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Abstract

Why some individuals thrive and others break down under similar adverse conditions, is a central question in the neuroendocrinology of stress related
psychopathology. The brain mineralocorticoid (MR) and glucocorticoid receptors (GR) operate in balance to coordinate behavioural, autonomic and
neuroendocrine response patterns involved in homeostasis and health. Genetic variants of both theMR andGRhave been functionally characterized. The
four GR-gene single nucleotide polymorphisms (SNPs) (ER22/23EK (allele frequency: 3%), N363S (4%),BclI (37%), A3669G (15%)) and the twoMR-
gene SNPs (−2 G/C (50%), MR-I180V (11%)) showed in vitro changes in transactivational capacity, or affect stability of the mRNA (GR exon 9β
A3669G). All of theseMR-andGR-SNPs change the regulation of the hypothalamus-pituitary-adrenal (HPA) axis at different levels including basal level
(−2 G/C), dexamethasone induced negative feedback (ER22/23EK,N363S,BclI, 9βA3669G) or following a psychosocial stress test (Trier Social Stress
Test (TSST); all of the MR-and GR-SNPs). Importantly, the MR-I180V increased autonomic output and enhanced cortisol secretion during the TSST.
Recently, several of these MR-and GR-variants have been found associated with psychopathology (depression, bipolar disorder). These data provide
evidence that dysregulation ofMR andGRare causative in the pathogenesis of depression and that theseMR-andGR-gene variants are part of the genetic
make up that determines individual stress-responsivity and coping style, affecting vulnerability to disease.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Glucocorticoids secreted by the adrenals control homeostasis
and play a central role in the ability to cope with a challenge (de
Kloet et al., 2005). The secretion of glucocorticoids shows an
ultradian rhythm of about one pulse per hour (Veldhuis et al.,
1989). In humans these pulses have increased amplitude in the
morning resulting in peak levels of cortisol. Following any
threat to homeostasis, the release of corticotrophin releasing
hormone (CRH) from the hypothalamic parvocellular nucleus
(PVN) is triggered. CRH activates and coordinates sympathetic
outflow and increased release of adrenocorticotropin hormone
(ACTH) and subsequently cortisol. The HPA axis is subject to
the negative feedback action of cortisol. A rapid activation of
the stress–response implies coping with the stressor as long as
the stress reponse is also rapidly terminated. Such a reactive
system indicates that the organism is resilient and that homeo-
static defense mechanisms operate efficiently.

Glucocorticoids play an important role in both the onset and
the termination of the stress–response. Recent data from neuro-
physiological and behavioural studies (Kruk et al., 2005; Karst
et al., 2005) suggest that glucocorticoids actually can enhance in
the limbic brain the initial stress reactions, which they prevent
subsequently from overshooting (Sapolsky et al., 2000). If
either one of these activating or inhibiting influences is dys-
regulated the stress system becomes imbalanced resulting in an
enhanced vulnerability for further insults. Such an imbalance
not only is dependent on the amount of circulating hormone, but
can also be affected by local tissue-specific conversions of the
hormone (Holmes and Seckl, 2006). In addition, also at the
effector level disregulation of corticosteroid signalling may
occur which then also contributes to enhance vulnerability or
compromises resilience.

The classic view of cortisol action is that the glucocorticoid
activates intracellular receptors which translocate to the nucleus,
bind to specific DNA sequences andmodulate mRNA regulation
(Schaaf and Cidlowski, 2002; Funder, 1993; Schoneveld et al.,
2004; Meijer et al., 2006; Joëls et al., 2006; Joëls, 2006). Two
related receptors, the mineralocorticoid receptor (MR) and the
glucocorticoid receptor (GR) bind cortisol, with the MR having
a 10-fold higher affinity (Reul and de Kloet, 1985). In brain the
MR is restricted to limbic areas. Because of the high affinity the
occupancy obtained after the pulses is maintained over the one
hour pulse intervals under basal condition (Conway-Campbell
et al., 2007). The GR is widely expressed and becomes due to
its lower affinity progressively occupied only at the ultradian
peaks and after a stressful stimulus, while when hormone levels
decrease the steroid readily dissociates (de Kloet et al., 2005).
The importance of these two receptors in the glucocorticoid
regulation of the stress response led us to postulate that their
balance determines one's capability to cope with a challenge (de
Kloet et al., 2005).

Resilience or vulnerability to develop stress-related disorders
has been explained in terms of the so-called “three hit” model. In
this model it is proposed that genetic variability in interaction with
priming early life influences the response of brain and body
following amajor challenge in later life (deKloet et al., 2007). The
genetic variant that potentially provides an unfavourable genetic
make up is therefore a central component in this three hit model. In
this contribution we focus on the genetic variability in the MR-
and GR-genes and their roles in vulnerability and resilience.

1.1. Mechanism of action

GR are near ubiquitous, although their density is regulated to a
large extent at the tissue level. Also in the brain, GR are detected in
nearly all areas, with high levels observed in the hippocampus
(Reul and de Kloet, 1985). The MR is restricted to aldosterone
target organs such as sweat glands, distal colon, kidney and
salivary glands where these receptors mediate aldosterone effects
on the regulation of salt homeostasis (Funder, 2005). In the brain
the MR are found in structures involved in maintenance of elec-
trolyte balance such as the organum vasculosum lamina termi-
nalis, themedial amygdala and other periventricular brain regions.
Very high levels of MR are found in the hippocampus and other
limbic structures, where this receptor is not selective for aldo-
sterone, but also displays high affinity for other steroids such as the
naturally occurring glucocorticorticoids cortisol and corticoster-
one as well as deoxycorticosterone, aldosterone and progesterone.
The MR is actually a promiscuous receptor if not protected by
11β-steroid dehydrogenase type 2 (Holmes et al., 2006).

The classical model for corticosteroid function is based on
translocation of the activated receptor to the nucleus were it binds
responsive elements in regulatory regions thereby changing ex-
pression of the target gene (Pascual-Le Tallec and Lombes, 2005;
De Bosscher et al., 2003; Meijer et al., 2006). However, many
levels of control of corticosteroid receptor function have been
identified. For example, translocation is modulated by chaperone
proteins, which have a major impact on receptor conformation.
Posttranslation modification of MR and GR changes their trans-
activational capacity. Transcriptional coactivators (e.g. SRC1) or
corepressors (NcoR, SMRT) and the DNA structure (methylation,
histone acetylation) confer additional specificity to the corticoster-
oid signal. In addition, the sequence and compositions of the
glucocorticoid responsive element (GRE) will determine gene
responsiveness to the MR and or GR (Meijer, 2006). General
transcription factors such as NF-κB andAP-1 interact with the GR
(but not with the MR) resulting in mutual modulations (Christ
et al., 2005).

Recently, fast non-genomic actions of corticosterone on glu-
tamate transmission in brain were reported that appeared me-
diated by membrane receptors for the steroids. Surprisingly, the
MR involved in non-genomic actions appeared identical to its
nuclear congener (Karst et al., 2005), and similar evidence was
previously emerging for the GR (Tasker et al., 2006). Impor-
tantly, at least in the hippocampal CA1 cell field these MR
membrane receptors have a lower affinity/efficacy suggesting
that such receptors require stress-levels of corticosteroids (Karst
et al., 2005).

