www.nature.com/ciinicalpractice/endmet

Therapy Insight: is there an imbalanced response
of mineralocorticoid and glucocorticoid receptors

in depression?
E Ronald de Kloet*, Roel H DeRijk and Gnno C Meijer

In severely depressed patients, emotional arcusal, cognitive abnormality
and vulnerability to psychotic episodes are linked to a hyperactive
hypothalamic—pituitary-adrenal (HPA) axis and high levels of circulating
cortisol. The susceptibility pathways underlying these disturbed brain
functions are influenced by genetic factors, earlv-life priming experiences
and Iater-life events. Cortisol is an immportant determinant in this so-
called three hit model. The action of cortisol is protective, but can become
harmful if exposure of susceptibility pathwavs to the stress hormone is
excessive and sustained or inadequate. In this article we argue that this
change in role of cortisol from protective into harmful depends on

the functioning of the mineralocorticoid and glucocorticoid recepiors
and the context in which the organism experiences the stressor. Actions
mediated by the mineralocorticoid and glucocorticoid receptors are
complementary and operate in different time domains of the stress
response: the mineralocorticoid recepior normaily prevents stress-induced
disturbances, but if such disturbances occur the glucocorticoid receptor
heips the recovery process. An imbalance in these receptor-mediated
actions is thought to increase vulnerability to stress-related psychiatric
disorders in predispesed individuals. Correction of the imbalance between
the mineralocorticoid receptor and the glucocorticoid receptor can,
therefore, facilitate recovery processes still present in the diseased brain,
prrovided that the right psychological context is offered to the individual.

KEYWORDS brain, depression, glucocorticoids, mineralccorticoids, siress

REVIEW CRITERIA

Fubbed was muhea us

the terms “stress”™, “a e behaviour”, “brain’,
..}YGE‘); giucocor \mi ece plors mfi “maond

Zfla! . Wc alse searched the reference lisis of

ER de Kloet is a Professor of Medical Pharmacology, and RFH DeRijk and

OC Meijer are Assistant Professors, in the Department of Medical
Pharmacelogy, Leiden University Medical Center nnd the Leiden/Amsterdam
Center for Drug Research, Leiden, The Netherlands.

Correspondence
“Department of Medical Pharmacology, Leiden/Amsterdam Center for Drug Research and Leiden
University Medical Center, PO Box 8502, 2300 RA Leiden, The Netherlands
e.kiost@lacdr.leidenuniv.nl

Received 6 Aer 2006 Accepted 25 August 2006

www.nature.com/clinicalpractice
cloi:10.1038/ncpendmet0493

188 MATLHE SLIMIDAL PRASHCE ENDOCRINOLOGY & METABOLISM

INTRQDUCTION

Depression cccurs in various degrees of severity
ranging from just feeling ‘down’ towards a
full-blown clinical condition characterized
by distorted thought and despair. Aacommg
to a study by the WHO, clinical depression

a leading cause of disability worldwide.!
Depressive conditions are recurrent and can
be comorbid with heart disease, 0steoporosis
and abdominal obesitv.>® The current anti-
depressant drugs provide an effective treatment
of the symptoms of c‘iepression as is shown by
the selective inhibitors of serotonin reuptake and
norepinephrine reaptake. These drugs are more
selective and have fewer side-effects than their
prototype tricyclic antidepressants discovered by
serendipity some 50 years ago.!

How the current drugs exert their therapeutic
action is still poorly understood. For instance,
the serotonin reuptake inhibitors rapidly
promote neurotransmission mediated by
serotonin (5-hydroxvtrypramine), but it takes
several weeks to improve the clinical condition
of depressed patients. In addition, there is little
understanding of the pamogemc mechanism
underlying depressive illness. A meta-analysis
ot epidemiological studies that included twins
indicated that deprewion hias an estimated

heritability of 37%.% Individuals who have
experienced ‘priming’ by an early-life travma,
such as parental loss or sexual or physical
abuse, could also present & vulnerable pheno-
type.®” This vulnerability of traus
viduals might depend on genetic variation of
the serotonin reuptake iransporter, particularly
in young, depressed patients,® but generaliy
depreassion is thought to have a multifactorial
polygenic cause.

