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Abstract:

Antidepressant drugs are thought to counteract effects of hypercortisolemia, frequently associated with depression, by lowering

cortisol level and by modifying the function of glucocorticoid receptors (GR). Indeed, classical antidepressants inhibit

corticosteroid-induced gene transcription in cell cultures. The aim of the present study was to investigate effects of new generation

antidepressant drugs on GR function in mouse fibroblast cells (L929), stably transfected with mouse mammary tumor

virus-chloramphenicol acetyltransferase (MMTV-CAT) plasmid (LMCAT cells). It has been found that reboxetine (at 10 and

30 µM), venlafaxine, citalopram and mirtazapine (at 30 µM), but not milnacipran, in statistically significant manner inhibited

corticosterone-induced gene transcription. However, the effects of new generation antidepressant drugs were weaker than those

evoked by imipramine, which was active already at 3 µM concentration. Further studies on the mechanism of antidepressant action

on GR function revealed that protein kinase C, but not mitogen-activated protein kinases (MAPK), glycogen synthase kinase

(GSK-3) and protein kinase B (PKB, Akt) play a role in this phenomenon.
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Introduction

A hyperactivity of the hypothalamic-pituitary-ad-

renocortical (HPA) axis activity is often observed in

patients with major depression and has been impli-

cated in the pathophysiology of this disease [1, 20,

22]. A dysfunction of the HPA axis is corrected during

a clinically effective therapy with antidepressant

drugs [13]. Antidepressants are known to lower

corticotropin-releasing hormone (CRH) and cortico-

sterone level and to inhibit some effects exerted by

glucocorticoids or stress in experimental animals [2,

5]. The main mechanism of inhibitory action of anti-

depressants on HPA axis activity involves enhance-

ment of glucocorticoid receptor (GR) synthesis in
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some brain structures implicated in the inhibition of

CRH release [14]. However, antagonistic effect of an-

tidepressant drugs on some activities of glucocorti-

coids are observed also under in vitro conditions and

in vivo without any change in HPA axis activity,

which indicates that these drugs apart from decreasing

glucocorticoid levels can also modify GR action [18,

35]. GR is a hormone-activated transcription factor,

which binds to a specific DNA sequence (glucocorti-

coid responsive element, GRE), and acts as a regula-

tor of gene expression. It has been found that antide-

pressants, which differ between themselves in respect

of their effect on the monoamine system, inhibit

glucocorticoid-induced gene transcription in both

mouse fibroblast cells [6] as well as in human lym-

phocytes [23].

The aim of the present study was to investigate the

effects of some new generation antidepressant drugs

on GR function in mouse fibroblast cells (L929), sta-

bly transfected with mouse mammary tumor virus-

chloramphenicol acetyltransferase (MMTV-CAT) plas-

mid (LMCAT cells). Fibroblast cell line (L929) was

chosen, because this line is most often used to study

the influence of antidepressant drugs on GR function

and contains high levels of GR [24].

We chose for this study venlafaxine, milnacipran,

reboxetine, citalopram and mirtazapine, i.e. antide-

pressant drugs, which act more selectively on

monoamine system and exert less side effects than tri-

cyclic ones. Venlafaxine and milnacipran are dual se-

rotonin (5-HT) and noradrenaline (NA) reuptake in-

hibitors, reboxetine and citalopram are selective NA

and 5-HT reuptake inhibitors, respectively, and mir-

tazapine is an antagonist of �2-adrenergic receptors.

However, available data indicate that antidepressant

drug action on GR function is not connected with

their effect on monoaminergic systems, but rather

with modulation of intracellular processes, which for

new drugs are uncertain yet. Because the new genera-

tion antidepressant drugs are more often used in clini-

cal practice for their weaker side effects, we wanted to

check whether these drugs affect GR function simi-

larly as classical antidepressants. For comparison, we

presently tested also imipramine, a drug which

showed a strong inhibitory effect on GR function in

our previous study [6]. Antidepressants were added to

the culture medium for 5 days, because we showed

previously, that the effect of some drugs, e.g. fluoxet-

ine was observed only after such time [6].

