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Antidepressant treatment has various effects on the
hypothalamic—pituitary-adrenal axis, and there is support for the hypothesis
that this axis has a larger role in the pathogenesis of major depression

than previously thought.

The Effects of Antidepressants

on the Hypothalamic—Pituitary—
Adrenal Axis

by Brittany L. Mason
and Carmine M. Pariante

he hypothalamic-pituitary—
I adrenal (HPA) axis is the
body’s stress response system
and has also been found to be the main
hormonal contributor in major depres-
sion. A hyperactive HPA axis can be
found in patients with depression, and
renormalization of the HPA axis pre-
cedes resolution of clinical symptoms.
Antidepressant treatment has various
effects on the HPA axis depending on
the type of antidepressant and dura-
tion of treatment, and there is support
for the hypothesis that the HPA axis
has a larger role in the pathogenesis of
major depression than first thought.

The HPA axis
in major depression

The HPA axis is the main hormon-
al system involved in major depres-
sion, but the mechanisms underlying
its abnormalities in patients with

Summary

Hyperactivity of the hypothalamic—pituitary—adrenal (HPA) axis has been found in
some psychiatric disorders, especially in older patients with severe depression. Altered
feedback inhibition, as demonstrated by increased circulating cortisol and nonsup-
presssion of cortisol following administration of dexamethasone, may be to blame. Two
glucocorticoid receptors control the HPA axis, the mineralocorticoid receptor (MR) and
the glucocorticoid receptor (GR). MR regulates normal HPA fluctuations and the GR
regulates in times of stress. Long-term antidepressant treatment in humans has been
shown to upregulate both GR and MR in the brain, whereas short-term treatment has
been shown to downregulate GR and MR. After 6—9 weeks of treatment GR function
returns to normal, and the MR stays upregulated. Chronic antidepressant treatment in
rodents has been shown to reduce HPA activity, even in the absence of GR or MR
upregulation. These effects of antidepressants on HPA regulation may be attributed in
part to regulation of the multidrug resistance protein transporter, P-glycoprotein.
Finding relationships between antidepressant action and HPA regulation leads to the
conclusion that the disruption of the HPA may be more a contributing factor to depres-
sion than other biological abnormalities. © 2006 Prous Science. Al rights reserved.

depression are still unclear. HPA axis
activity -is governed by the secretion
of corticotropin releasing factor (CRF)
and vasopressin (AVP) from the hypo-
thalamus, which in turn activate the
secretion of adrenocorticotrophic hor-
mone (ACTH) from the pituitary,
which finally stimulates the secretion
of glucocorticoids (cortisol in humans

Copyright © 2006 Prous Science. CCC: 0214-0934/2006. DOI: 10.1358/dnp.2006.19.10.1068007

and corticosterone in rodents) from the
adrenal cortex.!?> The glucocorticoids
then interact with their receptors in
multiple target tissues, including the
HPA axis, where they are responsible
for feedback inhibition of the secretion
of ACTH from the pituitary and CRF
from the hypothalamus. Although glu-
cocorticoids regulate the function of
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almost every tissue in the body, the
best known physiological effect of
these hormones is the regulation of
energy metabolism (increased gluco-
neogenesis, increased lipolysis and
increased protein degradation).

Hyperactivity of the HPA axis in
major depression is one of the most
consistent findings in psychiatry.'* A
significant percentage of depressed
patients has been shown to hyper-
secrete cortisol, the endogenous
adrenal glucocorticoid in humans, as
manifested by increased 24-hour uri-
nary free cortisol (UFC) and elevated
plasma and cerebrospinal fluid (CSF)
concentrations of cortisol. In addition,
nonsuppression of cortisol, B-endor-
phin and ACTH following dexametha-
sone administration as well as blunted
ACTH responses to CRF and an
increased cortisol response to ACTH
have been described. Increased vol-
umes of the pituitary gland and of the
adrenal glands are also present in
depressed patients.

