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brain-derived neurotrophic factor gene expression
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Abstract:

The problem of drug-resistant depression indicates a strong need for alternative antidepressant therapies. Recently it was shown that

joint administration of imipramine (IMI) and metyrapone (MET), an inhibitor of glucocorticoid synthesis, produced a more potent

“antidepressant” effect in the forced swimming test than did treatment with either drug alone. Our studies also showed that

co-administration of IMI and MET to drug-resistant, unipolar depressed patients effected a clinical improvement. In addition, recent

studies indicated a role of the brain-derived neurotrophic factor (BDNF) in the mechanism of action of antidepressant drugs (ADs).

Since the most potent effect of ADs on BDNF gene expression was found after prolonged treatment, in the present research we

investigated the influence of repeated treatment with IMI (5 or 10 mg/kg) and MET (50 mg/kg), given separately or jointly (twice

daily for 14 day), on the BDNF mRNA level (the Northern blot) in the hippocampus and cerebral cortex. The experiment was carried

out on male Wistar rats. The tissue for biochemical assays was collected 24 h after the last dose of IMI and MET. The obtained results

showed that in the hippocampus IMI (10 mg/kg) and cerebral cortex IMI (5 mg/kg) and MET (50 mg/kg) significantly elevated the

BDNF mRNA level. Joint administration of IMI (10 mg/kg) and MET (50 mg/kg) induced a more potent increase BDNF gene

expression in both the examined brain regions (compared to the treatment with either drug alone). Moreover, the obtained results

suggested that BDNF may be involved in the mechanism of the synergistic antidepressant effect of IMI and MET in drug-resistant

depressed patients.

Key words:

repeated treatment, imipramine, metyrapone, mRNA BDNF, rats

Introduction

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

nosed as suffering from depression do not respond to

a conventional therapy. The problem of antidepres-

sant-resistant depression has been the subject of ex-

tensive studies, yet with no apparent therapeutic suc-

cess. Therefore, to improve therapy, a combination of

antidepressant drugs (ADs) belonging to various

pharmacological groups, or a combination of an AD

and a substance enhancing its effect, is used in the

clinic. Among agents that are expected to potentiate

antidepressant efficacy are inhibitors of glucocorti-

coid synthesis. In fact, they have shown antidepres-

sant-like properties in some animal models of depres-
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sion [3]. Also clinical studies have demonstrated the

antidepressant effect of metyrapone (MET), amino-

glutethimide and ketoconazole; however, these drugs

are mainly used in relatively high doses, hence their

side-effects are occasionally observed [6, 11]. Combi-

nations of a glucocorticoid inhibitor and an antide-

pressant drug should help decrease their doses and, in

consequence, also their side-effects. Among the glu-

cocorticoid inhibitors, MET (which inhibits the en-

zyme 11-hydroxylase) has the weakest effect on

gonade hormone levels [11]. It reveals antidepressant-

like properties in the forced swimming test [3];

moreover, joint administration of the tricyclic antide-

pressant imipramine (IMI) and MET induces a more

potent “antidepressant” effect in the forced swimming

test in rats than does treatment with either drug given

separately [13]. It is well known that patients with en-

dogenous depression often display an enhanced activ-

ity of the hypothalamic-pituitary-adrenal (HPA) axis

[4, 6, 10]. 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 often correlates

with the absence of their therapeutic effect, it seems

purposeful to study the effect of joint administration

of ADs and MET on drug-resistant depression.

Despite over 40 years of research, the mechanism

of antidepressant action has not yet been fully eluci-

dated. The majority of adaptive changes, proposed to

be “responsible” for neurochemical antidepressant

mechanisms, are not common to all antidepressants

therapies [18, 20]. Therefore, a search for common al-

ternation(s) is still in progress. Recent studies indicate

a role of the brain-derived neurotrophic factor

(BDNF) in the pathophysiology of depression, as well

as in the mechanism of action of ADs. Studies using

postmortem human brain tissue reported an increase

in BDNF immunoreactivity in patients treated with

antidepressant drugs compared to untreated subjects

[1]. In addition, clinical studies showed low BDNF

serum levels in patients with major depressive disor-

der compared to control subject; moreover, they indi-

cated that antidepressant treatment increased the se-

rum BDNF level in depressed patients up to the level

of healthy controls [15]. Furthermore, local infusion

of BDNF into the midbrain and hippocampus caused

antidepressant-like activity in two behavioral models

of depression: the forced swimming and the learned

helplessness [16, 17]. The above findings suggest that

the increased expression of endogenous BDNF may

have an antidepressant effect. Moreover, recent data

showed that repeated (but not acute) AD administra-

tion enhanced BDNF gene expression in the hippo-

campus, while electroconvulsive shock and tranyl-

cypromine induced a similar effect in the hippocam-

pus and cerebral cortex [7].

Since the most potent effect of ADs on BDNF gene

expression was found after prolonged treatment, in

the present study we investigated the influence of re-

peated treatment (twice daily for 14 days) of IMI (5 or

10 mg/kg) and MET (50 mg/kg), given separately or

jointly, on the BDNF mRNA level in rat hippocampus

and cerebral cortex.