These findings raise the question of how
genetic faciors and early-life priming experi-
ences increase susceptibility to stressful events
in precipitating depression, The quesiion calis
for a mechanism underlying vulnerability to
depression rather than identification of the
disease genes per se. Crucial for understanding
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the mechanisms controlled by these genetic
and environmental ;?i- eractions is the hypo-
thalamic—pituitary—adrenal (HPA) axis, which
coordinates experience aﬂd behavior with the
secretion of its hermonat end product: cortisol
in primates and corticosterone in rodents.
These corticosteroids regulate EPA axis activity
by feedback control of hypothalamic cortico-
tro‘sin—reieas‘iz}g-f’aormom {CEH)-producing
neurons and pitaitary adrenocorticotropic
hormone release. Corticosteroids also have
notable actions on the neural pathways
projecting to the CRH neurons from distant
limbic—midbrain and coriical brain regions—
the hippocampus, amygdala and prefrontal
anterior cingulate cortex (Figure 1), In these
regions corticosteroids can alter the function
of neuronal networks underlving the control
of mood and memory processes through acti-
vation of the mineralecorticoid receptor and
glucocorticoid receptor.’

in this article cortisol and its two brais
receptor types are proposed as proximal factors
in vulnerability to depression, We argue that
modulation of corisol signaling in these brain
regions is a potential treatment option o reduce
susceptibility to stress-relaled psychiatric illness
and to promote a recovery mechanism that is
still presest evern in the diseased brain.

ROLE OF THE HPA AXIS AND CORTISOL

I GEPRESSION

o link & vulnerable phenotype
for depression with the HPA axis and cortisol are
based on the following lines of evidence. First, in
vuinerabie phenotypes the major siressors that
activate the FIPA axis and increase cortisol secre-
tion commonly precede the oaset of depressicn,

although stressors are not always necessary
19

The arguments t

as triggers.

Second, increased and sustained ?—EPA axis
activation is observed in about 50% of severely
depressed patlentq even under a common
daily burden. This feature is demonstrated, for
example, by the flattened circadian rhythm of
cortisol, particularly bccause of elevated trough
izvels in the evening.!>'? Furthermore, CRH
levels are increased in cerebrospinal fluid and
in the postmortem paraventricular nucleus of
satients.* Endecrine challenge tests,
such as the combined dexamethasens plus CRH
test, reveal that normalization of HPA axis regula-
tion is a prerequisite for successful antidepressant
freatment, whereas HPA dysregulation precades

denrassed
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relapse, particularly in individuals with a high
genetic susceptibility.1*

Third, as an extension of the second argu-
ment, even though depressed patients with
fwvpercortisolemia rarely develop the overt
phenotype of Cushing’s sysidrome, milder phys-
ical signs of excess cortisol are common.? Verbal
memory tests show disturbed focus, attention
and encoding rather than disturbed memory
recall per se.!?

ourth, the risk for depression and steroid
psvchosis is increased during Cushing's
syndrome as well as during long-term
phazmacotherapy with potent synthetic
glucocorticoids. These symptoms of depres-
sion generally disappear upon cessation of
glucocorticoid excess, surgical removal of the
ntiglucocorticoid
administration.'® However, chronically high
cortisol levels appear related more to emotional
arousal, psychotic disorgenization and cogni-
tive impairment than to depressive Hlness

cortisol-producing tumor or a

1, variations in genes coding for proteins
involved in corticosteroid receptor signaling are
sscciated with recurrence E)EdepreSSEVP episodes
and the response to antidepressant drugs.'®17
Collectively, the data suggest that rapid acri-
vation of the HPA axis is essential for health
as long as it is turned off efficiently. Hence, a
chronicaliv hyperactive HPA axis and clevated
cortisol levels increase vulnerability to severe
depression and psychotic episodes. Important
questions are the proximai cause of increased
1PA axis activity and how cortisol action, which
is essential for life, health and adaptation, can
change from a protective into & harmful signal

THE CORTICOSTERDID RECEPTCR
HYPCTHESIS OF DEPRESSION

Stressful life events can undoubtedly precipilate
depression 131 predisposed individuals carrying
genetic and experience-related vulnerabilities.
in such predisposed individuals increased HPA
axis activity can result from overactive hypo-
thalamic CRH neurons and/or resistance to
corticosteroid feedback, V1929527 "T'his resis-
tance can be caused by reduced access to the
receptor.’>? The mast profound impact is,
however, caused by ceficits in the function of
the receptor per se ar by impaired reguaiation