Since it is generally accepted that protein kinase A

(PKA) and protein kinase C (PKC) are involved in an-

tidepressant action and previously we suggested that

the effect of imipramine on GR-mediated gene tran-

scription depended partly on the inhibition of the

PLC/PKC pathway [6], in the present study the effect

of imipramine and reboxetine (a drug which showed

the most potent inhibitory effect on GR function of all

new generation antidepressants) on the activity of

these kinases was determined. Moreover, because

some recent studies have demonstrated that activation

of mitogen-activated protein kinases (MAPK) and

glycogen synthase kinase (GSK-3) decreased, whereas

activation of protein kinase B (PKB, Akt) increased

functional activity of the GR [15, 19, 27, 28, 33, 34],

the effects of these kinase inhibitors on imipramine

and reboxetine action were investigated.

Materials and Methods

Cell culture

Effects of drugs on the glucocorticoid receptor-

mediated gene expression were determined in mouse

L929 fibroblast cells, stably transfected with mouse

MMTV-CAT reporter plasmid. The LMCAT cell line

was generously provided by Dr. E.R. Sanchez (De-

partment of Pharmacology, Medical College of Ohio,

Toledo, OH). The cells were grown in DMEM

(Gibco-BRL) with a 10% heat-inactivated fetal bo-

vine serum (Gibco-BRL) and a 0.02% Geneticin

(Gibco-BRL) at 37°C in a 5% CO2/95% air atmos-

phere.

Drug treatments

The LMCAT cells (final confluency 80%) were

treated with vehicle, imipramine hydrochloride

(Polfa, Poland), venlafaxine hydrochloride (Wyeth-

Ayerst Research, USA), milnacipran hydrochloride

(Centre de Recherche Pierre Fabre, France), reboxet-

ine hydrochloride (Pharmacia-Upjohn, USA), citalo-

pram hydrobromide (Lundbeck, Denmark) and mir-

tazapine (Organon, The Netherlands) for 5 days. The

drugs were dissolved in water and added at final con-

centrations of 3, 10 and 30 µM. The medium and

drugs were changed once over 5-day culture. Gene
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transcription was stimulated by adding 1 µM corticoster-

one for 2 h before harvesting cells.

In the next phase of the experiment, the influence

of MAPK, GSK-3 and PKB inhibitors on imipramine

and reboxetine action on GR-mediated gene transcription

was determined. The following compounds were tested:

PD 98059 (Tocris, UK), SP 600125 (Tocris, UK) and

SB 203580 (Calbiochem, Germany) – inhibitors of

extracellular signal-regulated kinase (ERK), c-Jun N-

terminal kinase (JNK) and p38-MAP kinases, respec-

tively, SB 216763 (Tocris, UK) – an inhibitor of

GSK-3 and wortmannin (Sigma Chemical Co, USA)

– an inhibitor of phosphatidylinositol 3-kinase (PI

3-K). These compounds were dissolved in DMSO

(the final concentration of DMSO was 0.5%) and

added alone or 30 min before imipramine (10 M) or

reboxetine (30 µM) to a culture medium for 5 days.

The control cultures were supplemented with the

same amount of DMSO. The medium, protein kinase

inhibitors and antidepressants were changed once

over 5-day culture.

Chloramphenicol acetyltransferase (CAT) activity

CAT activity was determined as described previously

[7, 24]. Cell lysates were prepared by a freezing/thaw-

ing procedure. To determine CAT activity, aliquots of

lysate (after heating at 60°C for 10 min) were incu-

bated in 0.25 M Tris-HCl buffer (pH 7.8) with 0.25 µCi

D-threo-[dichloroacetyl-1-14C]-chloramphenicol and

0.2 mM n-butyryl Coenzyme A at 37°C for 1 h. The

butyrylated forms of chloramphenicol (in direct pro-

portion to the CAT gene expression) were extracted

twice with xylene, washed with 0.25 M Tris-HCl

buffer, and radioactivity was measured in a �-counter

(Beckmann LS 335 liquid scintillation counter). The

results are presented as dpm of a butyrylated fraction

of chloramphenicol per 10 µg of protein per 1 h of in-

cubation. The protein concentration in cell lysates

was determined by the method of Lowry [21].

