test (41). In their book Endocrine Psychiatry: Solving the Riddle of Melancholia, Shorter and Fink
give an in-depth account of the rise and fall of the dex
suppression test in endocrine psychiatry (42).

Thus, the GR is expressed ubiquitously in neurons and glial cells
with highest concentration in the
PVN, hippocampus, amygdala, cortical regions, and the ascending
aminergic neurons. The MR occupied by F or B has a more restricted
distribution with highest expression
in limbic structures, ie, hippocampus, lateral septum, amygdala, and
in discrete sensory and motor neurons (25, 43– 45). The distribution of
aldosterone-selective neurons expressing 11␤HSD-2 is limited to
periventricular areas and the brain
stem nucleus tractus solitarii (46),
areas that are involved in salt appetite, osmotic control, and volume
regulation (47, 48).

Ultradian and Circadian
Rhythms

B and F display, under basal conditions, an hourly ultradian rhythm, and pulses have their largest amplitude at the
start of circadian activity. This is known for several decades (49), but in recent years, Lightman et al (50) have
explored its implications in more depth. The pulse pattern
seems an intrinsic property of the pituitary-adrenal axis,
because oscillations are triggered in any system with a
feedback delay (51). The pulse patterns in blood are reflected by oscillations of free B in sc fat and brain (52). The
stress response is superimposed on the ultradian rhythm
and appears most pronounced when occurring during the
ascending arm of the hourly pulse (53). The implication of
the hourly B pulses for MR and GR is as follows.
First, the affinity to B is high enough to keep MR in the
nucleus over the interpulse interval (54). The mostly nuclear localization is thought to contribute to B’s role in
maintaining the tone or threshold of HPA axis activity (4).
Supporting evidence for this view came from the replacement of ADX animals with graded doses of B (55) and after
administration of an MR antagonist (56).
Second, the pulsatility is needed to maintain responsiveness to the circulating corticosteroids (54, 57), as is
reflected in the nuclear dynamics of GR, which translocates to the nucleus in parallel with the ultradian rhythm
of B (57). Such a mechanism of gene pulsing warrants
rapid responding to changing B levels, and indeed, we
found desensitization of physiological regulations and be-
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havioral responses upon exposure to stable rather than
pulsatile B concentrations (54).
Third, the amplitude and frequency of the pulses can
change during stressful and disease conditions. Aging is
characterized by the disappearance of the pulsatile pattern, whereas pulsatility is completely suppressed by synthetic glucocorticoids. In contrast, chronic exposure of the
brain to antiglucocorticoids actually enhances the amplitude of circadian B oscillations (58).

Stress Response and Negative Feedback
Ingle (1938) discovered that corticosteroids can exert a
negative feedback action in the HPA axis (59). Where and
how this negative feedback is exerted has been the focus of
decades of research. Recently, Schmidt et al (60) examined
HPA axis activity of mice carrying a conditional knockout
of the GR gene specifically targeted at the pituitary corticotrophs. Surprisingly, in adulthood, the HPA axis activity and circulating B levels in the pituitary GR(⫺/⫺)
mutant were not different from their intact controls. This
suggests that a pituitary feedback site of B is less prominent
in adult HPA axis regulation, possibly because corticosteroid binding globulin (CBG) present in pituitary prevents
B from reaching GR (61– 63). Dex does not bind to CBG
and can bind to pituitary GR to exert potent inhibition of
HPA axis activity (13, 64).
In the mouse PVN parvocellular neurons, the deletion
of GR-exon 3 caused a profound (87%) reduction of immunoreactive-GR expression. In contrast to the pituitary
GR(⫺/⫺), these PVN GR(⫺/⫺) showed in adulthood elevated ACTH and B levels during the circadian peak and
in response to a restraint stressor (65). The mutants were
also resistant to dex suppression. One reason for this resistance may be the deletion of GR feedback site in the
PVN. Alternatively, dex acting in the pituitary might not
have overcome the strong hypothalamic drive for ACTH
release, an issue that can be resolved by a dex dose-response study. The PVN GR mutants did not display an
anxiety or depressed phenotype despite their high circulating B.
Although the mutant study points to the PVN as a primary feedback site for B, a recent study using ChIP failed
to show binding of GR near the Crf-promoter, whereas phosphorylated cyclic AMP response element-binding protein
(CREB) did bind (66). In cultured hypothalamic IVB cells,
dex treatment induced association of GR with histone
deacetylase 1 and methyl CpG binding protein and increased
the occupancy of the Crf-promoter by these proteins and
DNA-methyltransferase 3b (67). In accordance with these
findings, dex treatment increased promoter methylation at
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specific CpG sites and histone 3-lysine 9 residues, which can
subsequently repress CRF transcription. Furthermore, in a
chronic social stress paradigm, demethylation of the DNACREB-binding sites was found associated with enhanced
CRF transcription but only in those animals that also showed
social avoidance to an unfamiliar mouse. These studies by
Elliott et al (68) convincingly demonstrated that epigenetic
regulation of CRF expression may be a primary molecular
mechanism underlying stress-induced neuroendocrine
changes.
These recent data provide support for the concept of complementary levels of corticosteroid feedback. First, fast ratesensitive feedback operating within minutes (69 –72). Second, an intermediate feedback mechanism taking 30 minutes
to a few hours involving an action of corticosteroids on afferent pathways that project to the PVN (71, 73). Third, a
slow- and long-lasting feedback that seems more concerned
with regulation of the HPA axis setpoint involving recruitment of methyltransferases and histone (de)acetylases by corticosteroids in the PVN (67, 68), and possibly also elsewhere
in the brain (74 –76). Fourth, a putative emergency brake at
the pituitary level, which is a target for high B levels exceeding
CBG capacity as well as dex (Figure 5) (13, 60).

MR:GR Balance Hypothesis
The MR:GR balance hypothesis predicts that “upon imbalance in MR:GR regulated downstream limbic-cortical
signaling pathways the initiation and termination of the
stress response is compromised. This may lead to a condition of HPA axis dysregulation and impaired behavioral
adaptation, which can enhance susceptibility to stress-related neurodegeneration and mental disorders” (5–7, 77).
In this hypothesis, MR and GR operate in complementary fashion in control of adaptation to environmental
demands: MR, GR, and their downstream partners not
necessarily are in fixed equilibrium but may change in
response to environmental demands. Stress immediately
activates the central and peripheral components of the
sympathetic nervous system. In this context, activated MR
modulates in limbic structures appraisal processes and
retrieval of stored information that is at the root of
taking decisions in crucial questions underlying the onset of a stress and emotional reactions, such as: is this
individual a friend or a foe? is this situation a threat or
will it provide a benefit? GR is involved in the redistribution of energy resources towards limbic-cortical networks underlying the management of later adaptations,
which collectively signal the off-button of the stress reaction (Figure 6) (7, 8, 78).
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lateral amygdala achieved by metaplasticity involving cooperation of
MR- and GR-mediated cellular
mechanism is in line with the prominent role of these circuits in encoding emotional experience (94, 95).
Subsequently, at a later time with
higher B concentrations and GR activation, the raise in excitability is
suppressed, whereas resources are
shifted to elsewhere in limbic and
frontal cortex regions to promote
higher cognitive and executive functions. The fast and slow effects that
redistribute energy from circuits underlying attention and vigilance to
learning and memory processes are
crucial for adaptation to stress (8,
78, 80, 81, 96).
There is an enormous diversity in
Figure 5. Schematic view of B (rodent), F (man), and Dex action in brain. The effects of B and F
molecular
changes occurring after
are mediated in complementary fashion by MR and GR in various brain circuits. First governed by
stimulation
of MR and/or GR in the
MR rapidly in limbic circuits involved in vigilance, appraisal, and emotion regulation and next with
rising hormone concentrations via GR in limbic-cortical regions involved in reward- or fearvarious circuits innervating the
motivated behavior and cognitive performance. B and F also exert a rapid feedback actions on an
PVN, whereas over time, B drives
inhibitory network surrounding the PVN. The actions in the PVN rather is involved in setpoint
waves of genomic responses (97).
regulation. Dex poorly penetrates the brain and targets the pituitary to suppress stress-induced
HPA axis activity and thus B/F secretion from the adrenals. As a consequence, dex suppresses the
These actions exerted by B proceed
ultradian and circadian rhythms and depletes in particular the brain MR of endogenous hormone
in concert with the other stress meand alters the MR:GR balance. During repeated exposure to stressors, the MR:GR balance may
diators that each operate in their
change and, thus, the balance between emotion and executive functions, with consequence for
own domain of time, space, and conmental health (based on data from Refs. 2, 8, 23, 39, 56, 65–72, 82, 83, 86, 93, 101, 104, 117).
text (79 – 81). However, as a horFundamental for the hypothesis are the cellular re- monal signal, B’s action is aimed primarily at coordinating
sponse patterns to steroid exposure documented by Joëls these diverse molecular changes and cellular responses to
et al (79 – 81). Key is the discovery of the membrane vari- environmental input. Moreover, B has the capacity to inant of MR that rapidly enhances excitatory transmission tegrate these molecular and cellular mechanisms over time
by a nongenomic mechanism stimulating the presynaptic by tuning rapid membrane responses and slow genomic
release of glutamate (81– 84), whereas via GR, glutamate
regulations (80) with the ultimate goal of maintaining celrelease and excitation is suppressed (85, 86). The studies
lular homeostasis and promoting adaptation. MR- and
also demonstrate that depending on the concentration of
GR-mediated actions are interdependent: information
B, cells integrate a response pattern over time domains
ranging from minutes to hours. A low steroid concentra- stored for future use via GR activation, either adaptive or
tion during the circadian trough activates nuclear MR, maladaptive, is later in an appropriate context retrieved
whereas the rising B concentrations after stress and during via MR-controlled networks.
the ultradian/circadian peaks are needed for nuclear GR
and both putative membrane MR and GR types; this pattern of receptor activation is reflected in synaptic plasticity
(87–92).
The rapid transient increase in excitability in limbic
structures induced by B in concert with other rapidly acting excitatory transmitters and neuropeptides helps the
individual to appraise environmental input and to retrieve
and to select an appropriate behavioral response (93). The
prolonged activation of excitatory transmission the baso-

