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Hyperactivity of hypothalamic-pituitary-adrenal (HPA) axis is the main
biochemical change, besides disturbed monoaminergic neurotransmission,
observed in the patients suffering from a major depression. High incidence
of depression in Cushing’s syndrome as well as antidepressant effects of
adrenocortical enzyme inhibitors in major depression [17, 20, 29, 42] sup-
port hypothesis that hyperactivity of HPA axis may be involved in patho-
genesis of depression.
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Hyperactivity of HPA axis in depression

Clinical studies have shown, that the patients
with major depression have an increased concen-
tration of cortisol in plasma, urine and cerebrospi-
nal fluid, abnormal 24-hour pattern of cortisol and
ACTH secretion, and elevated levels of cortico-
tropin-releasing hormone (CRH) in cerebrospinal
fluid [13, 21, 30]. A computer tomography study
have shown the enlargement of the pituitary and the
adrenal glands in the patients with major depres-
sion [48]. A postmortem study indicated that in the
depressed patients, the number of CRH-expressing
neurons was four times higher, and the number of
CRH neurons co-expressing arginine vasopressin
(AVP) was almost three times higher in comparison
with non-depressed subjects [40].

Possible involvement of HPA axis hyper-

activity in pathophysiology of depression

Some changes observed in depression, espe-
cially those affecting noradrenergic, serotoninergic
and excitatory amino acid neurotransmission may
be evoked or enhanced by the elevated concentra-
tions of glucocorticoids and/or CRH. For example
in rats, corticosterone-induced changes in serotonin
receptors (decreases in 5-HT�� receptor level and
function, increases in 5-HT�� receptor function) are
similar to the changes observed in depression, and
opposite to the effects induced by antidepressant
drugs [1, 5, 18, 26, 50]. It has been also found that
high level of corticosterone increased concentra-
tion and action of glutamate, especially enhancing
glutamate-induced atrophy of the hippocampal
CA3 pyramidal neurons [8, 22, 24, 49]. This fact
deserves special consideration since recently it has
been postulated that progressive neuropathological
alterations may be responsible for the development
of depression. Moreover, in HPA-hyperactive trans-
genic mice (with reduced glucocorticoid receptors
expression mainly in neuronal tissue), some beha-
vioral changes such as impairments in food con-
sumption, sleep, learning and memory are observed
[28, 37, 44].

Impaired feedback inhibition mechanism

in depression

The hyperactivity of the HPA axis in major de-
pression is believed to be evoked by hypersecretion

of CRH, but the mechanism responsible for the in-
creased CRH level is unknown. CRH-containing
neurons are primarily located in the parvocellular
division of the paraventricular nucleus (PVN).
These neurons are innervated by nerve fibres con-
taining neurotransmitters or neuropeptides. The re-
gulation of CRH synthesis and/or secretion by neu-
rotransmitters and neuropeptides is complex and
not fully understood, but most studies indicate that
noradrenaline, serotonin, acetylcholine, histamine
and glutamate enhance the activity of HPA axis,
whereas �-aminobutyric acid and glucocorticoids
inhibit it. The main change in monoaminergic neu-
rotransmission found in depression consists in
diminution of noradrenaline and serotonin levels,
so it is unlikely, that HPA axis hyperactivity is
evoked by the altered activity of these neurotrans-
mitter systems. Hitherto obtained data indicate that
hyperactivity of HPA axis in major depression can
be induced by impairment of the feedback inhibi-
tion mechanism [11, 32]. Feedback inhibition of
HPA axis activity by endogenous glucocorticoids is
the most important control mechanism operating in
this structure. Clinical data have shown that the
synthetic glucocorticoid, dexamethasone, is less
potent in lowering cortisol level in blood in the pa-
tients suffering from major depression than in
healthy subjects [10, 13, 48]. Because classic dexa-
methasone test is characterized by low sensitivity,
recently Holsboer et al. introduced into the clinical
practice a more sensitive test (combined dexame-
thasone-CRH test), and showed that dexamethaso-
ne-pretreated patients exhibited enhanced ACTH
and cortisol levels after the administration of
hCRH [10, 14]. It has been also found that dexa-
methasone acts less potently not only on ACTH
and cortisol secretion by also weakly inhibits some
immunological functions such as proliferative re-
sponse to mitogens or cytokine synthesis [32],
which is consistent with the presence of glucocorti-
coid receptors (GR) resistance (decrease in GR
number or function) in major depression.

