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Abstract

Objective: Changes in the hypothalamic-pituitary-adrenocortical (HPA) system are characteristic of depression. Because the effects of glucocorticoids
are mediated by intracellular receptors including, most notably, the glucocorticoid receptor (GR), several studies have examined the number and/or
function of GRs in depressed patients.

Methods: Review scientific evidences have consistently demonstrated that GR function is impaired in major depression, resulting in reduced GR-me-
diated negative feedback on the HPA axis and increased production and secretion of CRF in various brain regions postulated to be involved in the causa-
lity of depression.

Results: This article summarizes the literature on GR in depression and on the impact of antidepressants on the GR in clinical and preclinical studies,
and supports the concept that impaired GR signalling is a key mechanism in the pathogenesis of depression, in the absence of clear evidence of
decreased GR expression. The data also indicate that antidepressants have direct effects on the GR, leading to enhanced GR function and increased GR
expression. Although the effects of antidepressants on glucocorticoid hormones and their receptors are relevant for the therapeutic action of these
drugs, the molecular mechanisms underlying these effects are unclear. We propose that antidepressants in humans could inhibit steroid transporters
localised on the blood-brain barrier and in neurones, like the multidrug resistance p-glycoprotein, and thus increase the access of cortisol to the brain
and the glucocorticoid-mediated negative feedback on the HPA axis.

Conclusion: Enhanced cortisol action in the brain might prove to be a successful approach to maximise therapeutic antidepressant effects. Hypotheses
regarding the mechanism of these receptor changes involve non-steroid compounds that regulate GR function via second messenger pathways.
Research in this field will lead to new insights into the pathophysiology and treatment of affective disorders.
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Introduction

Hormones play a critical role in the development and expression
of a wide range of behaviours. One aspect of the influence of hor-
mones on behaviour is their potential contribution to the patho-
physiology of psychiatric disorders and the mechanism of action of
psychotropic drugs, particularly in major depression. Of all
endocrine axes, the hypothalamic-pituitary-adrenal (HPA) axis has
been the most widely evaluated.!.2 The HPA axis plays a fundamen-
tal role in the response to external and internal stimuli including
psychological stressors. Abnormalities in the function of the HPA
axis have been described in people experiencing psychiatric disor-
ders. Moreover, is well known the fundamental role of stress in
precipitating episodes of psychiatric disorders in predisposed
individuals.! These abnormalities seem related to changes in the
ability of circulating glucocorticoids to exert their negative feed-
back on the secretion of HPA hormones through binding to the mi-
neralocorticoid receptor (MR) and the glucocorticoid receptor
(GR) in HPA tissues.236 In fact, previous studies have described
both an impaired HPA negative feedback, leading to hypercorti-
solemia, as in melancholic depression.26 In addition to melancholic
depression, a spectrum of other conditions may be associated with
increased and prolonged activation of the HPA axis, including
anorexia nervosa with or without malnutrition, obsessive—compul-
sive disorder, panic anxiety, chronic active alcoholism, alcohol and
narcotic withdrawal, excessive exercising, poorly controlled dia-
betes mellitus, childhood sexual abuse and hyperthyroidism.”
Another group of states is characterized by hypoactivation of the
stress system, rather than sustained activation, in which chroni-
cally reduced secretion of CRH may result in pathological
hypoarousal and an enhanced HPA negative feedback. Patients with
post-traumatic stress disorder, atypical, seasonal depression and
the chronic fatigue syndrome fall in this category (see Table 1).
Similarly, patients with fibromyalgia have decreased urinary free

cortisol excretion and frequently complain of fatigue. Hypothyroid
patients also have clear evidence of CRH hyposecretion.81! Finally,
the hypothesis that antidepressants exert their clinical effects
through direct modulation of the glucocorticoid hormones and
their receptor is one of the most striking and innovative models of
the mechanism of action of this class of drugs.1213

We will review the evidences supporting that: 1) HPA axis hyper-
activity plays an important role in the pathogenesis of major
depression; 2) this hyperactivity is mainly due to an impaired feed-
back inhibition by circulating glucocorticoid hormones on the HPA
axis; 3) this impaired feedback inhibition is related to a decreased
function of the glucocorticoid receptors (GR), which mediate the
effects of glucocorticoid hormones, including the negative feed-
back on the HPA axis; and 4) antidepressants act by reversing
these changes in the GR function and thus normalising HPA axis
hyperactivity in patients with major depression.

The regulation of the HPA axis

HPA axis activity is governed by the secretion of the adrenocorti-
cotrophic hormone-releasing factor (CRF) and vasopressin (AVP)
from the hypothalamus, which in turn activate the secretion of
adrenocorticotrophic hormone (ACTH) from the pituitary, which
finally stimulates the secretion of the glucocorticoids from the
adrenal cortex.2 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 GRF from the hypothalamus. Although glucocorti-
coids regulate the function of almost every tissue in the body, the
best known physiological effect of these hormones is the regula-
tion of energy metabolism. The anti-inflammatory and immunosup-
pressive effects of glucocorticoids are evident at pharmacological
doses, while physiologically these hormones have an important
regulatory role in the immune system.®

Table 1 - States associated with hyperactivation or hypoactivation of the HPA axis