of corticosteroid-responsive gc*ﬂes pam\_uiﬂrl}
9,11

in a context of excessive stimulation by stress,
Impaired receptor functioning atlenuates
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Figura 1 The brain as regulator and target of corticosteroids. (A} Stressful
stimufi stimulate, through afferent pathways, the CRH and vasopressin
naurons in the PVN that orchestrate behavioral, autonomous and
nauroendocrine response paterns.®C Physical stressors (e.g. pain, blood ioss,
heat and coid; directiy stimulate the PVN vna ascending ammerczsc pathways.
Psychological stressors require nrocassing in kmbic—cortical brain structures
{e.g. hippocampus, amygdala and prefrontal cortex) that cormmunicate irans-
synaptically with the PVN. The neurocendocrine response patiern enhances
the secretory bursts of cortisol {primates) or corticosterone {rodents) from the
adrenai cortex. Trie corticosteroids feed back on the brain circuits that have
procuced their own secretion and pravent them from overexcitation.9:24.77
These actions exerted by the steroics are mediated by (B} MFEs and (L) GRs.
Undier psychosocizl strass conditions MFs set the threshoid at the onsat
of the stress response by faciitating appraisal processes, which—through
CRH-R1-—dsatarmine the exteni of CRH action on HPA activation, sympathatic
nervo_us sysiem responses and fight-flight behavior. The rising corticosterone
levels after strass progressively activate GRs, which facilitate adaptation,
promote memory sterage arnd hence prepars for coping with future events.
CRH-R2 activation by uiocorting and parasympathetic nervous activity is
thought to synergize with GRs io promots recovery.? MAs and GRs operate
in compiementary fashion through a (non)genomic machanism to facilitate
adagtation; imbalance is thought to enhance vulrerability to stress-reiated
psychiatric iliness. Abbreviations: CRH, corticotropin-relzasing hormone;
CRH-R1, CRH receptor 1; GR, glucocorticoid receptor; MR, mineraiocorticoid
recepicr; PVN, paraventricular nucleus.

corticosteroid feedback, resulting in cortisol
responises of large magnitude and long duration.
Locally, these cortisol actions can be amplified
by 11B-steroid dehydrogenase.?*

actor is that the actions exerted by
cortisol are mediated in the brain by the high-
affinity mineralocorticoid receptor and lower-
affinity glucocorticoid receptor (Box 1, Figure 1).7
Studies done over the past two decades have

A crucial
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= . Tenfcld lower affinityfor coriisol and

Sorticasterone -

= Selective for synthetic and naluraily ccourring
giucocorticoids

= Progrsssively cocoupled after stress and during

the ultradian or gircagian riss

demonstrated that homeostatic control appears
dependent on coordinated and complementary
actions of cortisol mediated by these two

ceptor types. The following modes of operation
of these receptors can be distinguished.

First, inn the initial phase of the stress reac-
tion cortisol increases attention, vigilance and
cmnotional responses.?2° The hormone also
regulates zleuroml circuits underlying percep-
tion and sppraisal of the stressful situation, while
factiitating selection of the appropriate behavioral
response to deal with the stressor. The mineralo-
corticoid recepiors in the imbic brain appear
to mediate these actions. It has been discovered
that the receptor acts initially at the me**lbras—z
ievel in coordination with excitatory responses
and subsequently by regulation of gene transcrip-
tion. Both the fast responses on excitatory trans-
mission and the siower ones are suppressed after
administration of antimineralocorticoids.?

Secend, in later phases of the stress ressonse,
when the circulating cortisol levels increase
further, the lower-affinity brain glucocorticoid
receptors becorme increasingly occupied. The
action mediated by the giucocorticeid receptor
facilitates termination of the stress response
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Figure 2 Mechanism of action of glucocorticoid hormones and potential drug targets. Cortisol
moculates—uvia activation of both MRs and GRs—celiular functior:s and membrans and genomic
responses over a time span from seconds to Rours. (8} Membrane responses include rapid madulation of
the release of the excitatory glutamate tranismitter either directly or trans-synaptically.?8-27 {B) The genomic
meciianisms via MRs and GRs involve translocaticn to the nucteus after hormione binding. Stimulation or
repression of transcription occurs via direct DNA binding of the receptors 1o HRES in ragulatory regions

of target genes or by interfering with othar transcrigtion factors, in a manner that is Incependant of DNA
binding of the steroid receptors themselves, and reorsssing gene activation by these other transcring

¢ ™y Corticosteroid-
binding globulin

20 P-glycoprotein

11-3 hydroxysteroid
dehydrogerase

factors. Liganc availabiiity is determined, apart from adrenal ouiput, by corticosteroid-binding globuii

P-glycoprotein and 113-hydroxystercid dehydrogenase. Abbreviations: AP-1, adapter-related orotein
compiex 1: GR, glucocorticoid raceptor; HRE, hormone-respanse element; MR, mineraiccaorticoid

raceptor; NF-«B, nuclear factor <B.

and promotes recovery by mobilization of
energy resources. At the same time, other
infermation unrelated to the initial stressor
is suppressed.?

