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Previously, we have shown that in vitro antidepressants modulate glucocorticoid receptor (GR) function and expression, and have

suggested that these effects could be relevant for the mechanism of action of antidepressants. To further clarify the interaction between

antidepressants and glucocorticoids, we evaluated the in vitro effect of the tricyclic antidepressant, clomipramine (CMI), on the GR

function in 15 treatment-resistant depressed inpatients and 28 healthy controls. Diluted whole-blood cells were incubated for 24 h in the

presence or absence of CMI (10 mM). Glucocorticoid function was measured by glucocorticoid inhibition of lypopolysaccharide (LPS)-

stimulated interleukin-6 (IL-6) levels. The results show that glucocorticoids (dexamethasone, prednisolone, cortisol and corticosterone)

caused a concentration-dependent inhibition of LPS-stimulated IL-6 levels. In healthy controls, CMI decreased glucocorticoid inhibition of

LPS-stimulated IL-6 levels, while this effect was not present in depressed patients. Therefore, depressed patients, who were clinically

treatment resistant, also showed a lack of effect of the antidepressant in vitro. Upcoming studies shall test whether assessing the effects of

antidepressants in vitro on GR function could predict future treatment response in a clinical setting.
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INTRODUCTION

Clinical studies have demonstrated an impairment of
glucocorticoid receptor (GR)-mediated negative feedback
on the hypothalamic–pituitary–adrenal (HPA) axis in major
depression (GR resistance), and its resolution by anti-
depressant treatment. Specifically, patients with major
depression have shown increased concentrations of cortisol
(CORT) in plasma, urine, and cerebrospinal fluid;
an exaggerated CORT response to adrenocorticotropic
hormone; and an enlargement of both the pituitary and
the adrenal glands (Gold et al, 1988; Holsboer and Barden,
1996; Owens and Nemeroff, 1993; Nemeroff, 1996). As
feedback regulation of the HPA axis is mediated by GRs, the
impairment of the axis seen in patients with major

depression may be due to reduced GR function, to reduced
GR number, or to both (Pariante, 2006; Pariante and Miller,
2001).
If depressed patients show an impairment of GR function,

are antidepressants able to counteract these alterations in
vivo? There is a vast series of studies in animals
demonstrating a direct effect of antidepressants on the
GR, leading to increased receptor expression and increased
negative feedback on the HPA axis (Mason and Pariante,
2006; Holsboer, 2000; Carvalho and Pariante, 2008). These
studies complement the clinical evidence showing that
successful antidepressant treatment is associated with
resolution of the impairment in the HPA axis negative
feedback by glucocorticoids (Linkowski et al, 1987; Ribeiro
et al, 1993). Indeed, we have shown that the antidepressant
citalopram increases HPA axis negative feedback by
glucocorticoids (measured as CORT suppression by pre-
dnisolone, PRED) after as little as 4 days of administration
in healthy controls (Pariante et al, 2004a).
In contrast to the effects of antidepressants in vivo, the

studies on the effect of antidepressants on the GR function
in vitro have produced conflicting results. Specifically,
we and others have shown that antidepressants can both
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decrease and increase GR function in vitro, based on
different experimental conditions. The final net effect of
antidepressants on GR function, at least in cell lines, is likely
to be mediated by direct inhibition of membrane steroid
transporters that expel glucocorticoids from cells (Pariante
et al, 1997, 2001b, 2003a, b; Carvalho and Pariante, 2008). In
particular, when cells are co-incubated with antidepressants
and glucocorticoids that are expelled by the transporter,
such as dexamethasone (DEX) or CORT, there is an increase
in GR function (Pariante et al, 1997, 2001a, 2003a, b). On the
other hand, when cells are co-incubated with antidepres-
sants and a glucocorticoid that is not expelled by the
transporter, like corticosterone (CTC), there is a decrease in
GR function (Pariante et al, 2001a, 2003b).
To our knowledge, only one study has examined the