Effects of antidepressant drugs on HPA

axis activity and GR number

A dysfunction of the HPA axis is corrected dur-
ing a clinically effective therapy with antidepres-
sant drugs [10, 12], while persistence of dexame-
thasone nonsuppression is often associated with the
risk of relapse or the lack of improvement. To ex-
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plain the mechanism responsible for such a normal-
izing effect of antidepressant drugs, the modulation
of the corticosteroid receptor system in the brain
regions involved in the control of the HPA axis ac-
tivity has been postulated [35]. The hypothesis sug-
gesting that antidepressant drugs may exert their
clinical effects (at least on HPA axis) through direct
modulation of GR is supported by the fact that
most of these drugs increase the level of GR in
CNS. There are two types of corticosteroid recep-
tors in the brain: type I (mineralocorticoid recep-
tors, MR) and type II (glucocorticoid receptors,
GR), which are characterized by higher or lower af-
finity for corticosterone (in rodents) or cortisol (in
primates), respectively. GR are fairly evenly distri-
buted throughout the brain, wherease MR are pre-
dominantly localized in the septo-hippocampal sys-
tem [7]. Both GR and MR are of crucial importance
for the homeostatic control. In the brain, they influ-
ence the neural activity by controlling the synthesis
of neurotransmitters, neuromodulators, their recep-
tors and actions [25]. The studies into the involve-
ment of corticosteroid receptors in the control of
HPA axis activity have demonstrated that corticos-
terone via activation of GR inhibits the stress-
induced proopiomelanocortin and CRH biosynthe-
sis and release. MR have been shown to regulate
the corticosterone release mainly under basal con-
ditions, but their involvement in the stress-induced
feedback mechanism was also found [41]. Data
concerning GR and MR distribution and action in
CNS come mainly from experiments performed in
rodents. Also the effect of antidepressant drugs on
GR and MR concentration was studied in rodents,
especially in rats. It has been found that long-term
administration of some antidepressant drugs in-
creases the GR mRNA and GR protein level main-
ly in the hippocampus [32]. Up-regulation of GR
was observed also in vivo in other brain structures,
e.g. in the hypothalamus, anterior pituitary and lo-
cus coeruleus [32] and in vitro in the cerebral cor-
tex and amygdala [35], but the hippocampus re-
mains the most thoroughly examined structure in
which GR up-regulation occurs. This region is
known to contain the highest levels of corticoster-
oid receptors, which are involved in negative feed-
back inhibition of the HPA axis activity, in learning
and memory processes and in hippocampal neu-
ronal survival. Chronic treatment with tricyclic
antidepressants (imipramine, amitriptyline), the se-
lective noradrenaline reuptake inhibitors (reboxeti-

ne, desipramine), electroconvulsive shock (a non-
drug therapy of depression) and lithium (which is
known to augment the clinical effects of medica-
tion in depressed patients) increases GR expression
in the rat hippocampus [4, 34, 35, 38, 39, 46]. In
contrast, selective serotonin reuptake inhibitors
(fluoxetine, citalopram, zimelidine) and a new anti-
depressant drug, tianeptine (an enhancer of sero-
tonin reuptake) have no effect on GR level [11, 12,
32]. Tianeptine potently inhibits HPA axis activity,
but not by increasing GR level or enhancing feed-
back mechanism, but probably by direct action on
CRH synthesis and/or secretions. Selective sero-
tonin reuptake inhibitors also seem to act on HPA
axis activity not via GR up-regulation, but by other
mechanism, e.g. by increasing MR level, by en-
hancing corticosteroid receptor function or by di-
rect action on CRH release. The majority of studies
evaluating the effect of antidepressants on cortico-
steroid receptors have been focused on GR, but the
involvement of MR cannot be completely ex-
cluded. It is known that MR regulate the cortico-
sterone release not only under basal conditions, but
they are also involved in the stress-induced feed-
back mechanism [41]. The elevated level of the
functional MR was found after electroconvulsive
shock, while antidepressant drugs usually increased
MR mRNA, but not MR protein [4, 39, 46]. This
fact suggests that antidepressants increase not only
the biosynthesis of MR, but also their degradation
and turnover. Selective serotonin reuptake inhibi-
tors (fluoxetine, citalopram), which are without ef-
fect on GR level, have been shown to increase MR
mRNA in the rat hippocampus [32].