Testing the Balance Hypothesis
Support for the balance hypothesis comes from the measurement of the receptors themselves. In human postmortem cingulate cortex, dorsolateral prefrontal cortex, and
hippocampus of patients that had suffered from mood
disorders, MR expression was significantly decreased if
compared with well-matched controls (98 –100).

The Endocrine Society. Downloaded from press.endocrine.org by [${individualUser.displayName}] on 21 September 2014. at 04:07 For personal use only. No other uses without permission. . All rights reserved.

doi: 10.1210/en.2014-1048

Figure 6. Temporal changes in complementary MR- and GR-mediated
action in the brain during the stress response that are initiated by the
perception and appraisal of novel stressful events with emotional
expressions of fear and aggression involving MR operating in the
context of other signaling systems, such as, eg, the sympathetic
nervous system. With rising hormone concentrations, energy resources
are mobilized to promote recovery and to activate circuits involved in
adaptation and storage of the experience in the memory (for future
retrieval via MR). In some functions, MR and GR operate independent,
for others, such as, eg, emotional expression, MR and GR cooperate,
and there are functions where MR and GR mediate opposing actions,
such as in the initiation and the suppression of the stress response
(based on data from Refs. 7, 11, 71, 80, 81, 83, 93, 96, 117, 200).

In rodents, at the neuroendocrine and behavioral level,
genetic modification of MR and GR has provided data
that can be interpreted in support of the balance hypothesis. Laryea et al (65) produced selective GR knockouts in
the PVN that showed HPA axis activation and a metabolic
rather than a behavioral phenotype. Boyle et al (101) generated an animal model with GR expression conditionally
disrupted at 4 months of age in forebrain regions, including the hippocampus and basolateral amygdala, but not in
the central amygdala, PVN, or pituitary. This mutant
showed enhanced HPA axis activity as well as features of
depression and anxiety, of which the depressive phenotype could be reversed by antidepressants. Local disruption of the GR gene in the central amygdala (102) or dentate gyrus (103) caused an impaired conditioned fear
response.
Harris et al (104) used mice with forebrain MR overexpression and global GR underexpression. A significant
interaction was found between MR and GR in the regulation of the HPA axis and some domains of cognitive
performance. In neuroendocrine realm, the stress-induced
HPA axis activity was enhanced in the GRlow mutants. The
high forebrain MR expression concomitant with GR underexpression did, as expected, restrain the HPA axis
overshoot after stress. The same combination of MRhigh
with GRlow produced a phenotype characterized by enhanced perseveration, suggesting enhanced spatial mem-
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ory and/or reduced flexibility in choosing an alternative
behavioral response.
Genetic variants of MR have been identified by DeRijk
et al (105), others found GR polymorphisms (106, 107),
and Binder (108) discovered that the regulatory protein
FKBP5 operates in an ultrashort feedback loop with GR.
These genetic variants of Tacrolimus (FK506)-binding
protein 5 (FKBP5), MR, and GR were found correlated
with risk of depression and the efficacy of antidepressant
therapy. Severe stressors, (early) life experiences, or antenatal glucocorticoid treatment also leave their marks on
MR:GR and their chaperones through lasting epigenetic
modifications (109 –112). The research on the impact of
(epi)genetic variations on MR:GR functioning is just
beginning.
Targeting the MR:GR Balance in Stress
Vulnerability
Selye distinguished in the General Adaptation syndrome
an alarm, resistance, and exhaustion phase during progressive exposure to stressors. Moreover, in response to a
heterotypic acute stressor, sensitization rather than habituation occurs (113). This vicious circle of impaired recovery from stress and higher corticosteroid exposure because
of feedback resistance is the basis of the glucocorticoid
cascade hypothesis of stress and disease (114). A consequence of chronic stress exposure is that afferents to PVN
are overexposed to corticosteroids, causing decreased
neurogenesis (115) and atrophy (116, 117) in the hippocampus and parts of the prefrontal cortex. However, in
amygdala and orbitofrontal cortex (118), hypertrophy of
dendritic arborizations and spines is observed. These are
considered structural adaptations to chronic stress.
According to Selye, the imperfections of the adaptation
syndrome coincide with an altered balance in adaptive
hormones and are important in the pathogenesis of most
stress-related diseases. Selye referred in this context to the
pendulum hypothesis, where excess mineralocorticoid
over glucocorticoid enhanced vulnerability to inflammation, whereas the reverse enhanced risk of infection. Although the pendulum hypothesis is based on 2 adrenal
hormones, the balance hypothesis relies on 1 single hormone B (or F) acting as a double-edged sword via MR and
GR. During chronic stress, the receptor balance is disturbed, predicting an altered response to an acute stressor
or a B challenge.
Indeed, a history of chronic stress increased in the
mouse hippocampus the number of genes responding to an
acute stressor (119) with a particularly high responsiveness of the cytokine/NFkB pathway (119, 120). Previously, cellular studies had shown increased calcium currents and excitatory transmission as indices of enhanced
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of neurogenesis, Ca current and
long-term potentiation (128), and
rescued the CREB signaling pathway
(129). Antiglucocorticoid treatment
or genetic deletion of GR after
chronic stress restored the hyperactive dopaminergic mesolimbic/cortical-amygdala loop and social behavior (130, 131).
Drugs targeting selectively the
limbic brain MR are aimed at modulating emotional expressions. First,
in a social encounter, it appeared
that blocking MR reduced the propensity of aggressive behavior (132,
133). Second, in another paradigm,
social interaction was enhanced after
either pharmacological MR blockade or forebrain deletion of the MR
Figure 7. Schematic overview of key components of the mTOR pathway and a number of its
(134). Third, Schwabe et al (135)
physiological and molecular regulators in the brain, indicating a role for GC (glucocorticoids).
demonstrated that stress induced a
After GC binding to GR, FKBP51 and DDIT4 are up-regulated by a GRE-driven mechanism,
whereas DDIT4L and DDIT3 are down-regulated via a non-GRE-driven mechanism. These mTOR
shift from the use of declarative to
regulators will influence the overall levels of mTOR, with consequences for local synthesis of
habit memory that was prevented by
synaptic spine proteins and thus for synaptic plasticity. DDIT4, DNA-damage-inducible transcript
MR blockade with spironolactone, a
4 protein; GRE, glucocorticoid response element; DDIT4, DNA-damage-inducible transcript 4
protein; GRE, glucocorticoid response element; PI(3)K, phosphatidylinositol 3 kinase; AKT, v-akt
treatment that also reduced selective
thymoma viral protooncogene 1; NMDA-R, N-methyl-D-aspartate receptor; GluR, glutamate
attention (136). Functional magreceptor; TSC1/2, tuberous sclerosis protein 1/2. From Polman et al (122).
netic resonance imaging showed
that amygdala-hippocampus convulnerability after a history of chronic stress but only if nectivity switches to the caudate nucleus. The data are
acutely challenged with B (121). In the laser-dissected den- congruent with animal studies showing a similar MR-depentate gyrus (where neurogenesis occurs) of controls, 26 dif- dent stress-induced behavioral and connectivity switch from
ferent gene ontology terms could be assigned in pathway hippocampus to the caudate nucleus (137–140).
analysis, but the diversity in the B-responsive pathways
was in the stressed group reduced to 7 (31). After chronic
stress, B induced particularly genes involved in chromatin Perspectives
modification and epigenetics (31, 122). One highly responsive gene network revealed by B challenge after B was identified by Reichstein (1936), who in 1950 rechronic stress is the mammalian target of rapamycin ceived the Nobel prize in Physiology and Medicine jointly
(mTOR) signaling pathway, which is critical for different with Kendall and Hench, “for their discoveries relating to
forms of synaptic plasticity and appears associated with the hormones of the adrenal cortex, their structure and
biological effects.” Their discovery heralded the treatment
depression (Figure 7) (123).
Because B challenge uncovers enhanced responsiveness of patients suffering from inflammatory and autoimmune
of dysregulated pathways in limbic regions, it is reason- disorders with synthetic glucocorticoids, currently for
able to assume that this very same mechanism may also about 1% of people in the Western world (141). However,
represent a target for treatment. Indeed, by using gene this treatment causes a 2-fold increased risk of depression,
transfer technology, it was demonstrated that enhanced a 4-fold increased risk of mania, delirium, confusion, or
expression of MR locally in the hippocampus (124) or disorientation, and nearly a 7-fold increased risk of suicide
amygdala (125) was protective. Gene delivery of addi- (141). Moreover, after cessation of excess glucocorticoid
tional 11␤HSD-2 (126) inactivating excess B in the hip- exposure, patients may have enduring psychiatric compocampal dentate gyrus reversed its damaging effects. plaints (142). The search for more selective glucocorticoAlso, chronically blocking GR with an antagonist im- ids has had little success, but recently, selective GR modproved cognitive performance (127), reversed suppression ulators were developed (143). One of these new