Interestingly, and consistent with
the notion that HPA axis hyperactivity
may be present across psychiatric dis-
orders in the acute phase of the ill-
nesses, we have recently demonstrat-
ed an increased volume of the
pituitary gland in two independent
samples of patients at their first
episode of psychosis, including psy-
chotic depression, psychotic mania
and schizophrenia.*> In general, HPA
axis abnor- malities in major depres-
sion are most likely to occur in indi-
viduals who are older and more
severely depressed.

The increased activity of the HPA
axis is thought to be related, at least in
part, to altered feedback inhibition by
endogenous glucocorticoids. Endo-
genous glucocorticoids serve as potent
negative regulators of HPA axis activ-
ity including the synthesis and release
of CRF by neurons in the paraventric-
ular nucleus.® Data supporting the

notion that glucocorticoid-mediated-

feedback inhibition is impaired in
major depression comes from a multi-
tude of studies demonstrating nonsup-

604

pression of cortisol secretion follow-
ing administration of the synthetic glu-
cocorticoid dexamethasone (dexam-
ethasone suppression test, DST), and
more recent studies showing a lack of
inhibition of ACTH responses to CRF
following dexamethasone pretreat-
ment (dexamethasone/CRF test).!’
While nonsuppression by dexametha-
sone in the DST and the dexametha-
sone/CRF test likely represent im-
paired feedback inhibition at the level
of the pituitary,® impaired re-
sponsiveness to hydrocortisone chal-
lenge in depressed patients suggests
these feedback alterations also occur
in the brain,® although this latter find-
ing has not been always replicated.’
Furthermore, the existence of reduced
HPA axis suppression by dexametha-
sone in first-degree relatives of
depressed individuals suggests that
altered feedback inhibition may repre-
sent a genetic (trait) vulnerability to
the depressive disorders.'™!" Finally,
successful antidepressant treatment is
associated with resolution of the
impairment in the negative feedback
on the HPA by glucocorticoids,!%!
while persistence of nonsuppression
after antidepressant treatment is as-
sociated with high risk of early re-
lapse and a poor outcome after
discharge,'®!>

The glucocorticoid receptor
Glucocorticoids mediate their ac-
tions, including feedback regulation of
the HPA axis, through two distinct
intracellular corticosteroid receptor
subtypes referred to as the type I, or
mineralocorticoid, receptor (MR) and
the type 11, or glucocorticoid, receptor
(GR).*!'® The MR has a high affinity
for endogenous corticosteroids and is
believed to play a role in the regulation
of circadian fluctuations in secretion
of these hormones, especially the reg-
ulation of ACTH secretion during the
diurnal trough in cortisol secretion. In
contrast to the MR, the GR has a high
affinity for dexamethasone and a
lower affinity for endogenous corti-
costeroids. The GR is therefore
believed to be more important when
endogenous levels of glucocorticoids
are high, such as in regulation of the

stress response.®!® Because patients
with major depression exhibit im-
paired HPA negative feedback in the
context of elevated circulating levels
of cortisol, a number of studies have
considered the possibility that the
number or function of GR, or both, are
reduced in depressed patients. In fact,
the DST specifically probes the GR
only, as dexamethasone has a high
affinity for the GR.? The only study
that specifically examined MR-medi-
ated negative feedback in depression,
using an MR antagonist, found that
this pathway is intact (or possibly
oversensitive) in depressed patients.!”
Interestingly, we have developed a
suppressive test using another synthet-
ic glucocorticoid, prednisolone, which
has a higher affinity for the MR and
therefore should probe both recep-
tors.'® Using this test, we have indeed
found that depressed patients have
normal MR or hyperactive function
as shown by a normal response to
prednisolone together with an im-
paired response to dexamethasone.!’
However, most of the literature in this
field has examined the GR. The GR is
a ligand-induced transcription factor
that belongs to the steroid/thyroid
receptor superfamily.6 Almost all
cells of the body express the GR, but
the number of receptors may vary
between different cell types. Inter-
estingly, data have demonstrated sim-
ilar regulation of GR in the brain and
in the immune system of laboratory
animals. For example, Lowy* demon-
strated that treatment of rats with
reserpine, an amine-depleting drug
that is known to induce depressive
symptoms in humans and to produce
dexamethasone nonsuppression in
rats, decreases GR levels in the hip-
pocampus, frontal cortex and pituitary
as well as in lymphocytes and spleen.
Similarly, Spencer et al.?! found that
both in the brain and in the immune
system, GR is upregulated following
adrenalectomy and downregulated
following chronic treatment with
corticosterone. Therefore, given limit-
ed access to brain GR in clinical
populations, in vitro studies have
been used to understand the mole-
cular mechanisms underlying GR
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abnormalities in patients with major
depression.