Third, the glucocorticoid receptor promates
memory storage of the appropriate behavioral
response to deal with the stressor and eliminate
behavior that is no longer relevant. Accordingly,
cortisol action through the brain giucocorticoid
receptors promotes behavioral adaptation, and
thus helps to prepare for futare events.” This
action of cortisol provides stability or hoieostasis
through adaptive changes, a process also calied
allostasis.”! Most known actions mediated by
the glucocorticoid receptor involve regulation

FESRUARY 2007 VOL 3 NO2 DEKLOET EvAL.

of gene transcription, but fast, membrane-
mediated effects involving cannabinoids have
also been described (Figure 2).70°7

For maintenance of homeostasis and health
it is a prerequisite that t

the actlons mediated by
the mineralocorticoid and glucocorticoid recep-
tors operate in the appropriate tempozal domain
and context of the stressful situation. 23 If the
stress signals act at inappropriate times and
thus are out of context, information processing
is impaired, causing abnormalities in cognitive
performance and behavioral adaptation. These
effects are hallmarks of depression.? Accordingly,
the corticosteroid receptor hypothesis states
that once the balance in actions mediated by
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the mineralocorticoid receptor and the gluco-
corticoid recentor is disturbed, the individual
loses the ability to maintain homeostasis if chal-
lenged, for example by experiencing an adverse life
event,?!! Such disturbarces in balance can lead
to a condition of neuroendocrine dysregulation
and impaired behavioral adaptation as a risk
factor for the precipitation of de Dression.

NMIATURATION OF SUSCEPTIBILITY
PATHWAYS IN VULNERABLE PEQPLE

The “three hit’ moedel suggssts that genetic
suscepiibility and carly-life priming experi-
ences influence responses to stress triggers such
that they can precipitate depression. Clinical
studies addressing the role of corticesieroids in
this model are directed towards, for example,
the identification of single-rucleotide poly-
morphisms (SNPs), either in candidate genes
or genome-wide, and associating such candi-
dates with a specific endophenotype. Candidate
genetic susceptibili

w

lity factors and progress in
undersianding Lhe effects of carly-life priming
experiences and the role of stress triggers in
humazns and animal models are described below;
the models mimic aspects of the eticlogy and
pathephysiology of depression. Core symptoms
of depression are anhedonia (a loss of interest
or pleasure inn dally activities) and behavioral
despair (the inability to cope with stressful
experiences); doth symptoms can be modeled
in animals. Depression must, however, be recog-
nized as consisting of a wide variety of symp-
torms and disease states, The iliness has a variable
course and severity and there are no clear diag-
nostic tests, Nevertheless, @ dysregulated HPA
axis is a commeon denoinator i: any mt;ents,

3

particuiarly during psvchotic episodes.

L

Genstic susceptibiiity faciors

Individuals carrying the ER22/23EK SNP in
exen 2 of the ghucocorticold receptor gene have
a favomoic tre atment outcormme for depression
(F 1.1 Such individuals seem to have a
ifer metabolic profile and better cognitive
furction than the gencral population and resis-
tance to cortisol.”® By contrast, individuals with
other functional polw‘ﬂorp?w isms in the gluco-
corticoid receptor gene displayed an enhanced
adren{)cort;cotloplc hormone and cortisol
response o a psychosocial stressor than do
controls.?” Several SNPs have also been identi-
fied in the mineralocorticoid receptor gene
and carriers of the common mineralocorticoid

: ENDOCRINOLOGY & METABOLISM 7

receptor 11830V variant showed cnhanced cortisol
and heart-rate responses 1o & psvchasocial chal-
lenge. A weak association of this SN? with
depression (measured on the geriatric depres-
sion scale) was found in an clderly population
aged 80-85 years (RH DeRijk and § Wiist,

mpublished data; see Note added In proof}.
Mo reover, patients carrying a specific mutation
n the FKEP5 (FK506 binding protein 5) geie,
whch encodes a protein that interacts with the
glucocorticeid receptor, responded much faster
to antidepressants than did a comparison group
of people who did not carry this mutation.