in vitro effects of antidepressants on GR function in human
cells in a clinical population. Specifically, Yehuda et al
(2006) have shown that the antidepressant sertraline
reduces GR function in lymphocytes of patients with post-
traumatic stress disorder (PTSD). Moreover, these authors
reported that sertraline inhibition of GR function is
correlated with severity of childhood trauma (Yehuda
et al, 2006), possibly indicating a clinical relevance for
this measure. Interestingly, GR function in PTSD patients
seems to be virtually opposite to that of depressed
patientsFPTSD patients have increased in vivo GR
function (Yehuda, 2001). Whether the effect of in vitro
antidepressants on GR function is different in patients with
major depression is still unknown.
The aim of the present study was, therefore, to evaluate

the effect of the antidepressant, clomipramine (CMI), on GR
function in depressed patients and in healthy controls by
measuring glucocorticoid inhibition of lypopolysaccharide
(LPS)-stimulated interleukin-6 (IL-6) levels in whole blood.
We tested four different glucocorticoids: DEX, a synthetic
glucocorticoid that has been used in a variety of previous
studies to demonstrate decreased GR function both in vivo
and in vitro; PRED, another synthetic steroid hormone that
is similar to CORT in its pharmacodynamics and that we
have proposed its use as a new suppressive test in vivo
(Pariante et al, 2002; Pariante, 2004); CORT, the main
endogenous glucocorticoid in humans; and CTC, the main
endogenous glucocorticoid in rodents, which is similar to
CORT in its pharmacodynamics but, different from all the
other three, is not transported by transporters (Pariante
et al, 2001a, 2003a, b). The use of different glucocorticoids
allowed us to further investigate the involvement of
transporters on the effect of antidepressants on GR function.

MATERIALS AND METHODS

The study protocol was approved by the Research Ethical
Committee of the Institute of Psychiatry, King’s College
London and Maudsley Hospital (London). All subjects gave
their written and informed consent. The laboratory work
was conducted at the Affective Disorders Laboratory,
Affective Disorders Unit, Bethlem Royal Hospital.

Healthy Controls

A total of 28 healthy controls were recruited through
hospital administrative staff and members of the local

community. Healthy controls were free from acute infec-
tions or allergic reactions, as well as any psychotropic
medications or drugs known to modify immune and
endocrine functions for at least 1 month before blood
sampling, including oral contraceptives. Urine tests for
illicit drugs and pregnancy were conducted before the start
of the study.

Patients

We examined 15 depressed inpatients at the National
Affective Disorders Unit of the Bethlem Royal Hospital in
London, UK. The Affective Disorders Unit receives referrals
for many patients with long-standing or difficult to treat
depressive illness. These are among the most severe
depressed cases from all over the United Kingdom, usually
with a history of not responding to pharmacotherapy and
psychotherapy.
The patients had a diagnosis of recurrent unipolar major

depression according to the Diagnostic and Statistical
Manual of Mental Disorders, fourth edition (American
Psychiatric Association, 1994). Psychiatrists reviewed re-
ferral information, conducted an in-depth clinical interview
with each patient, and reviewed pertinent medical records
as available.
Patients underwent detailed assessments using the

tools described below to clarify the main features of
their illness. Many of these measures are already part
of the normal assessment process of the unit, but
some additional measures were added to this research
protocol. For diagnostic assessment we used the Structured
Clinical Interview for DSM-IV Axis I disorders. The
diagnosis was confirmed by clinical interview with the
Schedule for Clinical Assessment in Neuropsychiatry
(World Health Organization, 1994). The severity of
depression was examined by using the 21-item
Hamilton Depression Rating Scale (HAM-D) score (Hamil-
ton, 1960), the Beck Depression Inventory (BDI; Beck et al,
1961), and the Beck Anxiety Inventory (BAI; Beck et al,
1988).
For assessment of treatment resistance we used the

Antidepressant Treatment History Form (Sackeim, 2001).
We also used the Thase staging criteria (Thase and
Rush, 1997), which recognizes five stages of treatment
resistance according to the number of treatment
trials adequately delivered. All patients were treatment-
resistant from a moderate to severe degree and all patients
were currently receiving antidepressant medication. For
practical and ethical reasons, it was not possible to
withdraw the antidepressants and assess the patients in a
drug-free state; however, a switch in medication was
avoided for at least 7 days before conducting the experi-
mental procedure. Exclusion criteria for patients were
history of hypersensitivity to corticosteroids or steroid
use; heavy smokers (ie more than 25 cigarettes per day);
viral illnesses during the preceding 2 weeks; pregnant or
lactating women; alcohol dependence; and signi-
ficant physical illnesses (eg severe allergies, autoimmune
diseases, hypertension, malignancy, hematological, endo-
crine, pulmonary, renal, hepatic, gastrointestinal, or neuro-
logical disease depressive disorder or an organic etiology
were excluded).