2. MR and GR gene structure

The gene for the GR is located on chromosome 5q31-32, and
the MR on chromosome 4q31.1. The gene-structure of both
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receptors is comparable, with the coding region of the genes
being formed by exon 2–9, see Fig. 1 (DeRijk and de Kloet,
2005; de Kloet et al., 2007). The “classic” GR-protein consists
of 777 amino acids with a molecular mass of 94 kD, while the
“classic” MR-protein is composed of 984 amino acids with a
mass of 110 kD. Five prime of exon 2 lies the promoter region,
which is found to be highly complex for the GR-gene and
recently new data have been added. Much less is known of the
MR-gene promoter region.

For the human MR-gene, two different promoter regions have
been described, designated P1 and P2 located just upstream of
exon 1α and 1β, respectively (Zennaro et al., 1995; Listwak et al.,
1996; Zennaro et al., 1996). P1 has been shown to be sensitive to
corticosterone while P2 is sensitive to aldosterone. In addition,
estrogens decrease expression, while progesterone increases ex-
pression of the MR, as previously was shown in the rat (Castren
et al., 1995; Carey et al., 1995; Kalman and Spencer, 2002). In this
species specific regulation of exon 1α,β andγ have been observed
in hippocampal subregions (Vazquez et al., 1998). Conditions such
as stress, ageing and antenatal corticosteroid treatment are known
to affect hippocampal MR mRNA expression (Noorlander et al.,
2006; Schmidt et al., 2003; van Eekelen et al., 1991; Gesing et al.,
2001). In the coding region of the MR-gene, a splice variant
skipping exon 5 and 6, resulting in a protein of 75 kDa, was found
to be a ligand independent transactivator capable of recruiting
coactivators (Zennaro et al., 2001). A 12 bp insert just after exon 3,
resulting from alternative splicing, did not affect DNAbinding and
its effect is currently unknown. Translational variants, resulting
from alternative usage of the different ATG start codons in exon 2,
give rise to MR-A and MR-B proteins with different transcrip-
tional activities (Pascual-Le Tallec et al., 2004).

The human GR-gene 5′ promoter region consists of at least 7
exon 1′s showing additional splicing variability (Russcher et al.,
Fig. 1. Human MR-and GR-gene variants. Translation starts in the beginning of exon
shows alternative splicing with two exon 9′s which both can join exon 8, giving rise
GR: ER22/23EK, N363S; MR: I180V, involved in mRNA stabilization GR: A3669G
modulate the regulation of the stress–response as measured by cortisol and autonomi
found to associate with depression, indicating that the GR and MR determine vulne
2007; Presul et al., 2007; Turner andMuller, 2005). These exon 1′s
are thought to be involved in the regulation of expression of theGR
(Russcher et al., 2007). GR-expression is highly variable and is
thought to underly differences in effects of corticosteroids on
leukemia, metabolism, immune regulation and stress-reactivity.
Tissue-specific regulation ofGRduring different stages of develop-
ment has been shown. Interestingly, these differences during de-
velopment appear permanent and seem to originate from the
regulation ofmultiple alternative first exons or promoters of theGR
gene (Meaney et al., 2007). GR regulation is also altered during the
ageing process (Galeeva et al., 2006; Peiffer et al., 1991). Among
the many factors that seem to influence GR-expression are corti-
costeroids, neurotransmitters and cytokines (Holmes et al., 1997;
Webster et al., 2001; Nyirenda et al., 1998; Herman and Spencer,
1998; Mitchell et al., 1990). Changes in regulation of the GR-gene
are thought to predispose for vulnerability to disease, particularly
with respect to stress-related metabolic, cardiovascular and brain
diseases.

In the GR-gene several splice variants, including the GR-P, GR-
γ andGRβ, have been tested for functionality. TheGR-P (orGR-d)
resulted from a splicing event in which exon 8 is replaced by intron
G, giving rise to a truncated protein (676 amino acids). This GR-P
is present in several freshly isolated haematological tumor cells or
circulating lymphocytes from different donors, suggestive of wide-
spread expression (de Lange et al., 2001; Gaitan et al., 1995; Parks
et al., 2001;Hagendorf et al., 2005). Ligand binding is absent in this
variant due to lack of exon 8–9, however, this variant could confer
decreased corticosteroid-sensitivity, possibly important in tumor
cells. The insertion of an additional codon, GTA (Arg), between
exon 3 and 4 at AA 452, resulted in the so-called GR-γ (Rivers
et al., 1999). Although hGR-γ seems rather ubiquitously expressed
its function is presently unknown. The GRβ is a variant of the 3′
UTR of exon 9, in which an A to G change at the first A in the
2, and ends in exon 9, followed by an untranslated region (UTR). The GR-gene
to GRα or GRβ. Indicated are functional SNPs leading to amino acid changes

, or molecular mechanisms still unknown GR: Bcl1-site; MR-2 G/C. These SNPs
c responses following the Trier Social Stress Test. GR and MR SNPs have been
rability to disease, such as affective disorders.
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ATTTA sequence resulted in vitro in stabilization of GRβ-mRNA
and increased GRβ protein expression (DeRijk et al., 2001). The
expression of the GRβ-variant in human brain tissue was found to
be very low, although several days of exposure of immune cells to
cytokines increases the GRβ/GRα ratio to levels in which the
presumed dominant activity of the GRβ over the GRα could
become important (Webster et al., 2001).

The complexity of the GR and MR-gene expression allows
for extensive tissue and context specific regulation of corticos-
teroid-sensitivity. This could explain the numerous and diverse
physiological responses elicited by corticosteroid hormones.

2.1. Mutations

Variations in nucleotide sequence can result in amino acid
changes (non-synonymous SNPs) if they are located in a codon.
If not in a coding region, they can influence gene regulation by
effects on gene-splicing, transcription efficacy, promoter activity,
translation efficacy or by introducing a stop codon (DeRijk et al.,
2002).

Mutations, associated with a severe clinical phenotype, often
consist of premature stop codons, deletions, inserts, abnormal
splicing or amino acids changes. Mutations in the human MR-
gene resulting in decreased function are associated with hypoten-
sion or pseudohypoaldosteronism (PHA1), a rare form of
mineralocorticoid resistance characterized by salt loss, dehydra-
tion, vomiting and failure to thrive. The phenotype can be rather
heterogeneous, ranging from severe forms with poor clinical
outcome to milder forms in which treatment can be discontinued.
In contrast to MR loss of function, activating MR mutations also
exist, which can result for example in hypertension (see below; the
S810L). Mutations within the GR-gene are also often not com-
patible with life. The corticosteroid-resistance syndrome is charac-
terized by hypertension, excess androgens and increased plasma
cortisol concentrations in the absence of the stigmata of Cushing's
syndrome. Furthermore, several GR-gene mutations have been
found in human malignancies including Cushings disease and
leukemia's.

2.2. Single nucleotide polymorphisms in the GR

Single nucleotide polymorphisms (SNPs) are one kind of
variations in DNA sequences that occur with a frequency of at
least 1%. These changes in nucleotide sequences give rise to
different forms of the gene, which are called alleles. SNPs often
appear in combinations, especially when they have a high fre-
quency. Combinations of SNPs or alleles are named haplotypes.
These combinations can have different effects compared to
“isolated” SNPs. In genes often blocks of combinations of several
SNPs are found, giving rise to several haplotypes in a gene. The
construction of the haplotype map for the human genome is
currently performed within the HapMap project. An example of
GR gene haplotypes in a Dutch population is provided by the
group of Koper (van den Akker et al., 2006a).

