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Abstract:

Major depression is frequently associated with hyperactivity of the hypothalamic-pituitary-adrenocortical axis, and glucocorticoid

synthesis inhibitors have been shown to exert antidepressant action. The aim of the present study was to examine the effect of co-

administration of fluoxetine or tianeptine with metyrapone on immobility time and plasma corticosterone concentration in male

Wistar rats subjected to the forced swim test. Metyrapone alone (50 mg/kg, but not 25 mg/kg) reduced the immobility time of rats in

the forced swim test; moreover, both doses tested (25 and 50 mg/kg), dose-dependently decreased the stress-induced plasma corti-

costerone concentration. Joint administration of fluoxetine or tianeptine (10 mg/kg) and metyrapone (25 mg/kg – a dose inactive

per se) exhibited antidepressant-like activity in the forced swim test in rats. WAY 100636 (a 5-HT1A antagonist), but not prazosin

(an �1-adrenergic antagonist), used in doses ineffective in the forced swim test, inhibited the antidepressant-like effect induced by

co-administration of fluoxetine or tianeptine with metyrapone (25 mg/kg). Combined treatment of fluoxetine or tianeptine and mety-

rapone inhibited stress-induced corticosterone secretion to a similar extent as metyrapone alone. The obtained results indicate that

metyrapone potentiates the antidepressant-like activity of fluoxetine or tianeptine and that, among other mechanisms, 5-HT1A recep-

tors may play some role in this effect. Moreover, metyrapone exerts a beneficial effect on the stress-induced increase in plasma corti-

costerone concentration. These findings suggest that the co-administration of metyrapone and an antidepressant drug may be useful

for the treatment of drug-resistant depression and/or depression associated with a high cortisol level.
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Introduction

Major depression is frequently associated with hyper-

activity of the hypothalamic-pituitary-adrenocortical

(HPA) axis. Clinical studies have shown that de-

pressed patients have an increased concentration of

cortisol in the plasma and cerebrospinal fluid, as re-

flected by an abnormal 24-h pattern of cortisol and

ACTH secretion and elevated levels of corticotropin-

releasing hormone in the cerebrospinal fluid [18, 27,

32]. A high incidence of depression in Cushing’s syn-

drome, as well as the antidepressant action of cortisol

synthesis inhibitors and antagonists of corticotropin-
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releasing hormone (CRH) receptors, suggests that the

