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In the present study, we examined the effects of imipramine (IMI) and
metyrapone (MET) given alone or in combination of IMI and MET in the
forced swimming test in rats. We also measured pharmacokinetic parameters:
the level of IMI and its metabolite, desipramine (DMI), in the rat plasma and
brain (1 h after the forced swimming test). The present studies indicate that
MET (50 mg/kg) reduced immobility time. Combined treatment with MET
(50 mg/kg) and IMI (5 or 10 mg/kg) produced stronger antidepressant-like
effect than either of drugs given alone. Sulpiride (dopamine D2/3 antagonist),
or WAY 100635 (5-HT1A antagonist) but not prazosin, (�1-adrenergic an-
tagonist), at doses ineffective in the forced swimming test, inhibited an
antidepressant-like effect induced by co-administration of IMI with MET.
The active behaviors in that test did not reflect an increase in general activi-
ty, since combined administration of IMI and MET failed to alter the loco-
motor activity of rats, measured in the open field test. MET elevated the con-
centrations of IMI and DMI in plasma, and the total drug concentration (IMI
+ DMI) was doubled by MET. In the brain, MET enhanced the concentration
of IMI, but decreased that of DMI, consequently, the brain IMI/DMI ratio in-
creased twice. The total drug concentration in the brain (IMI + DMI) was not
changed significantly by MET treatment. The obtained results suggest that
dopamine D2/3 and 5-HT1A receptors may contribute to the mechanism of
synergistic action of IMI and MET in the forced swimming test in rats, and
that pharmacokinetic interaction should not have a substantial impact on the
MET-induced potentiation of IMI effect, observed in vivo. These findings
may be of particular importance to pharmacotherapy of drug-resistant de-
pression.
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INTRODUCTION

It is known that all currently used antidepres-
sant drugs (ADs) show the therapeutic efficacy in
a maximum of 60–70% of patients. The problem of
therapy-resistant depressive patients has been stu-
died for a long time, but with no significant suc-
cess. Generally, drug-resistant depression was treated
with the use of a combination of various ADs.
Therefore, there is a strong need for alternative
treatments. It was found previously that metyra-
pone (MET), a glucocorticoid synthesis inhibitor
which blocks the 11-�-hydroxylation step in adre-
nocortical steroid synthesis [29], showed antide-
pressant-like properties in the forced swimming
test in rats or mice and in olfactory bulbectomized
rats [1, 12,15]. In addition, MET has been shown to
exert beneficial effect in depressed patients [17, 20,
26, 28]. However, clinical studies of antiglucocorti-
coid agents have usually been performed in non-
responders to conventional drugs. Possibly, these
patients are a subgroup within the clinical spectrum
of depression that may be particularly sensitive to
antiglucocorticoid therapy. It is well known that pa-
tients with endogenous depression often display an
enhanced activity of the hypothalamic-pituitary-
adrenal (HPA) axis [2, 21–23, 30, 34]. Since the
hyperactivity of the HPA axis may be a significant
factor in 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 purpose-
ful to examine the effect of joint administration of
ADs and MET in the drug-resistant depression.

It the light of these data, the aim of the present
study was to examine the effect of imipramine
(IMI) and MET given alone or in combination of
IMI with MET in the forced swimming test in rats.
We also measured pharmacokinetic parameters, i.e.
the level of IMI and its metabolite, desipramine
(DMI) in the rat plasma and brain, 1 h after the
forced swimming test.

MATERIALS and METHODS

Animals and drug treatments

Male Wistar rats (250–270 g) were kept at
a constant room temperature (22 ± 1°C), under
a 12 h light/12 h dark cycle with free access to food
and water prior to the experiments. All drugs were
dissolved in distilled water and were injected

intraperitoneally (ip), except for WAY 100635 which
was given subcutaneously (sc), in a volume of 2
ml/kg. The drug treatments were tested in a random
order and the animals were used for experiments
only once. All tests were conduced by an experi-
menter who was unaware of the treatment. Experi-
mental protocols were approved by the local Ethics
Committee and complied with the guidelines of the
responsible agency of the Institute of Pharmacology.