Several SNPs in theGR-gene have been tested for functionality.
In intron 2, between the first and secondATG, the codons 22 and 23
of exon 2 (GAG AGG [GluArg or ER] to GAA AAG [GlyLys or
EK]; rs6189/rs6190) show linked polymorphisms (haplotype)
originally detected by Koper et al. (1997). In vitro, the presence of
this haplotype, that is the GAA AAG form having a frequency of
approximately 4%, resulted in increased expression of GR-A,
maybe as a result of changed secondary structure of the mRNA
(Russcher et al., 2005b). The GR-Awas found to be transcription-
ally less active, resulting in an overallmild corticosteroid-resistance
(Russcher et al., 2005a). After transfection in COS cells, the ER22/
23EK displayed decreased transactivation, but no difference com-
pared to wild type GR was seen on the NF-κB transrepression
(Russcher et al., 2005a). Importantly, ER22/23EK polymorphisms
show strong linkage with the functional SNP in exon 9β, the
rs6198 (discussed below) (van den Akker et al., 2006a), leading to
a possible interaction and modulation of each others effect in vivo
(Kumsta et al., 2007).

At codon 363 (AATàAGT, rs6195) in exon 2 of the GR-gene a
non-synonymous change from Asp to Ser was initially identified
in a Dutch kindred with hypercortisolism (Karl et al., 1993). Only
recently functionality of this N363S was inferred using peripheral
bloodmonoclear lymphocytes and dexamethasone inducedGILZ/
decreased IL-2 production. Homozygote carriers of the N363S
showed not only enhanced induction of GILZ, in line with the
previously described increased corticosteroid-sensitivity, but also
decreased inhibition of IL-2 production (van den Akker et al.,
2006b). Using a whole blood assay, van Winsen et al. found a
decreased sensitivity for dexamethasone using inhibition of
lipopolysaccharide-induced TNFα production (van Winsen
et al., 2005). The extent of potential N363S effects was further
tested in both transiently and stable transfected cell lines (Jewell
and Cidlowski, 2007). Although hardly any differences were
observed in the transiently transfected cell, many marked changes
in gene-expression, using a microarray, were seen in stable trans-
fected cells even without incubation with ligand. These contrast-
ing results, increased vs decreased activity of dexamethasone
mediated effects, indicate that the effects of GR, and even more
GR-N363S, are complex, modulating several regulatory systems
at a time. For example not only suppression of NF-κB action but
also induction of inhibitory I-κBα is possible, thereby interfering
with IL-2 suppression (Russcher et al., 2005a).

The 3′ UTR of the human GR-exon 9 harbors several ATTTA
motifs, known to destabilize mRNA and thus providing a regu-
latory mechanism. Consequently, the A to G change (A3669G;
rs6198) at the first A in the ATTTA sequence resulted in vitro in
stabilization of GRβ-mRNA and subsequently in an increased
GRβ expression (DeRijk et al., 2001). More recently, in leuko-
cytes of carriers (without ER22/23EK) a modestly decreased
transrepression of IL-2 mRNAwas observed, although no effect
was seen on transactivation ofGILZ (van denAkker et al., 2006b).

Two more SNPs in the GR-gene have been used in numerous
association studies, the so-called Bcl1 site (rs 41423247), locat-
ed 647 bp inside intron B, 3′ of exon 2. For this Bcl1 site, the
wild type is a 5′-TGATCA-3′ sequence and the variant is a 5′-
TGATGA-3′ sequence, the latter not being cut by BclI (Fleury
et al., 2003). In the wild type, the BclI enzyme cuts and gene-
rates a 2.5 kD fragment, while the variant is not sensitive to BclI
generating a fragment of 4.5 kD. In addition, Stevens et al.
(2004), found the Bcl1-site to be in linkage disequilibrium with
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two other polymorphism both located downstream, showing an
allele spanning almost the entire intron B (between exon 2 and
exon 3; ∼80 kB). In the promoter region of the GR-gene, a
polymorphic Tth111I site is found upstream of exon 1c, 3807 bp
upstream of the first translation start site in exon 2 (van Rossum
and Lamberts, 2004). To date the functionality of the BclI and
Tth111I variants in vitro has not been reported.

2.3. Single nucleotide polymorphisms in the MR

In the MR-gene, a SNP in codon 810, changing serine to
leucine, changed the effect of progesterone from being an
antagonist for cortisol and aldosterone to an agonist at low
concentrations. Also other steroids lacking the C–21–OH group
became agonists. However, the frequency of this SNP in the
general population seems to be very low (b1%), making the
impact for common disorders unclear (Geller et al., 2000).

In exon 2, at codon 180, a GTT to ATT change resulted in an
isoleucine to valine change. As with the S810L, this SNP mod-
ifies ligand specific activity of the MR. We and others showed
that the MR-180V shows in vitro loss of function using cortisol
as a ligand, while aldosterone induced transactivation was not
affected (Arai et al., 2003; DeRijk et al., 2006). Finally, at
position-2, that is two nucleotides before the first ATG start
codon, a G/C SNP (rs2070951) changes in vitro transactivational
activity (Arai et al., 2003). The MR-I180V has an allele
frequency of 11% resulting in 20% carriers, while theMR-2 G/C
has an allele frequency of around 50%, making them both
potential important risk factors.

Establishing functionality of a genetic variant in vitro indicates
that the variant has a potential effect in vivo. This helps to formu-
late a priori hypothesis, although this should be done with care,
since in vitro often highly artificial systems are used bearing little
resemblance with in vivo situations. An additional argument to
strengthen associations is support from whole genome wide ana-
lysis. In case of the GR several studies have indicated that the
5q31-32, region where the GR is located, is associated with
immune disorders such as Chron's disease, coeliac disease and
asthma. Acute leukemias and other cancers often show deletion of
the 5q region. Bipolar disease and schizofrenia have also been
associated with the 5q region. TheMR, located on 4q31, has been
found in several studies to associate with mental disorders such as
depression.

3. HPA axis regulation

Regulation of HPA-axis responsiveness is highly complex and
dynamic with stress and context dependent responses (Goldstein,
2003; Dickerson andKemeny, 2005; deKloet et al., 2005). Indeed
many different tests and paradigms have been developed testing
these specific aspects of the HPA-axis.

Under basal non-challenge conditions the GR-gene Tth111I
variant located in the promoter region of the GR-gene was
reported to be associated with higher total and evening cortisol
concentrations (Rosmond et al., 2000). However this could not be
confirmed by others and it has been suggested that linkage with
other GR-SNPs could interfere with the findings (van Rossum
et al., 2004). Recently, using 6 haplotype markers of the GR-gene,
one particular haplotype was associated with higher cortisol
during the day (Rautanen et al., 2006). Unfortunately it is not
completely clear which functional GR-gene SNPs constitute this
haplotype although the BclI G-variant was included. The MR has
been implicated in tonic inhibition of the HPA axis under basal
non stress conditions (Ratka et al., 1989). Consistent with this
finding is that C-allele carriers of the MR G/C at position-2 of the
MR-gene had lower cortisol levels then non carriers (Kuningas
et al., 2006).