hyperactivity of HPA is involved in the pathogenesis

of the above-mentioned disorder [21, 31, 34]. A large

number of the obtained data indicate that the hyperac-

tivity of the HPA axis in major depression may be in-

duced via a decreased inhibitory feedback mechanism

[15, 35]. In fact, the synthetic glucocorticoid dex-

amethasone is less potent in lowering cortisol levels

(basal and that induced by CRH) in the blood of de-

pressed patients than in that of healthy subjects [15,

16]. The dysfunction of the HPA axis is corrected dur-

ing clinically effective therapy with antidepressant

drugs, while the persistence of dexamethasone non-

suppression is often associated with the risk of relapse

or the lack of improvement [15, 17]. The currently

used antidepressant drugs show a therapeutic efficacy

in about 60–70% of depressed patients only (e.g.,

[24]). Therefore, to improve therapy, a combination of

antidepressants belonging to various pharmacological

groups or a combination of an antidepressant drug and

a substance that can enhance its effect is used in the

clinic (e.g., [3, 10, 28, 41, 42]). Among agents that are

expected to potentiate the efficacy of antidepressants

are inhibitors of glucocorticoid synthesis. In fact, they

have already shown antidepressant-like properties in

some animal models of depression [1, 14]. In addi-

tion, clinical studies have demonstrated some antide-

pressant effects of metyrapone, aminoglutethimide

and ketoconazole; however, these drugs are used

mainly in drug-resistant depression [31, 37, 38]. To

date, in the clinic, glucocorticoid inhibitors or antago-

nists of glucocorticoid receptors have been adminis-

tered alone in relatively high doses, so their side-

effects are occasionally observed [37]. A combination

of a glucocorticoid inhibitor and an antidepressant

drug should help decrease their doses and, in conse-

quence, their side-effects as well. Among glucocorti-

coid inhibitors, metyrapone (an inhibitor of the en-

zyme 11-�-hydroxylase) has the weakest effect on

gonadal hormone levels [38]. We previously found

that combined treatment with imipramine and metyra-

pone produced a more potent antidepressant-like ef-

fect than did either of the drugs given alone in the

forced swimming test (FST) in rats [40, 43]. Addi-

tionally, other studies indicated that joint administra-

tion of antidepressants and metyrapone led to clinical

improvement [19, 44]. The aim of present study was

to examine the effect of joint administration of other

antidepressants, fluoxetine (FLU), selective serotonin

reuptake inhibitors (SSRI), or tianeptine (TIA), a se-

lective serotonin reuptake enhancer, and metyrapone

on the immobility time of rats subjected to the forced

FST, as well as on the plasma corticosterone concen-

tration in those rats. Furthermore, we used 5-HT1A-

and �1-adrenergic receptor antagonists to determine

the role of those receptors in the antidepressant-like

effect induced by joint treatment with FLU or TIA

and metyrapone in the FST.

Materials and Methods

Animals

Male Wistar rats (230–250 g), purchased from a li-

censed dealer (Górzkowska, Warszawa, Poland), were

kept under standard animal house conditions (a room

temperature of 23°C and a 12/12 h light/dark cycle,

with the light on at 07:00), with food and water pro-

vided ad libitum. The rats were randomly divided into

eight groups and were acclimatized for at least one

week before the experiment. The experiments were

performed in accordance with the European Commu-

nities Council Directive of 24 November 1986 (86/609

EEC). All experimental protocols were approved by

the Local Bioethics Commission for the Animal Ex-

periments at the Institute of Pharmacology, Polish

Academy of Sciences in Kraków.

Rat forced swim test

The animals were individually subjected to two trials

during which they were forced to swim in a cylinder

(40 cm high, 18 cm in diameter) filled with water

(25°C) to a height of 15 cm. There was a 24-h interval

between the first and the second trial. The first trial

lasted 15 min, while the second one was carried out

for 5 min. The total duration of immobility was meas-

ured throughout the second trial [36]. FLU or TIA

(10 mg/kg) and metyrapone (25 or 50 mg/kg) were

dissolved in distilled water; all drugs or distilled water

(vehicle) were injected intraperitoneally (ip) at three

times: at 24, 5 and 1 h before the test. FLU or TIA was

also co-injected with metyrapone in doses and at times

stated above. WAY 100635 (0.1 mg/kg) was given at

15 min, and prazosin (PRA, 1 mg/kg) at 30 min be-

fore metyrapone and FLU or TIA. Control rats were

injected with the vehicle. Each group consisted of

eight rats.
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Exploratory activity of rats in the open field test

FLU or TIA (10 mg/kg) and metyrapone (25 or 50

mg/kg) were given three times, at 24, 5 and 1 h before

the test (like in the FST). Exploratory activity was as-

sessed in an elevated open field test using a method

that was a slightly modified procedure of Janssen et

al. [20]. A black circular platform without walls, 1 m

in diameter, was divided into six symmetrical sectors

and was elevated 50 cm above the floor. The labora-

tory room was dark and only the centre of the open

field was illuminated with a 75 W bulb placed 75 cm

above the platform. At the beginning of the test, the

animals were gently placed in the centre of the plat-

form and were allowed to explore their surroundings.

Their exploratory activity in the open field, i.e., the

time of walking, the number of sector line crossings

(ambulations), episodes of peeping under the edge of

the area and rearing, were assessed for 5 min. Each

group consisted of eight rats.

Corticosterone concentration in rat plasma

The blood for corticosterone level determinations was

collected following decapitation at 2 h after the last

vehicle/drug injection and 1 h after the FST. Control

groups were not subjected to the FST. The blood was

collected in EDTA and was centrifuged at 800 g for

15 min, after which the supernatant was removed and

stored at –20°C until analysis. Corticosterone was ex-

tracted from the plasma to ethanol and was measured

by a radioimmunological method. Ethanol plasma ex-

tracts were dried under a nitrogen stream, dissolved in

0.1 ml of 0.05 mM phosphate buffer, pH = 7.0, contain-

ing a 0.9% NaCl and a 0.1% gelatin (Sigma Chemical

Co., USA), and were incubated with a 0.1 ml solution

of 1,2,6,7-[3H]-corticosterone (20,000 dpm/sample;