Substances

Imipramine hydrochloride (Pliva, Poland, IMI),
2-methyl-1,2-di-3-pyridyl-1-propanone (Aldrich, USA,
metyrapone, MET), N-{2-[4-(2-methoxyphenyl)-1-
piperazinyl]ethyl}-N-(2-pyridynyl)-cyclohexanecar-
boxamide trihydrochloride (WAY 100635; synthe-
sized by Dr. J. Boksa, Institute of Pharmacology,
Polish Academy of Sciences, Kraków, Poland), pra-
zosin hydrochloride (Research Biochemicals Inc.,
USA, PRA), (–)-sulpiride (Research Biochemicals
Inc., USA, SUL).

Forced swimming test in rats

The total immobility time of the rats was as-
sessed during a 5 min observation period according
to Porsolt et al. [24]. MET (25 or 50 mg/kg) and
IMI (5 or 10 mg/kg) were administered three times
at 24, 5 and 1 h before the test. IMI was also co-
injected with MET at the doses and times stated
above. SUL (5 or 10 mg/kg) and PRA (1 or 3
mg/kg) were given (ip) 30 min and WAY 100635
(0.1 or 0.3 mg/kg) (sc) 15 min before IMI and
MET. Control rats were injected with vehicle. Each
group consisted of 8 rats.

Exploratory activity in the open field test in rats

IMI (5 and 10 mg/kg) and MET (50 mg/kg)
were given three times at 24, 5 and 1 h before the
test (like in the forced swimming test). Exploratory
activity was assessed in the elevated open field test
using a method which was a slightly modified pro-
cedure of Janssen et al. [13]. A black circular plat-
form 1 m in diameter without walls was divided
into six symmetrical sectors and elevated 50 cm
above the floor. The laboratory room was dark and
only the center of the open field was illuminated
with a 75 W bulb placed 75 cm above the platform.
At the beginning of the test, animals were placed
gently in the center of the platform and allowed to
explore. Their exploratory behavior in the open
field, i.e. the time of walking, number of sector line
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crossings (ambulations), episodes of peeping under
the edge of the area and rearing, were assessed for
5 min. There were 8 rats in each group.

Drug assay in the plasma and brain

Concentrations of IMI and its metabolite DMI
were measured at 2 h after the last dose of IMI (5 or
10 mg/kg) given alone or in a combination with
MET (50 mg/kg), i.e. at 1 h after the forced swim-
ming test. The level of antidepressants was deter-
mined according to Suftin and Jusko [32] modified
by Daniel and Wójcikowski [8]. To 1 ml of the
blood plasma containing IMI and DMI, 300 �l of
25% ammonium hydroxide were added, and the
drugs were extracted with 2 ml of hexane contain-
ing 1.5% of isoamyl alcohol (v/v). The brains were
homogenized in distilled water (1:3, w/v). The ob-
tained homogenates were alkalized with natrium
hydroxide (pH = 12) and extracted with 6 ml of
hexane containing 1.5% of isoamyl alcohol. Ex-
traction yield of the parent compound and its me-
tabolite amounted to about 96%. The residue ob-
tained after evaporation of the plasma and tissue
extracts was dissolved in a mobile phase (described
below) and injected into the LaChrom HPLC sys-
tem (Merck-Hitachi), equipped with an L-7480
fluorescence detector. The analytical column Eco-
nosphere C18 (5 �m, 4.6 × 250 mm) was purchased
from Alltech (Carnforth, England) and was main-
tained at an ambient temperature. The mobile phase
consisted of methanol and acetonitrile (1:1, v/v)
containing 1 ml/l of triethylamine. The flow rate
was 1 ml/min. Florescence of the samples was
measured at an excitation wavelength of 240 nm
and a 370 nm emission wavelength. Each group
consisted of 6–8 rats.

Data analysis

The behavioral data were evaluated by a one-
way analysis of variance (ANOVA), followed,
when appropriate, by individual comparisons with
the control using Dunnett’s test. Statistical signifi-
cance of pharmacokinetic results was assessed us-
ing Student’s t-test.