Increased HPA axis activity

Decreased HPA axis activity

Disrupted HPA axis activity

Severe chronic disease

Cushing syndrome

Melancholic depression
Anorexia nervosa

Obsessive—compulsive disorder

Panic disorder
Chronic excessive
Exercise
Malnutrition

Diabetes mellitus Hyperthyroidism

Central obesity

Childhood sexual

Abuse

Pregnancy

Atypical depression
Seasonal depression
Chronic fatigue syndrome
Fibromyalgia
Hypothyroidism

Adrenal suppression

Post glucocorticoid therapy
Post stress

Nicotine withdrawal
Postpartum

Menopause

Rheumatoid arthritis

Glucocorticoid deficiency

Glucocorticoid resistance
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Figura 1 - Schematic diagram of the Hypothalamis-Pituitary-Adrenal (HPA) axis, describing regulation and neg-
ative feedback (-) of cortisol via glucocorticoid receptors (GRs)

A number of factors regulate HPA axis activity. Evidence for a
direct catecholaminergic, serotonergic and dopaminergic innerva-
tion of the CRF neurones in the hypothalamus has been described,
and these and other neurotransmitters have been shown to influ-
ence CRF release. For example serotonin has been found to exert a
stimulatory influence on CRF, through 5-HT,, , 5-HT,5, 5-HT,; and 5-
HT, receptors subtypes. Norepinephrine has a more variable effect,
being stimulatory at low doses (via alpha, receptors) and inhibito-
ry at high doses (via beta receptors).!4

Abnormalities of HPA axis in depression

Hyperactivity of the HPA axis in major depression is one of the
most consistent findings in psychiatry. A significant percentage of
patients with major depression have been shown to exhibit
increased concentrations of cortisol (the endogenous glucocorti-
coid in humans) in plasma, urine and cerebrospinal fluid (CSF); an
exaggerated cortisol response to adrenocorticotropic hormone
(ACTH); and an enlargement of both the pituitary and adrenal
glands. 2361415 Adrenal hypertrophy in depressed patients has
been demonstrated, and this finding likely explains why the corti-
sol response to CRF is similar in depressed and control subjects,
because the enlarged adrenal gland is capable of compensating
for the blunted ACTH response to CRF commonly observed in
depressed patients.2 Increased pituitary volume in these patients
has also been described, and it has also been considered a mar-

ker of HPA axis activation.'s In a recent study the first episode of a
psychosis is associated with a larger pituitary volume, and sug-
gested that this is due to activation of the HPA axis. The smaller
pituitary volume in subjects with established psychosis could also
be the consequence of repeated episodes of HPA axis hyperactivity.!”

In general, HPA axis changes appear in chronic depressive and
more severely episodes. Moreover, HPA axis changes appear to be
state dependent, tending to resolve upon resolution of depressive
syndrome.!2

Findings derived from multiple lines of research have provided
evidence that, during depression, dysfunction of limbic structures,
including the hypothalamus and the hippocampus, results in
hypersecretion of CRF and AVP, which in turn induces pituitary-
adrenal activation. Moreover, the CSF concentrations of CRF are
increased in drug-free depressed patients, and the decreased
number of CRF receptors in the frontal cortex of suicide victims'8
was found. A number of studies have provided evidence that CRF
may play a role in the behavioural signs and symptoms of the
depression (decreased libido, decreased appetite, psychomotor
alterations and disturbed sleep).

Although the mechanism by which extra-hypothalamic CRF is ele-
vated in depression has not been resolved, the increased levels of
CRF in the hypothalamus are thought to be related to altered feed-
back inhibition by endogenous glucocorticoids. Data supporting
the notion that glucocorticoids-mediated feedback inhibition is
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Table 2 — Abnormalities of the Hypothalamic-Pituitary-Adrenocortical (HPA) axis

Plasma cortisol and corticotropin (ACTH) concentrations are elevated

Nocturnal plasma cortisol levels increase earlier (i.e., time span between sleep onset and cortisol secretion nadir is

shortened)
Urinary-free cortisol concentrations are elevated

Density of CRF receptors in frontal cortex is decreased

CRF and vasopressin-generating neurons in hypothalamic parvocellular neurons are hyperactive

CRF concentrations in cerebrospinal fluid are elevated

Plasma ACTH and corticosteroid concentrations are not adequately suppressed by dexamethasone

Plasma ACTH but not plasma cortisol levels are blunted in response to CRF

Plasma ACTH and cortisol secretion is enhanced in response to a combined dexamethasone-CRF challenge

Pituitary and adrenal glands are enlarged

NOTE: ACTH = adrenocorticotropic hormone; CRF = corticotropin-releasing hormone. 21°