In animal studizs, modulations of minerale-
corticoid receptor and glucocorticoid receptor
function can be achieved with pharmaco-
logical methods as well as those generated by
gene trans fer using a lentiviral a’)proach locally
in the brain in mouse models.”” Mutant mice
generated with recepior underexpression
show increased stress-induced corticosterone
secretion and a dexamethasone pius CRH test
indicative of the expected corticosteroid resis-
tance. The animals also show coping deficits.?!
This finding further supporis the evidence that
these receptors are critical components of the
neuronal pathways involved in individuals
susceptible to depressive iliness.

Oriher lines of mutants carrying a point smuta-
tion in the glucocorticoid receptor that prevents
dimerization and DNA binding display @ deficit
in memory storage, but do not show disturéances
in emotional behavior and measures of anxictv.””
Mice overexpressing the glucocorticoid receptor
are resistani to these imy §

rmerts and show an
apparent healthier profile.®! Although these
models, based on generaiized changes in gluco-
corticoid receptor expression, show promise
and may allow reconstruction of depression
symptoms, mere-zegionally localized disrup-
tions in the glucocorticoid receptor have given
conflicting results. For example, GREemlt Cre
mutants (which lack g]ucocort coid receptors
in the limbic forebrain)
anxiety and despair under basal conditions,®?
whercas the GRNCTC knockouts {which have
glucocorticoid receptors deleted from the whole
brain) show the opposite features;* further-
more, overexpression of the glucocorticoid
receptor in the limbic forebrain procduces a state
of emotional lability.?

Two further remarks can be made on the
progress in these transgenic approaches. First,
i the glucocorticoid recepior is modulated in

cady show increased
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Figure 3 Variants in human MR and GR genss. The GR gene shows alternaiive eplicing: either exen Sa or
9p3 can join exon 8, giving rise o GRa or GRP. Indicatec are functionai single-nucleotide polymorphisms
(ENPs} leading to amino acid changes in the GR (ER22/23EX, N363S) or iz the MR {1180V, $810L),85:89

andg SNPs involved in messenger RNA stabilization

(G/ATTTA for GR). The function of the GR Beil {also

termed COND? [cyclin D1]) site is still unknown, The MR anc GR pretein can roughily be civided into

three functional parts: a iranscriptionzlly active domain, the DNA-bincing domain and the ligand-bin

domain, which: aiso harbors a transcriptionally active domain. Specific effects and asscciations with
pathoiogy are indicated next ic each SNP. Abbreviations: GR, giucccoriicoid recaptor; HPA, hypethalamic—

piivitary-adrenal; MR, mineraiocorticoid recestor.

function, an alternative interprezation could be
that the observed effects are due to the mineralo-
corticoié receptor.”3 Second, cortisol signaling
is subject to many more influences than those
evoked by transgenic modulation of receptor
number. This feature is iliustrated by the SNP
studies mentioned above. Cortisol resistance
due to changes in sensitivity of receptors, chap-
erones and co-regulators can be expected to
result in other phenotypes than those gener-
ated by upregulation or downregulation of
the receptors.

Zarly-iifa experiencsas that can orime

for deprassion

Tor a long time, early-life adversity has been
kaown to increase vulnerability to stress-related
psychiatric iliness because it permanentiy alters
HPA activity.7 Progress in understanding
how thesa persistent early-life effects occur is
vased on the pioneering studies of Seymour

Levine.”” He discovered that rats that are briefly
separated fron the dam as pups display in adult-
hood reduced emotional and neuroendocrine
reactivity to common stressors. These lasting
effects correlated with the extent of matarnal
care the pups had received on their return o
the mother, Furthermore, in other experiments,
spring from mothers showing endogenous
high degrees of licking and grooming behavicrs
had atienuated stress-system activity, improved
cognitive performance in & spalial learning test
and reduced anxiety-like behavior in adulthood
compared with offspring that had received
relatively little care.*? If rat pups received littie
maternal care, a high level of stress responsive-
ness was observed in adulthood, but this
outcome could be pre-empted by cross fostering
the pups with mothers that performed a lot of
licking and grooming.

Extended separation of mother and pup is a
nonly used laboratory maodel for neglect.

