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Abstract:

The aim of the present study was to examine the effect of repeated co-treatment with imipramine and metyrapone on the develop-

ment of adaptive changes in the function of central serotonin 5-HT�� and 5-HT��, dopamine D��� and ��-adrenergic receptors in

rats. The obtained results showed that repeated co-treatment with imipramine (5 or 10 mg/kg) and metyrapone (50 mg/kg) (twice

daily for 14 days) either induced more potent inhibition of the behavioral syndrome evoked by 5-HT�� and 5-HT�� receptor agonists

(8-OH-DPAT and (±)DOI, respectively), or did no change the action of amphetamine and quinpirole (a dopamine D��� agonist) or

phenylephrine (an ��-adrenergic agonist) compared to treatment with either drug alone. The results described in the present paper

support the hypothesis that repeated co-treatment with imipramine and metyrapone may possess more effective antidepressant acti-

vity than the treatment with imipramine alone, and that, among other mechanisms, 5-HT��- and 5-HT�� (but not dopamine D���- or

��-adrenergic) receptors may also play some role in this effect.
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Introduction

It has been estimated that 30–40% of patients diag-

nosed with depression do not respond to a conventio-

nal therapy. The problem of antidepressant-resistant

depression has been the subject of extensive studies,

yet with no apparent therapeutic success. Therefore,

to improve therapy, a combination of antidepressant

drugs (ADs) belonging to various pharmacological

groups or a combination of an AD and a substance en-

hancing its effect, has been used in clinical practice.

Among agents that are expected to potentiate antide-

pressant efficacy are inhibitors of glucocorticoid syn-

thesis. Indeed, they have shown antidepressant-like

properties in some animal models of depression [5].

Also clinical studies have demonstrated an antide-

pressant effect of metyrapone, aminoglutethimide and

ketoconazole; however, these drugs are mainly used

at relatively high doses, hence, their side-effects are

occasionally observed [15, 19]. It is well known that

patients with endogenous depression often display an

enhanced activity of the hypothalamic-pituitary-adre-
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nal (HPA) axis [6, 15, 18]. Since the hyperactivity of

the HPA axis may be significant for the pathogenesis

of depression, and since the lack of normalization of

the axis activity in the course of therapy with ADs of-

ten correlates with the absence of their therapeutic ef-

fect, it seems purposeful to study the effect of joint

administration of ADs and the glucocorticoid inhibi-

tors on drug-resistant depression. A combination of

a glucocorticoid inhibitor and an AD should help de-

crease their doses and, in consequence, also their

side-effects. Among glucocorticoid inhibitors, mety-

rapone (which inhibits the enzyme 11-�-hydroxylase)

has the weakest effect on gonadal hormone levels

[19]. It reveals antidepressant-like properties in the

forced swimming test [5]; moreover, co-treatment

with imipramine (IMI) and metyrapone evokes a more

potent “antidepressant” effect in the forced swimming

test in rats than does treatment with either drug given

separately [20, 22]. In addition, our earlier prelimi-

nary studies showed that combined administration of

IMI and metyrapone to drug-resistant depressed pa-

tients led to significant clinical improvement [23].

Similar result was reported by Jahn et al. [7], who also

observed in a double-blind, randomized, placebo-

controlled trial that the addition of metyrapone to an-

tidepressants (nefazodone or fluvoxamine) induced

a more rapid, more efficacious and sustained treat-

ment response in patients with major depression. The

above findings suggest that the observations made in

animal models may also be valid in clinical practice.

In the search for mechanisms that could be a sub-

stance of that action, the aim of the present study was

to examine the influence of the repeated treatment

(twice daily po, for 14 days) with IMI (5 or 10 mg/kg)

and metyrapone (50 mg/kg), given separately or jointly,

on the behavioral reactivity of the central serotonin

(5-HT1A and 5-HT2A), dopamine D2/3 or �1-adrener-

gic systems in rats.