Using dexamethasone (1 and 0.25 mg) to test for negative
feedback inhibition at the level of the pituitary, both the GR-gene
Bcl1 polymorphism and the N363S were found to be associated
with increased suppression of cortisol in the morning (Stevens
et al., 2004; Panarelli et al., 1998; van Rossum and Lamberts,
2004). In contrast, the GR-gene ER22/23EK showed the opposite
effect: a decreased sensitivity to dexamethasone and thus a higher
post-dexamethasone cortisol level (van Rossum and Lamberts,
2004). However, not all other studies could confirm these asso-
ciations, although the in vitro tests of the GR-gene ER22/23EK
and the N363S are supportive (van den Akker et al., 2006b;
Russcher et al., 2005a). As also discussed below, the GR-gene 9β
A3669G was associated with significantly higher levels of post
dexamethasone (0.25 mg) plasma ACTH and cortisol in males,
but with lowest levels in females (Kumsta et al., 2007). No
significant effect of the other GR-SNPs (ER22/23EK, N363S or
BclI), was observed in this study.

The combined dexamethasone–CRH challenge is a pharma-
cological test of reactivity of the HPA axis (Heuser et al., 1994).
Both GR and MR activity has been proposed to be involved
(Holsboer, 2000). In a German cohort of depressed subject
(n=342) the ER22/23EK, N363S and BclI were tested with
respect to cortisol and ACTH responses to dexamethasone
suppression (1.5 mg) and the subsequent stimulation with CRH
(van Rossum et al., 2006b). However, no significant genotype
effect was found in these patients.

The Trier Social Stress Test (TSST) involves a public speaking
and mental arithmetic task in front of an audience and camera
(Dickerson and Kemeny, 2005). The subsequent variability in
cortisol responses can at least in part be explained byGR andMR-
genotype. Wüst et al showed strong genetic effects of the N363S
and the Bcl1 variant on HPA-axis responsivity in a male twin
cohort (Wüst et al., 2004). Carriers of the N363S showed higher
saliva and plasma cortisol responses, after exposure to the TSST.
Also following ACTH administration higher cortisol levels as
compared to “wt-type” subjects were observed. Bcl1 heterozy-
gotes, had less high responses, both for cortisol and ACTH
following the psychological challenge than the N363S carriers,
but they were still higher than in “wt-type” individuals. Bcl1
homozygotes however had lower cortisol responses as compared
to controls, both following the psychological stressor and ACTH
administration. The same cohort was also genotyped for the MR-
I180V variant. It was found that theMR-I180V variant is not only
associatedwith increased saliva and plasma cortisol responses, but
also with increased autonomic output as measured by heart beat
(DeRijk et al., 2006). The effects of the MR-I180V were not
confounded by the GR-SNPs although the cohort was too small to
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test for GR×MR interaction. In a follow-up study subjects were
recruited based on their GR-genotype (Kumsta et al., 2007). In
these males similar effects of the GR-genotypes BclI and N363S
were found as in themale twin cohort. Interestingly, the previously
not tested GR-gene 9β A3669G was associated with even higher
levels, both plasma cortisol and ACTH, but not for saliva cortisol
(Kumsta et al., 2007). Inwomen (all oral anticonception users), the
GR-gene BclI G/G genotype showed highest levels of cortisol,
while man with the same genotype had the lowest plasma cortisol
level. Moreover, female GR-gene 363S carriers displayed an
almost blunted salivary cortisol response,while this was highest in
males.

Clearly, MR and GR gene variants are associated with the
observed variability in HPA axis responses, with strong gender
effects appearing. The MR seems to be involved in additional
regulation of autonomic function during stress.

4. Disease

Two recent studies tested for associations between mental
performance and GR and MR-gene SNPs in elderly cohorts since
in old age cognitive decline and dementia ismore prevalent. Based
on the protective effect of the GR-gene ER22/23EK on meta-
bolisms, the relationship between this allele and the risk of
dementia and cognitive performance was tested in the so-called
Rotterdam Study (van Rossum et al., 2006a). Indeed a protective
effect of the ER22/23EK was suggested for dementia, although
the effects were modest. Furthermore, psychomoter speed was
improved in carriers, while no statistical significant effect was
seen on global cognitive function and memory performance.
White matter lesions in periventricular and subcortical areas (but
not in the amygdala or hippocampus) were less prevalent in
carriers, while the progression of the subcortical lesions was 70%
lower. In a prospective study of subjects aged 85–90 years (Leiden
85-plus Study) a decline in several measures of cognitive function
was observed as expected. No association with the MR-2 G/C or
MR-I180V or the GR-gene ER22/23EK, N363S or BclI was
found (Kuningas et al., 2006). High morning cortisol levels
(47≥μmol/L) however, did predict lower attention and slower
processing speed, while C-allele carriers of the MR-2 G/C had
lower cortisol levels than non-carriers. No interaction between
MR and GR-gene SNPs was found. Finally, carriers of the MR-
I180V had higher values on the Geriatric Depression Scale (GDS-
15) as compared to non-carriers. These findings provide some
evidence that GR and MR gene variants interfere with cognitive
function and brain integrity.

In patients suffering from Post Traumatic Stress Disorder
(PTSD), low basal cortisol levels, increased reactivity of the HPA
axis and increased corticosteroid-sensitivity has been inferred
(Yehuda, 2002). Frequency of the GR-gene N363S or Bcl1 was
however not different in 118 Vietnam War veterans compared to
control subjects (n=42) (Bachmann et al., 2005). However, also no
differences were observed in corticosteroid-sensitivity as assessed
using the 0.25 mg DST as would be expected from previous
research.

Chronic fatigue syndrome is of unknown etiology although
studies suggest HPA axis and autonomic dysregulation, with
possibly immune factors involved. In a relative small cohort
(n=140), Rajeevan et al. found an association between different
SNPs and with haplotypes (constructed with these SNPs) in the
GR-gene and several scores of fatigue (Rajeevan et al., 2007;
Smith et al., 2006). Interestingly, the extent of linkage disequi-
librium varied with respect to the clinical status, indicative of
effects of heterozygosity within the GR-gene on pathology. No
functionality of the haplotypes was however provided.

Dysregulation ofHPAaxis reactivity in healthy familymembers
of patients with affective disorders are documented, suggesting a
genetic contribution through cortisol regulation (Holsboer et al.,
1995; Ellenbogen et al., 2004). Several GR-gene SNPs have been
tested for association. vanWest et al. (2006) tested the ER22/23EK,
N363S and the N766N plus a “new” SNPs (designated NR3C1-1)
in the promoter region between exon 1B and 1C in both a Belgium
and a Swedish cohort. In the Belgium cohort an association was
found with the SNP in the promoter region, while in the Swedish
cohort the ER22/23EK associated with major depression using the
DSM-IV criteria. In a German sample of depressed patients the
ER22/23EK and the BclI were found to have significantly higher
frequencies (van Rossum et al., 2006b). Also higher frequencies
were found for the N363S, but this failed to reach significance.
Frequencies of all three SNPs went up if the patients were
additionally subdivided in recurrent unipolar depression. Response
to antidepressant treatment was improved in carriers of the ER22/
23EK. In a Dutch cohort, carriers of the BclI showing high ACTH
responses during a combined dexamethasone–CRH challenge test
had significant lower treatment response rates than non-carriers
(Brouwer et al., 2006).