The increased level of glucocorticoid receptors
in CNS should lead, by enhancing feedback mecha-
nism, to the inhibition of HPA axis activity, e.g. to
a decrease in blood ACTH and corticosterone level.
However, acute administration of most antidepres-
sant drugs leads to the activation of the HPA axis in
humans as well as in laboratory animals. Tianep-
tine is the only antidepressant drug, which inhibits
HPA axis activity just after single administration
[12, 49]. In contrast to acute effects, long-term ad-
ministration of antidepressans decreases ACTH
and corticosterone level in blood and CRH concen-
tration in the hypothalamus [2, 9, 12]. Such sup-
pressive effect on HPA axis activity was demon-
strated in rats both under basal and stress condi-
tions for the most of antidepressant drugs, e.g.
tricyclic antidepressants, MAOI, tianeptine. Selec-
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tive inhibitors of serotonin reuptake (fluoxetine,
citalopram) did not change corticosterone level in
rats, but in men fluoxetine decreased CRH and
AVP levels in the cerebrospinal fluid [6]. The ef-
fects observed after acute and long-term admini-
stration of antidepressant drugs are sometimes op-
posite. Since therapeutic effects of these drugs can
be observed only after 2–3 weeks of treatment,
long-term adaptive changes are more important for
their mechanism of action. An increase in GR level
and inhibition of HPA axis activity are observed
only after their long-term administration, so they
are probably more important for therapeutic action
of antidepressants.

Mechanism of antidepressant drug action

on GR number

Mechanism of antidepressant-induced changes
in GR concentration remains unknown as yet. Anti-
depressants are known to modify noradrenergic and
serotoninergic neurotransmission, and both these
systems have been found to influence the hippo-
campal GR density. Serotonin and agonists of
5-HT�� receptor increase density of GR in the hip-
pocampal cell culture [27]. Moreover, in vivo ex-
periments have shown that a lesion of the 5-HT
system decreases corticosterone binding in the rat
hippocampus [47]. Sparse and inconsistent data
show that noradrenaline also increases GR number
[23]. Therefore, the increase in the GR level in-
duced by antidepressant drugs may be connected
with their actions on the monoaminergic systems.
On the other hand, some recent data have indicated
that the action of antidepressants on GR number is
independent of their action on monoaminergic neu-
rotransmission. The lack of effect of a selective in-
hibitor of noradrenaline uptake (+)-oxaprotiline
and selective inhibitors of serotonin uptake (citalo-
pram, fluoxetine) indicates that the action of tricyc-
lic antidepressants on GR level is rather not con-
nected with their influence on monoamine concen-
trations [32]. Moreover, amitriptyline, desipramine
and maprotiline have been shown to increase the
GR mRNA level also in cell cultures, which do not
contain monoaminergic neurons [35]. Rossby et al.
have demonstrated that desipramine induces GR
up-regulation both in the control and in the rats af-
ter noradrenergic neuron lesion [43]. Furthermore,
since desipramine increases the activity of GR gene

promoter, it has been suggested that antidepressant
drugs can act directly at the genomic level [36].