RESULTS

Forced swimming test in rats

IMI at a dose of 10 mg/kg (but not 5 mg/kg) ex-
hibited an antidepressant-like activity in the forced

swimming test, as it shortened the immobility time
of rats. MET at a dose of 25 mg/kg had no effect on
the immobility time in rats (Tab. 1). Its dose of 50
mg/kg reduced the immobility time (Tab. 1). Com-
bined treatment with MET at 50 mg/kg (but not
25 mg/kg) and IMI (5 or 10 mg/kg) produced
stronger inhibition of immobility than either agent
alone, and the difference was statistically signifi-
cant (Tab. 1). SUL (10 mg ) and WAY 100635 (0.1
or 0.3 mg/kg), given alone, were ineffective in the
forced swimming test (data not shown), but they in-
hibited an antidepressant-like effect induced by
co-administration of MET (50 mg/kg) with IMI (5
mg/kg) (Tab. 2). However, SUL (5 mg/kg) and
PRA (1 or 3 mg/kg) did not change the immobility
time (data not shown) and did not alter the effect of
MET given jointly with IMI (Tab. 2).

Exploratory activity in the open field test

in rats

Neither IMI (5 or 10 mg/kg) nor MET (50
mg/kg) given alone changed the exploratory activi-
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Table 1. The effect of imipramine (IMI) given alone or in com-
bination with metyrapone (MET) on the immobility time in the
forced swimming test in rats

Drugs (mg/kg)
Immobility time (s)

Mean ± SEM

Vehicle

IMI (5)

IMI (10)

MET (25)

IMI (5) + MET (25)

IMI (10) + MET (25)

257.9 ± 3.9

259.1 ± 4.6

197.3 ± 5.0*

256.5 ± 6.7

243.4 ± 6.9

175.0 ± 6.6

ANOVA F(5, 42) = 40.21
� = 0.001

Vehicle

IMI (5)

IMI (10)

MET (50)

IMI (5) + MET (50)

IMI (10) + MET (50)

256.0 ± 2.4

244.0 ± 3.7

200.9 ± 5.5*

204.6 ± 4.8*

169.6 ± 11.6#

126.0 ± 7.6#

ANOVA F(5, 42) = 52.15
� = 0.001

IMI (ip) and MET (ip) were given three times (24, 5 and 1 h) be-
fore the test. The results represent means ± SEM; n = 8. The data
were statistically evaluated by ANOVA followed by individual
comparisons using Dunnett’s test. * p < 0.001 vs. vehicle-treat-
ed group, # p < 0.001 vs. IMI- or MET-treated group



ty (time of walking, ambulation or peeping and
rearing) in the open field test in rats (Tab. 3). Joint
administration of MET (50 mg/kg) with IMI (5 or
10 mg/kg) had no effect on the exploratory activity

either (Tab. 3). Also, SUL, WAY 100635 or PRA at
doses stated above did not change the exploratory
behavior induced by co-administration of MET (50
mg/kg) with IMI (5 mg/kg) (data not shown).

Drug assay in the plasma and brain

As shown in Table 4, after administration of
IMI (5 or 10 mg/kg) alone, concentrations of both
IMI and its metabolite DMI were much higher in
the brain than in blood plasma. Thus, the total drug
concentration in the brain (IMI + DMI) was 10
times higher than in the plasma. Moreover, the
level of the metabolite in plasma exceeded that of
the parent compound, while in the brain, concentra-
tions of IMI and DMI were similar. MET (50
mg/kg) elevated the concentrations of IMI and
DMI in plasma so the total drug concentration (IMI
+ DMI) was doubled by MET. In the brain, MET
enhanced the concentration of IMI, but decreased
that of DMI. Consequently, the brain IMI/DMI ra-
tio increased twice. The total drug concentration in
the brain (IMI + DMI) was not changed signifi-
cantly by MET treatment, though a tendency to
an increase was visible after a lower IMI dose of
5 mg/kg.