These data are indicative of causal effects of theMR and GR in
cognition and psychopathology. Regulation of GR-expression
seems also to be important, since haplotypes extending into the
promoter region of the GR also associated with psychopathology
(van West et al., 2006; Rajeevan et al., 2007). Finally, GR-and
MR-SNPs could also contribute to the co-morbidity often ob-
served in psychopathology, including cardiovascular diseases and
autonomic activation (anxiety), metabolic syndrome (depression)
and immune disturbances (bipolar diseases) (DeRijk and deKloet,
2005).

5. Conclusions

Identification of MR-and GR-variants has important implica-
tions for understanding the role of corticosteroids in the main-
tenance of health and homeostasis. As summarized above
functional GR-variants associate with changes in HPA axis
regulation and behaviour, crucial systems for health and ageing
(Brakefield et al., 2005). Recent evidence is accumulating that
MR- and GR-variants underly psychopathology. MR- and GR-
gene variants explain a large part of the variability in HPA axis
(and autonomic) responses, indicating the importance of these
corticosteroid receptors in centrally mediated stress-regulation.
This is crucial since regulation of the stress-response will affect
the whole body including e.g. the metabolism, cardiovascular
systems and immune functions in which these MR- and GR-
variants have effects in their own right. Indeed, associations of the
four GR-SNPs have been described with metabolic parameters,



309R.H. DeRijk, E.R. de Kloet / European Journal of Pharmacology 583 (2008) 303–311
immune function and cardiovascular control (Rosmond et al.,
2006; DeRijk et al., 2002; DeRijk and de Kloet, 2005).

Current evidence suggests that the MR activates signalling
pathways aimed to prevent disturbance of homeostasis by faci-
litating the selection of an appropriate response to deal with a
challenge (de Kloet et al., 2005). The GR represents a mechanism
to recover from stress. A picture emerges that corticosteroid action
is indispensable for optimal coping with a challenge and that their
action is aimed at improving the (specific) system handling the
challenge (Wilckens and DeRijk, 1997; Joëls et al., 2006).
Unfortunately, as a trade-off effect, other systems are temporarily
downregulated, enhancing vulnerability to other challenges.
Moreover, efficacy of corticosteroid action is highly dependent
on the context with determinants such as activity of the target
system, timing of their effect, where they act, corticosteroid con-
centration and corticosteroid receptor activity. This complex
mechanism of action probably underlies the large phenotypic
differences in reaction to a challenge observed in a population. It is
in this context that genetic variants of corticosteroid receptors can
be protecting or vulnerability factors.

Diversity of corticosteroid action is explained at several levels
(Joëls et al., 2006; Pascual-Le Tallec and Lombes, 2005; Schaaf
and Cidlowski, 2002; Wilckens and DeRijk, 1997), with an
important level being the dynamics of the MR-and GR-gene
expression. This is provided not only bySNPs in the coding region
of the gene, but also at the level of the expression of the gene with
promoter region variants and splicing variants. Flexibility in
expression of variants provides the gene with a mechanism to
interact extensively with the environment, which effect can hardly
be underestimated (van Praag et al., 2004), and provides the
organismwith amechanismof phenotypic plasticity. Furthermore,
HPA axis activity leading to the secretion of corticosteroids, is a
resultant of central integration of peripheral signals threathening
homeostasis. By regulating the stress–response the brain becomes
a crucial factor determining the success of copingwith a challenge.

Taken together, the data provide evidence that indeed MR
and GR increase the risk for stress-related disorders such as
depression and that these MR- and GR-gene variants are part of
the genetic make up that determines individual coping style,
affecting vulnerability to disease.

Acknowledgements

The research in this review was supported by de Hersen-
stichting Nederland (project No: 10F02(2).37: Single Nucleo-
tide Polymorphism in the HPA-axis and in corticosteroid-
responsive genes: implications for depression) and the Royal
Netherlands Academy of Arts and Sciences.

References

Arai, K., Nakagomi, Y., Iketani, M., Shimura, Y., Amemiya, S., Ohyama, K.,
Shibasaki, T., 2003. Functional polymorphisms in the mineralocorticoid
receptor and amirolide-sensitive sodium channel genes in a patient with
sporadic pseudohypoaldosteronism. Hum. Genet. 112, 91–97.

Bachmann, A.W., Sedgley, T.L., Jackson, R.V., Gibson, J.N., Young, R.M.,
Torpy, D.J., 2005. Glucocorticoid receptor polymorphisms and post-
traumatic stress disorder. Psychoneuroendocrinology 30, 297–306.
Brakefield, P.M., Gems, D., Cowen, T., Christensen, K., Grubeck-Loebenstein, B.,
Keller, L., Oeppen, J., Rodriguez-Pena, A., Stazi, M.A., Tatar, M., Westendorp,
R.G., 2005. What are the effects of maternal and pre-adult environments on
ageing in humans, and are there lessons from animal models? Mech. Ageing
Dev. 126, 431–438.

Brouwer, J.P., Appelhof, B.C., van Rossum, E.F., Koper, J.W., Fliers, E., Huyser, J.,
Schene, A.H., Tijssen, J.G., Van Dyck, R., Lamberts, S.W., Wiersinga, W.M.,
Hoogendijk, W.J., 2006. Prediction of treatment response by HPA-axis and
glucocorticoid receptor polymorphisms in major depression. Psychoneuroen-
docrinology 31, 1154–1163.

Carey, M.P., Deterd, C.H., de, K.J., Helmerhorst, F., de Kloet, E.R., 1995. The
influence of ovarian steroids on hypothalamic–pituitary–adrenal regulation
in the female rat. J. Endocrinol. 144, 311–321.

Castren, M., Patchev, V.K., Almeida, O.F., Holsboer, F., Trapp, T., Castren, E.,
1995. Regulation of rat mineralocorticoid receptor expression in neurons by
progesterone. Endocrinology 136, 3800–3806.

Christ, M.,Wehling,M., Kirsch, E., Viengchareun, S., Zennaro,M.C., Lombes,M.,
2005. Enhancement of beta-adrenergic cAMP-signaling by the mineralocorti-
coid receptor. Mol. Cell. Endocrinol. 231, 23–31.

Conway-Campbell, B.L., McKenna, M.A., Wiles, C.C., Atkinson, H.C., de
Kloet, E.R., Lightman, S.L., 2007. Proteasome-dependent downregulation of
activated nuclear hippocampal glucocorticoid receptors determines dynamic
responses to corticosterone. Endocrinology 148 (11), 5470–5477.

De Bosscher, K., Vanden Berghe, W., Haegeman, G., 2003. The interplay between
the glucocorticoid receptor and nuclear factor-kappaB or activator protein-1:
molecular mechanisms for gene repression. Endocr. Rev. 24, 488–522.

de Kloet, E.R., DeRijk, R.H., Meijer, O.C., 2007. Therapy Insight: is there an
imbalanced response of mineralocorticoid and glucocorticoid receptors in
depression? Nat. Clin. Pract. Endocrinol. Metab. 3, 168–179.

de Kloet, E.R., Joëls, M., Holsboer, F., 2005. Stress and the brain: from
adaptation to disease. Nat. Rev. Neurosci. 6, 463–475.

de Lange, P., Segeren, C.M., Koper, J.W., Wiemer, E., Sonneveld, P.,
Brinkmann, A.O., White, A., Brogan, I.J., de Jong, F.H., Lamberts, S.W.,
2001. Expression in hematological malignancies of a glucocorticoid receptor
splice variant that augments glucocorticoid receptor-mediated effects in
transfected cells. Cancer Res. 61, 3937–3941.