¢
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In our experiments, pups exposad to 24h of
maternal separation at postnatal day 3 produced
as adults enhanced corticosterone responses to
a common stressor, and their cognitive perfor-
mance was impaired.*! The immmediate effects
of maternal deprivation could be obliterated if
maternal behavior was mimicked by feeding and
stroking the pups.** Prenatal adversity due to
stress ot dexamethasone treatment during preg-
nancy can also cause lasting changes in rodenis. *?

imilar programming events might happen in
nenhuman primaies and humans.* A recent
study in primates actually suggests that maternal
care or the carly experience of stressful events
can determine the ability to cope with stress in
later life (the inoculation hypothesis).*>

These very challenging studies have shown
that early-life experiences, probably through
epigenetic changes,!® can dramatically alter the
genetically predisposed phenotype, Likewise,
susceptibility pathways matured through
adverse gene—environment interactions can still
be modulated In later life. Bven if the outcome
in later life is an increased responsiveness and
susceptibility (o stressors, the risk of discase thas
depends on the context in which the iater-life
stressiul events are experienced.

The stress trigger

The ideal animal model o test sthe ‘three kit
theory of disease should have susceptibility
pathways matured by a history of adverse earty-
life experiences against a predisposing genetic
background. In animal studies, however,
‘chronic stress’ models do not generally take
into account genetic predisposition plus early
adversity; the models are based on the daily
experienice of randomized unexpected stressors
or psychosocial defeat, irrespective of early-
life history. After long-term exposure to these
stressors the animals usually show a hyperactive
HPA axis and an apparent resistance to gluco-
corticoid feedback. Aminergic brain systeis are
also profoundly affected by chronic stress and
high glucocorticoids. Although glucocorticoid
synthesis and release are enhanced, at the
target neuron evel the postsynaptic responses
are modsiated. For tustance, responses medi-
ated by the 5-hydroxytiypiamine 1A receptor
are attenuated by chronic corticosteroid eleva-
tion, producing depression-like symptoms. ! »47
These stress-induced monoaminergic adapta-
ticns thus form a basis for the mechanism of
action of antidepressants.

174 H4TLEI CLNICAL PRACTISE ENDOCRINOLGGY & METABOLISA

Fear-motivated behavior and cognitive impair-
ment induced by chronic stress correlate in the
hippocampus and amygdala with substantial
structural changes, albeit with striking regional
differences. The hippocampal CA3 region
and areas of the prefrontal cortex show signs
of atrophy mediated by glutamate and cell-
achesion molecules,¥34? whereas the oppo-
site effect, hypertrophy, is reported for the
basolateral amygdala®® In the subgranular
zone of the hippocampal dentate gyrus, netro-
genesis is suppressed after chronic stress. These
changes, which are induced by chronic stress,
are mimicked with continuous exposure to high
levels of glucocorticoids and are aggravated
under conditions of diabetes, ischemia and
epileptic seizures,” 2

Interestingly, inescapable shocks adminis-
tered to rats’ feet were associated with increased
corticosterone levels and suppressed neuro-
genesis, but this stress effect was abrogated if the
rats were socially housed,”* Exercise improved
neurogenesis even though corticosterone levels
were also increased, but adverse conditions such
as social isolation abolished the positive effects
of exercise on neurogenesis,

All conditions—uositive experiences obtained
through exercise or negative expericnces
obtained through foot shocks or defeat—elevated
corticosterone levels, but it is the psychosocial
context and the ability to cope that determines
the phenotypic outcome. Accordingly, some
unknown factor that is produced under the
influence of ‘context’ is capable of changing
the action of corticosterone from protective
into harmful. Yet, the changes appear mostly
reversible, and one could argue that extensive
stress-induced remodeling occurring in the
hippocampus, prefrontal cortex and amygdala
is adaptive. Though adaptive, the poteniial for
damage to result might be increased, as indi-
cated by the reduced synthesis of cell-survival
molecules under chronic stress.>”

The remodeling and atrophy seen in the
hippocampus has led to speculation about why
the hippocampal volume is reduced in depres-
sion,”® although no apparent neuronal damage
was observed.>” Hippocampal size has, however,
been found to be genetically determined. The
jury is, therefore, still out on the question of
whether a small hippocampus is actually a
risk factor for stress-related disease or is in
fact an adaptation to adverse overexposure to

stress hormones.”8
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CURRENT THERAPEUTIC APPROACHES