The protein kinase A (PKA) and protein kinase

C (PKC) activity assay

For detection of PKA and PKC activity, the cells were

grown in dishes 20 mm in diameter for 5 days with

vehicle, imipramine (10 µM) or reboxetine (30 µM).

The cells were rinsed twice in ice-cold phosphate-

buffered saline, placed on ice and harvested into

buffer (20 mM Tris, pH 7.5 with 0.25 M sucrose,

10 mM EGTA, 2 mM EDTA, 1 mM phenylmethylsul-

fonyl fluoride, 2 mM dithiothreitol, 0.2% IGEPAL

and 10 µg/ml of leupeptin, pepstatin A and aprotinin).

The cells were subjected to mild sonication, centri-

fuged at 20,000 × g for 10 min at 4oC and the

supernatants were stored at –80oC. Enzyme assays

were performed using the PepTag kits from Promega

Corp. according to the manufacturer’s instructions, as

described previously [4, 17, 30]. The PepTag assay

for PKA utilizes a colored, fluorescent peptide

substrate (f-kemptide) as PKA substrate. Phosphorylation

of this peptide changes its net charge from +1 to –1

which permits to separate the phosphorylated peptide

from non-phosphorylated one by electrophoresis.

LMCAT total cell lysates (8 µg proteins) were incu-

bated in a final volume of 25 µl (reaction buffer, 2 µg

of f-kemptide, 5 µM cAMP) at room temperature for

30 min. Different amounts of kemptide (from 0.25 to

2.0 µg) were used to construct standard curve. The

positive control containing catalytic subunit of PKA

(10 ng), instead of the samples and the negative con-

trol without PKA and sample were included in each

set of experiments. The reaction was stopped by plac-

ing the tube in boiling water for 10 min. Then the

samples were separated on a 0.8% agarose gel at 100

V for 25 min. The phosphorylated peptide migrated

toward the anode, while the nonphosphorylated form

shifted toward the cathode. The bands were visualized

under UV light and the phosphorylated bands were

excised, melted, adjusted to 250 µl with water and

added to gel solubilization solution. Fluorescence in

relative fluorimetric units (RFU) was read at 590 nm

(emission) with excitation at 540 nm in Fluoroscan

Ascent (Labsystem). The results were calculated from

standard curve and expressed in nanomoles of

phospho-kemptides formed within a minute per 1 mg

of protein.

The PepTag assay for PKC was performed as de-

scribed for PKA, except that we used: C1 peptide,

which is highly specific for PKC (P-L-S-R-T-L-S-V-

A-A-K), phosphatidylserine (1 mg/ml) as PKC activa-

tor, protein kinases C (10 ng) for positive control and

higher amount of cell lysates (25 µg proteins). Differ-

ent amounts of C1 peptide (from 0.025 to 2.0 µg)

were used to construct standard curve.

Statistical analysis

The data are presented as the mean ± SEM of four to

five independent experiments (in duplicate wells), and
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the significance of differences between the means was

evaluated by the Duncan’s test following one-way or

two-way, respectively, analysis of variance.

Results

The CAT enzyme activity was an index of the CAT

gene expression. Addition of corticosterone at a con-

centration of 1 µM for 2 h increased CAT activity

about 35-fold. As we described previously, the effect

of corticosterone was completely blocked by addition
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of 10 µM RU 38486, a specific antagonist of the type

II GR, which confirms involvement of the glucocorti-

coid receptor in this response [6].

Effect of antidepressant drugs on

corticosterone-induced gene transcription

In line with our previous data, imipramine strongly

and in the concentration-dependent manner (3–30 µM)

inhibited GR-mediated gene transcription (Fig. 1).