Materials and Methods

Animals and drug administration

The experiments were carried out on rats (male Wis-

tar, 250–270 g). The animals had free access to food

and water before the experiment and were kept on

a 12–h light/dark cycle (the light on at 07:00), at

a constant room temperature (22 ± 1°C). Imipramine

(IMI) at doses of 5 or 10 mg/kg and metyrapone at

a dose of 50 mg/kg were dissolved in distilled water

and administered repeatedly (twice daily po, for 14 days),

separately or jointly (at a volume of 2 ml/kg). The be-

havioral syndrome evoked by 8-OH-DPAT, a 5-HT1A

receptor agonist, and the head twitches induced by

(±)DOI, a 5-HT2A receptor agonist or amphetamine,

as well as quinpirole-induced hyperactivity and the

exploratory behavior elicited by phenylephrine were

measured 24 h after the last dose of IMI and metyra-

pone (or after their single administration). The ani-

mals were used only once in each experiment. Experi-

mental protocols were approved by the Local Bio-

ethics Commission for the Animal Experiments at

the Institute of Pharmacology, Polish Academy of

Sciences.

Behavioral syndrome induced by 8-OH-DPAT

8-OH-DPAT (5 mg/kg ip) was given 24 h after the last

dose of IMI or metyrapone (or after their single ad-

ministration). Immediately after 8-OH-DPAT injec-

tion, each animal was separately placed in a cage. Ob-

servation sessions began 3 min after 8-OH-DPAT in-

jection and were repeated every 3 min for a period of

15 min. Reciprocal forepaw treading and flat body

posture were scored using a ranked intensity scale

(0 point – absence; 1 point – equivocal; 2 points –

present; 3 points – intense). All the scores were added

up over 5 observation periods. Each group consisted

of 8 rats.

Head twitches induced by (±)DOI

(±)DOI (2.5 mg/kg ip) was given 24 h after the last

dose of IMI or metyrapone (or after their single ad-

ministration). Head twitches were recorded immedi-

ately after (±)DOI administration, and the recording

was continued for 30 min. Each group consisted of

8 rats.

D-amphetamine- and quinpirole-induced loco-

motor hyperactivity

Locomotor activity was measured in photoresistor ac-

tometers (two light beams, two photoresistors; L × W

× H = 40 × 40 × 25 cm), starting at 24 h after the last

dose of IMI and metyrapone (or after their single ad-

ministration). Locomotor activity measurements started

at 30 min after AMP (0.5 mg/kg sc) and QUI (0.3
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mg/kg sc) administration and lasted for 1 h (AMP) or

2 h (QUI). Each experimental group consisted of 8 rats.

Phenylephrine-induced exploratory behavior

For phenylephrine experiments, the rats were ope-

rated under pentobarbital anesthesia (30 mg/kg ip).

They were implanted chronically and unilaterally

with stainless steel guide cannula (9.00 mm long;

0.4 mm o.d.) according to the method described by

Kolasiewicz and Maj [8]. After a 4-day postoperative

period, the animals were given IMI (5 or 10 mg/kg

po) and metyrapone (50 mg/kg po) twice daily for

14 days. Control animals were given a vehicle. Phe-

nylephrine was injected at a dose of 25 �g/5 �l into

the brain lateral ventricle at 30 min before the test

using an inner injection cannula (14.6–11.6 mm long;

0.3 mm o.d.). The tip of the injection cannula was

aimed at the lateral ventricle using stereotaxic coordi-

nates (AP (–) 0.4–0.8, L 1.1–1.7). Injection of a vol-

ume of 5 �l lasted 2 min. The inner cannula was with-

drawn 1 min after the termination of the injection.

Control animals (operated) were treated with an ap-

propriate volume of the solvent. Exploratory activity

was assessed in the elevated open field test. A black

circular elevated platform (without walls, 1 m in di-

ameter, divided into six symmetrical sectors elevated

50 cm above the floor) was used. During the experi-

ment, the laboratory room was dark and only the cen-

tre of the open field was illuminated with a 75 W bulb

hung directly above it, at a height of 75 cm. The ani-

mals were placed in the open field and their explora-

tory behavior, i.e. the time of walking, number of

crossings (ambulation), episodes of peeping outside

the edge of the arena and rearing, was assessed for

3 min. After completion of the experiment, the rats

were anesthetized with 45 mg/kg of pentobarbital,

perfused through the heart with a 4% paraformalde-

hyde, and decapitated. The brains were cut into 50 �m

sections, and the location of all the injection cannula

tips was determined histologically. Only the animals

with histologically confirmed injection sites were

used for data analysis. Each group consisted of 8 rats.