Effect of antidepressants on GR function
LA Carvalho et al

3183

Neuropsychopharmacology



Blood Collection

Subjects abstained from food, caffeine, tea, alcohol and
cigarettes during the night before the study. On the study
day, subjects were admitted to a research suite and blood
was collected at 10 a.m. (±30min). One 7.5ml tube was
immediately centrifuged (2000g, 10min), the plasma was
collected and frozen at �401C for analyses of plasma CORT
and plasma IL-6. A second 7.5ml tube was immediately
analyzed for glucocorticoid function assay as described
below.

Glucocorticoid Function Assay Reagents

PBS Gibco, 500ml, ref. 2012-019, sterile (Invitrogen); RPMI
1640 medium (Sigma), 500ml, sterile, R8758; DEX (Sigma),
D4902; PRED (Sigma), P-6004; hydrocortisone (Sigma),
H4001; CTC (Sigma), C2505; clomipramine (Sigma), C7291;
penicillin/streptomycin (Sigma), 500ml, sterile, P4458; LPS
(Gibco, catalog 20012-019, Lot L-2880).

Glucocorticoid Function Assay Protocol

The protocol was based on a published method (Rohleder
et al, 2001, 2002) with modifications as described below.
CMI was chosen for two reasons. First, from a clinical point
of view, all of the patients in our study were resistant to
tricyclic antidepressants, and therefore we were interested
in the effect of a drug from this class. Second, based on our
previous in vitro work in L929 fibroblasts, CMI has the
strongest effects on GR function when compared to both
other tricyclics and SSRIs (Pariante et al, 2001a, 2003a).
Glucocorticoid function was measured by glucocorticoid
inhibition of LPS-stimulated IL-6 levels. Whole blood was
diluted tenfold with RPMI 1640 medium. All solutions were
prepared in pyrogene-free sterile saline (NaCl 0.9%) to
achieve final concentrations in the cultures of 20 ng/mg for
LPS; 10 mM for CMI; 10 and 100 nM for DEX; 0.1 and 1mM
for PRED; 1 and 10 mM for CORT; and 1 and 10 mM for CTC.
A total of 540 ml of diluted blood (in RPMI 1640 medium
with L-glutamine supplemented with 100 IU/ml penicillin
and 100mg/ml streptomycin) was added onto 48-well cell
culture plates (Falcon, No. 3078). LPS, CMI, and glucocor-
ticoids were subsequently added to the wells. Samples were
incubated for 24 h in a humidified atmosphere containing
5% CO2. After the incubation, plates were centrifuged
(3000 r.p.m., 20min) and supernatant carefully collected
and kept at �401C until analysis. Determinations were
performed in duplicates and always by the same researcher
(LC).

Sample Measurements

All analysis was carried out using a commercially available
Immulite kit for the fully automated IMMULITE system
(Diagnostics Products Corporation, Los Angeles, CA). The
coefficient of variation (CV) for IL-6 analysis was 4.7%
within run and 6.5% in between runs, and the detection
limit was 2 pg/ml. For CORT, the CV values were 7.1%
within run and 7.8% in between runs, and the detection
limit was 5.5 nmol/l.

Statistical Analysis and Data Presentation

All variables were tested for normality of distribution by
means of the Kolmogorov–Smirnov test. Wilcoxon test for
paired samples was used to examine the within-subject
effect of CMI, while Mann–Whitney was used for unpaired
tests to examine between-subject differences (patients vs
healthy controls). Results in Figure 1 are expressed as
mean±SEM of raw IL-6 levels. In Figure 2, glucocorticoid
(GC) inhibition was calculated by considering LPS-stimu-
lated IL-6 levels in the absence of glucocorticoids as 100%.
Specifically, the calculation of the percentage inhibition in
glucocorticoids condition was as follows:

IL� 6 levels% ðGConlyÞ

¼ mean raw IL� 6 levels ðGCÞ
mean raw IL� 6 levels ð0 nMGCÞ�100

In the presence of the antidepressant CMI, the calculation of
glucocorticoid inhibition was corrected by the presence of
CMI as follows:

IL� 6 levels% ðGCþ CMIÞ

¼ mean raw IL� 6 levels ðGCÞ
mean raw IL� 6 levels ð0 nMGCþ CMIÞ�100

The significance level was set to po0.05 (two-tailed) and
computer statistical packages (GraphPad 4.1 Software Inc.,
San Diego, CA, USA and SPSS 15.0 Inc. Software, Chicago,
Illinois, USA) were used for this study.

RESULTS

Fifteen treatment-resistant depressed inpatients and twenty-
eight healthy controls participated in this study. The
demographic and clinical information of all subjects is
listed in Table 1. There were no differences between patients
and controls according to gender distribution, age, or body
mass index (BMI), confirming the groups were comparable.
As expected, BDI scores were found to be very low among
the controls (BDIp2).
The treatment-resistant depressed patients that partici-

pated in this study had marked biological disturbances,
when compared to healthy controls, as shown by hyper-
cortisolemia and evidence of inflammation. Patients had
higher plasma CORT levels (429.4±55.4 vs 242.2±
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Figure 1 Unstimulated (saline) interleukin-6 (IL-6) levels (pg/ml) in
depressed patients (n¼ 15) and healthy controls (n¼ 28) before and after
24 h clomipramine (10 mM) incubation. Data are shown as mean±SEM.
*po0.05.
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14.8 nmol/l, po0.05, respectively) and higher plasma
IL-6 (3.0±0.29 vs 2.4±0.1 pg/ml, po0.05, respectively)
than controls. Plasma CORT and plasma IL-6 were
positively correlated in controls (Pearson’s correlation
coefficient¼ 0.4, p¼ 0.035), but not in patients (Pearson’s
correlation coefficient¼ 0.3, p¼ 0.14). Neither plasma
CORT nor plasma IL-6 was associated with the severity of
depressive symptomatology (HAM-D scores) or other
clinical features (data not shown).
In the in vitro incubation experiments, healthy

controls showed undetectable unstimulated IL-6 levels
before or after CMI incubation. Unstimulated IL-6 levels
in depressed patients, however, were detectable in seven
of the fifteen patients. In these seven patients, CMI reduced
the unstimulated IL-6 levels (by 51%, p¼ 0.03). We also
analyzed these data using 2 pg/ml (the sensitivity limit of
the method) as the value for those that had undetectable
levels. These data are presented in Figure 1, and the
statistical analysis using this approach also shows a
significant effect of CMI in depressed patients.
Stimulation with LPS increased IL-6 levels in depressed

patients and in healthy controls to similar levels. Moreover,
in both groups CMI inhibited LPS-stimulated IL-6 levels,
although the effect of CMI was more pronounced in
controls (in depressed patients by 11% and in healthy
controls by 32%).
Next, we investigated glucocorticoid inhibition in de-

pressed patients and in healthy controls. Data are presented
as percentage of IL-6 levels in LPS-stimulated samples.
Glucocorticoids in the absence of CMI are represented by
the white columns in the figures. All glucocorticoids

induced a concentration-dependent inhibition of LPS-
stimulated IL-6 levels in depressed patients and in healthy
controls. The rank order of inhibition was DEX4PRED4
CORT4CTC, and this was similar for depressed patients
and healthy controls.
There was a difference on the effects of in vitro CMI co-