Materials and Methods

Animals and drug treatment

The experiments was carried out on rats (male Wistar,

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

water before the experiment and were kept on the

12-h light/dark cycle, the light on at 07:00, at a con-

stant room temperature (22 ± 1°C). Imipramine hy-

drochloride (IMI, Sigma, USA) at doses of 5 or 10 mg/kg

and 2-methyl-1,2-di-3-pyridyl-1-propanone (metyra-

pone, MET, Aldrich, USA) at a dose of 50 mg/kg,

were dissolved in distilled water and administered re-

peatedly (twice daily po for 14 days), separately, or

jointly (in a volume of 2 ml/kg). Twenty four hours

after the last treatment, the rats were decapitated, their

hippocampi and frontal cortices were dissected and

immediately frozen on dry ice and stored until they

were further used for biochemical experiments. Drug

treatments were randomly tested, and the animals

were used for experiments only once. All the tests

conducted were blind. The experimental protocols

were approved by the local Ethics Committee and

complied with the guidelines of the responsible

agency of the Institute of Pharmacology.

Determination of BDNF mRNA

The procedure for determining BDNF mRNA levels

was carried out according to Legutko et al. [5].

Briefly, total RNA was extracted by a chaotropic lysis

(TRIzol Reagent, Life Technologies) following the
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manufacturer’s protocol. The Northern blot analysis

was carried out with ~7 µg of total RNA, separated on

a 1% denaturing agarose-formaldehyde gel, trans-

ferred subsequently to a nylon membrane (Nytran,

Schleicher and Schuell) and immobilized by ultravio-

let (UV) radiation. A probe for rat BDNF was gener-

ated by a polymerase chain reaction (PCR) from

cDNA, using the following primers: 5’-ACT-CTG-

GAG-AGC-GTG-AAT-GG-3’ and 5’-CAG-CCT-TCC-

TTC-GTG-TAA-CC-3’; the 470 bp product was

cloned into pCRII TA cloning vector. The insert cut

with the enzyme EcoRI was random by primer-

labeled with P32dCTP and purified (Prime-It Rmt,

Stratagene). Hybridization was performed overnight

in Church’s buffer at 65°C. The hybrdized filters were

washed for 30 min in 2 × saline-sodium citrate (SSC)

buffer/0.1% sodium dodecyl sulfate (SDS) at a room

temperature, and for 30 min in 0.1 × SSC/0.1% SDS

at 55°C, and were then exposed. The same filters,

stripped off the BDNF probe (washed three times in

0.1 × SSC/0.1% SDS at 100°C for 10 min), were re-

hybridized for the �-action cDNA probe (Clontech) to

normalize RNA loading. Northern blots were quanti-

fied using digitalized autoradiographs (Phosphor-

Imager, Image 4.0 Fuji). Each group consisted of 6–8

rats.

Statistical analysis

The data were evaluated by a one-way analysis of vari-

ance (ANOVA), followed, when appropriate, by individ-

ual comparisons with the control using Dunnett’s test.

Results

Determination of BDNF mRNA

The effect of repeated treatment with IMI (5 or 10 mg/kg)

and MET (50 mg/kg), administered separately or

jointly, on BDNF mRNA level in rat hippocampus

and cerebral cortex is shown in Figure 1. In the hippo-

campus, repeated treatment with IMI at the higher

dose (10 mg/kg) significantly elevated BDNF mRNA

levels compared to the vehicle-treated control (by

46.1%). A weaker increase was observed after the

lower dose (5 mg/kg) of IMI or MET (50 mg/kg) (by

23.6 and 22.6%, respectively), but the difference was

not statistically significant. Joint administration of

IMI (10 mg/kg) and MET (50 mg/kg) induced a more

potent (statistically significant) increase in the level of

BDNF mRNA than did treatment with either drug

alone. In contrast, combined administration of IMI in

the lower dose (5 mg/kg) and MET (50 mg/kg) did

not significantly change BDNF mRNA expression

(compared to either drug given alone) [ANOVA;

F(5,33) = 9.78, p < 0.001; Fig. 1A].

In the cerebral cortex of rats, IMI (5 mg/kg) and

MET (50 mg/kg) significantly increased BDNF

mRNA levels compared to the vehicle-treated control

(by 86.1 and 114.6%, respectively). IMI administered

repeatedly in the higher dose (10 mg/kg) did not sig-

nificantly change BDNF mRNA expression (increase

by 53.5%). Only co-administration of IMI (10, but not

5 mg/kg) and MET (50 mg/kg) induced a more potent
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(statistically significant) increase in the level of BDNF

mRNA (compared to treatment with either drug alone)

[ANOVA; F(5,30) = 7.72, p < 0.001; Fig. 1B].