Drugs

D-Amphetamine sulfate (AMP) and imipramine hy-

drochloride (IMI; Sigma, USA); 2-methyl-1.2-di-3-

pyridyl-1-propanone (metyrapone; Aldrich, USA);

(±)-8-hydroxy-2(di-n-propylamino)-tetralin hydrobro-

mide (8-OH-DPAT), (±)-1-(4-iodo-2,5-dimethoxy-phe-

nyl)-2-aminopropane hydrochloride [(±)DOI], pheny-

lephrine hydrochloride (PHEN) and quinpirole hydro-

chloride (QUI; Research Biochemicals Int., USA)

were used in the present study.

Statistical analysis

The data were evaluated by a one-way analysis of

variance (ANOVA), followed, when appropriate, by

individual comparisons with the control using Dun-

nett’s test.

Results

Behavioral syndrome induced by 8-OH-DPAT

Neither IMI (5 and 10 mg/kg) nor metyrapone (50

mg/kg), given at a single dose separately or jointly,

changed the behavioral syndrome induced by the

5-HT1A agonist 8-OH-DPAT (5 mg/kg) (data not

shown). Repeated treatment with IMI (5 or 10 mg/kg),

but not metyrapone (50 mg/kg), inhibited the beha-

vioral syndrome induced by 8-OH-DPAT in a statisti-

cally significant manner. Moreover, repeated co-ad-

ministration of IMI at either dose (5 or 10 mg/kg) and

metyrapone (50 mg/kg) induced a more potent (statis-

tically significant) inhibition of 8-OH-DPAT action

[a flat body posture (ANOVA; F(5, 42) = 59.68, p <

0.001); Fig. 1A] and forepaw treading [(ANOVA;

F(5, 42) = 84.09, p < 0.001); Fig. 1B] than treatment

with IMI or metyrapone alone.

Head twitches induced by (±)DOI

When given separately or jointly at a single dose, nei-

ther IMI (5 and 10 mg/kg) nor metyrapone (50 mg/kg)

affected the head twitch reaction induced by the

5-HT2A agonist (±)DOI (2.5 mg/kg) (data not shown).

Repeated administration of IMI (5 or 10 mg/kg) or

metyrapone (50 mg/kg) inhibited the behavioral effect

induced by (±)DOI (by 26.5, 54.8 and 44.2%, respec-

tively). Co-treatment with IMI (5 or 10 mg/kg) and

metyrapone (50 mg/kg) induced more potent (statisti-

cally significant) inhibition of the head twitches in-

duced by (±)DOI than did treatment with IMI or me-

tyrapone alone [ANOVA; F(5, 42) = 15.77, p < 0.001;

Fig. 2].
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D-amphetamine- and quinpirole-induced loco-

motor hyperactivity

Both AMP (0.5 mg/kg) and QUI (0.3 mg/kg) in-

creased the locomotor activity of rats compared to the

vehicle-treated control (by 115 and 219%, respecti-

vely). IMI (5 or 10 mg/kg) and metyrapone (50 mg/kg)

given separately or jointly at a single dose affected

neither the locomotor activity of naive rats nor the lo-

comotor hyperactivity induced by AMP (0.5 mg/kg)

or QUI (0.3 mg/kg) (data not shown).

Repeated treatment with IMI (10 but not 5 mg/kg)

increased the locomotor hyperactivity induced by

AMP or QUI (by 55 and 107%, respectively). How-

ever, repeated co-treatment with IMI (5 or 10 mg/kg)

and metyrapone (50 mg/kg) did not enhance the loco-

motor hyperactivity evoked by AMP (0.5 mg/kg) or

QUI (0.3 mg/kg) given jointly with IMI (5 or 10

mg/kg) (data not shown).