The effects
of antidepressants
on corticosteroid receptors
and the HPA axis in rodents
The most striking support to the
hypothesis that abnormalities in the
corticosteroid receptors contribute to
the pathophysiology of major depres-
sion derives from animal and in vitro
studies demonstrating a direct effect of
antidepressants on the GR and the
MR, leading to increased receptor
expression and function and thus to
increased negative feedback on the
HPA axis. These studies support the
clinical evidence that successful anti-
depressant treatment is associated
with resolution of the glucocorticoid-
mediated, negative-feedback impair-
ment in the HPA axis'>!'*?? and also of
glucocorticoid resistance in immune
cells.?

A number of studies have shown
that long-term antidepressant treat-
ment upregulates GR and MR in the
brain, including in the hippocampus
and in the hypothalamus, and decreas-
es basal and stress-induced glucocorti-
coid secretion. The vast majority of
studies using tricyclic antidepressants
(e.g., desipramine, amitriptyline, imi-
pramine) or electroconvulsive shock
has shown antidepressant-induced
upregulation of brain GR, MR or
both.?*-38 The tricyclic antidepressant
clomipramine has also been found to
decrease CRF mRNA levels in the
paraventricular nucleus of Syrian
hamsters.*

Studies examining selective sero-
tonin reuptake inhibitor (SSRI) antide-
pressants (e.g., fluoxetine, citalopram,
zimelidine) have found that chronic
treatment with these antidepressants
upregulates MR expression, while
it has no effect on GR expres-
sion, 2833354043 ajthough one study
found that a 2-day treatment with flu-
oxetine increases both MR and GR
mRNAs in the hippocampus.* The
antidepressant mirtazapine (which has
a different mechanism of action com-
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pared with most other antidepressants,
as it acts as an antagonist at presynap-
tic 0,-receptors and at postsynaptic 5-
HT,, 5-HT; and H, receptors with no
inhibition of norepinephrine or sero-
tonin reuptake) has also been shown to
induce GR upregulation after 10 days
of treatment in animals.?

Interestingly, the few studies that
have looked at shorter treatment dura-
tions have found that antidepressants
can acutely (within 3-9 days) induce a
decrease of GR and MR expression.
For example, Reul et al.*¥ showed a
decreased GR and MR expression
after 37 days of amitriptyline and Yau
et al.*® showed that fluoxetine and
venlafaxine (a serotonin and noradren-
aline reuptake inhibitor) induce down-
regulation of GR and MR expression
at 9 days. At the opposite end, studies
looking at longer time points have
indicated that GR expression returns
to control levels after 6-9 weeks of
treatment with antidepressants, while
MR upregulation persists.??3>46 These
animal data are consistent with the few
clinical studies that have measured
HPA axis changes following short-
term antidepressant treatment. For
example, we have recently demon-
strated that 4 days of treatment with a
therapeutic dose of citalopram in-
creases glucocorticoid-mediated nega-
tive feedback of the HPA axis (mea-
sured as cortisol suppression by
prednisolone) in healthy volunteers.*’

Several of these studies have also
shown that chronic treatment with anti-
depressants in rodents is associated
with a reduction in basal and stress-
induced HPA axis activity and that,
surprisingly, GR or MR upregulation is
not a prerequisite for this reduction.’
Brady et al.* found that a 2-week treat-
ment with fluoxetine, idazoxan or
phenelzine reduced basal cortico-
sterone levels in the absence of GR or
MR upregulation. Montkowski et al.*®
demonstrated that long-term antide-
pressant treatment with moclobemide
(a  monoamine-oxidase inhibitor)
induces normalization of the HPA axis
in the absence of any changes in
GR binding. Mukherjee et al.*® also

demonstrated that imipramine exerts
glucocorticoid agonist-like effects with
negative feedback on the HPA axis.
However, phenelzine decreases gluco-
corticoid inhibition and stimulates the
HPA axis as well as increasing adreno-
cortical sensitivity to ACTH.