Effect of antidepressant drugs on GR

function

Apart from increasing GR concentration, anti-
depressant drugs have been shown to affect GR
function. Effects of antidepressants and glucocorti-
coids are often opposite. They regulate some neu-
rotransmitter receptors (5HT�� and 5-HT�3; �-adre-
nergic) in different way. Moreover, corticosterone
or stress decrease the level of brain-derived neuro-
trophic factor (BDNF) which has antidepressant ef-
fect, while antidepressant drugs stimulate this neu-
rotrophin and block the effect of stress [11, 31].
Antidepressant drugs also inhibit some other changes
evoked by glucocorticoids or stress, e.g. neurode-
generative changes in the rat hipocampus and in-
creased TRH content in the hypothalamic neurons
[16, 49]. Since antidepressant drugs have been
shown to act on gene transcription [45], recently
their effect on GR-mediated gene transcription was
evaluated. GR is a hormone-activated transcription
factor which binds to the specific DNA sequence
(glucocorticoid responsive element, GRE) and acts
as regulator of genes expression. The GR-mediated
gene transcription can be modulated by cAMP/pro-
tein kinase A-, phospholipase C/protein kinase C-
and the Ca�4/calmodulin-dependent protein kinase-
-mediated signal transduction pathways, whose ac-
tivities are affected by antidepressant drugs. The
action of GR via binding to GRE is the most impor-
tant, classic effect of glucocorticoid hormones, yet
some their effects on gene transcription are due to
the action of GR on transcription factors bound to
other DNA sequences (CRE, AP-1, NF�B). Gluco-
corticoids inhibit the effect of cAMP/protein kinase
A pathway activation on the CRH gene by feed-
back mechanism, acting on transcription factor bound
to cAMP-responsive element (fosfo-CREB) [15, 19].
Decreasing effect of antidepressants on the CRH
level in the PVN of the hypothalamus is belived to
be evoked by increasing the density of GR in the
hippocampus and enhancing feedback mechanism.
However, the effect of antidepressants on the action
of glucocorticosteroids on CRH gene regulation
was not determined yet. Instead, the effect of anti-
depressant drugs on GR-mediated gene transcrip-
tion, produced by influencing the sequence specific
for glucocorticoid hormones (e.g. via binding to
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GRE) was examined. The first two studies showed

that an antidepressant drug, desipramine, could di-

rectly affect GR-mediated gene transcription [33,

36]. However, this drug acts in both directions,

depending on experimental conditionits, e.g. on the

concentration and time of its and dexamethasone

presence in the medium and on the presence or ab-

sence of steroids in serum added to the incubation

medium. More recently, we have demonstrated that

various antidepressants (imipramine, amitriptyline,

desipramine, fluoxetine, tianeptine, mianserin, mo-

clobemide), inhibit the corticosterone-induced gene

transcription in a concentration- and a time-depen-

dent manner [3]. These data show that antidepres-

sant drugs inhibit the HPA axis activity in two dif-

ferent, independent ways. They increase the GR

level in the CNS and enhance the GR-mediated

feedback inhibition, which leads to a decrease in

the corticosterone level. Apart from lowering the

corticosterone level, they are able to inhibit corti-

costerone receptor-mediated transcription of some

genes.
Antidepressant drugs capable of affecting the

GR-induced gene transcription can act on different

processes connected with GR action, such as the

binding of hormones with receptors, dissociation of

the steroid-receptor complex from other cytosol

proteins, translocation the hormone-GR complex

from cytoplasm to the nucleus, phosphorylation of

GR, binding to DNA and modulation of the tran-

scription complex. The data on the effects of anti-

depressant drugs on these processes are sparse.

Pariante et al. found that desipramine induced GR

translocation and potentiated the dexamethasone-

induced GR translocation [33], but effects of other

antidepressant drugs have not been determined.

Our study indicated that imipramine inhibited the

binding of the corticosterone-receptor complex to

DNA [3]. Moreover, the mechanism of antidepres-

sant drug action on GR-mediated gene transcrip-

tion has been studied mainly in fibroblast cell line,

so it is unknown if similar mechanism operates also

in neurons. Inhibition of corticosterone receptor-

mediated gene transcription by antidepressants

could explain some effects of these drugs on genes

with GRE sequence (e.g. ��-adrenergic receptor,

TRH, GH and prolactin).
Further studies of the mechanism of HPA axis

disturbance and antidepressant drug action on GR

and CRH functions can lead to improvement of

treatment of affective disorders. Some recent clini-

cal studies revealing that the inhibitors of cortisol
synthesis (metyrapone, ketoconazole, aminoglute-
timide) and CRH�) receptor antagonist show anti-
depressant effect [11, 29], may pave the way for the
development of still more effective pharmacothera-
pies of depression.
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