impaired in major depression comes from several studiess
demonstrating no suppression of cortisol secretion. These studies
were complemented by many neuroendocrine function tests exa-
mining the suppression of ACTH and corticosteroids by the syn-
thetic glucocorticoid dexamethasone (DEX; dexamethasone sup-
pression test, DST). The DST showed that a high proportion of
patients with various affective disorders have elevated cortisol le-
vels,'9 thus escaping the suppressive effect of DEX. After CRF was
discovered and characterized by Vale and coworkers?0 initial stu-
dies employing ovine or human CRF in depressives showed that the
ACTH response after injection of this neuropeptide was decreased,
suggesting desensitized pituitary CRF receptors due to homolo-
gous downregulation by hypersecreted CRF.21-22 The most sensitive
neuroendocrine function test to detect HPA dysregulation com-
bines the DST and the CRF stimulation test (DEX/CRF test):2525
indeed, Heuser et al?® concluded from their studies that the sensi-
tivity of this test is above 80%, depending on age and gender.
Whereas While CRF-elicited ACTH response is blunted in depres-
sives, DEX pre-treatment produces the opposite effect and para-
doxically enhances ACTH release following CRF.  Similarly, CRF-
induced cortisol release is much higher in DEX-pretreated patients
than following a challenge with CRF alone. The interpretation of the
above findings is as follows: DEX due to its low binding to corticos-
teroid binding globulin and its decreased access to the brain,26
acts primarily at the pituitary to suppress ACTH. The subsequent
decrease of cortisol and the failure of DEX to compensate for the
decreased cortisol levels in the nervous tissue create a situation
that is sensed by central regulatory elements of the HPA system as
a partial and transient adrenalectomy. In response to this situa-
tion, the secretion of central neuropeptides that are capable of
activating ACTH secretion - mainly CRF and vasopressin - is
increased. When vasopressin is infused at a low rate into DEX pre-
treated controls, concurrent infusion with CRF induces an ACTH
and cortisol response which is similar to the hormone secretory
profile of depressives receiving the combined DEX CRF-test but
without simultaneous vasopressin treatment.2?

There are however some limitations to this test. In particular, DEX
pharmacodynamics and pharmacokinetics differ markedly from
those of cortisol. DEX only binds to the GR (not the MR) in vivo, does
not bind to the corticosteroid binding globulin (CBG), and has a

much longer half-life compared to cortisol.428 In response to these
concerns, we have recently developed an HPA suppressive test
using prednisolone, which is similar to endogenous glucocorti-
coids.28 Prednisolone is a synthetic glucocorticoid that is similar to
cortisol in its pharmacodynamics (binds to both the MR and the GR,
and to the CBG) and pharmacokinetics (its half-life is similar to that
of cortisol).26 We propose that prednisolone at the 5 mg dose
(which gives partial HPA suppression), together with the assess-
ment of salivary cortisol, can be used to investigate both impaired
and enhanced glucocorticoid-mediated negative feedback in large
samples of patients with psychiatric disorders.

Interestingly, recent studies have found that cortisol itself has a
limited access to the human brain.30 Therefore it is unclear at this
stage whether or not DEX is able to compensate in the brain when
the levels of plasma cortisol are low, since it is not clear in the first
place how much of the circulating cortisol is able to enter the brain
in normal circumstances (see below).

The HPA hyperactivity in major depression is believed to be sec-
ondary to hypersecretion of CRF. CRF has behavioral effects in ani-
mals that are similar to those seen in depressed patients inclu-
ding alterations in activity, appetite, and sleep.”* Moreover,
depressed patients exhibit increased concentrations of CRF in the
CSF, increased GRF mRNA and protein in the paraventricular nu-
cleus (PVN) of the hypothalamus (postmortem samples), and a
blun-ted ACTH response to a CRF challenge.28 The findings of blun-
ted adrenocorticotropic hormone (ACTH) response to human CRF22
and to ovine CRF, 26 the elevated levels of CRF in the CSF3! the
decreased number of CRF binding sites in the frontal cortex of
patients with depression who have committed suicide,32 the
increased number of CRF-expressing neurons in the hypothalamic
paraventricular nucleus of patients with depression,3 and the
finding that CRF concentrations in the spinal fluid decrease during
long-term treatment with fluoxetine or amitriptyline3 support the
idea that CRF is the key neuropeptide responsible for HPA alte-
rations in depression.

The questions of whether psychological signs and symptoms of
depression are also related to hypersecretion of CRF and vaso-
pressin and how antidepressants work to remedy both the neu-
roendocrine and the behavioral aspect of this dysregulation have
been the subject of intense preclinical research. Several research
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groups have formulated a hypothesis relating aberrant stress hor-
mone dysregulation to causality of depression and have proposed
that antidepressants may act through normalisation of these HPA
changes.3515 While nonsuppression to DEX in the DST and the DEX-
CRH test likely represents impaired feedback inhibition at the level
of the pituitary,43% impaired responsiveness to hydrocortisone
challenge in depressed patients suggests these feedback alte-
rations also occur in the brain.38

Studies conducted both in animals and in humans suggest that
stress in early phases of development can induce persistent
changes in the ability of the HPA axis to respond to stress in the
adult life, and that mechanism can lead to a raised susceptibility to
depression.37 Interestingly, persistent HPA hyperactivity has been
associated with higher rates of relapse.$840 Studies conducted in
patients receiving a range of antidepressants have shown that
those who fail to show a normalisation of post-DEX cortisol level
tend to have a worse outcome in terms of re-hospitalisation, sui-
cide and recurrence of depression.3® Two recent reports have
described a prospective study on the relationship between results
at the DEX/CRF test and clinical outcome. Specifically, Zobel et al3%-
40 have described a cohort of patients receiving the DEX/CRF test on
two separate occasions: within one week after the admission (or
after starting the first antidepressant treatment) and few days
before the discharge. The patients were then followed-up for 6
months after discharge. The study found that those patients who
had an increase in the cortisol levels after the DEX/CRF test
between admission and discharge tended to relapse during the fol-
low-up period, while those who showed a decrease in the post
DEX/CRF cortisol levels tended to remain clinically stable in the
follow-up period. Therefore, these studies suggest that evaluation
of the HPA axis during the antidepressant treatment may be
helpful in identifying those who are at higher risk of relapse
(see Table 3) 26141525