incubation with glucocorticoids between depressed patients
and healthy controls (Figure 2a–d, hashed bars represent
the presence of CMI). In controls, LPS-stimulated IL-6
levels were higher after CMI and glucocorticoids than after
glucocorticoids alone (hashed columns vs white columns for
each concentration of glucocorticoids); consequently, CMI
decreased glucocorticoid function, that is, decreased
glucocorticoid inhibition of LPS-stimulated IL-6 levels. This
effect was present for all concentrations of DEX, PRED, and
CTC, and for the highest concentration of CORT (10 mM). In
contrast, this effect was not present in depressed patients
(p40.05). These data are presented in Figure 2 and
described below with the appropriate statistical compar-
isons. For DEX (Figure 2a), LPS-stimulated IL-6 levels in
the presence of DEX (0.01 mM) alone were 35.7±2.5% in
controls and 34.5±3.1% in depressed; in the presence of
DEX and CMI, IL-6 levels were 43.2±3.6% in controls and
36±2.9% in patients (controls: with CMI vs without CMI,
p¼ 0.003; depressed patients: with CMI vs without CMI,
p¼ 0.5). LPS-stimulated IL-6 levels in the presence of DEX
(0.1 mM) alone were 8.9±0.9% in controls and 7.9±0.7% in
depressed; in the presence of DEX and CMI, IL-6 levels were
17.4±3.2% in controls and 8.8±1.1% in patients (controls:
with CMI vs without CMI, p¼ 0.002; depressed patients:
with CMI vs without CMI, p¼ 0.13). For PRED (Figure 2b),
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Figure 2 (a) Dexamethasone (0.01 and 0.1mM), (b) prednisolone (0.1 and 1 mM), (c) cortisol (1 and 10 mM), and (d) corticosterone (1 and 10mM)
inhibition of lypopolysaccharide (LPS)-stimulated interleukin-6 (IL-6) levels in depressed patients (n¼ 15) and healthy controls (n¼ 28) with (hashed
columns) or without (white columns) clomipramine (10 mM). Results are expressed by mean±SEM of the percent glucocorticoid inhibition (LPS-stimulated
IL-6 levels with glucocorticoid divided by LPS-stimulated IL-6 levels without glucocorticoids). *po0.05.
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LPS-stimulated IL-6 levels with PRED (0.1 mM) alone were
36.2±3% in controls and 36.1±2.9% in depressed; in
the presence of PRED and CMI, IL-6 levels were 49.9±6.7%
in controls and 38±2.9% in patients (controls: with CMI
vs without CMI, p¼ 0.003; depressed patients: with CMI
vs without CMI, p¼ 0.3). LPS-stimulated IL-6 levels with
PRED (1 mM) alone were 11.7±1.1% in controls and
10.6±1.1% in depressed; in the presence of PRED
and CMI, IL-6 levels were 21.3±3.8% in controls and
11.7±1.3% in patients (controls: with CMI vs without CMI,
p¼ 0.002; depressed patients: with CMI vs without CMI,
p¼ 0.06). For CORT (Figure 2c), LPS-stimulated IL-6 levels
with CORT (1 mM) alone were 24.6±3.3% in controls and
19.7±1.9% in depressed; in the presence of CORT (1 mM)
and CMI, IL-6 levels were 28.9±3.5% in controls and
22±3.5% in patients (controls: with CMI vs without CMI,
p¼ 0.15; depressed patients: with CMI vs without CMI,
p¼ 0.27). LPS-stimulated IL-6 levels with CORT (10 mM)
alone were 14.5±1.0% in controls and 13.5±1.3% in
depressed; in the presence of CORT and CMI, IL-6 levels
were 20.4±3.8% in controls and 14.7±1.7% in patients
(controls: with CMI vs without CMI, p¼ 0.002; depressed
patients: with CMI vs without CMI, p¼ 0.09). For CTC
(Figure 2d), LPS-stimulated IL-6 levels with CTC (1 mM)
alone were 68.5±3.4% in controls and 68.6±6.3% in
depressed; in the presence of CTC and CMI, IL-6 levels

were 75.7±3.4% in controls and 72.9±3.0% in patients
(controls: with CMI vs without CMI, p¼ 0.003; depressed
patients: with CMI vs without CMI, p¼ 0.46). LPS-stimu-
lated IL-6 levels with CTC (10 mM) alone were 53.5±2.9% in
controls and 52.2±1.8% in depressed; in the presence of
CTC and CMI, IL-6 levels were 59.8±3.2% in controls and
54.5±2.9% in patients (controls: with CMI vs without CMI,
p¼ 0.002; depressed patients: with CMI vs without CMI,
p¼ 0.5).