Phenylephrine-induced exploratory behavior

PHEN (25 �g/5 �l) given intraventricularly increased

exploratory behavior in the open field test compared

to the vehicle-treated control (time of walking rose by

81% and ambulation by 67%). IMI at a single dose

(5 or 10 mg/kg) and metyrapone (50 mg/kg) given

separately or jointly at a single dose, neither affected

the exploratory activity of normal rats nor changed

the action of PHEN (data not shown).

Repeated treatment with IMI at a dose of 10 mg/kg

(but not 5 mg/kg) enhanced the effect of PHEN in the

open field test: it prolonged the time of walking (by

45%) and increased the number of ambulations (by

42%). Repeated co-treatment with IMI (5 or 10 mg/kg)

and metyrapone (50 mg/kg) did not change the effect

evoked by PHEN (25 �g/5 �l) given jointly with AD

to rats (data not shown).

Discussion

The present study was aimed at investigating the in-

fluence of repeated treatment (twice daily for 14 days)
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with IMI (5 or 10 mg/kg) and metyrapone (50 mg/kg),

given separately or jointly, on the behavioral reactivi-

ty of the central serotonin (5-HT1A and 5-HT2A), do-

pamine D2/3 or �1-adrenergic systems in rats. The ob-

tained results indicate that repeated co-treatment with

IMI and metyrapone inhibits more potently 5-HT1A

neurotransmission in behavioral tests that does IMI

alone, and that neither acute nor chronic administra-

tion of metyrapone significantly alters this effect. In

contrast to our current data, repeated treatment with

desipramine and metyrapone was previously demon-

strated to decrease the 5-HT1A system reactivity in be-

havioral experiments and to attenuate the hypother-

mic response to an acute challenge with 8-OH-DPAT

[5]. The ability to alter the 8-OH-DPAT-induced hy-

pothermia suggests that metyrapone and desipramine

can alter 5-HT1A receptor sensitivity, which was pre-

viously demonstrated for other ADs [4]. While the

mechanisms underlying these changes still remain un-

known, the ability of metyrapone to alter the 8-OH-

DPAT-induced hypothermia suggests that 5-HT1A re-

ceptor function is modulated by glucocorticoids. This

concept is consistent with the findings that adrenalec-

tomy can shift receptor binding characteristics and

can increase 5-HT1A receptor mRNA expression [1],

both of them being reversed by corticosterone supple-

mentation. The above studies point to similarities be-

tween metyrapone and desipramine despite their dif-

ferent biochemical properties; moreover, they suggest

that the mechanism underlying their antidepressant

action may involve the serotonergic system. Further-

more, the present results indicate that repeated co-

treatment with IMI and metyrapone also inhibites

5-HT2A neurotransmission in the behavioral test more

potently than does IMI or metyrapone alone. The lat-

ter effect is in line with the previously demonstrated

decrease in the density of 5-HT2A receptors, observed

after repeated treatment with IMI [10] and other ADs

[12, 13] in biochemical and behavioral experiments.

In addition, our previous study showed that IMI given

repeatedly increased brain-derived neurotrophic fac-

tor (BDNF) gene expression in either brain region

studied (hippocampus and cerebral cortex) [21]. The

effect of IMI in that test was similar to that produced

by MAOI, tranylcypromine or ECS [16]. Moreover,

metyrapone significantly increased BDNF mRNA

levels in the cerebral cortex only. Also repeated co-

administration of IMI and metyrapone induced a more

potent increase in the level of BDNF mRNA gene ex-

pression in both brain regions examined than did

treatment with either of those drugs alone [21].

Furthermore, some other research has identified BDNF

and 5-HT as two prominent signals acting in concert

to regulate of neuronal plasticity in a number of brain

regions. These two signals co-regulate each other in

such a way that 5-HT stimulates the expression of

BDNF and BDNF enhances the growth and survival

of 5-HT neurons. The impaired 5-HT and BDNF sig-

naling is pivotal to depression and anxiety disorders,

and may also play an important role in the pathogene-

sis of several age-related disorders [14]. The results

described in the present paper show that repeated co-

treatment with IMI and metyrapone more potently in-

hibits the reactivity of the central 5-HT1A and 5-HT2A

systems. These data are in line with our earlier find-

ings which indicated that combined treatment with

IMI and metyrapone produced a more potent anti-

depressant-like effect than did either of those drugs

given alone in the forced swimming test in rats;