Amersham, s.a. 85 Ci/mmol) and with a 0.1 ml solu-

tion of a corticosterone antibody (Biogenesis) for 16 h

at 4°C. Free and bound corticosterone was separated

using a dextran-coated charcol. The samples were in-

cubated for 10 min at 4°C with 0.2 ml of a 0.05% dex-

tran (Dextran T 70, Pharmacia, USA) and 0.5% charcol

(activated, Sigma, USA) suspension. After centrifuga-

tion at 1,000 g for 20 min, 0.3 ml of the supernatants

was placed in a scintillator and radioactivity was

measured with a �-counter (Beckmann LS 335). Cor-

ticosterone content was calculated using a log-logit

transformation. The assay sensitivity was 10 pg/tube.

Intra- and interassay coefficients of variation were

lower than 5 and 8%, respectively. Each group con-

sisted of 6–8 rats.

Drugs

Fluoxetine hydrochloride (FLU, Farmacom, Poland),

2-methyl-1.2-di-3-pyridyl-1-propanone (metyrapone,

Aldrich, USA), prazosin hydrochloride (PRA, Research

Biochemicals Inc., USA), tianeptine (TIA, Coaxil,

Servier, France), N-{2-[4-(2-methoxyphenyl)-1-pipe-

razinyl]ethyl}-N-(2-pyridynyl)-cyclo-hexanecarbox-

amide trihydrochloride (WAY 100635; synthesized by

Dr. J. Boksa, Institute of Pharmacology, Polish Acad-

emy of Sciences, Kraków, Poland) were used for the

present study.

Statistical analysis

The behavioral data were evaluated by a one-way

analysis of variance (ANOVA) followed, when appro-

priate, by individual comparisons with the control

using Dunnett’s test. Statistical significance of the

corticosterone level was assessed using Duncan’s test.

Results

Rat forced swim test

Neither FLU (10 mg/kg) or TIA (10 mg/kg), nor me-

tyrapone (25 mg/kg) given alone modified the immo-

bility time of rats in the FST. At a higher dose

(50 mg/kg), metyrapone exhibited antidepressant-like

activity, shortening the immobility time of rats. Com-

bined treatment with FLU (10 mg/kg) or TIA

(10 mg/kg) and metyrapone (25 or 50 mg/kg) pro-

duced stronger inhibition of immobility than did ei-

ther drug alone; moreover, the difference was statisti-

cally significant (Fig. 1, 2). WAY 100635 (0.1 mg/kg)

was ineffective in the FST (data not shown), but in-

hibited the antidepressant-like effect induced by co-

administration of FLU (10 mg/kg) and metyrapone

(25 mg/kg) (Fig. 3), or TIA (10 mg/kg) and metyra-

pone (25 mg/kg) (Fig. 4). Moreover, PRA (1 mg/kg)

modified neither immobility time (data not shown)

nor the antidepressant-like effect induced by co-

administration of FLU or TIA (10 mg/kg) and metyra-

pone (25 mg/kg) (Fig. 3, 4).
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Exploratory activity of rats in the open field test

None of the tested drugs, i.e., neither FLU (10 mg/kg),

TIA (10 mg/kg), metyrapone (25 or 50 mg/kg) – alone

or in combination with FLU (10 mg/kg), nor TIA

(10 mg/kg) and metyrapone (25 or 50 mg/kg),

changed the exploratory activity of rats in the open

field (data not shown). The 5-HT1A receptor antago-

nist WAY 100635 (0.1 mg/kg) and the �1-adrenergic

receptor antagonist PRA (1 mg/kg) in doses used in

the FST neither changed exploratory activity in a sta-

tistically significant manner, nor decreased the effect

induced by joint administration of FLU or TIA and

metyrapone (data not shown).
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Fig. 1. The effect of metyrapone (25 or 50 mg/kg), given alone or in
combination with fluoxetine (FLU, 10 mg/kg), on immobility time in the
forced swim test in rats. Metyrapone and FLU were administered at
three times (24, 5 and 1 h) before the test. The results are presented
as the mean ± SEM of eight animals/group. The data were statistically
evaluated by ANOVA, followed by individual comparisons using Dun-
nett’s test. * p < 0.001 vs. vehicle- treated group, # p < 0.001 vs. mety-
rapone- or FLU-treated group