Interestingly, even shorter treat-
ment with antidepressants is associat-
ed with an enhanced negative feed-
back on the HPA axis, possibly in the
presence of a reduction, rather than an
increase, in GR or MR expression. Yau
et al.¥ found that a 9-day treatment
with fluoxetine or venlafaxine induces
a reduction in HPA axis activity
together with the downregulation of
GR and MR. Reul et al.*® showed a
decrease in adrenal weight, likely rep-
resenting a decrease in HPA axis func-
tion, in rats treated with amitriptyline
for 5 days, together with a decrease in
hippocampal GR binding. This sug-
gests that antidepressants can acutely
decrease HPA axis activity by increas-
ing the activation, rather than the
expression, of the corticosteroid re-
ceptors—a model that is supported by
several of our in vitro studies, and that
seems to be related at least in part to
the effects of antidepressants on mem-
brane steroid transporters like the mul-
tidrug resistance P-glycoprotein.®'->3

Finally, by using a stressor, the
HPA can be disrupted to allow for
independent analysis of how antide-
pressants affect a dysregulated system.
For example, Delbende et al.’® showed
that a single injection of the antide-
pressant tianeptine, given 1-3 hours
before a tube restraint stress, signifi-
cantly reduced the stress-induced
ACTH and corticosterone release in
rats: an acute effect unlikely to be
related to GR or MR upregulation.
Prenatal stress decreases GR binding
in the hippocampus of rats and admin-
istration of imipramine increases GR
binding to levels similar to those of
control animals,’” thus illustrating
how the antidepressant can induce an
improperly working HPA to work as
normal. Following restraint stress in
rats, acute treatment with the SSRI
citalopram lengthens the duration of
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the heightened plasma corticosterone
levels; however, chronic treatment
with citalopram did not have an effect
on the corticosterone levels but did
prevent the ACTH response to the
stressful situation.*® Therefore, chron-
ic treatment with an SSRI acts as a
buffer to external stressors.

Conclusion

The final question is how these
experimental effects are relevant to the
effects of antidepressants in humans
and in particular to the therapeutic
effect of these drugs. In fact, the rela-
tionship between administration of
antidepressants and regulation of the
HPA axis is not clear. In humans, anti-
depressants have been shown to have
different effects on the HPA axis,
based on the duration of the treatment
and the type of antidepressants. For
example, Hesketh et al.*® illustrated
the different responses of the HPA axis
following acute (activation of the
HPA) and chronic (suppression of the
HPA) administration of the SSRI. In
addition, repeated treatment with
citalopram in healthy controls was
found to increase morning salivary
cortisol secretion whereas the SSRI
reboxetine did not, thus indicating
that there might be a dissociation
between clinical effects and HPA axis
effects. In contrast to other antidepres-
sants, mirtazapine has been shown to
inhibit salivary cortisol in patients
with depression from the first admin-
istration of the drug® and to reduce
cortisol and ACTH levels during the
dexamethasone/CRF test one week
following the initiation of treatment.®!

In conclusion, the present data
seem to support the hypothesis that the
effects of antidepressants on the HPA
axis may be mediated by more mech-
anisms than first thought. In many
cases, the correction of HPA dysregu-
lation precedes resolution of clini-
cal symptoms. Finding relationships
between antidepressant action and
HPA regulation leads to the conclusion
that the disruption of the HPA axis
may be a more contributing factor to
depression than other biological ab-
normalities. However, it is still unclear
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whether HPA dysregulation occurs in
all cases of depression. It will there-
fore be beneficial to further investigate
the specific antidepressant effects in
correcting HPA abnormalities and to
understand the molecular mechanisms
underlying these specific effects.
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