Discussion

The present study was aimed at investigating the in-

fluence of repeated treatment (twice daily for 14 days)

with IMI (5 or 10 mg/kg) and MET (50 mg/kg), given

separately or jointly, on the BDNF mRNA level in rat

hippocampus and cerebral cortex. The obtained re-

sults indicate that IMI given repeatedly increases

BDNF gene expression in both the examined brain re-

gions (hippocampus and cerebral cortex).The effect of

IMI in that test was similar to those produced by

MAOI, tranylcypromine and ECS [7]. Moreover,

MET significantly increased BDNF mRNA levels in

the cerebral cortex only. Also co-administration of

IMI (10 mg/kg) and MET induced a more potent in-

crease in the level of BDNF mRNA BDNF gene ex-

pression in both the examined brain regions than did

treatment with either of those drugs alone. These data

are in line with our earlier findings which indicated

that combined treatment with IMI and MET produced

a more potent antidepressant-like effect than did ei-

ther of the drugs given alone in the forced swimming

test in rats and suggested that dopamine D2/3 and

5-HT1A receptors may contribute to the mechanism of

the synergistic action of IMI and MET [13]. Moreo-

ver, preliminary studies (with 9 patients), showed that

combined administration of IMI (100 mg/day) and

MET (500 mg/day) to drug-resistant unipolar de-

pressed patients for 6 weeks brought about a signifi-

cant clinical improvement [14].

In addition, MET is known to demonstrate antide-

pressant properties through a combination of several

different mechanisms. They include blockade of the

synthesis and the subsequent reduced release of corti-

costerone (in rats) or cortisol (in human) into the

bloodstream. It has been found that MET suppresses

plasma corticosterone concentration in stressed ani-

mals, but does not change the basal level of this ster-

oid. These findings seem to be of great importance,

since in the light of the corticosteroid receptor hy-

pothesis of depression, attenuation of the elevated

(but not basal) glucocorticoid levels is beneficial to

the treatment of depression. On the other hand, ADs

are known to affect not only the level of neurotrans-

mitters and hormones, but also some immunological

parameters which are disturbed in the course of de-

pression [2]. Our previous study indicated that MET

decreased corticosterone level, but had no effect on

the proliferation of splenocytes. Combined treatment

with IMI and MET inhibited the stress-induced prolif-

erative activity of splenocytes (a beneficial change of

the immunological system), but decreased corticoster-

one level to a similar extent as did MET alone [12].

The lack of correlation between the corticosterone

level and the proliferative activity of splenocytes sug-

gests that the synergistic action of IMI and MET is

probably connected with changes in the neurotrans-

mitter level and/or their receptors. Of the possible me-

diators, GABAA receptors may be involved, since

both tricyclic ADs and MET are known to increase

the levels of tetrahydroallopregnanolone and tetrahy-

droallodeoxycorticosterone, respectively, i.e. neuro-

active steroids, GABAA agonists, and, on the other

hand, GABAA agonists potently decrease T cell pro-

liferation [11, 19].

Moreover, it has been shown that both GABA and

muscimol (a GABAA receptor agonist) stimulates

BDNF expression, while pretreatment with the

MAPK/ERK kinase (MEK) inhibitor U0126 attenu-

ates GABA-induced BDNF expression. BDNF also

dramatically increases the frequency of excitatory

GABAergic spontaneous currents, which suggests

a positive excitatory feedback loop between GABA

and BDNF expression during early development,

when GABA facilitates BDNF expression and BDNF

facilitates the synaptic release of GABA. Signalling

via the MAPK cascade and the CREB transcription

factor appears to play a substantial role in this process

[9], and may be also in the synergistic effect of IMI

and MET on the level of BDNF mRNA gene expres-

sion in both the brain regions examined.

A study by Nibuya et al. [8] also demonstrated that

repeated, but not acute, administration of several dif-

ferent classes of ADs, as well as ECS application, in-

creased the expression of cAMP response element

binding protein (CREB) mRNA in the hippocampus;

it also suggested that the transcription factor was

a common intracellular target of ADs. The above re-

sults also support the hypothesis that 5-HT and NA

receptor-coupled intracellular cascades, which lead to

CREB regulation, are activated, and not down-

regulated, by repeated AD treatments. This observa-

tion suggests that although the levels of certain 5-HT
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and NA receptors (e.g. 5-HT2A, 5-HT7 and �-adren-

ergic receptors) may be reduced by repeated AD treat-

ments, an increase occurs in the functional output of

these receptor-coupled intracellular pathways. This is

not surprising, since the density and function of these

receptors are reduced, but not completely eliminated,

by repeated AD treatments. Activation of the remain-

ing 5-HT and NA receptors may be sufficient to

stimulate intracellular signal transduction pathways. It

is noteworthy that the up-regulation of CREB is a com-

mon effect of repeated AD treatment, which may lead

to regulation of specific target genes such as BDNF

and trkB, and to the long-term impact of these treat-

ments on brain functions.

In conclusion, our results support the hypothesis

that joint administration of ADs and MET (a corticos-

terone synthesis inhibitor) may evoke more effective

antidepressant activity than does treatment with either

drug alone, and that BDNF may be involved in the

mechanism of the synergistic antidepressant effect of

IMI and MET in drug-resistant depressed patients, the

latter being one of the main targerts for antidepressants.
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