As Because a wide variety of stressors reliably activate the hypo-
thalamic-pituitary-adrenal (HPA) axis, and because glucocorticoids
are the end product of HPA axis activation, these hormones have
been most commonly seen as the agents provocateurs, or even in
extreme cases as the physical embodiment, of stress-induced
pathology. Indeed, it has been suggested that prolonged overpro-
duction of glucocorticoids, whether as a result of ongoing stress
or a genetic predisposition to HPA axis hyperactivity, damages
brain structures (especially the hippocampus) essential for HPA
axis restraint.4’ Such damasge, in turn, has been hypothesized to
lead to a feed-forward circuit in which ongoing stressors drive
glucocorticoid overproduction indefinitely (the “glucocorticoid cas-
cade hypothesis”). Because of the capacity of high concentrations
of glucocorticoids to disrupt cellular functioning in ways that can
lead to a host of ills, this glucocorticoid overproduction is believed
to contribute directly to many of the adverse behavioral and phy-
siological sequelae associated with chronic stress.4142

Despite the popularity of the glucocorticoid cascade hypothesis,
however, increasing data provide evidence that, in addition to glu-
cocorticoid excess, insufficient glucocorticoid signaling may play a
significant role in the development and expression of pathology in
stress-related disorders.

Although not occurring together, both hypocortisolism and
reduced responsiveness to glucocorticoids (as determined by de-

xamethasone challenge tests) were reliably found. Stress-related
neuropsychiatric disorders were also associated with immune sys-
tem activation/inflammation, high SNSCNS tone, and CRF hyper-
secretion, which are all consistent with insufficient glucocorticoid-
mediated regulation of stress hyperresponsiveness. Finally, anti-
depressants, a mainstay in the treatment of stress-related disor-
ders, were regularly associated with evidence of enhanced gluco-
corticoid signaling.

We define insufficient glucocorticoid signaling as any state in
which the signaling capacity of glucocorticoids is inadequate to
restrain relevant stress-responsive systems, either as a result
of decreased hormone bioavailability (e.g., hypocortisolism) or
as a result of attenuated glucocorticoid responsiveness (e.g.,
secondary to reduced glucocorticoid receptor sensitivity). Thus
defined, insufficient glucocorticoid signaling implies no specific
mechanism or absolute deficiency but focuses instead on the end
point of glucocorticoid activity. The fundamental question is
whether the glucocorticoid message is getting through in a man-
ner adequate to the environment (external and internal) in which
an organism finds itself. Therefore, even in the case of glucocorti-
coid hypersecretion, glucocorticoid insufficiency can exist, if
reduced glucocorticoid sensitivity in relevant target tissues out-
weighs excess circulating hormone.43

Recent neuroendocrine data provide evidence of insufficient glu-
cocorticoid signaling in stress-related neuropsychiatric disorders.
Impaired feedback regulation of relevant stress responses, espe-
cially immune activation/inflammation, may, in turn, contribute to
stress-related pathology, including alterations in behavior, insulin
sensitivity, bone metabolism, and acquired immune responses.
From an evolutionary perspective, reduced glucocorticoid signa-
ling, whether achieved at the level of the hormone or its receptor,
may foster immune readiness and increase arousal. Emphasis on
insufficient glucocorticoid signaling in stress-related pathology
encourages development of therapeutic strategies to enhance glu-
cocorticoid signaling pathways.44

The glucocorticoid receptor

Steroid hormones (e.g., glucocorticoids, estrogen, testosterone,
and mineralocorticoids), are small, lipid-soluble ligands that dif-
fuse across cell membranes. Unlike the receptors for peptide hor-
mones, which are located in the cell membrane, the receptors for
these ligands are localized in the cytoplasm. In response to ligand
binding, steroid hormone receptors translocate to the nucleus,
where they regulate the expression of certain genes by binding to
specific hormone response elements (HRES) in their regulatory
regions. The MR has a high affinity for endogenous corticosteroids
and is believed to play a role in the regulation of circadian fluctua-
tions in these hormones (especially the regulation of AGTH secre-
tion during the diurnal trough in cortisol secretion).

Glucocorticoids mediate their actions, including feedback regula-
tion of HPA axis, through two distinct intracellular corticosteroid
receptor subtypes referred to as mineralocorticoid receptor (MR)
and GR (4; 45). In contrast to the MR, the GR has a high affinity for
DEX and a lower affinity for endogenous corticosteroids. The GR is
therefore believed to be more important in the regulation of the
response to stress when endogenous levels of glucocorticoids are
high. Spencer et al46 and de Kloet et al4 have clarified that GR acti-
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Figure 2 — Model of Glucocorticoid receptor (GR) activation

The GR in its “unactivated” state resides first in the cytoplasm with a multimeric complex of chaperonin proteins including several
heat shock proteins (HSP56, HSP90). Endogenous glucocorticoids (GC) (cortisol in humans, corticosterone in rodents) or syn-
thetic glucocorticoids (DEX) act as GR ligands. After being bound by ligand, the GR undergoes a conformational change (activa-
tion), dissociates from the chaperonin protein complex, and translocates from the cytoplasm to the nucleus, where it regulates gene
transcription by binding to hormone response elements on DNA or by interacting with other transcription factors. The GR then recy-
cles to the cytoplasm and cannot rebind ligand until association with chaperonin protein is completed. Subsequently functions as
a ligand-regulated transcription factor by binding to glucocorticoid response elements (GREs).

vation is necessary for the HPA feedback regulation when levels of
glucocorticoids are high (response to stress, circadian peak), but
that MR also plays an important role by modulating GR-dependent
regulation.