DeRijk, R.H., de Kloet, E.R., 2005. Corticosteroid receptor genetic polymorph-
ism and stress responsivity. Endocrine 28, 263–269.

DeRijk, R.H., Schaaf, M., de Kloet, E.R., 2002. Glucocorticoid receptor
variants: clinical implications. J. Steroid Biochem. Mol. Biol. 81, 103–122.

DeRijk, R.H., Schaaf, M., Turner, G., Datson, N.A., Vreugdenhil, E., Cidlowski,
J.A., de Kloet, E.R., Emery, P., Sternberg, E.M., Detera-Wadleigh, S., 2001.
A glucocorticoid receptor variant that increases the stability of the glucocorti-
coid receptor b-isoform is associated with rheumatoid arthritis. J Rheumatol 28,
2383–2388.

DeRijk, R.H., Wüst, S., Meijer, O.C., Zennaro, M.-C., Federenko, I.S.,
Hellhammer, D.H., Giacchetti, G., Vreugdenhil, E., Zitman, F.G., de Kloet,
E.R., 2006. A common polymorphism in the mineralocorticoid receptor
modulates stress responsiveness. J. Clin. Endocrinol.Metab. 91, 5083–5089.

Dickerson, S.S., Kemeny, M.E., 2005. Acute stressors and cortisol responses: a
theoretical integration and synthesis of laboratory research. Psychol. Bull.
130, 355–391.

Ellenbogen, M.A., Hodgins, S., Walker, C.D., 2004. High levels of cortisol
among adolescent offspring of parents with bipolar disorder: a pilot study.
Psychoneuroendocrinology 29, 99–106.

Fleury, I., Beaulieu, P., Primeau, M., Sinnett, D., Krajinovic, M., 2003.
Characterization of the BclI polymorphism in the glucocorticoid receptor
gene. Clin. Chem. 49, 1528–1531.

Funder, J.W., 1993. Mineralocorticoids, glucocorticoids, receptors and response
elements. Science 259, 1132–1133.

Funder, J.W., 2005. Mineralocorticoid receptors: distribution and activation.
Heart Fail. Rev. 10, 15–22.

Gaitan, D., DeBold, C.R., Turney, M.K., Zhou, P., Orth, D.N., Kovacs, W.J.,
1995. Glucocorticoid receptor structure and function in an adrenocortico-
tropin-secreting small cell lung cancer. Mol. Endocrinol. 9, 1193–1201.

Galeeva, A., Ordyan, N., Pivina, S., Pelto-Huikko, M., 2006. Expression of
glucocorticoid receptors in the hippocampal region of the rat brain during
postnatal development. J. Chem. Neuroanat. 31, 216–225.



310 R.H. DeRijk, E.R. de Kloet / European Journal of Pharmacology 583 (2008) 303–311
Geller, D.S., Farhi, A., Pinkerton, N., Fradley, M., Moritz, M., Spitzer, A.,
Meinke, G., Tsai, F.T.F., Sigler, P.B., Lifton, R.P., 2000. Activating mine-
ralocorticoid receptor mutation in hypertension exacerbated by pregnancy.
Science 289, 119–123.

Gesing, A., Bilang-Bleuel, A., Droste, S.K., Linthorst, A.C., Holsboer, F., Reul, J.M.,
2001. Psychological stress increases hippocampal mineralocorticoid recep-
tor levels: involvement of corticotropin-releasing hormone. J. Neurosci. 21,
4822–4829.

Goldstein, D.S., 2003. Catecholamines and stress. Endocr. Regul. 37, 69–80.
Hagendorf, A., Koper, J.W., de Jong, F.H., Brinkmann, A.O., Lamberts, S.W.,

Feelders, R.A., 2005. Expression of the human glucocorticoid receptor splice
variants alpha, beta, and P in peripheral blood mononuclear leukocytes in
healthy controls and in patients with hyper-and hypocortisolism. J. Clin.
Endocrinol. Metab. 90, 6237–6243.

Herman, J.P., Spencer, R., 1998. Regulation of hippocampal glucocorticoid
receptor gene transcription and protein expression in vivo. J. Neurosci. 18,
7462–7473.

Heuser, I.J., Yassouridis, A., Holsboer, F., 1994. The combined dexamethasone/
CRH test: a refined laboratory test for psychiatric disorders. J. Psychiat. Res. 28,
341–356.

Holmes, M.C., Seckl, J.R., 2006. The role of 11beta-hydroxysteroid
dehydrogenase in the brain. Mol. Cell. Endocrinol. 248, 9–14.

Holmes, M.C., French, K.L., Seckl, J.R., 1997. Dysregulation of diurnal
rhythms of serotonin 5-HT2C and corticosteroid receptor gene expression in
the hippocampus with food restriction and glucocorticoids. J. Neurosci. 17,
4056–4065.

Holmes, M.C., Sangra, M., French, K.L., Whittle, I.R., Paterson, J., Mullins, J.J.,
Seckl, J.R., 2006. 11beta-hydroxysteroid dehydrogenase type 2 protects the
neonatal cerebellum from deleterious effects of glucocorticoids. Neuroscience
137, 865–873.

Holsboer, F., 2000. The corticosteroid receptor hypothesis of depression.
Neuropsychopharmacol 23, 477–501.

Holsboer, F., Lauer, C.J., Schreiber, W., Krieg, J.-C., 1995. Altered
hypothalamic–pituitary–adrenocortical regulation in healthy subjects at
high familial risk for affective disorders. Neuroendocrinology 62, 340–347.

Jewell, C.M., Cidlowski, J.A., 2007. Molecular evidence for a link between the
N363S glucocorticoid receptor polymorphism and altered gene expression.
J. Clin. Endocrinol. Metab. 92, 3268–3277.

Joëls,M., 2006. Corticosteroid effects in the brain: U-shape it. Trends Pharmacol.
Sci. 27, 244–250.

Joëls, M., Pu, Z., Wiegert, O., Oitzl, M.S., Krugers, H.J., 2006. Learning under
stress: how does it work? Trends Cogn. Sci. 10, 152–158.

Kalman, B.A., Spencer, R.L., 2002. Rapid corticosteroid-dependent regulation
of mineralocorticoid receptor protein expression in rat brain. Endocrinology
143, 4184–4195.

Karl, M., Lamberts, S.W., Detera-Wadleigh, S., Encio, I.J., Stratakis, C.A., Hurley,
D.M., Accili, D., Chrousos, G.P., 1993. Familial glucocorticoid resistance
caused by a splice site deletion in the human glucocorticoid receptor gene.
J. Clin. Endocrinol. Metab. 76, 683–689.

Karst, H., Berger, S., Turiault, M., Tronche, F., Schütz, G., Joëls, M., 2005.
Mineralocorticoid receptors are indispensible for non-genomic modulation
of hippocampal glutamate transmission by corticosterone. Proc. Natl. Acad.
Sci. 102, 19204–19207.

Koper, J.W., Stolk, R.P., de Lange, P., Huizenga, N.A.T., Molijn, G.J., Pols, H.A.,
Grobbee,D.E.,Karl,M., de Jong, F.H., Brinkmann,A.O., Lamberts, S.W., 1997.
Lack of association between five polymorphisms in the human glucocorticoid
receptor gene and glucocorticoid resistance. Hum. Genet. 99, 663–668.