The Endocrine Society. Downloaded from press.endocrine.org by [${individualUser.displayName}] on 21 September 2014. at 04:07 For personal use only. No other uses without permission. . All rights reserved.

doi: 10.1210/en.2014-1048

compounds exerted agonist effects in the suppression of
stress-induced HPA axis activity but lacked unwanted
stimulatory effects on amygdala CRF (144).
One possible cause of glucocorticoid-induced psychopathology is that blockade of the HPA axis also inhibits
the pulsatile secretion of endogenous corticosteroids; the
continuous exposure to the synthetic glucocorticoid then
causes desensitization and reduced responsiveness of GRdependent neuronal networks. Pulsatility is also absent in
adrenal-deficient patients (145–147). Delivery methods
are being developed that should release the steroids according to a circadian pattern.
Another cause of psychopathology may be the severe
MR:GR imbalance induced by synthetic glucocorticoids.
The profound suppression of endogenous corticosteroids
by steroids like dex and prednisone, their poor penetration
into the brain, and consequent depletion of B and F from
brain MR may also present a health risk (148 –150). Indeed, Liston et al (151, 152) recently demonstrated in dextreated rats that circadian oscillations of B are a prerequisite for learning-dependent synaptic plasticity.
Additional intermittent administration of B was needed to
maintain balanced dendritic spine formation and pruning
in vivo in the cerebral cortex as was demonstrated by live
imaging using transcranial 2-photon microscopy. This
finding provides proof of principle to supplement glucocorticoid therapy with F in oscillating concentrations.
F might actually be used therapeutically to modulate
the processing of stressful information. For such an approach, protocols are needed that account for the precise
timing and context of hormone action (80, 153–155).
Thus, F disrupted the acquisition or retrieval of information within minutes (156, 157), and if infused during a
fear-conditioning paradigm, generalization of fear occurred as in posttraumatic stress disorder (158). These
effects are rapid and can be blocked by MR antagonists
(92, 159, 160). If F is given at longer time intervals (4 h)
before learning memory storage was promoted (158), but
when given a few hours after learning memory extinction
of a traumatic experience was facilitated (161). These effects can be blocked by antiglucocorticoids, suggesting
involvement of GR. Antiglucocorticoids seem useful in
conditions where excess F causes brain pathology as in
Cushing’s disease, psychotic depression, and diabetes
(162–164).
A synthetic analog of F with an interesting pharmacological profile is fludrocortisone. Although this compound
is clinically mostly used in low doses as MR agonist during
adrenal deficiency or postural hypotension, it is actually a
potent mixed agonist of both MR and GR (165). When
infused in rats, fludrocortisone affected MR-dependent
appraisal and risk assessment if given before fear condi-
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tioning but promoted fear memory if given immediately
after (166). The hyperactive HPA axis of psychotically
depressed patients escaped suppression from fludrocortisone as is observed after dex (167). Fludrocortisone was
shown to promote sleep-dependent memory activation
(168) and stimulated feelings of empathy in female borderline patients (169). Moreover, the steroid enhanced the
efficacy of antidepressants in depressed patients (170).
Personalized treatment with glucocorticoids will likely
benefit from testing for MR and GR gene variants (171–
174). MR haplotype 2 is associated with dispositional optimism and protects against depression (170 –172). The
GR variant N363S is hypersensitive to F and associated
with an unhealthy metabolic profile (107), whereas ER22/
23EK is linked to steroid resistance and risk of depression
(107). The Bc/1 polymorphism might be a predictor for
side effects of glucocorticoid therapy (107, 174). Currently, trials are underway to exploit this knowledge on
gene variant function to the benefit of patients suffering
from traumatic memories in posttraumatic stress disorder
and other anxiety disorders (174).

Conclusion
An overarching question is how corticosteroid action in
the brain can change from protective to harmful. Here,
this question was addressed from the perspective that
corticosteroids act as a double-edged sword: they enhance over time first rapidly emotional expressions and
then in slower fashion cognitive performance underlying stress adaptation. Evidence from the cellular, systems, and neuronal network level suggests that this dual
action exerted by the steroids is mediated in complementary fashion by MR and GR. In the context of multiple stress signals, the balance in MR:GR and their
downstream signaling pathways has relevance for mental health. A severe MR:GR imbalance also occurs during treatment with potent synthetic glucocorticoids: to
correct the balance a suppletion with endogenous F or
B at appropriate times to match ultradian and circadian
variations could be helpful to optimize glucocorticoid
therapy (50, 145–147, 150 –152, 168) in the face of
adrenal atrophy.
Time and space are important variables in the heuristic
value of the MR:GR balance theory for understanding the
pathogenesis of stress-related mental disorders. As predicted in the General Adaptation syndrome concept (175),
the experience of chronic stress will initially enhance via
MR the sympathetic outflow (176) and excitatory transmission (83, 177) in the limbic brain underlying emotional
reactivity at the expense of energy for GR-mediated higher
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cognitive and executive functions (Figure 6) (7, 8). This
state of increased resistance (175) or “allostatic load”
(178, 179) is characterized by propensity of anxiety and
aggression, which can be attenuated with an MR antagonist (132–136, 139). With further progression, a state of
exhaustion may develop, where excess GR stimulation
compromises energy metabolism (11, 114), and rather
MR agonists (167, 169, 170) or GR antagonists (130, 131,
163, 164) are indicated. This sequence of events was recently qualified as a cortisol-induced, serotonine-dependent, aggression/anxiety-driven subtype of depression
(180).
MR:GR imbalance, thus, appears associated with dysregulated HPA axis activity, which is a hallmark for stressrelated mental disorders. Unraveling the precise role of
each receptor may help, therefore, to understand mechanisms of vulnerability and resilience in the diseased brain.
This is not trivial, because an intrinsic property of stress
sensitization is chromatine reorganization underlying lasting changes in brain circuits, a phenomenon that can be
uncovered by acute challenge with a stressor or a glucocorticoid (31, 120). One direction to make progress in the
treatment of psychopathology would be to identify (epi)
genetic markers for individual-specific susceptibility pathways leading to disease (181) that can be examined using
translational endpoints in humanized models (177, 182,
183). To address this from a translational perspective, an
understanding is needed of clinical and functional phenotypes, life histories, and (epi)genotypes of the individual.

Acknowledgments
The author thanks the support of the Royal Netherlands
Academy of Arts and Sciences, The Netherlands Organisation
for Scientific Research (NWO), The Netherlands Organisation of Health Research and Development, Center for Medical
Systems Biology, Top Institute-Pharma, Human Frontiers of
Science Program, EU Framework Programmes, Eurocores,
Heart Foundation, and Internationale Stichting Alzheimer
Onderzoek. He recalls the joy of science with many colleagues
around the globe and the inspiration given by Bruce McEwen
to spend a lifetime studying stress while employed at The
Rockefeller University. To work in the Netherlands with Marian Joëls and her group, and previously with the late David de
Wied was a privilege, while pioneering with Florian Holsboer
in the Max Planck Institute for Psychiatry, Munich, the translation of animal findings to the clinic. All guests, coworkers,
students, PhDs, and postdocs provided many memorable experiences. For the productive and enthusiastic atmosphere
created at the Department of Medical Pharmacology (University of
Leiden) I thank Nicole Datson, Roel De Rijk, Menno Kruk, Onno
Meijer, Melly Oitzl, and Erno Vreugdenhil.