As we have previously mentioned, according to the “nucleocyto-
plasmic traffic”” model of GR action (see Figure 2), the GR in its
“unactivated” form resides primarily in the cytoplasm in associa-
tion with a multimeric complex of chaperone proteins including
several heat shock proteins (HSPs) .47 After being bound by steroid,
the GR undergoes a conformational change (‘““activation), disso-
ciates from the chaperone protein complex, and translocates from
the cytoplasm to the nucleus, where it either binds to glucocorti-
coid response elements (GREs) on DNA or interacts with other
transcription factors.48 GREs can confer either positive or negative
regulation on the genes to which they are linked. The activated GR
cannot rebind ligand since association with the chaperone protein
complex is required for maintaining the receptor in a conforma-
tional state receptive to hormone.#” GRs have a low affinity but high
capacity for cortisol and are very responsive to changes in cortisol
concentrations. While MRs are thought to be involved in the tonic
inhibitory activity within the HPA axis, GRs appear to “switch off”
cortisol production at times of stress.49

Various research groups have suggested that the overactivity of
the HPA axis in depression may be due to an abnormality of the GR
at the limbic-hippocampal level 351550 This abnormality results in

a defect in or resistance to glucocorticoid. In fact, several findings
in depression are consistent with an abnormality of the GR. Most
notably, patients with depression fail to show most of the physical
symptoms of corticosteroid excess, despite the frequent presence
of hypercortisolism,5" suggesting that peripheral GRs may be
abnormal or insensitive in depression. Consistent with the fact that
GR is more important in the regulation of HPA when endogenous
levels of glucocorticoids are high,4 and that patients with major
depression exhibit impaired HPA negative feedback in the context
of elevated circulating levels of cortisol,2 a number of studies have
described reduced GR function in depressed patients (GR resis-
tance) and that antidepressants act by reversing these putative
GR changes.®

Glucocorticoid receptors in depression
A number of studies have assessed GR in patients with major
depression. In general, these studies have measured GR number
directly or have examined the in vitro or in vivo influence of gluco-
corticoids on functions known to be regulated by the GR. Limited
information exists regarding the number and function of GR in the
central nervous system.

In general, studies have found a lack of changes in total GR
expression but have also found a decreased GR in the cellular
cytosolic fraction.> These studies suggest that the GR changes seen
in depression are likely secondary to nuclear compartmentaliza-
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tion of the GR (activation, hence the translocation to the nucleus
and therefore the reduced GR level in the cytoplasm). Of course it
remains speculative to what extent one can draw inferences of
central corticosteroid receptor function from studies of periphe-
ral GRs, like lymphocyte GRs, that may not accurately reflect GRs in
the pituitary and brain.52 Recently, a post-mortem brain study has
found a reduced frontal and hippocampal GR gene expression and
a reduced frontal GR and MR gene expression not only in patients
with major depression but also with patients with schizophrenia
and bipolar disorder.53 These studies provide suggestive evidence
that HPA axis may be abnormal in some patients with bipolar dis-
order and schizophrenia and support the view that HPA axis dys-
regulation may play a role in different psychiatric disorders.5*
However, another brain post-mortem study by Lopez et al® has
found no differences in GR mRNA (but lower MR mRNA) in the hip-
pocampus of six suicide victims with a history of depression com-
pared to a group of six controls.

Chronic stress has also been associated with increased HPA axis
function and altered GR function. This work has evaluated the
impact of glucocorticoids on peripheral cell functions (immune
function) known to be inhibited by GR activation, and, in particular,
the well-known capacity of DEX to inhibit the ability of peripheral
blood mononuclear cells to proliferate in response to polyclonal
mitogens. For instance, it has been suggested that chronically ele-
vated cortisol levels may produce a state of steroid resistance
enabling lymphocytes to respond with less intensity to GCs. Recent
work produced by our group%¢ revealed that chronic stress (i.e.
caring for dementia patients) in humans was associated with sig-
nificant elevations in cortisol levels and reduced lymphocyte sen-
sitivity to GCs in vitro. These data suggest that chronic elevations
in cortisol may underlie GR resistance in humans.

Studies exploring differences in GR function between depressives
and controls have found far more consistent results. These studies
have consistently found that lymphocytes from DEX nonsuppressor
subjects were more resistant to the inhibitory effect of DEX admi-
nistered in vitro.35 Moreover, the few studies that have investiga-
ted changes in GR sensitivity in vitro and in vivo in the same
patients have found a remarkable consistency of response. In addi-
tion, Kok et al5” have shown that cortisol stimulates production of
immunoglobulins (IgG and IgM) in vitro in healthy controls, while
only I8G production was increased in depressed patients.