Kruk, M.R., Halász, J., Meelis, W., Haller, J., 2005. Fast positive feedback
between the adrenocortical stress response and a brain mechanism involved
in aggressive behavior. Behav. Neurosci. 118, 1062–1070.

Kumsta, R., Entringer, S., Koper, J.W., van Rossum, E.F.C., Hellhammer, D.H.,
Wüst, S., 2007. Sex specific associations between common glucocorticoid
receptor gene variants and hypothalamus-pituitary-adrenal axis responses to
psychological stress. Biol Psychiatry 62, 863–869.

Kuningas, M., DeRijk, R.H., Westendorp, R.G., Jolles, J., Slagboom, E.P., van
Heemst, D., 2006. Mental performance in old age is dependent on cortisol
and genetic variance in the mineralocorticoid and glucocorticoid receptors.
Neuropsychopharmacol 32, 1–7.
Listwak, S., Gold, P.W., Whitfield Jr., H.J., 1996. The human mineralocorticoid
receptor promoter: its structure and expression. J. Steroid Biochem. Mol.
Biol. 58, 495–506.

Meaney, M.J., Szyf, M., Seckl, J.R., 2007. Epigenetic mechanisms of perinatal
programming of hypothalamic–pituitary–adrenal function and health. Trends
Mol. Med. 13, 269–277.

Meijer, O.C., 2006. Understanding stress through the genome. Stress 9, 61–67.
Meijer, O.C., van der Laan, S., Lachize, S., Steenbergen, P.J., de Kloet, E.R., 2006.

Steroid receptor coregulator diversity: what can it mean for the stressed brain?
Neuroscience 138, 891–899.

Mitchell, J.B., Rowe, W., Boksa, P., Meaney, M.J., 1990. Serotonin regulates type
II corticosteroid receptor binding in hippocampal cell cultures. J. Neurosci. 10,
1745–1752.

Noorlander, C.W., De Graan, P.N., Middeldorp, J., Van Beers, J.J., Visser, G.H.,
2006. Ontogeny of hippocampal corticosteroid receptors: effects of antenatal
glucocorticoids in human and mouse. J. Comp. Neurol. 499, 924–932.

Nyirenda, M.J., Lindsay, R.S., Kenyon, C.J., Burchell, A., Seckl, J.R., 1998.
Glucocorticoid exposure in late gestation permanently programs rat hepatic
phosphoenolpyruvate carboxykinase and glucocorticoid receptor expres-
sion and causes glucose intolerance in adult offspring. J. Clin. Invest. 101,
2174–2181.

Panarelli, M., Holloway, C.D., Fraser, R., Connell, J.M.C., Ingram, M.,
Anderson, N.N., Kenyon, C.J., 1998. Glucocorticoid receptor polymorph-
ism, skin vasoconstriction and other metabolic intermediate phenotypes in
normal subjects. J. Clin. Endocrinol. Metab. 83, 1846–1852.

Parks, L.L., Turney, M.K., Detera-Wadleigh, S., Kovacs, W.J., 2001. An ACTH-
producing small cell lung cancer expresses aberrant glucocorticoid receptor
transcripts from a normal gene. Mol. Cell. Endocrinol. 142, 175–181.

Pascual-Le Tallec, L., Lombes, M., 2005. The mineralocorticoid receptor: a
journey exploring its diversity and specificity of action. Mol. Endocrinol. 19,
2211–2221.

Pascual-Le Tallec, L., Demange, C., Lombes, M., 2004. Human mineralocorti-
coid receptor A and B protein forms produced by alternative translation sites
display different transcriptional activities. Eur. J. Endocrinol. 150, 585–590.

Peiffer, A., Barden, N., Meaney, M.J., 1991. Age-related changes in gluco-
corticoid receptor binding and mRNA levels in the rat brain and pituitary.
Neurobiol. Aging 12, 475–479.

Presul, E., Schmidt, S., Kofler, R., Helmberg, A., 2007. Identification, tissue
expression, and glucocorticoid responsiveness of alternative first exons of
the human glucocorticoid receptor. J. Mol. Endocrinol. 38, 79–90.

Rajeevan, M.S., Smith, A.K., Dimulescu, I., Unger, E.R., Vernon, S.D., Heim, C.,
Reeves, W.C., 2007. Glucocorticoid receptor polymorphisms and haplotypes
associated with chronic fatigue syndrome. Genes Brain Behav. 6, 167–176.

Ratka, A., Sutanto, W., Bloemers, M., de Kloet, E.R., 1989. On the role of the
brain type I and type II corticosteroid receptors in neuroendocrine
regulation. Neuroendocrinology 50, 117–123.

Rautanen, A., Eriksson, J.G., Kere, J., Andersson, S., Osmond, C., Tienari, P.,
Sairanen, H., Barker, D.J., Phillips, D.I., Forsen, T., Kajantie, E., 2006.
Associations of body size at birth with late-life cortisol concentrations and
glucose tolerance are modified by haplotypes of the glucocorticoid receptor
gene. J. Clin. Endocrinol. Metab. 91, 4544–4551.

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

Rivers, C., Levy, A., Hancock, J., Lightman, S., Norman, M., 1999. Insertion of
an amino acid in the DNA-binding domain of the glucocorticoid receptor as
a result of alternative splicing. J. Clin. Endocrinol. Metab. 84, 4283–4286.

Rosmond, R., Chagnon, Y.C., Chagnon, M., Pérusse, L., Bouchard, C., Björntorp,
P., 2000. A polymorphism of the 5′-flanking region of the glucocorticoid
receptor gene locus is associated with basal cortisol secretion in men.
Metabolism 49, 1197–1199.

Rosmond, R., Radulovic, V., Holm, G., 2006. A brief update of glucocorticoid
receptor variants and obesity risk. Ann. N. Y. Acad. Sci. 1083, 153–164.

Russcher,H., Dalm,V.A., de Jong, F.H., Brinkmann,A.O.,Hofland, L.J., Lamberts,
S.W., Koper, J.W., 2007. Associations between promoter usage and alternative
splicing of the glucocorticoid receptor gene. J. Mol. Endocrinol. 38, 91–98.

Russcher, H., Smit, P., van den Akker, E.L.T., van Rossum, E.F.C., Brinkman,
A.O., de Jong, F.H., Lamberts, S.W., Koper, J.W., 2005a. Two



311R.H. DeRijk, E.R. de Kloet / European Journal of Pharmacology 583 (2008) 303–311
polymorphisms in the glucocorticoid receptor gene directly affect
glucocorticoid-regulated gene expression. J. Clin. Endocrinol. Metab. 90,
5804–5810.

Russcher, H., van Rossum, E.F.C., de Jong, F.H., Brinkman, A.O., Lamberts, S.W.,
Koper, J.W., 2005b. Increased expression of the glucocorticoid receptor-a
translational isoform as a result of the ER22/23EK polymorphism. Mol.
Endocrinol. 19, 1687–1696.

Sapolsky, R.M., Romero, L., Munck, A., 2000. How do glucocorticoids in-
fluence stress responses? Integrating permissive, suppressive, stimulatory,
and preparative actions. Endo. Rev. 21, 55–89.

Schaaf, M., Cidlowski, J.A., 2002. Molecular mechanisms of glucocorticoid
action and resistance. J. Steroid Biochem. Mol. Biol. 83, 37–48.