Endocrinology, August 2014, 155(8):2754 –2769

Address all correspondence and requests for reprints to: E.
Ron de Kloet, PhD, Department of Medical Pharmacology, Leiden University and Department of Endocrinology and Metabolism, Leiden University Medical Center, Gorlaeus Laboratory,
PO Box 9502, 2300 RA Leiden, The Netherlands. E-mail:
erdekloet@gmail.com.
Disclosure Summary: E.R.d.K. is on the Scientific Advisory
Board chaired by Joe Belanoff and owns stock of Corcept Therapeutics. He is also the scientific advisor of DynaCorts Therapeutics and serves on the Advisory Board of Pharmaseed Ltd.

References
1. McEwen BS, Weiss JM, Schwartz LS. Selective retention of corticosterone by limbic structures in rat brain. Nature. 1968;220:911–
912.
2. De Kloet R, Wallach G, McEwen BS. Differences in corticosterone
and dexamethasone binding to rat brain and pituitary. Endocrinology. 1975;96:598 – 609.
3. McEwen BS, de Kloet R, Wallach G. Interactions in vivo and in
vitro of corticoids and progesterone with cell nuclei and soluble
macromolecules from rat brain regions and pituitary. Brain Res.
1976;105:129 –136.
4. De Kloet ER, Reul JM. Feedback action and tonic influence of
corticosteroids on brain function: a concept arising from the heterogeneity of brain receptor systems. Psychoneuroendocrinology.
1987;12:83–105.
5. De Kloet ER. Brain corticosteroid receptor balance and homeostatic control. Front Neuroendocrinol. 1991;12:95–164.
6. De Kloet ER, Vreugdenhil E, Oitzl MS, Joëls M. Brain corticosteroid receptor balance in health and disease. Endocr Rev. 1998;19:
269 –301.
7. De Kloet ER, Joëls M, Holsboer F. Stress and the brain: from adaptation to disease. Nature Rev Neurosci. 2005;6:463– 475.
8. Hermans EJ, Henckens M, Joëls M, Fernandez G. Dynamic adaptation of large-scale brain networks in response to acute stressors.
Trends Neurosci. 2014;37:304 –314.
9. Dallman MF, Yates FE. Dynamic asymmetries in the corticosteroid feedback path and distribution-metabolism-binding elements of the adrenocortical system. Ann NY Acad Sci. 1969;
156:696 –721.
10. Dallman MF, Akana SF, Cascio CS, Darlington DN, Jacobson L,
Levin N. Regulation of ACTH secretion: variations on a theme of
B. Recent Prog Horm Res. 1987;43:113–173.
11. Sapolsky RM, Romero LM, Munck AU. How do glucocorticoids influence stress responses? Integrating permissive, suppressive, stimulatory, and preparative actions. Endocr Rev. 2000;
21:55– 89.
12. Munck A, Guyre PM, Holbrook NJ. Physiological functions of
glucocorticoids in stress and their relation to pharmacological actions. Endocr Rev. 1984;5:25– 44.
13. de Kloet ER, van der Vies J, de Wied D. The site of the suppressive
action of dexamethasone on pituitary-adrenal activity. Endocrinology. 1974;94:61–73.
14. Rotsztejn WH, Normand M, Lalonde J, Fortier C. Relationship
between ACTH release and corticosterone binding by the receptor
sites of the adenohypophysis and dorsal hippocampus following
infusion of corticosterone at a constant rate in the adrenalectomized rat. Endocrinology. 1975;97:223–230.
15. Beaumont K, Fanestil DD. Characterization of rat brain aldosterone receptors reveals high affinity for corticosterone. Endocrinology. 1983;113:2043–2051.
16. Krozowski ZS, Funder JW. Renal mineralocorticoid receptors and

The Endocrine Society. Downloaded from press.endocrine.org by [${individualUser.displayName}] on 21 September 2014. at 04:07 For personal use only. No other uses without permission. . All rights reserved.

doi: 10.1210/en.2014-1048

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

36.

hippocampal corticosterone-binding species have identical intrinsic steroid specificity. Proc Natl Acad Sci USA. 1983;80:6056 –
6060.
Moguilewsky M, Raynaud JP. Evidence for a specific mineralocorticoid receptor in rat pituitary and brain. J Steroid Biochem.
1980;12:309 –314.
Gomez-Sanchez CE, Gomez-Sanchez EP. RU-26988 –a new tool
for the study of the mineralocorticoid receptor. Endocrinology.
1983;113:1004 –1009.
Coirini H, Magariños AM, De Nicola AF, Rainbow TC, McEwen
BS. Further studies of brain aldosterone binding sites employing
new mineralocorticoid and glucocorticoid receptor markers in
vitro. Brain Res. 1985;361:212–216.
Veldhuis HD, Van Koppen C, Van Ittersum M, De Kloet ER. Specificity of the adrenal steroid receptor system in rat hippocampus.
Endocrinology. 1982;110:2044 –2051.
Veldhuis HD, De Kloet ER. Antagonistic effects of aldosterone on
corticosteroid-mediated changes in exploratory behavior of adrenalectomized rats. Horm Behav. 1983;17:225–232.
Fuxe K, Wikström AC, Okret S, et al. Mapping of glucocorticoid
receptor immunoreactive neurons in the rat tel- and diencephalon
using a monoclonal antibody against rat liver glucocorticoid receptor. Endocrinology. 1985;117:1803–1812.
Reul JM, de Kloet ER. Two receptor systems for corticosterone in
rat brain: microdistribution and differential occupation. Endocrinology. 1985;117:2505–2511.
Arriza JL, Weinberger C, Cerelli G, et al. Cloning of human mineralocorticoid receptor complementary DNA: structural and functional kinship with the glucocorticoid receptor. Science. 1987;237:
268 –275.
Arriza JL, Simerly RB, Swanson LW. The neuronal mineralocorticoid receptor as a mediator of glucocorticoid response. Neuron.
1988;1:887–900.
Oakley RH, Cidlowski JA. The biology of the glucocorticoid receptor: new signaling mechanisms in health and disease. J Allergy
Clin Immunol. 2013;132:1033–1044.
Nishi M, Kawata M. Dynamics of glucocorticoid receptor and
mineralocorticoid receptor: implications from live cell imaging
studies. Neuroendocrinology. 2007;85:186 –192.
van Steensel B, Brink M, van der Meulen K, et al. Localization of
the glucocorticoid receptor in discrete clusters in the cell nucleus.
J Cell Sci. 1995;108:3003–3011.
Polman JA, de Kloet ER, Datson NA. Two populations of glucocorticoid receptor-binding sites in the male rat hippocampal genome. Endocrinology. 2013;154:1832–1844.
Datson NA, van der Perk J, de Kloet ER, Vreugdenhil E. Identification of corticosteroid-responsive genes in rat hippocampus using
serial analysis of gene expression. Eur J Neurosci. 2001;14:675–
689.
Datson NA, van den Oever JM, Korobko OB, Magarinos AM, de
Kloet ER, McEwen BS. Previous history of chronic stress changes
the transcriptional response to glucocorticoid challenge in the dentate gyrus region of the male rat hippocampus. Endocrinology.
2013;154:3261–3272.
Edwards CRW, Stewart PM, Burt D, et al. Localisation of 11␤hydroxysteroid dehydrogenase-tissue specific protector of the mineralocorticoid receptor. Lancet. 1988;2(8618):986 –989.
Funder JW, Pearce PT, Smith R, Smith AI. Mineralocorticoid action: target tissue specificity is enzyme, not receptor, mediated.
Science. 1988;242:583–585.
Quinkler M, Stewart PM. Hypertension and the cortisol-cortisone
shuttle. J Clin Endocrinol Metab. 2003;88:2384 –2392.
Funder J, Myles K. Exclusion of corticosterone from epithelial mineralocorticoid receptors is insufficient for selectivity of aldosterone
action: in vivo binding studies. Endocrinology. 1996;137:5264 –
5268.
Yau JL, Noble J, Seckl JR. 11␤-hydroxysteroid dehydrogenase type

endo.endojournals.org

37.

38.

39.

40.

41.

42.
43.

44.

45.
46.
47.

48.

49.

50.

51.
52.

53.

54.

55.

56.

57.