DISCUSSION

We have shown that 24 h in vitro incubation with CMI has
no effect on GR function in diluted whole-blood cells from a
group of severely depressed, treatment-resistant patients,
while decreasing GR function in healthy controls. Therefore,
in our study depressed patients, who are clinically resistant
to the effect of antidepressants, also lack an effect of
antidepressants in vitro in peripheral blood cells.
We have shown that our sample of treatment-resistant

depressed patients had marked biological disturbances, as
seen by hypercortisolemia and presence of inflammation.
Theoretically, the patients did not show differences in GR
function when compared with controls, as tested by
incubation using four different steroids. However, our

Table 1 Demographic and Clinical Features of 15 Patients and 28 Controls

Depressed inpatients mean (SEM) or n (%) Controls mean (SEM) or n (%) p-value (v2/t-test)

Gender (%) 77 75 0.853

Age (years) 49.0±3.2 45.0±2.5 0.478

BMI (kg/m2) 28.0±1.2 28.6±0.9 0.759

BDI 31.3±2.5 2.0±0.6 0.000

HAM-D 24.7±1.6

BAI 23.1±3.5

Age at onset of first MDE (years) 30.9 (2.5)

Age at onset of the current episode (years) 42.2 (2.9)

Duration of current MDE (months) 47.5(8.3)

Duration of Illness (years) 18.2 (3.2)

No. of previous hospital admissions 3.4 (0.7)

Duration of current admission (weeks) 20.3 (2.2)

Current medication 9 Mood stabilizer

10 SSRI/SNRI

4 Benzodiazepine

4 Atypical antipsychotic

3 Tricyclic antidepressant Drug free

1 MAOI

4 Other antipsychotic

6 Nonpsychotropic

ECT in the past 13 (86)

treatment resistance stage: n (%) Stage 5: 6(40)

Stage 4: 3(20)

Stage 3: 4(26)

Abbreviations: BAI, Beck Anxiety Inventory; BDI, Beck Depression Inventory; BMI, body mass index; ECT, electroconvulsotherapy; HAM-D, Hamilton Depression
Rating Scale; MAOI, monamine oxidase inhibitor; SSRI, selective serotonin reuptake inhibitor; SNRI, serotonin and norepinephrine reuptake inhibitor; MDE, major
depressive episode. Treatment resistance stage: Thase and Rush treatment resistance criteria.
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interpretation is that these findings do suggest gluco-
corticoid resistance in depressed patients: the fact that
GR function was ‘normal’ in the face of such a big differ-
ence in plasma CORT in itself suggests a functional GR
difference between patients and controls. Indeed, higher
levels of CORT (from the plasma) would have been present
in the in vitro milieu of depressed patients compared to
controls. The presence of GR resistance in these patients is
also supported by the fact that there was no difference
between patients and controls in stimulated IL-6 levels, even
in the presence of higher endogenous CORT levels in the
in vitro assay of depressed patients. These results are
consistent with the fact that patients with depression
frequently have high CORT levels, but they do not develop
the physical signs of Cushing’s syndrome (reviewed by
Murphy, 1991). Other studies have examined GR function
in vitro using a different technique, glucocorticoid
inhibition of lymphocyte proliferation. These studies have
shown both normal and reduced GR function (reviewed
in Pariante and Miller, 2001; Pariante, 2004). It is important
to emphasize, however, that our GR assay is not immedi-
ately comparable with that used in these studies: first, we
use whole-blood cells rather than isolated lymphocytes, and
it is possible that GR function is influenced by the presence
of other immune cell populations; second, our assay
includes endogenous glucocorticoids from the plasma,
while assays using isolated lymphocytes usually allow
for removal of all endogenous glucocorticoids. Never-
theless, taken together our findings are supportive of the
notion that GR function in these depressed patients might
be reduced.
Interestingly, we have shown that 24 h in vitro CMI