Reboxetine at 10 and 30 µM concentration in sta-

tistically significant manner inhibited corticosterone-

induced gene transcription (Fig. 2). Venlafaxine, cita-

lopram and mirtazapine also inhibited GR function,

but only at the highest concentration (30 µM), while

milnacipran had no effect (Fig. 1, 2, 3).

The effect of imipramine and reboxetine on pro-

tein kinase C (PKC) and protein kinase A (PKA)

activity

Imipramine present in culture medium for 5 days at

10 µM concentration attenuated PKC activity by ca.

50% (Fig. 4). Reboxetine (30 µM) tended to decrease

PKC activity, but this change did not reach statistical

significance. Activity of PKA in LMCAT cells was

about 20-fold higher than that of PKC. Neither imi-

pramine nor reboxetine changed PKA activity, how-

ever a decreasing tendency was observed (cAMP-

activated PKA activity in control cells: 4.04 ± 0.60 nmol

/min/mg of protein; imipramine-treated cells: 3.18

± 0.36; reboxetine-treated cells: 3.07 ± 0.24).

The effect of mitogen-activated protein kinases

(MAPK), protein kinase B (PKB) and glycogen

synthase kinase (GSK-3) inhibitors on imi-

pramine- and reboxetine-induced inhibition of

corticosterone-mediated gene transcription

None of the protein kinase inhibitor given alone at the

concentrations shown in Table 1 had any effect on the

corticosterone-induced CAT activity. Among studied

compounds only PD 98059, an inhibitor of

ERK-MAP kinase, significantly enhanced the inhibi-

tory effect of reboxetine, but not imipramine, on

corticosterone-induced CAT activity (Tab. 1). Other

inhibitors used at concentrations which did not affect

GR-mediated gene transcription, i.e. inhibitor of

JNK-MAPK, p38-MAPK, GSK-3 and PI-3K did not

change imipramine or reboxetine action.

Discussion

The obtained data showed that four out of five new

antidepressant drugs inhibited corticosterone-induced

gene transcription. However, their effects were

weaker, than those evoked by imipramine. Previously,

we found that imipramine, desipramine, amitryp-

tyline, fluoxetine, mianserin and tianeptine at a con-

centration of 10 µM inhibited corticosterone-induced

gene transcription by about 50% [6]. Among new an-

tidepressants evaluated in the present study only re-

boxetine acted at 10 µM concentration, while venla-

faxine, citalopram and mirtazapine exerted significant

effect only at 30 µM concentration. However, it

should be mentioned that the action of antidepressant

drugs on GR function appears to depend on type of

cell cultures. For example, milnacipran, a drug which

was completely inactive in our model, has been

shown to inhibit dexamethasone-induced gene tran-

scription in monkey kidney (COS) cells [23].

The present data and previous reports indicate that

despite different structure and action on diverse
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monoamine systems, a majority of antidepressant

drugs can inhibit glucocorticoid-induced gene tran-

scription [6, 23]. Glucocorticoids bind to GR and

regulate gene transcription through several distinct

mechanisms, i.e. through positive or negative GRE

(an increase or decrease in gene transcription, respec-

tively) or by interaction with other transcription fac-

tors (most often decreasing gene transcription). In the

case of MMTV promoter, mutation analysis has

shown that glucocorticoid-GR complex binds to the

positive GREs and activates reporter gene transcrip-

tion [26]. Thus, because antidepressant drugs inhib-

ited glucocorticoid actions in the present model, they

should also weaken the action of these steroids on tar-

get genes, which have functionally active GRE se-

quence, i.e. thyrotropin-releasing hormone (TRH),

growth hormone, prolactin, �1-adrenergic receptor,

tyrosine aminotransferase and tryptophan oxygenase.

In line with this suggestion it has been found that anti-

depressant drugs inhibited glucocorticoid-induced

TRH synthesis in hypothalamic neurones [16]. Simi-

larly glucocorticoids increase while antidepressant

drugs lower the synthesis of �-adrenergic receptors

and the activity of tyrosine aminotransferase and tryp-

tophan oxygenase [8–10, 12, 31, 32]. The fact that

new generation antidepressants had a weaker effect

on GR function than the classical ones suggests that

the former drugs may have a moderate clinical effect in

depression associated with hyperactivity of HPA axis.