2765

1 deficiency prevents memory deficits with aging by switching from
glucocorticoid receptor to mineralocorticoid receptor-mediated
cognitive control. J Neurosci. 2011;16:4188 – 4193.
Wyrwoll CS, Holmes MC, Seckl JR. 11␤-hydroxysteroid dehydrogenases and the brain: from zero to hero, a decade of progress.
Front Neuroendocrinol. 2011;32:265–286.
Schinkel AH, Wagenaar E, van Deemter L, Mol CA, Borst P. Absence of the mdr1a P-glycoprotein in mice affects tissue distribution
and pharmacokinetics of dexamethasone, digoxin, and cyclosporin A. J Clin Invest. 1995;96:1698 –1705.
Meijer OC, de Lange EC, Breimer DD, de Boer AG, Workel JO, de
Kloet ER. Penetration of dexamethasone in brain glucocorticoid
targets is enhanced in mdr1a P-glycoprotein knockout mice. Endocrinology. 1998;139:1789 –1793.
Carroll BJ, Curtis GC, Mendels J. Neuroendocrine regulation in
depression. II. Discrimination of depressed from nondepressed patients. Arch Gen Psychiatry. 1976;33:1051–1058.
Heuser I, Yassouridis A, Holsboer F. The combined dexamethasone/CRH test: a refined laboratory test for psychiatric disorders.
J Psychiatr Res. 1994;28:341–356.
Shorter E, Fink M. Endocrine Psychiatry: Solving the Riddle of
Melancholia. New York, NY: Oxford University Press; 2010.
Ahima R, Krozowski Z, Harlan R. Type I corticosteroid receptorlike immunoreactivity in the rat CNS: distribution and regulation
by corticosteroids. J Comp Neurol. 1991;313:522–538.
Ahima RS, Harlan RE. Charting of type II glucocorticoid receptorlike immunoreactivity in the rat central nervous system. Neuroscience. 1990;39:579 – 604.
Ulrich-Lai YM, Herman JP. Neural regulation of endocrine and
autonomic stress responses. Nat Rev Neurosci. 2009;10:397– 409.
Geerling JC, Loewy AD. Aldosterone in the brain. Am J Physiol
Renal Physiol. 2009;297:F559 –F576.
Gomez-Sanchez EP. Mineralocorticoid receptors in the brain and
cardiovascular regulation: minority rule? Trends Endocrinol
Metab. 2011;22:179 –187.
Krause EG, de Kloet AD, Flak JN, et al. Hydration state controls
stress responsiveness and social behavior. J Neurosci. 2011;31:
5470 –5476.
Holaday JW, Martinez HM, Natelson BH. Synchronized ultradian
cortisol rhythms in monkeys: persistence during corticotropin infusion. Science. 1977;198:56 –58.
Lightman SL, Conway-Campbell BL. The crucial role of pulsatile
activity of the HPA axis for continuous dynamic equilibration.
Nature Rev Neurosci. 2010;11:710 –718.
Walker JJ, Spiga F, Waite E, et al. The origin of glucocorticoid
hormone oscillations. PLoS Biol. 2012;10(6):e1001341.
Qian X, Droste SK, Lightman SL, Reul JM, Linthorst A. Circadian
and ultradian rhythms of free glucocorticoid hormone are highly
synchronized between the blood, the subcutaneous tissue and the
brain. Endocrinology. 2012;153:4346 – 4353.
Sarabdjitsingh RA, Conway-Campbell BL, Leggett JD, et al. Stress
responsiveness varies over the ultradian glucocorticoid cycle in a
brain-region-specific manner. Endocrinology. 2010;151:5369 –
5379.
Sarabdjitsingh RA, Isenia S, Polman A, et al. Disrupted corticosterone pulsatile patterns attenuate responsiveness to glucocorticoid
signaling in rat brain. Endocrinology. 2010;151:1177–1186.
Bradbury MJ, Akana SF, Dallman MF. Roles of type I and II corticosteroid receptors in regulation of basal activity in the hypothalamo-pituitary-adrenal axis during the diurnal trough and the
peak: evidence for a nonadditive effect of combined receptor occupation. Endocrinology. 1994;134:1286 –1296.
Ratka A, Sutanto W, Bloemers M, de Kloet ER. On the role of brain
mineralocorticoid (type I) and glucocorticoid (type II) receptors in
neuroendocrine regulation. Neuroendocrinology. 1989;50:117–
123.
Conway-Campbell BL, Pooley JR, Hager GL, Lightman SL. Mo-

The Endocrine Society. Downloaded from press.endocrine.org by [${individualUser.displayName}] on 21 September 2014. at 04:07 For personal use only. No other uses without permission. . All rights reserved.

2766

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.
71.

72.

73.

74.

75.

76.

de Kloet

Brain Corticosteroid Receptor Balance

lecular dynamics of ultradian glucocorticoid receptor action. Mol
Cell Endocrinol. 2012;348:383–393.
van Haarst AD, Oitzl MS, Workel JO, de Kloet ER. Chronic brain
glucocorticoid receptor blockade enhances the rise in circadian and
stress-induced pituitary-adrenal activity. Endocrinology. 1996;
137:4935– 4943.
Raff H. Teaching glucocorticoid negative feedback and adrenocortical regulation using a classic paper by dr Dwight Ingle. Advan
Physiol Edu. 2005;29:141–143.
Schmidt MV, Sterlemann V, Wagner K, et al. Postnatal glucocorticoid excess due to pituitary glucocorticoid receptor deficiency:
differential short- and long-term consequences. Endocrinology.
2009;150:2709 –2716.
de Kloet ER, Burbach P, Mulder GH. Localization and role of
transcortin-like molecules in the anterior pituitary. Mol Cell Endocrinol. 1977;7:261–273.
Koch B, Lutz-Bucher B, Briaud B, Mialhe C. Specific interaction of
corticosteroids with binding sites in the plasma membranes of the
rat anterior pituitary gland. J Endocrinol. 1978;79:215–222.
Qian X, Droste SK, Gutièrrez-Mecinas M, et al. A rapid release of
corticosteroid-binding globulin from the liver restrains the glucocorticoid hormone response to acute stress. Endocrinology. 2011;
152:3738 –3748.
Russell GM, Henley DE, Leendertz, et al. Rapid glucocorticoid
receptor-mediated inhibition of hypothalamo-pituitary-adrenal
ultradian activity in healthy males. J Neurosci. 2010;30:6106 –
6115.
Laryea G, Schütz G, Muglia LJ. Disrupting hypothalamic glucocorticoid receptors causes HPA axis hyperactivity and excess adiposity. Mol Endocrinol. 2013;27:1655–1665.
Evans AN, Liu Y, Macgregor R, Huang V, Aguilera G. Regulation of hypothalamic corticotropin-releasing hormone transcription by elevated glucocorticoids. Mol Endocrinol. 2013;
27:1796 –1807.
Sharma D, Bhave S, Gregg E, Uht R. Dexamethasone induces a
putative repressor complex and chromatin modifications in the
CRH promoter. Mol Endocrinol. 2013;27:1142–1152.
Elliott E, Ezra-Nevo G, Regev L, Neufeld-Cohen A, Chen A.
Resilience to social stress coincides with functional DNA methylation of the Crf gene in adult mice. Nat Neurosci. 2010;13:
1351–1353.
Dallman MF, Akana SF, Scribner KA, et al. Mortyn Jones Memorial Lecture. Stress, feedback and facilitation in the hypothalamopituitaty-adrenal axis. J Neuroendocrinol. 1992;4:517–526.
Dallman MF. Fast glucocorticoid actions on brain: back to the
future. Front Neuroendocrinol. 2005;26:103–108.
Herman JP, Figueiredo H, Mueller NK, et al. Central mechanisms
of stress integration: hierarchical circuitry controlling hypothalamo-pituitary-adrenocortical responsiveness. Front Neuroendocrinol. 2003;24:151–180.
Evanson NK, Tasker JG, Hill MN, Hillard CJ, Herman JP. Fast
feedback inhibition of the HPA axis by glucocorticoids is mediated
by endocannabinoid signaling. Endocrinology. 2010;151:4811–
4819.
Andrews MH, Wood SA, Windle RJ, Lightman SL, Ingram CD.
Acute glucocorticoid administration rapidly suppresses basal and
stress-induced hypothalamo-pituitary-adrenal axis activity. Endocrinology. 2012;153:200 –211.
Gutièrrez-Mecinas M, Trollope AF, Collins A, et al. Long-lasting
behavioral responses to stress involve a direct interaction of glucocorticoid receptors with ERK1/2-MSK1-Elk-1 signaling. Proc
Natl Acad Sci USA. 2011;108:13806 –13811.
Hunter RG, Murakami G, Dewell S, et al. Acute stress and hippocampal histone H3 lysine 9 trimethylation, a retrotransposon
silencing response. Proc Natl Acad Sci USA. 2012;109:17657–
17662.
Hunter RG, McEwen BS. Stress and anxiety across the lifespan:

Endocrinology, August 2014, 155(8):2754 –2769

77.
78.

79.
80.
81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.
93.

94.
95.