In most of these studies, lymphocytes from DST nonsuppressor
depressed patients are more resistant to the inhibitory effect of
DEX administered in vitro compared to DST suppressor depressed
patients; moreover, there seems to be an inverse correlation
between plasma cortisol concentration and the DEX-induced inhi-
bition of the proliferative response, suggesting a link between
hypercortisolemia and resistance to in vitro GR-mediated respon-
ses. After clinical recovery, hypercortisolemia tends to resolve and
the sensitivity of lymphocytes to DEX returns to control levels.
However, research from our laboratory has recently reported that
acquired GR resistance can be demonstrated in treatment-resis-
tant depressed (TRD) patients in the absence of elevated basal sali-
vary cortisol levels. It was observed that glucocorticoid-induced
suppression of T-cell proliferation and cytokine production in vitro
is generally less marked in treatment-resistant depression (TRD)
compared with healthy controls.58 In other study, it was observed
that the impact of DEX administration in vivo on lymphocyte redis-

tribution is greater for the control group than that seen for TRD
patients. Overall, measures made of in vitro or in vivo lymphocyte
function demonstrate that cells from TRD patients might be less
sensitive to steroid. It is tempting, however, to speculate that drug
resistance in this sample of patients may be related to steroid
resistance. Although commonly grouped together, hypercorti-
solism and glucocorticoid resistance do not necessarily occur
together and may represent distinct states of HPA axis dysfunction
or at least different points along an evolution of HPA axis patho-
logy.60-61

Interestingly, the findings of these studies have been recently con-
firmed by a study in vivo, showing that depressed subjects have a
reduced vasoconstrictor response to topical application of
beclomethasone when compared to healthy matched controls.62
This finding is suggestive of a defect in the sensitivity of periphe-
ral GRs as the vasoconstrictor response to beclomethasone is
mediated by these receptors and provides further support for the
hypothesis of an abnormality of the GR in depression.®0 Again,
using the DST as a measure of HPA axis activation, no difference in
dermal sensitivity to beclomethasone was found between patients
with normal versus abnormal DST results. These findings suggest
that peripheral GR function is abnormal in depression but that the
reduced vasoconstrictor response to beclomethasone is not ne-
cessarily a secondary effect of hypercortisolaemia or HPA axis
overactivity.62 Consistent with the presence of GR resistance in
major depression, Maguire et al6® found that despite having higher
plasma cortisol concentrations compared to controls, melancholic
depressed patients exhibited no increase in plasma sialyltrans-
ferase levels. Sialytransferases are a family of enzymes that par-
ticipate in oligosaccharide chain metabolism and are known to be
stimulated by glucocorticoids via the GR. No changes in GR binding
were found between groups. These findings suggest that impaired
GR function, and not number, underlines the decreased sensitivity
of plasma sialyltransferase levels to cortisol in depressed patients.

Although the above data provide strong evidence of glucocorticoid
resistance in major depression, there is some data suggesting that
glucocorticoid sensitivity in depressed patients remains intact in
at least some body compartments. Specifically, depressed patients
have been found to exhibit increased intra-abdominal fat deposi-
tion,®4 which. Increased intra-abdominal fat deposition is seen in
medical illnesses characterized by hypercortisolemia such as
Cushing’s syndrome and following chronic treatment with gluco-
corticoids. These findings suggest that intra-abdominal GRs may
maintain their sensitivity to glucocorticoids, while other
tissues/cell types are resistant. In support of this possibility, stu-
dies also have shown decreased bone mineral density in
depressed patients, 8566 since elevated glucocorticoids have also
been associated with bone loss.

Molecular mechanisms of GR resistance in depression

As previously discussed, the GR data do not provide a compelling
case for GR downregulation secondary to hypercortisolism in
major depression. Nevertheless, it is conceivable that hypercorti-
solism could overburden the recycling capacity of the GR with con-
sequent diminished capability of the cell to respond to further
stimulation. However, a second possibility is that GR function is
altered in major depression via ligand-independent mechanisms.55
The concept of “ligand-independent™ regulation of GR function
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derives from findings that steroid receptor function is regulated
not only by steroid ligand binding, but also by signal transduction
pathways driven by compounds unrelated to steroids.” For exam-
ple, research has demonstrated that GR function can be influenced
by a myriad of non-steroid compounds including proinflammatory
cytokines, such as interleukin-1,88-6% and participants in the cAMP
cascade including protein kinase A (PKA)."0 We will focus the
remainder of this review on two mechanisms that have been inves-
tigated in our laboratory and that are also potential targets for
antidepressant treatment: proinflammatory cytokines and steroid
hormone transporters (see below). However, others factors not
reviewed here could also be involved in acquired GR resistance in
depression. Phosphorylation of the GR and/or other steroid recep-
tor coactivators by cAMP-dependent protein kinase has a relevant
role in the regulation of GR function. These findings are particular-
ly intriguing in view of the fact that depressed patients had been
found to exhibit reduced G protein function in mononuclear cells
and reduced cAMP-dependent protein kinase activity in cultured

fibroblasts.’2 Therefore, it is possible that disruption in the
cAMP/PKA pathway described in major depression is linked to GR
resistance in this disorder and that antidepressants may over-
come these receptor alterations via a direct effect on this pathway.
0f note, it has been recently shown that a non-ligand binding b-iso-
form of the human GR (hGRb) may also be implicated in acquired
steroid resistance. The hGRb heterodimerises with ligand-bound
hGRa and translocates into the nucleus to act as a dominant nega-
tive inhibitor of the classic receptor. Therefore, a high expression
of hGRb might participate in the development of acquired steroid
resistance, whereas abnormally high expression of hGRa and low
expression of hGRb might lead to glucocorticoid hypersensitivity
state.’3 It is possible that GRa/GRb ratio may be altered in DST non-
suppressors leading to acquired GR resistance. We cannot exclude
the participation of changes in the GR transduction system (e.g.
altered AP-1 and NF-kB expression, heat shock proteins) in pro-
moting tissue sensitivity to glucocorticoids.” In summary, various
mechanisms may mediate “acquired steroid resistance” in depres-