moreover, they suggested that 5-HT receptors might

contribute to the mechanism of the synergistic action

of IMI and metyrapone [22]. Metyrapone is also

known to reveal antidepressant properties via a com-

bination of several different mechanisms, e.g. the

blockade of synthesis and subsequent reduction of

corticosterone (in rats) or cortisol release (in human)

into the bloodstream. It has also been found that me-

tyrapone suppresses plasma corticosterone concentra-

tion in stressed animals, but does not change the basal

level of this steroid. These findings seem to be of

great importance, since in the light of the corticoste-

roid receptor hypothesis of depression, the attenuation

of elevated (but not basal) glucocorticoid levels is es-

sential to the treatment of depression. On the other

hand, ADs are known to affect not only the level of

neurotransmitters and hormones, but also some im-

munological parameters which are disturbed in the

course of depression [2]. Our previous study indicated

that metyrapone decreased corticosterone level, but

had no effect on the proliferation of splenocytes;

moreover, combined treatment with IMI and metyra-

pone inhibited the stress-induced proliferative activity

of splenocytes (a change beneficial to the immune

system), but decreased corticosterone level to a simi-

lar extent as did metyrapone alone [20]. The lack of

correlation between corticosterone level and the pro-

liferative activity of splenocytes suggests that the syn-

ergistic action of IMI and metyrapone is probably

connected with changes in the neurotransmitter level

and/or their receptors. Of the possible mediators,
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GABAA receptors may be involved since both tricyc-

lic ADs and metyrapone are known to increase the

levels of tetrahydroallopregnanolone, a GABAA ago-

nists, and tetrahydroallodeoxy-corticosterone, respec-

tively, i.e. neuroactive steroids, on the other hand,

GABAA agonists potently decrease T cell prolifera-

tion [19, 24]. Moreover, it has been shown that both

GABA and muscimol (a GABAA receptor agonist)

stimulate BDNF expression, while pretreatment with

the MAPK/ERK kinase (MEK) inhibitor U0126 at-

tenuates the GABA-induced BDNF expression.

The signaling via MAPK cascade and CREB tran-

scription factor appears to play a substantial role in

this process [17].

In addition, earlier studies had shown that ADs ad-

ministered repeatedly (but not at a single dose) in-

duced the up-regulation of dopamine D2/3 receptors in

the brain, evaluated in behavioral (potentiation of the

hyperactivity induced by dopamine D2/3 agonists) and

biochemical experiments [3, 11, 25, 26], but also al-

tered the responsiveness of postsynaptic �1-adrener-

gic receptors. That activity was assessed by measur-

ing the potentiation of behavioral hyperexploration

evoked by �1-adrenergic agonists (phenylephrine, me-

thoxamine) in rats, as well as by estimating the in-

crease in the binding to �1-adrenergic receptors in dif-

ferent brain regions [9, 25]. The present results show

that repeated co-treatment with IMI and metyrapone

does not enhance the effects evoked by amphetamine,

quinpirole (a dopamine D2/3 agonist) or phenylephri-

ne (an �1-adrenergic agonist) compared to treatment

with either drug alone in rats, which suggests that me-

tyrapone does not enhance the behavioral reactivity of

IMI in the central dopamine D2/3 and �1-adrenergic

systems in rats.

In view of all the above data, the results described

in the present paper support the hypothesis that re-

peated joint administration of IMI and metyrapone

(a corticosterone synthesis inhibitor) may possess

more effective antidepressant activity than does treat-

ment with IMI alone, and that among other mecha-

nisms, 5-HT1A and 5-HT2A receptors may also be in-

volved in this action. Moreover, enhancement of the

neurotrophic system and the associated augmentation

of synaptic plasticity and function may constitute

a basis for antidepressant efficacy and serve as a pres-

ent and future focus in the search for a more rapidly

acting and effective medication. These findings also

seem to support greater efficacy of the combined ad-

ministration of AD and metyrapone in treatment-

resistant patients compared to AD alone [7, 23], and

offer an alternative treatment strategy in such pa-

tients; this, however, needs to be further confirmed in

clinical trials.
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