96.
97.

structural plasticity and epigenetic regulation. Epigenomics. 2013;
5:177–194.
Holsboer F. The corticosteroid receptor hypothesis of depression.
Neuropsychopharmacology. 2000;23:477–501.
Myers B, McKlveen JM, Herman JP. Glucocorticoid actions on
synapses, circuits, and behavior: implications for the energetics of
stress. Front Neuroendocrinol. 2014;35:180 –196.
Joëls M, de Kloet ER. Control of neuronal excitability by corticosteroid hormones. Trends Neurosci. 1992;15:25–30.
Joëls M, Baram TZ. The neuro-symphony of stress. Nat Rev Neurosci. 2009;10:459 – 466.
Joëls M, Sarabdjitsingh RA, Karst H. Unraveling the time domains
of corticosteroid hormone influences on brain activity: rapid, slow,
and chronic modes. Pharmacol Rev. 2012;64:901–938.
Karst H, Berger S, Turiault M, Tronche F, Schütz G, Joëls M.
Mineralocorticoid receptors are indispensable for nongenomic
modulation of hippocampal glutamate transmission by corticosterone. Proc Natl Acad Sci USA. 2005;102:19204 –19207.
Karst H, Berger S, Erdmann G, Schütz G, Joëls M. Metaplasticity
of amygdalar responses to the stress hormone corticosterone. Proc
Natl Acad Sci USA. 2010;107:14449 –14454.
Olijslagers JE, de Kloet ER, Elgersma Y, van Woerden GM, Joëls
M, Karst H. Rapid changes in hippocampal CA1 pyramidal cell
function via pre- as well as postsynaptic membrane mineralocorticoid receptors. Eur J Neurosci. 2008;27:2542–2450.
Yuen EY, Liu W, Karatsoreos IN, et al. Mechanisms for acute
stress-induced enhancement of glutamatergic transmission and
working memory. Mol Psychiatry. 2011;16:156 –170.
Di S, Malcher-Lopes R, Halmos KC, Tasker JG. Nongenomic glucocorticoid inhibition via endocannabinoid release in the hypothalamus: a fast feedback mechanism. J Neurosci. 2003;23:4850 –
4857.
Joëls M, de Kloet ER. Effects of glucocorticoids and norepinephrine on the excitability in the hippocampus. Science. 1989;245:
1502–1505.
Joëls M, de Kloet ER. Mineralocorticoid receptor-mediated
changes in membrane properties of rat CA1 pyramidal neurons in
vitro. Proc Natl Acad Sci USA. 1990;87:4495– 4498.
Diamond DM, Bennett MC, Fleshner M, Rose GM. Inverted-U
relationship between the level of peripheral corticosterone and the
magnitude of hippocampal primed burst potentiation. Hippocampus. 1992;2:421– 430.
Diamond DM, Campbell AM, Park CR, Halonen J, Zoladz PR.
The temporal dynamics model of emotional memory processing: a
synthesis on the neurobiological basis of stress-induced amnesia,
flashbulb and traumatic memories, and the Yerkes-Dodson law.
Neural Plast. 2007;60803.
Krugers HJ, Hoogenraad CC, Groc L. Stress hormones and AMPA
receptor trafficking in synaptic plasticity and memory. Nat Rev
Neurosci. 2010;11:675– 681.
Sandi C. Glucocorticoids act on glutamatergic pathways to affect
memory processes. Trends Neurosci. 2011;34:165–176.
Oitzl MS, de Kloet ER. Selective corticosteroid antagonists modulate specific aspects of spatial orientation learning. Behav Neurosci. 1992;106:62–71.
Roozendaal B, McEwen BS, Chattarji S. Stress, memory and the
amygdala. Nature Rev Neurosci. 2009;10:423– 433.
Revest JM, Le Roux A, Roullot-Lacarrière V, et al. BDNF-TrkB
signaling through Erk1/2MAPK phosphorylation mediates the enhancement of fear memory induced by glucocorticoids [published
online October 15, 2013]. Mol Psychiatry. doi:101038/
mp.2013134.
Joëls M. Corticosteroid effects in the brain: u-shape it. Trends
Pharmacol Sci. 2006;27:244 –250.
Morsink MC, Steenbergen PJ, Vos JB, et al. Acute activation of
hippocampal glucocorticoid receptors results in different waves of

The Endocrine Society. Downloaded from press.endocrine.org by [${individualUser.displayName}] on 21 September 2014. at 04:07 For personal use only. No other uses without permission. . All rights reserved.

doi: 10.1210/en.2014-1048

98.

99.

100.

101.

102.

103.

104.

105.

106.
107.

108.

109.

110.

111.

112.

113.
114.

115.
116.

gene expression throughout time. J Neuroendocrinol. 2006;18:
239 –252.
Qi XR, Kamphuis W, Wang S, et al. Aberrant stress hormone
receptor balance in the human prefrontal cortex and hypothalamic
paraventricular nucleus of depressed patients. Psychoneuroendocrinology. 2013;38:863– 870.
Klok MD, Alt SR, Lafitte IAJ, et al. Decreased expression of mineralocorticoid receptor mRNA and its splice variants in postmortem brain regions of patients with major depressive disorder. J Psychiatry Res. 2011;45:871– 878.
Wang SS, Kamphuis W, Huitinga I, Zhou JN, Swaab DF. Gene
expression analysis in the human hypothalamus in depression by
laser microdissection and real-time PCR: the presence of multiple receptor imbalances. Mol Psychiatry. 2008;13:786 –799,
741.
Boyle MP, Kolber BJ, Vogt SK, Wozniak DF, Muglia LJ. Forebrain
glucocorticoid receptors modulate anxiety-associated locomotor
activation and adrenal responsiveness. J Neurosci. 2006;26:1971–
1978.
Arnett MG, Kolber BJ, Boyle MP, Muglia LJ. Behavioral insights
from mouse models of forebrain–and amygdala-specific glucocorticoid receptor genetic disruption. Mol Cell Endocrinol. 2011;336:
2–5.
Fitzsimons CP, van Hooijdonk LW, Schouten M, et al. Knockdown
of the glucocorticoid receptor alters functional integration of newborn neurons in the adult hippocampus and impairs fear-motivated behavior. Mol Psychiatry. 2013;18:993–1005.
Harris AP, Holmes MC, de Kloet ER, Chapman KE, Seckl JR.
Mineralocorticoid and glucocorticoid receptor balance in control
of HPA axis and behaviour. Psychoneuroendocrinology. 2013;38:
648 – 658.
DeRijk RH, de Kloet ER, Zitman FG, van Leeuwen N. Mineralocorticoid receptor gene variants as determinants of HPA axis regulation and behavior. Endocr Dev. 2011;20:137–148.
Spijker AT, van Rossum EF. Glucocorticoid sensitivity in mood
disorders. Neuroendocrinology. 2012;95:179 –186.
Quax RA, Manenschijn L, Koper JW, et al. Glucocorticoid sensitivity in health and disease. Nat Rev Endocrinol. 2013;9:670 –
686.
Binder EB. The role of FKBP5, a co-chaperone of the glucocorticoid receptor in the pathogenesis and therapy of affective and
anxiety disorders. Psychoneuroendocrinology. 2009;34:S186 –
S195.
Szyf M, Weaver IC, Champagne FA, Diorio J, Meaney MJ. Maternal programming of steroid receptor expression and phenotype
through DNA methylation in the rat. Front Neuroendocrinol.
2005;26:139 –162.
Heim C, Binder EB. Current research trends in early life stress and
depression: review of human studies on sensitive periods, geneenvironment interactions, and epigenetics. Exp Neurol. 2012;233:
102–111.
Crudo A, Petropoulos S, Suderman M, et al. Effects of antenatal
synthetic glucocorticoid on glucocorticoid receptor binding, DNA
methylation, and genome-wide mRNA levels in the fetal male hippocampus. Endocrinology. 2013;154:4170 – 4181.
Oitzl MS, Champagne DL, van der Veen R, de Kloet ER. Brain
development under stress: hypotheses of glucocorticoid action revisited Neurosci Biobeh Rev. 2010;34:584 –591.
Herman JP. Neural control of chronic stress adaptation. Front
Behav Neurosci. 2013;7:61.
Sapolsky RM, Krey LC, McEwen BS. The neuroendocrinology of
stress and aging: the glucocorticoid cascade hypothesis. Endocr
Rev. 1986;7:284 –301.
Schoenfeld TJ, Gould E. Stress, stress hormones, and adult neurogenesis. Exp Neurol. 2012;233:12–21.
McEwen BS. Glucocorticoids, depression, and mood disorders:
structural remodeling in the brain. Metabolism. 2005;54:20 –23.