Table 3 — Molecular mechanisms of acquired glucocorticoid resistance

Alteration Evidence Reference
Glucocorticoid receptor
Reduced GR density Depression, Lowy et al 1989%

Reduced GR affinity

Acquired somatic mutation of the
GR

Decreased receptor binding to
DNA

Altered translocation of the GC/GR
complex

Increased expression of antagonist
GR variant (GRp)

Steroid metabolism

Over expression of 11f3-
hydroxysteroid dehydrogenase

Access of steroid to cell
Over expression of MDR PGP

Altered expression of transport
proteins (albumin or CBG)

Altered activity of transcription
factors

Altered AP-1 and NF-xB
expression, heat shock proteins

asthma, arthritis,

AIDS, sepsis

Depression

asthma

Malignancies

Asthma
NA

NA

NA

GC therapy

Stress, Pregnancy

Asthma

Bronnegard et al1996

Lowy et al 1989%

Moalli et al 1994%

Cypcar et al 199397

Bronnegard et al 19967

Bronnegard et al 199674

Hennebold et al 1997%

Bourgeois et al 199383

Rosner 1991%

Adcock et al 1995100

NOTE: GC = glucocorticoid. MDR PGP = multiple drug resistance P-glycoprotein. CBG = corticosterone binding globulin.

NA = not available. 63.86.95-100
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Table 4 - Effect of antidepressant treatments on glucocorticoid receptors (GRs) in various experimental systems

Summary of our in vitro studies on antidepressants and GR

GR mediated gene transcription in LMCAT Intracellular accumulation in LMCAT  Intracellular ‘Western blotting of the
cells cells accumulation in rat GR
neurones
Dex Cortisol Corticos  Dex + Cortisol Corticos Corticos +  Cortisol Corticos LMCAT Rat
verapamil verapamil cells neurones

Clomipramine T T l 1 T = = T 1 1 l
Fluoxetine T T = = 1 1
Desipramine T 1 l
Paroxetine T 1 l
Citalopram T
Amitriplyline T

Cells were treated for 24 h with clomipramine (10 pM), fluoxetine (10 pM), desipramine (10 uM), paroxetine (10 uM), citalopram (10 pM) or amitriptyline (10 uM).
1 Indicates an antidepressant-induced increase; | Indicates an antidepressant-induced decrease;

= Indicates no effect of the antidepressant.
Data from Pariante et al.78-79.92-94

sion (see Table 3), and we will explore some of these mechanisms
in further details below.

Antidepressants and the glucocorticoid receptor

The hypothesis that antidepressants exert their clinical effects
through direct modulation of the glucocorticoid receptor (GR) is
one of the most striking and innovative models of the mechanism
of action of this class of drugs.>127577 Specifically, studies in
depressed patients, animals, and cellular models, have demons-
trated that antidepressants increase GR expression, enhance GR
function and promote GR nuclear translocation; this, in turn, is
associated with enhanced GR-mediated negative feedback by
endogenous glucocorticoids, and thus with reduced resting and
stimulated HPA axis activity® (see Table 4). These effects, in turn,
can contribute to the therapeutic action of this class of drug (see
Figure 3). However, the relationship between chemical structure,
known pharmacological mechanisms and effects on the GR have
yet to be clarified.

Work developed in our laboratory and elsewhere over the last few
years has attempted to understand the mechanisms by which anti-
depressants regulate GR by examining this interaction in vitro. We
have described in 1929 cells (mouse fibroblasts) that incubation
with the tricyclic antidepressant, desipramine, induces GR translo-
cation from the cytoplasm to the nucleus in the absence of
steroids.’578 Moreover, we have found that coincubation of
desipramine and DEX leads to enhanced GR-mediated gene trans-
cription, while preincubation of desipramine followed by DEX leads
to reduced GR-mediated gene transcription.’>78 This latter finding
has been recently replicated by Budziszewska et al’” who also
found that preincubation of L929 mouse fibroblast cells with va-
rious antidepressant (including desipramine) reduce GR-mediated
gene transcription induced by a subsequent treatment with corti-
costerone or DEX.