decreases GR function in healthy controls. The decrease in
GR function by in vitro antidepressants has been shown by
us and other groups in mouse fibroblasts (Budziszewska
et al, 2000, 2005; Augustyn et al, 2005; Barden, 1996;
Pariante et al, 2001a, 1997). This decrease in GR function by
antidepressants in vitro may be a consequence of GR
downregulation, which in turn may be secondary to
antidepressant-induced GR translocation to the nucleus.
Specifically, we have shown that 24 h incubation with
desipramine or CMI induces GR translocation and
decreases GR (protein) expression in mouse fibroblasts cell
line (Pariante et al, 1997, 2003). Moreover, a decrease in GR
mRNA by antidepressants has also been described in a
study that has measured the effect of different classes of
antidepressants in human primary cell cultures (Heiske
et al, 2003). On the other hand, in vitro treatment of
neurons with antidepressants has produced conflicting
findings, perhaps depending of the GR measure: we
have shown decreased GR (protein expression after 24 h
with CMI; Pariante et al, 2003), while Pepin et al (1989)
found decreased GR mRNA after 24–72 h incubation
with desipramine and other antidepressants. However,
it is important to emphasize that antidepressant-induced
GR downregulation is an in vitro phenomenon, usually
occurring with incubation lasting hours (as indeed in the
present study). In contrast, studies in animals undergoing
chronic treatment with antidepressants have clearly shown
an upregulation of the GR in the brain, possibly secondary
to changes in HPA axis activity (Pariante et al, 2004b).
Therefore, GR upregulation after long-term treatment with

antidepressants may be more relevant to the therapeutic
action of this class of drugs.
It is of note that antidepressants have also been shown to

increase GR function in vitro in mouse or rats under
different experimental conditions (Pariante et al, 1997,
2003b). The increased GR function is likely to be mediated
by an increased intracellular concentration of glucocorti-
coids, following inhibition by antidepressants of steroid
transporters that expel glucocorticoids from cells. Conse-
quently, the final effect of antidepressants on GR function
seems to be dependent on the balance between the amount
of intracellular glucocorticoids (possibly dictated by the
steroid transporters) and receptor expression. Our recent
paper in mice further supports the involvement of the
steroid transporters on the final effect of antidepressants
on GR function. Treatment with desipramine induces GR
downregulation in steroid transporter knockout miceFand
therefore in a condition that is similar to the in vitro
experiments that do not elicit the effect on the transporter,
like the present study (as lymphocytes express low levels of
the transporter); in contrast, desipramine induces GR
upregulation in control miceFand therefore in a condition
that is similar to the in vitro experiments that do elicit effect
on the transporter (Yau et al, 2007).
We have also shown that treatment-resistant depressed

patients lack an effect of CMI on GR function in vitro.
The lack of effect of CMI in vitro in major depression
could be related either to patients’ pathophysiology or to
the previous chronic use of antidepressants (or to both).
Due to the chronicity and severity of the patients studied
here, it was not possible to analyze them in a drug-free or
euthymic state, and this is a clear limitation of the study.
However, patients who are chronic and severely depressed
show the most marked HPA axis abnormalities (Nemeroff,
1996; Holsboer, 2000; Pariante et al, 1999). Moreover, other
biological disturbances associated with the pathophysiology
of depression might also make the GR ‘resistant’ to the
effects of antidepressants in vitro. For example, depressed
patients show signs of inflammation, and inflammation has
been shown to reduce the ability of GR to activate and
translocate (Pariante et al, 1999), an effect that has been
linked to the activation of intracellular pathways like the
p38 mitogen-activated protein (Wang et al, 2004). In
addition to these putative effects of depression, prolonged
exposure to antidepressants for clinical treatment may also
alter GR function or its transduction pathways, and hence
antidepressants in vitro could be unable to modulate this
process any further (Carvalho and Pariante, 2008). Whether
such severe treatment-resistant depressed patients would
have had a different response to the in vitro effects of CMI if
they had been drug free is unfortunately very difficult to
examine.
Finally, would the effect of CMI on the GR in vitro be

different in any other psychiatric population? Our results
are consistent with the work by Yehuda et al (2006), who
have also found a difference between PTSD patients and
controls in the effect of antidepressants on GR function,
although in the opposite direction compared with our
study. Specifically, they have found that sertraline reduces
GR function in patients more than in controls. It is interes-
ting to note that GR abnormalities in PTSD are opposite to
those present in depression, that is, PTSD patients have
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increased GR function rather than decreased (Yehuda,
2005). Therefore, the fact that the effects of antidepressants
on the GR are also in opposite directions is consistent with
this difference in the pathophysiology and indicates that
this assessment might have a clinical significance. Upcom-
ing studies shall test whether assessing the effects of
antidepressants in vitro on GR function could predict
future treatment response in a clinical setting.
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