THAT AFFECT THE HPA AXiS
Several novel approaches to developing anti-
depressant drugs have been explored, including
neurokining, endocannabinoids, neuropeptides
and neurotrophic growth factors. Although some
of these approaches are empirical, other strate-
gles are based on a conceptual framework. The
fatter include the CRH or vasopressin antago-
nists aimed at attenuating hyperactivity of the
HPA axis and amelicrating depressive symp-
toms. Approaches limiting overexposure to
endogenous cortiso! have also been used.*%60

The cortisol-targeting approach focused on
cortisol syathesis inhibitors, glucocorticeid
receptor antegonists or, paradoxically, ghuco-
corticoid receptor agonists. Beneficial treat-
ments were with metyrapone and ketoconazole,
ageats that diminish adrenocortical output.®!
Metyrapone was also effective as an adjunct to
the effects of classical antidepressant therapy.®4
By contrast, a remarkable improvement was also
observed with use of synthetic glucocorticoid
agonists {e.g. dexamethasone, 3-8 mg daily).*>%
An explanation for the antidepressant effect of
dexamethasonz could be the blockade of the
HPA axis and hence depletion of cadogenous
glucocorticoid cortisol from the brain. When
present at low concentrations, dexamethasone
penetrates the blood-brain barrier poorly
because of the presence of P-glycoprotein and
does not substitute for corticosteroid depletion,
hence producing the desired Aypocorticoid state
in the brain {Figure 23,23

Short-term use of the glucocorticoid receptor
antagonist mifepristone {RU 486) gave posi-
tive results®®®>%6 and appeared capable of
re-reguiating the HPA axis.®” The application
of this antagonist of bolh progesterene and
giucocorticoid receptors is most effective in
patients with overt hypercortisolemia—that
is, in treating psychotic symptoms in patients
with Cushing’s syndrome.!® In an ongoing,
phase [ study, milepristone is being tested for
efficacy in psychotic depression characterized
by hypercortisclemia that Is resistant to anti-
psychotic and antidepressant therapy.>® The
drug has a remarkably fast effect and efficacy,
but high doses are needed because of its rapid
clezrance and poeor brain penetration. A 7-day
regimen of 600 mg daily was thus needed, but
no major side effects were noted.® Both in clin-
ical’®®8 gand in animal®®7Y studies mifepristone
improved cognitive performance and reinstated
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the circadian corticosteroid pattern, suggesting
recovery of the circadian and ultradian timing
system linked to HPA activity.

Treatment with glucocorsicoid-receptor antago-
nists might imply that the beneficial effects could
be achieved by recovery of an imbalance between
the mineralocorticoid receptor and the gluco-
corticoid receptor. Indeed, the clinical relevance
cf mineralocorticoid receptor function during
depression was emphasized when spironolactone,
a mineralocorticoid recepior antagoenist, worsened
the clinical outcorne when administered in
conjunction with antidepressan: treatment.”

CONCLUSIONS

We have addressed here the question of the
possible causative role of cortisol in depression
and, accordingly, whether alterations in cortisol
signaling offer potential treatment options. The
antighucocorticoid treatment of psychosis and of
the cognitive abnormalities accompanying the
illness is indeed a promising option.®” Pathways
responsive to the glucocorticoid receptor in
specific imbic—cortical areas have been iderntified
as paihophysiological candidates and provide an
opportunity to target recovery from the proposed
irmbaianice in the actions mediated by the mineralo-
corticoid receptor and the glucocorticoid receptor.
Correction of the receptor balance is predicted to
attenuate the susceptibiiity of ‘depressiony’ path-
ways and to improve resilience. The following new
insights into the action of cortisol could further
reinforce the treatment options for compiex mood
disorders such as depression.

First, if treatment requires correction of aber-
rant cortisol action, several factors should be
taken into account to reinstate the desived rasil-
tence, Thess factors include simulation of the
circadian and ultradian secretion patterns of
the hormone” and understanding the precise
timing of the cortisol regime in relation to the
psychological context, Time and context ar
important because cortisol can facilitate the extine-
tion of behavior that is no longer of relevance and
thus allow consolidation and retrieval of relevant
novel information. 2472 This reasening calls
for an approach where the psychological context
is created that allows cortisol to promote the
storage of corrective experiences and to suppress
retrieval of unwanted memories. The saccess of
this approach has become apparent in human
studies in which cortisol reduced phobic fear and
symptoms of post-traumatic stress disorder,”37#
‘This latter disorder is thought to be related to
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