Some of our most recent work suggests a possible role of mem-
brane steroid transporters, like the multiple drug resistance p-gly-
coprotein (MDR PGP), in the regulation of GR function during anti-
depressant treatment and - possibly - in major depression. Some

GR ligands, like cortisol and DEX (but not corticosterone), are
actively excreted from cells by the MDR PGP and other membrane
transporters belonging to the ATP-binding cassette family of trans-
porters.47578 The MDR PGP has been extensively described to regu-
late intracellular concentrations of steroids, to secrete naturally
occurring metabolites and toxic substances directly into the uri-
nary or gastrointestinal tracts, and to confer treatment resistance
to tumor cells by expelling anticancer agents.808' Moreover, the
MDR PGP localized on the apical membrane of the endothelial cells
of the blood-brain barrier has been described to limit the access
of DEX and cortisol (but not corticosterone) to the human brain as
well as human peripheral cells like lymphocytes.8283 In vitro
expression of the MDR PGP can induce GR resistance in a tymoma
cell line,8% thus reproducing a condition similar to that described
in lymphocytes of patients with major depression. Moreover, some
antidepressants have been shown to inhibit the MDR p-glycopro-
tein in tumor cells®86 and to be transported by the MDR p-glyco-
protein.87 Based on this evidence, we hypothesized that one me-
chanism by which antidepressants regulate GR function in vitro
(and theoretically, in vivo) is by regulating the function of MDR PGP,
and therefore the intracellular access of glucocorticoids.

We recently explored this hypothesis by examining the effects of a
range of antidepressants on GR function (GR-mediated gene trans-
cription) in the presence of steroids that are differentially affected
by the L929 membrane steroid transporter. Moreover, we assessed
the ability of the inhibitor of the membrane steroid transporter,
verapamil, to reverse the effects of antidepressants on GR func-
tion. Although it is still unclear whether the L929 cells membrane
steroid transporter is identical to MDR p-glycoprotein 8889 we
and others have shown that they share the same substrate pro-
file.758990 Indeed, our findings are strongly suggestive that an anti-
depressant-induced inhibition (or downregulation) of the 1929
membrane steroid transporter is relevant for the in vitro enhance-
ment of GR function.” In fact, we found that three different antide-
pressants (desipramine, clomipramine and paroxetine) all
increase GR function in the presence of DEX and cortisol (that are
expelled from the cells by the MDR PGP) but not with corticos-
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,.w Cortisol

Antidepressants
' GR

Negative
Feedback

Cortisol

Figure 3 — Diagram showing the hypothesis of the mecha-
nism by which antidepressants may inhibit membrane steroid
transporters at the Brain Blood Barrier and in neurones, so
that more cortisol is able to enter the brain. This leads to
increased activation of brain GR (and MR), increased nega-
tive feedback on the HPA axis and, finally, normalisation of
HPA axis hyperactivity in depressed patients.

terone (that is not expelled by this transporter). Moreover,
clomipramine (the antidepressant that gives the strongest poten-
tiation of GR-mediated gene transcription in the presence of Dex or
cortisol) fails to have any effect in the presence of DEX, after bloc-
king the steroid transporter with verapamil.

It is of note that our in vitro data are consistent with animal stu-
dies. For example, clomipramine at 10 mg/Kg/day for two days com-
pletely overcomes resistance to anticancer drugs of subcutaneous
tumors in mice.8® Of note is that the dose used in this study is with-
in the range (10-20 mg/Kg/day) used in most animal studies sho-
wing GR upregulation by tricyclic antidepressants.5 A recent paper
by Uhr et al8” has described that amitriptyline, but not fluoxetine, is
transported by the MDR-p-glycoprotein. Moreover, our data are
also consistent with the study by Przegalinski et al®! showing that
pre-treatment of rat with nifedipine (another MDR p-glycoprotein
inhibitor) prevents the hippocampal GR upregulation induced by
chronic treatment with desipramine, amitriptyline or electrocon-
vulsive shock. Furthermore, our hypothesis that modulation of the
membrane steroid transporters is important for the effects of anti-
depressants on the GR is a potential explanation of how chemical-
ly and pharmacologically unrelated drugs may have similar effects
on the GR. In fact, antidepressants, as other membrane steroid
transporters inhibitors, seem to modulate MDR by interacting
directly with the membrane phospholipids, an effect that is not
receptor-mediated and is related to the drugs physiochemical
properties, that is, lipophilicity and electric charge.” Finally, our
data are consistent with all in vivo evidence, in humans and ani-
mals, supporting the notion that antidepressant treatment
increases GR function.® Therefore, it seems plausible that the

effects of antidepressants in vivo are mainly related to the effects
on the membrane steroid transporters, leading to increased GR
function, and we propose that membrane steroid transporters,
especially those regulating access of glucocorticoids to the brain
in vivo like the MDR p-glycoprotein, could be a fundamental target
for antidepressant action.

In summary, the effects of glucocorticoids are mediated GR.
Several studies have demonstrated that GR function is impaired in
major depression, resulting in reduced GR-mediated negative feed-
back on the HPA axis and increased production and secretion of
CRH in various brain regions postulated to be involved in the
causality of depression. The concept that impaired GR signalling is
a key mechanism in the pathogenesis of depression. The data indi-
cate that antidepressants have direct effects on the GR, leading to
enhanced GR function and increased GR expression.The mecha-
nism of these receptor changes also involve non-steroid com-
pounds, like cytokines and neurotransmitters. Moreover, evidence
suggestsing that membrane steroid transporters like the MDR p-
glycoprotein, could be fundamental target of antidepressant treat-
ment. Research in this field is leading to new insights into the
pathophysiology and treatment of affective disorders.

Antidepressant
Treatment

N

Intracellular
Pathways

-

MDR
P-glycoprotein

Proinflammatory
cytokines

-

Increase
GR Function

-

Mormalization of

-

Clinical Recovery

Figure 4 — Summary model of potential mechanisms
through which antidepressants may regulate the GR in the
treatment of depression
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