endo.endojournals.org

2767

117. McEwen BS. Physiology and neurobiology of stress and adaptation: central role of the brain. Physiol Rev. 2007;87:873–904.
118. McEwen BS, Morrison JH. The brain on stress: vulnerability and
plasticity of the prefrontal cortex over the life course. Neuron.
2013;79:16 –29.
119. Feldker DE, Morsink MC, Veenema AH, et al. The effect of
chronic exposure to highly aggressive mice on hippocampal gene
expression of non-aggressive subordinates. Brain Res. 2006;
1089:10 –20.
120. Gray JD, Rubin TG, Hunter RG, McEwen BS. Hippocampal gene
expression changes underlying stress sensitization and recovery
[published online December 17, 2013]. Mol Psychiatry. doi:
101038/mp.2013175.
121. van Gemert NG, Joëls M. Effect of chronic stress and mifepristone
treatment on voltage-dependent Ca2⫹ currents in rat hippocampal
dentate gyrus. J Neuroendocrinol. 2006;18:732–741.
122. Polman JA, Hunter RG, Speksnijder N, et al. Glucocorticoids modulate the mTOR pathway in the hippocampus: differential effects
depending on stress history. Endocrinology. 2012;153:4317–
4327.
123. Jernigan CS, Goswami DB, Austin MC, et al. The mTOR signaling
pathway in the prefrontal cortex is compromised in major depressive disorder. Prog Neuropsychopharmacol Biol Psychiatry. 2011;
35:1774 –1779.
124. Ferguson D, Sapolsky R. Overexpression of mineralocorticoid and
transdominant glucocorticoid receptor blocks the impairing effects
of glucocorticoids on memory. Hippocampus. 2008;18:1103–
1111.
125. Mitra R, Ferguson D, Sapolsky RM. Mineralocorticoid receptor
overexpression in basolateral amygdala reduces corticosterone secretion and anxiety. Biol Psychiatry. 2009;66:686 – 690.
126. Dumas TC, Gillette T, Ferguson D, Hamilton K, Sapolsky RM.
Anti-glucocorticoid gene therapy reverses the impairing effects of
elevated corticosterone on spatial memory, hippocampal neuronal
excitability, and synaptic plasticity. J Neurosci. 2010;30:1712–
1720.
127. Oitzl MS, Fluttert M, Sutanto W, de Kloet ER. Continuous blockade of brain glucocorticoid receptors facilitates spatial learning
and memory in rats. Eur J Neurosci. 1998;10:3759 –3766.
128. Oomen CA, Mayer JL, de Kloet ER, Joëls M, Lucassen PJ. Brief
treatment with the glucocorticoid receptor antagonist mifepristone
normalizes the reduction in neurogenesis after chronic stress. Eur
J Neurosci. 2007;26:3395–3401.
129. Datson NA, Speksnijder N, Mayer JL, et al. The transcriptional
response to chronic stress and glucocorticoid receptor blockade in
the hippocampal dentate gyrus. Hippocampus. 2012;22:359 –371.
130. Barik J, Marti F, Morel C, et al. Chronic stress triggers social
aversion via glucocorticoid receptor in dopaminoceptive neurons.
Science. 2013;339:332–335.
131. Niwa M, Jaaro-Peled H, Tankou S, et al. Adolescent stress-induced
epigenetic control of dopaminergic neurons via glucocorticoids.
Science. 2013;339:335–339.
132. Kruk MR, Halász J, Meelis W, Haller J. Fast positive feedback
between the adrenocortical stress response and a brain mechanism
involved in aggressive behavior. Behav Neurosci. 2004;118:1062–
1070.
133. Kruk MR, Haller J, Meelis W, de Kloet ER. Mineralocorticoid
receptor blockade during a rat’s first violent encounter inhibits its
subsequent propensity for violence. Behav Neurosci. 2013;127:
505–514.
134. Ter Horst JP, van der Mark M, Kentrop J, et al. Deletion of the
forebrain mineralocorticoid receptor impairs social discrimination
and decision-making in male, but not in female mice. Front Behav
Neuroscience. 2014;8:26.
135. Schwabe L, Tegenthoff M, Höffken O, Wolf OT. Mineralocorticoid receptor blockade prevents stress-induced modulation of mul-

The Endocrine Society. Downloaded from press.endocrine.org by [${individualUser.displayName}] on 21 September 2014. at 04:07 For personal use only. No other uses without permission. . All rights reserved.

2768

136.

137.

138.

139.
140.

141.

142.

143.

144.

145.
146.

147.

148.

149.

150.

151.

152.

153.
154.
155.

156.

157.

de Kloet

Brain Corticosteroid Receptor Balance

tiple memory systems in the human brain. Biol Psychiatry. 2013;
74:801– 808.
Cornelisse S, Joëls M, Smeets T. A randomized trial on mineralocorticoid receptor blockade in men: effects on stress responses,
selective attention, and memory. Neuropsychopharmacology.
2011;36:2720 –2728.
Dias-Ferreira E, Sousa JC, Melo I, et al. Chronic stress causes frontostriatal reorganization and affects decision making. Science.
2009;325:621– 625.
Schwabe L, Schächinger H, de Kloet ER, Oitzl MS. Corticosteroids
operate as a switch between memory systems. J Cogn Neurosci.
2010;22:1362–1372.
Oitzl MS, Schwabe L, Aggleton JP. Memory formation: its changing face. Neurosci Biobehav Rev. 2012;36:1577–1578.
ter Horst JP, Kentrop J, de Kloet ER, Oitzl MS. Stress and estrous
cycle affect strategy but not performance of female C57BL/6J mice.
Behav Brain Res. 2013;241:92–95.
Fardet L, Petersen I, Nazareth I. Suicidal behavior and severe neuropsychiatric disorders following glucocorticoid therapy in primary care. Am J Psychiatry. 2012;169:491– 497.
Tiemensma J, Kaptein AA, Pereira AM, Smit JW, Romijn JA, Biermasz NR. Coping strategies in patients after treatment for functioning or nonfunctioning pituitary adenomas. J Clin Endocrinol
Metab. 2011;96:964 –971.
Lachize S, Apostolakis EM, van der Laan S, et al. Steroid receptor
coactivator-1 is necessary for regulation of corticotropin-releasing
hormone by chronic stress and glucocorticoids. Proc Natl Acad Sci
USA. 2009;106:8038 – 8042.
Zalachoras I, Houtman R, Atucha E, et al. Differential targeting of
brain stress circuits with a selective glucocorticoid receptor modulator. Proc Natl Acad Sci USA. 2013;110:7910 –7915.
Romijn JA, Smit JW, Lamberts SW. Intrinsic imperfections of endocrine replacement therapy. Eur J Endocrinol. 2003;149:91–97.
Crown A, Lightman S. Why is the management of glucocorticoid
deficiency still controversial: a review of the literature. Clin Endocrinol (Oxf). 2005;63:483– 492.
Grossman AB, Johannsson G, Quinkler M, Zelissen P. Perspectives
on the management of adrenal insufficiency: clinical insights from
across Europe. Europ J of Endocr. 2013;169:R165–R175.
Karssen AM, Meijer OC, Berry A, Sanjuan Piñol R, de Kloet ER.
Low doses of dexamethasone can produce a hypocorticosteroid
state in the brain. Endocrinology. 2005;146:5587–5595.
Raubenheimer PJ, Young EA, Andrew R, Seckl JR. The role of
corticosterone in human hypothalamic-pituitary-adrenal axis
feedback. Clin Endocrinol (Oxf). 2006;65:22–26.
Born J, de Kloet ER, Wenz H, Fehm HL. Gluco- and mineralocorticoid effects on human sleep: a role of central corticosteroid receptors. Am J Physiol. 1991;260:183–188.
Liston C, Gan WB. Glucocorticoids are critical regulators of dendritic spine development and plasticity in vivo. Proc Natl Acad Sci
USA. 2011;108:16074 –16079.
Liston C, Cichon JM, Jeanneteau F, Jia Z, Chao MV, Gan WB.
Circadian glucocorticoid oscillations promote learning-dependent
synapse formation and maintenance. Nat Neurosci. 2013;16:698 –
705.
de Kloet ER, Oitzl MS, Joëls M. Stress and cognition: are corticosteroids good or bad guys? Trends Neurosci. 1999;22:422– 426.
Joëls M, Pu Z, Wiegert O, Oitzl MS, Krugers HJ. Learning under
stress: How does it work? Trends Cogn Sci. 2006;10:152–158.
Lupien SJ, McEwen BS, Gunnar MR, Heim C. Effects of stress
throughout the lifespan on the brain, behaviour and cognition.
Nature Rev Neurosci. 2009;10:434 – 445.
van Ast VA, Cornelisse S, Meeter M, Joëls M, Kindt M. Timedependent effects of cortisol on the contextualization of emotional
memories. Biol Psychiatry. 2013;74:809 – 816.
de Quervain DJ, Roozendaal B, McGaugh JL. Stress and gluco-