On the other hand, some studies indicate that anti-

depressants can potentiate dexamethasone-induced

gene transcription and suggest that this action leads to

the normalization of the negative feedback in the HPA

axis activity [2, 24, 25]. However, such activity was

observed exclusively at very low concentrations of

glucocorticoids. Since glucocorticoids at high (stress)

concentration evoke changes characteristic of depres-

sion in experimental animals, it suggests that inhibi-

tion, but not stimulation of GR function by antide-

pressant drugs may be connected with their therapeu-

tic action. Moreover, although negative feedback

mechanism has not been completely recognized, most

data indicated that glucocorticoids inhibited cortico-

tropin-releasing-hormone gene activity through inter-

ference with the cAMP-responsive element (CRE),

but not via glucocorticoid responsive element (GRE)

[11], thus the influence of antidepressant drugs on

glucocorticoid-induced gene transcription in LMCAT

cells (via GRE sequence) may explain action of these

drugs on genes which have functionally active GRE

sequence, but rather not on CRH gene.

In the second part of this study, we investigated the

mechanism of action of imipramine (classical antide-

pressant) and reboxetine (the drug which showed the

most potent inhibitory effect on GR function of all

new generation antidepressants). Multiple studies

demonstrate that the GR-mediated gene transcription

can be modulated by co-activators, co-repressors as

well as by various intracellular protein kinases. Previ-

ously, we suggested that imipramine effect on GR de-

pended partly on the inhibition of PLC/PKC system,

because inhibitors of PLC and PKC decrease

MMTV-CAT activity and phorbol esters attenuated

imipramine action [6]. The present results confirmed

this assumption by showing that imipramine inhibited

PKC activity in LMCAT cells. Reboxetine, a new

generation drug, which less potently than imipramine

inhibited GR function also tended to decrease activity

of PKC. Thus, inhibition of PKC is one of the possi-

ble sites of action of antidepressants on GR function.

In contrast, PKA does not seem to be involved in the

action of imipramine and reboxetine on GR-mediated

gene transcription, since none of these drugs changed

its activity in LMCAT cells (present study) and acti-

vator and inhibitor of PKA had no effect on MMTV-

CAT activity [6].

Recently, it has been shown that MAP kinases and

GSK-3 can phosphorylate GR that reduces its tran-

scriptional activity [15, 19, 27, 28, 33, 34]. Antide-

pressant drugs have been found to enhance MAP ki-

nases activity in in vitro systems [3], therefore, we

checked effects of inhibitors of these kinases on imi-

pramine and reboxetine action on GR function. Since

the concentrations of inhibitors were chosen to assure

selective inhibition of a particular enzyme, the ob-

tained negative results strongly suggest that imi-

pramine and reboxetine action on GR-mediated gene

transcription is not connected with the enhanced ac-

tivity of ERK- JNK- p38-MAPK and GSK-3. In fact,

an inhibitor of ERK-MAPK even enhanced inhibitory

effect of reboxetine and tended to increase that of imi-

pramine. This finding indicates that enhancement, but

not inhibition, of ERK-MAPK activity may counter-

act inhibitory effects of antidepressants on the investi-

gated parameter, at least in LMCAT cells. Since

PI3-K/Akt pathway influences GR phosphorylation

and function (mainly by regulation the GSK-3 activ-

ity) [29], the effect of wortmanin – an inhibitor of

PI3-K on imipramine and reboxetine action on GR
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function was also determined, but the obtained nega-

tive results indicate that this kinase is not involved in

antidepressant drugs’ action on GR function.

It is concluded that both classical and new genera-

tion antidepressant drugs can attenuate some effects

exerted by glucocorticoids via inhibition of their ac-

tion on gene transcription. However, the effects of

new antidepressants on GR function are weaker than

those evoked by classic drugs. Moreover, this study

confirmed that PKC was involved in the mechanism of

antidepressant action on GR transcriptional activity.
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