Schmidt, M., Enthoven, L., van der Mark, M., Levine, S., de Kloet, E.R., Oitzl,
M.S., 2003. The postnatal development of the hypothalamic–pituitary–
adrenal axis in the mouse. Int. J. Neurosci. 21, 125–132.

Schoneveld, O.J.L.M., Gaemers, I.C., Lamers, W.H., 2004. Mechanisms of
glucocorticoid signalling. Biochem. Biophys. Acta 1680, 114–128.

Smith, A.K., White, P.D., Aslakson, E., Vollmer-Conna, U., Rajeevan, M.S.,
2006. Polymorphisms in genes regulating the HPA axis associated with
empirically delineated classes of unexplained chronic fatigue. Pharmacoge-
nomics 7, 387–394.

Stevens, A., Ray, D.W., Zeggini, E., John, S., Richards, H.L., Griffiths, C.E.M.,
Donn, R., 2004. Glucocorticoid sensitivity is determined by a specific
glucocorticoid receptor haplotype. J. Clin. Endocrinol. Metab. 89, 892–897.

Tasker, J.G., Di, S., Malcher-Lopes, R., 2006. Minireview: rapid glucocorticoid
signaling via membrane-associated receptors. Endocrinology 147, 5549–5556.

Turner, J.D., Muller, C.P., 2005. Structure of the glucocorticoid receptor
(NR3C1) gene 5′ untranslated region: identification, and tissue distribution
of multiple human exon 1. J. Mol. Endocrinol. 283–289.

van den Akker, E.L., Nouwen, J.L., Melles, D.C., van Rossum, E.F., Koper, J.W.,
Uitterlinden, A.G., Hofman, A., Verbrugh, H.A., Pols, H.A., Lamberts, S.W.,
vanBelkum,A., 2006a. Staphylococcus aureus nasal carriage is associatedwith
glucocorticoid receptor gene polymorphisms. J. Infect. Dis. 194, 814–818.

van den Akker, E.L., Russcher, H., van Rossum, E.F., Brinkmann, A.O., de
Jong, F.H., Hokken, A., Pols, H.A., Koper, J.W., Lamberts, S.W., 2006b.
Glucocorticoid receptor polymorphism affects transrepression but not trans-
activation. J. Clin. Endocrinol. Metab. 91, 2800–2803.

van Eekelen, J.A., Rots, N.Y., Sutanto, W., Oitzl, M.S., de Kloet, E.R., 1991.
Brain corticosteroid receptor gene expression and neuroendocrine dynamics
during aging. J. Steroid Biochem. Mol. Biol. 40, 679–683.

van Praag, H.M., de Kloet, E.R., Van Os, J., 2004. Stress, the brain and depression.
Cambridge University Press, UK.

van Rossum, E.F.C., Lamberts, S.W., 2004. Polymorphisms in the glucocorti-
coid receptor gene and their associations with metabolic parameters and
body composition. Recent Prog. Horm. Res. 59, 333–357.

van Rossum, E.F.C., Roks, P.H.M., de Jong, F.H., Brinkman, A.O., Pols, H.A.,
Koper, J.W., Lamberts, S.W., 2004. Characterization of a promoter poly-
morphism in the glucocorticoid receptor gene and its relationship to three
other polymorphisms. Clin. Endocrinol. 61, 573–581.

van Rossum, E.F., de Jong, F.J., Koper, J.W., Uitterlinden, A.G., Prins, N.D.,
van Dijk, E.J., Koudstaal, P.J., Hofman, A., de Jong, F.H., Lamberts, S.W.,
Breteler, M.M., 2006a. Glucocorticoid receptor variant and risk of dementia
and white matter lesions. Neurobiol. Aging.

van Rossum, E.F.C., Binder, E.B., Majer, M., Koper, J.W., Ising, M., Modell, S.,
Salyakina, D., Lamberts, S.W., Holsboer, F., 2006b. Polymorphisms of the
glucocorticoid receptor gene and major depression. Biol. Psychiatry 59,
681–688.

vanWest, D., Van Den, E.F., Del Favero, J., Souery, D., Norrback, K.F., van Duijn,
C., Sluijs, S., Adolfsson, R., Mendlewicz, J., Deboutte, D., Van Broeckhoven,
C., Claes, S., 2006.Glucocorticoid receptor gene-basedSNP analysis in patients
with recurrent major depression. Neuropsychopharmacol 31, 620–627.

van Winsen, L.L., Hooper-van, V.T., van Rossum, E.F., Polman, C.H., van den
Berg, T.K., Koper, J.W., Uitdehaag, B.M., 2005. The impact of glucocorticoid
receptor gene polymorphisms on glucocorticoid sensitivity is outweighted in
patients with multiple sclerosis. J. Neuroimmunol. 167, 150–156.

Vazquez, D.M., Lopez, J.F., Morano, M.I., Kwak, S.P., Watson, S.J., Akil, H.,
1998. Alpha, beta, and gamma mineralocorticoid receptor messenger ribo-
nucleic acid splice variants: differential expression and rapid regulation in
the developing hippocampus. Endocrinology 139, 3165–3177.

Veldhuis, J.D., Iranmanesh, A., Lizarralde, G., Johnson, M.L., 1989. Amplitude
modulation of a burstlike mode of cortisol secretion subserves the circadian
glucocorticoid rhythm. Am. J. Physiol. 257, E6–E14.

Webster, J.C., Oakley, R.H., Jewell, C.M., Cidlowski, J.A., 2001. Proinflam-
matory cytokines regulate human glucocorticoid receptor gene expression
and lead to the accumulation of the dominant negative beta isoform: a
mechanism for the generation of glucocorticoid resistance. Proc. Natl. Acad.
Sci. 98, 6865–6870.

Wilckens, T., DeRijk, R.H., 1997. Glucocorticoids and immune function: un-
known dimensions and new frontiers. Immunol. Today 18, 419–424.

Wüst, S., van Rossum, E.F.C., Federenko, I., Koper, J.W., Kumsta, R.,
Hellhammer, D., 2004. Common polymorphisms in the glucocorticoid
receptor gene are associated with adrenocortical responses to psychosocial
stress. J. Clin. Endocrinol. Metab. 89, 563–564.

Yehuda, R., 2002. Post-traumatic stress disorder. N. Engl. J. Med. 346, 108–114.
Zennaro, M.-C., Kneightley, M.-C., Kotelevtsev, Y., Conway, G.S., Soubrier, F.,

Fuller, P.J., 1995. Human mineralocorticoid receptor genomic structure and
identification of expressed isoforms. J. Biol. Chem. 270, 21016–21020.

Zennaro, M.-C., Le Menuet, D., Lombes, M., 1996. Characterization of the
human mineralocorticoid receptor gene 5′-regulatory region: evidence for
differential hormonal regulation of two alternative promoters via non-
classical mechanisms. Mol. Endocrinol. 10, 1549–1560.

Zennaro, M.-C., Souque, A., Viengchareun, S., Poisson, E., Lombes, M., 2001.
A new human MR splice variant is a ligand-independent transactivator
modulating corticosteroid action. Mol. Endocrinol. 15, 1586–1598.


	Corticosteroid receptor polymorphisms: Determinants of vulnerability and resilience
	Introduction
	Mechanism of action

	MR and GR gene structure
	Mutations
	Single nucleotide polymorphisms in the GR
	Single nucleotide polymorphisms in the MR

	HPA axis regulation
	Disease
	Conclusions
	Acknowledgements
	References