Fig. 3. The influence of WAY 100635 or prazosin (PRA) on the effect
of combined treatment with metyrapone and fluoxetine (FLU) in the
forced swim test in rats. Metyrapone and FLU were administered at
three times (24, 5 and 1 h) before the test. WAY 100635 was given at
15 min, and PRA at 30 min before metyrapone and FLU. The results
are presented as the mean ± SEM of eight animals/group. The data
were statistically evaluated by ANOVA, followed by individual com-
parisons using Dunnett’s test. # p < 0.001 vs. metyrapone- or FLU-
treated group, + p < 0.001 vs. metyrapone + FLU-treated group

Fig. 2. The effect of metyrapone (25 or 50 mg/kg), given alone or in
combination with tianeptine (TIA, 10 mg/kg), on immobility time in the
forced swim test in rats. Metyrapone and TIA were administered at
three times (24, 5 and 1 h) before the test. The results are presented
as the mean ± SEM of eight animals/group. The data were statistically
evaluated by ANOVA, followed by individual comparisons using Dun-
nett’s test. * p < 0.001 vs. vehicle-treated group, # p < 0.001 vs. mety-
rapone- or TIA-treated group

Fig. 4. The influence of WAY 100635 or prazosin (PRA) on the effect
of combined treatment with metyrapone and tianeptine (TIA) in the
forced swim test in rats. Metyrapone and TIA were administered at
three times (24, 5 and 1 h) before the test. WAY 100635 was given at
15 min, and PRA at 30 min before metyrapone and TIA. The results
are presented as the mean ± SEM of eight animals/group. The data
were statistically evaluated by ANOVA, followed by individual com-
parisons using Dunnett’s test. # p < 0.001 vs. metyrapone- or TIA-
treated group, + p < 0.001 vs. metyrapone + FLU-treated group



Corticosterone concentration in rat plasma

In the FST, plasma corticosterone level was signifi-

cantly (ca. 3-fold) enhanced when assessed 1 h after

the stress procedure (Fig. 5). In rats treated with mety-

rapone (25 and 50 mg/kg) and TIA (10 mg/kg) alone

significantly attenuated the increase in plasma corti-

costerone concentration following FST exposure. Ad-

ministration of FLU (10 mg/kg) alone had no signifi-

cant effect on that corticosterone concentration; nev-

ertheless, a tendency towards a decrease was observed.

Joint treatment with metyrapone (25 mg/kg) and FLU

(10 mg/kg) or TIA (10 mg/kg) decreased corticoster-

one level to a similar extend as did metyrapone

(25 mg/kg) alone (in a statistically significant manner)

compared to the group not treated with metyrapone.

Discussion

Our results show that, when used at a higher dose (50

mg/kg), metyrapone, a glucocorticoid synthesis in-

hibitor, reduces the immobility time of rats subjected

to the FST procedure. These data are in line with our

[33, 37] and other authors [1, 14, 23] earlier findings,

which have revealed antidepressant-like properties of

metyrapone in various animal models of depression

(FST, olfactory bulbectomy and restraint stress para-

digm). Metyrapone reduced immobility time with ef-

ficacy comparable to that of tricyclic antidepressants,

e.g., desipramine [14] or imipramine [40, 44]. Moreo-

ver, our present study showed that joint administra-

tion of metyrapone (in both doses tested) and FLU or

TIA reduced immobility time more potently than did

either of the drugs given alone. In addition, WAY

100635 (a 5-HT1A receptor antagonist) [12] inhibited

the antidepressant-like effect induced by co-adminis-

tration of FLU or TIA and metyrapone; on the other

hand, PRA (a �1-adrenergic receptor antagonist) did

not change the antidepressant-like effect induced by

co-administration of FLU or TIA and metyrapone. We

previously described a similar effect of metyrapone

administered jointly with imipramine on immobility

time in the FST in rats [43].

It is noteworthy that SSRI and TIA do not usually

show antidepressant-like activity in FST in rats treated

in accordance with the original method of Porsolt

[36]. However, Detke and Lucki [8] and Detke et al.