Endocrinology, August 2014, 155(8):2754 –2769

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

corticoids impair retrieval of long-term spatial memory. Nature.
1998;394:787–790.
Kaouane N, Porte Y, Vallée M, et al. Glucocorticoids can induce
PTSD-like memory impairments in mice. Science. 2012;335:
1510 –1513.
Zhou M, Bakker EH, Velzing EH, et al. Both mineralocorticoid
and glucocorticoid receptors regulate emotional memory in mice.
Neurobiol Learn Mem. 2010;94:530 –537.
Zhou M, Kindt M, Joëls M, Krugers HJ. Blocking mineralocorticoid receptors prior to retrieval reduces contextual fear memory in
mice. PLoS One. 2011;6:e26220.
Zohar J. Juven-Wetzler A, Sonnino R, Cwikel-Hamzany S, Balaban E, Cohen H. High dose hydrocortisone immediately after
trauma may alter the trajectory of PTSD: interval between clinical
and animal studies. Eur Neuropsychopharm. 2011;21:796 – 809.
Asagami T, Belanoff JK, Azuma J, Blasey CM, Clark RD, Tsao PS.
Selective glucocorticoid receptor (GR-II) antagonist reduces body
weight gain in mice. J Nutr Metab. 2011;235389.
Blasey CM, Block TS, Belanoff JK, Roe RL. Efficacy and safety of
mifepristone for the treatment of psychotic depression. J Clin Psychopharmacol. 2011;31:436 – 440.
Revsin Y, Rekers NV, Louwe MC, et al. Glucocorticoid receptor
blockade normalizes hippocampal alterations and cognitive impairment in streptozotocin-induced type 1 diabetes mice. Neuropsychopharmacology. 2009;34:747–758.
Grossmann C, Scholz T, Rochel M, et al. Transactivation via the
human glucocorticoid and mineralocorticoid receptor by therapeutically used steroids in CV-1 cells: a comparison of their glucocorticoid and mineralocorticoid properties. Eur J Endocrinol.
2004;151:397– 406.
Souza RR, Dal Bó S, de Kloet ER, Oitzl MS, Carobrez AP. Paradoxical mineralocorticoid receptor-mediated effect in fear memory
encoding and expression of rats submitted to an olfactory fear
conditioning task. Neuropharmacology. 2014;79:201–211.
Lembke A, Gomez R, Tenakoon L, et al. The mineralocorticoid
receptor agonist, fludrocortisone, differentially inhibits pituitaryadrenal activity in humans with psychotic major depression. Psychoneuroendocrinology. 2013;38:115–121.
Groch S, Wilhelm I, Lange T, Born J. Differential contribution of
mineralocorticoid and glucocorticoid receptors to memory formation during sleep. Psychoneuroendocrinology. 2013;38:2961–
1972.
Wingelfeld K, Kuehl LK, Janke K, et al. Enhanced emotional empathy after mineralocrticoid receptor stimulation in women with
borderline personality disorder and healthy women. Neuropsychopharmacology. 2014;39:1799 –1804.
Otte C, Hinkelman K, Moritz S, et al. Modulation of the mineralocorticoid receptor as add-on treatment in depression, a randomized double-blind, placebo controlled proff-of-concept study.
J Psych Res. 2010;44:339 –346.
DeRijk RH, Wüst S, Meijer OC, et al. A common polymorphism
in the mineralocorticoid receptor modulates stress responsiveness.
J Clin Endocrinol Metab. 2006;91:5083–5089.
Klok MD, Giltay EJ, Van der Does AJ, et al. A common and functional mineralocorticoid receptor haplotype enhances optimism
and protects against depression in females. Transl Psychiatry.
2011;1:e62.
van Leeuwen N, Caprio M, Blaya C, et al. The functional c.-2G⬎C
variant of the mineralocorticoid receptor modulates blood pressure, renin, and aldosterone levels. Hypertension. 2010;56:995–
1002.
Ackermann S, Heck A, Rasch B, Papassotiropoulos A, de Quervain
DJ. The BclI polymorphism of the glucocorticoid receptor gene is
associated with emotional memory performance in healthy individuals. Psychoneuroendocrinology. 2013;38:1203–1207.
Selye H. The Stress of Life (rev. edn.). New York, NY: McGrawHill; 1976.

The Endocrine Society. Downloaded from press.endocrine.org by [${individualUser.displayName}] on 21 September 2014. at 04:07 For personal use only. No other uses without permission. . All rights reserved.

doi: 10.1210/en.2014-1048

176. de Kloet ER, Van Acker SA, Sibug RM, et al. Brain mineralocorticoid receptors and centrally regulated functions. Kidney Int.
2000;57:1329 –1336.
177. Joëls M, Karst H, DeRijk R, de Kloet ER. The coming out of the
brain mineralocorticoid receptor. Trends Neurosci. 2008;31:1–7.
178. McEwen BS, Gianaros PJ. Stress- and Allostasis-induced brain
plasticity. Annu Rev Med. 2011;62:431– 445.
179. McEwen BS, Wingfield JC. What is in a name? Integrating homeostasis, allostasis and stress. Horm Behav. 2010;57:105–111.
180. van Praag HM, de Kloet ER, van Os J. Stress, the Brain and Depression. Cambridge, UK: Cambridge University Press; 2004.
181. Mehta D, Klengel T, Conneely KN, et al. Childhood maltreatment
is associated with distinct genomic and epigenetic profiles in posttraumatic stress disorder. Proc Natl Acad Sci USA. 2013;110:
8302– 8307.
182. Holsboer F, Ising M. Stress hormone regulation: biological role and
translation into therapy. Annu Rev Psychol. 2010;61:81–109,C1–
C11.
183. Schumann G, Binder EB, Holte A, et al. Stratified medicine for
mental disorders. Eur Neuropsychopharmacol. 2013;24:5–50.
184. Selye H. A syndrome produced by diverse nocuous agents. Nature.
1936;138:132.
185. Cannon WB. The Wisdom of the Body. Revised and Enlarged
Edition. New York, NY: WW Norton; 1993.
186. McEwen BS. Stress, definitions and concepts of. In: Fink G, ed.
Encyclopedia of Stress. Vol 3. San Diego, CA: Academic Press;
2000:508 –509.
187. Chrousos GP, Gold PW. The concepts of stress and stress system
disorders. Overview of physical and behavioural homeostasis.
JAMA. 1992;267:1244 –1252.
188. Romero LM, Dickens MJ, Cyr NE. The Reactive Scope Model - a
new model integrating homeostasis, allostasis, and stress. Horm
Behav. 2009;55:375–389.

endo.endojournals.org

2769

189. Koolhaas JM, Bartolomucci A, Buwalda B, et al. Stress revisited:
a critical evaluation of the stress concept. Neurosci Biobehav Rev.
2011;35:1291–1301.
190. Lazarus, R.S. Emotions and interpersonal relationships: toward a
person-centered conceptualization of emotions and coping. J Pers.
2006;74:9 – 46.
191. Pruessner JC, Baldwin MW, Dedovic K, et al. Self-esteem, locus of
control, hippocampal volume, and cortisol regulation in young and
old adulthood. Neuroimage. 2005;28:815– 826.
192. Day TA. Defining stress as a prelude to mapping its neurocircuitry:
no help from allostasis. Prog Neuropsychopharmacol Biol Psychiatry. 2005;29:1195–1200.
193. Raisman G. An urge to explain the incomprehensible: Geoffrey
Harris and the discovery of the neural control of the pituitary
gland. Annu Rev Neurosci. 1997;20:533–566.
194. de Wied D. The neuropeptide story. Geoffrey Harris Lecture, Budapest, Hungary, July 1994. Front Neuroendocrinol. 1997;18:
101–113.
195. Wade N. The Nobel Duel. New York, NY: Doubleday; 1981.
196. Vale W, Spiess J, Rivier C, Rivier J. Characterization of a 41residue ovine hypothalamic peptide that stimulates secretion of
corticotropin and ␤-endorphin. Science. 1981;213:1394 –1397.
197. Bittencourt JC. The tale of a person and a peptide: Wylie W. Vale
Jr. and the role of corticotropin-releasing factor in the stress response. J Chem Neuroanat. 2013;54:1– 4.
198. Levine S. Developmental determinants of sensitivity and resistance
to stress. Psychoneuroendocrinology. 2005;30:939 –946.
199. Karssen AM, Meijer OC, van der Sandt IC, et al. Multidrug resistance P-glycoprotein hampers the access of cortisol but not of corticosterone to mouse and human brain. Endocrinology. 2001;142:
2686 –2694.
200. Groeneweg FL, Karst H, de Kloet ER, Joëls M. Rapid non-genomic
effects of corticosteroids and their role in the central stress response. J Endocrinol. 2011;209:153–167.

The Endocrine Society. Downloaded from press.endocrine.org by [${individualUser.displayName}] on 21 September 2014. at 04:07 For personal use only. No other uses without permission. . All rights reserved.