[9] have reported positive effects of SSRIs such as

FLU or sertraline, or Molodavkin et al. [30] with FLU

and TIA in rats, but using a modified forced swim-

ming procedure, with extended scoring of immobility,

swimming, climbing and diving. In general, the anti-

depressant effects of the SSRI appear after chronic

treatment [7, 33]. Furthermore, TIA (10 mg/kg twice

daily, for 14 days) significantly reduced both the ex-

pression of serotonin transporter mRNA and serotonin

transporter binding sites labelled by [3H]paroxetine in

the rat dorsal raphe nucleus. In the median raphe nu-

cleus, TIA did not change either expression of sero-
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Fig. 5. The effect of exposure to the forced swim
test (FST) and metyrapone, fluoxetine (FLU) or
tianeptine (TIA) administration on plasma corti-
costerone concentration 1 h after the FST. Me-
tyrapone, FLU or TIA was administered at three
times (24, 5 and 1 h) before the test. The control
group was not subjected to the FST. The results
are presented as the mean ± SEM (N = 6–8 ani-
mals/group). The data were statistically evalu-
ated by ANOVA, followed by individual com-
parisons using Duncan’s test. * p < 0.001 vs. ve-
hicle (veh)/no-FST group, + p < 0.001 vs. veh-
FST group



tonin transporter mRNA or binding. This effect, which

is similar to a reported effect for SSRI and imi-

pramine, may help to explain the antidepressant effect

of TIA [25, 26, 47], and suggest the possibility of

a common action for these drugs in spite of their op-

posite effects on serotonin re-uptake.

In addition, our earlier findings indicated that re-

peated co-treatment with imipramine and metyrapone

inhibited more potently 5-HT1A neurotransmission in

behavioral tests than did imipramine alone, and that

neither acute nor chronic administration of metyra-

pone significantly altered that effect [39]. In contrast

to the above data, the previously demonstrated de-

crease in reactivity of the 5-HT1A system, observed

after repeated treatment with desipramine and metyra-

pone in the behavioral experiment attenuated the hy-

pothermic response to acute challenge with 8-OH-

DPAT [14]. The ability to alter 8-OH-DPAT-induced

hypothermia suggests that metyrapone and desi-

pramine can alter 5-HT1A receptor sensitivity, which

has also been demonstrated for other ADs [13], and

that 5-HT1A receptor function is modulated by gluco-

corticoids. This concept is consistent with the obser-

vation that adrenalectomy can alter receptor binding

characteristics and can increase 5-HT1A receptor

mRNA expression [4], with both of these effects be-

ing reversed by corticosterone supplementation. The

above findings point to similarities between metyra-

pone and desipramine despite their different bio-

chemical properties; moreover, they suggest that the

serotonergic system may be involved in the mecha-

nism underlying their antidepressant action.

Importantly, the reduced immobility time evoked

by metyrapone may be a consequence of inhibition of

stress-induced corticosterone secretion. Like other in-

escapable stress paradigms, the FST elevated blood

corticosterone levels. In the model used in the present

study in which animals were subjected to pre-testing

one day prior to the experiment, one hour after the

FST blood corticosterone concentrations were ap-

proximately three-fold higher than in control, non-

stressed animals. Increases in corticosterone level de-

pend on the kind and duration of stress, and are usu-

ally the highest shortly after single stress. It was

found that the corticosterone plasma level rose about

forty-fold immediately after a 20-min acute forced

swim [22]. In line with our results, Baez and Volosin

[1] showed that the FST procedure (the same one as

that used in our study), evoked a 1.5- to 2-fold in-

crease in corticosterone concentration 1 h after the

test. We found that systemic administration of metyra-

pone in a dose of 50 mg/kg (three times; at 24, 5 and

1 h before the test) not only reduced the immobility

time of rats subjected to the FST procedure, but also

suppressed the stress-induced rises in blood corticos-

terone level by approximately 50% [40]. The effect of

metyrapone on immobility time has been the topic of

several studies aimed at determining its action on

plasma corticosterone levels in rats subjected to the

FST procedure, but which had only been previously

reported on by Baez and Volosin [1], in whose study

metyrapone had been administered once at a higher

dose (150 mg/kg). Despite the differences in metyra-

pone administration between the paper cited above

and our study [40], this inhibitor decreased plasma

corticosterone levels by about two-fold one hour after

Porsolt’s test. Moreover, Baez and Volosin [1] showed

that the effect of metyrapone on immobility time and

corticosterone level in the FST was reversed by corti-

costerone supplementation, which proved that the

antidepressant-like action of metyrapone resulted

from its effect on corticosterone level. Metyrapone,

an 11-�-hydroxylase inhibitor, blocks the synthesis

and subsequent release of corticosterone (in rats) or

cortisol (in humans) to the bloodstream. It has been

found that metyrapone suppresses plasma corticoster-

one concentration in stressed animals, but does not

change the basal level of this steroid [45]. This find-

ing seems to be particularly important, since in light

of the corticosteroid receptor hypothesis of depres-

sion, reduction of the elevated, but not basal, gluco-

corticoid level is beneficial to the treatment of depres-

sion. Glucocorticoids act via two distinct receptors:

a high-affinity mineralocorticoid receptor (MR) and

a low-affinity glucocorticoid receptor (GR). MR is

primarily involved in the regulation of basal glucocor-

ticoids levels and function, while GR, activated by

a high concentration of steroid are more important to

the restoring of homeostasis after stress. The blockade

of GR produces an antidepressant effect in experi-

mental and clinical trials; however, due to the lack of

a specific GR antagonist, and because of the adverse

effects of mifepristone, this treatment strategy has not

been studied in detail so far [16, 31, 37]. On the other

hand, the MR antagonist spironolactone has been

found to impair the response to antidepressant drugs

[16]. Hence, the inhibitory effect of metyrapone on

stress-induced corticosterone concentration only seems

to be sufficient for the treatment of depression. In

comparison with other glucocorticoid synthesis in-
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hibitors, e.g., aminoglutethimide or ketoconazole, me-

tyrapone acts more selectively on glucocorticoid syn-

thesis and weakly affects gonadal steroid secretion

[31, 38]. However, via inhibition of 11-�-hydrox-

ylase, metyrapone increases the concentration of cor-

ticosteroid 11-deoxy precursors, including the posi-

tive modulator of the GABAA receptor, tetrahydro-

deoxycorticosterone [38]. Hence, the antidepressant

effect of metyrapone seems to be connected not only

with the reduction of plasma corticosterone concen-

tration, but also with the action of bioactive corticos-

terone precursors on GABA-ergic transmission [29].

In the present study, TIA decreased corticosterone

levels, and FLU in the dose tested also tended to de-

crease these levels, although the latter effect was sta-

tistically insignificant. It has been found that, in con-

trast to acute treatment, long-term administration of

antidepressants decreases ACTH and corticosterone

levels in the blood and CRH concentration in the hy-

pothalamus [2, 17]. However, the effect of antidepres-

sant drugs on HPA axis activity depends on the time

of their administration, the type, time and duration of

stress, as well as time on the mode of blood collec-

tion. In the case of the FST, sub-chronic administra-

tion of antidepressant drugs decreased stress-induced

corticosterone concentrations in some experiments,

but often no effect or only a tendency towards a de-

crease was observed [5, 6, 11, 46]. The above data in-

dicate that three-fold administration of FLU or TIA

and metyrapone shortened the immobility time more

potently than did either of the drugs given alone. Joint

administration of metyrapone and FLU or TIA inhib-

ited corticosterone levels to a similar extent as did

metyrapone alone. We have previously described a si-

milar effect of metyrapone administered jointly with

imipramine on corticosterone concentration and the

reverse action of those drugs on immobility time [40].

The lack of effect of the synergistic action of metyra-

pone and antidepressants (e.g., FLU, TIA or imipra-

mine) on corticosterone levels may be connected with

the fact that antidepressant drugs are assumed to in-

hibit HPA axis activity by enhancing glucocorticoid

feedback mechanisms, which are inhibited by metyra-

pone.

In conclusion, sub-chronic co-administration of

FLU or TIA with metyrapone induces more potent an-

tidepressive activity in the FST than does either of

those drugs alone; moreover, in addition to their other

actions, 5-HT1A receptors may play some role in the

antidepressant-like effects of metyrapone and FLU or

TIA in rats. Co-administration of antidepressant drugs

and metyrapone reduces stress-induced corticosterone

concentration, to a similar extent as metyrapone alone.

Since joint administration of metyrapone and an anti-

depressant drug may help reduce their doses and, in

consequence, also their side effects, the above re-

ported findings may be helpful in choosing a proper

drug combination for the treatment of drug-resistant

depression and/or depression associated with a high

cortisol level.
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