DISCUSSION

Our results indicate that MET, a glucocorticoid
synthesis inhibitor, reduces the immobility time of
rats in the forced swimming test with efficacy com-
parable to those of tricyclic ADs, such as IMI. This
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Table 2. The influence of sulpiride (SUL), WAY 100635 or pra-
zosin (PRA) on the effect of combined treatment with imi-
pramine (IMI) and metyrapone (MET) in the forced swimming
test in rats

Drugs (mg/kg)
Immobility time (s)

Mean ± SEM

Vehicle

IMI (5)

MET (50)

IMI (5) + MET (50)

SUL (5) + IMI (5) + MET (50)

SUL (10) + IMI (5) + MET (50)

250.3 ± 4.0

248.8 ± 2.9

206.3 ± 5.2*

142.6 ± 8.7#

164.4 ± 10.7

234.4 ± 6.8+

ANOVA F(5,42) = 42.80
� = 0.001

WAY 100635 (0.1) + IMI (5) MET (50)

WAY 100635 (0.3) + IMI (5) MET (50)

PRA (1) + IMI (5) + MET (50)

PRA (3) + IMI (5) + MET (50)

200.9 ± 11.8+

186.8 ± 8.1+

143.9 ± 6.2

165.9 ± 10.2

ANOVA F(5,42) = 22.63
� = 0.001

IMI (ip) and MET (ip) were given three times (24, 5 and 1 h) be-
fore the test. SUL (ip) and PRA (ip) were given 30 min and
WAY 100635 (sc) 15 min before IMI and MET. The results rep-
resent means ± SEM; n = 8. The data were statistically evaluated
by ANOVA followed by individual comparisons using Dunnett’s
test. * p < 0.001 vs. vehicle-treated group; # p < 0.001 vs. IMI- or
MET-treated group; + p < 0.001 vs. IMI + MET-treated group

Table 3. The effect of imipramine (IMI) given alone or in combination with metyrapone (MET) on the exploratory activity in the open
field test in rats

Drugs (mg/kg)
Time of walking

Mean ± SEM
Ambulation

Mean ± SEM
Peeping and rearing

Mean ± SEM

Vehicle

IMI (5)

IMI (10)

MET (50)

IMI (5) + MET (50)

IMI (10) + MET (50)

37.9 ± 2.9

37.0 ± 1.5

34.1 ± 0.9

37.5 ± 1.2

34.1 ± 2.4

30.8 ± 2.8

9.3 ± 0.5

10.3 ± 0.5

9.9 ± 0.4

11.9 ± 0.5

12.4 ± 1.5

11.6 ± 1.3

11.4 ± 0.4

11.5 ± 0.6

10.8 ± 0.5

10.5 ± 0.6

9.5 ± 1.5

10.8 ± 0.5

ANOVA F (5, 42) = 1.75
ns

F (5, 42) = 1.87
ns

F (5, 42) = 0.86
ns

IMI (ip) and MET (ip) were given three times (24, 5 and 1 h) before the test. The animals were observed for 5 min. The results repre-
sent means ± SEM; n = 8. The data were statistically evaluated by ANOVA followed by individual comparisons using Dunnett’s test.
All the results are statistically insignificant



is consistent with previous findings of Healy et al.
[12], who described an antidepressant-like proper-
ties of MET in two rodent models of depression
(the forced swimming test and in olfactory bulbec-
tomized rats). Joint administration of MET and IMI
reduced the immobility time more significantly
than the treatment with MET or IMI alone. In addi-
tion, the present studies indicate that an ineffective
(when given alone) dose of SUL (dopamine D2/3
antagonist [16]) is able to inhibit an antidepres-
sant-like effect induced by co-administration of
MET with IMI. Also, WAY 100635 (5-HT1A an-
tagonist [11]) at doses inactive in Porsolt’s test, de-
creased this effect of MET given with IMI. In con-
trast, PRA (�1-adrenergic antagonist) did not change
the antidepressant-like effect evoked by joint treat-
ment with MET and IMI. The above results suggest
that dopamine D2/3 and 5-HT1A (but not �1-adrener-
gic) receptors may contribute to the mechanism of
synergistic action of MET with IMI in the forced
swimming test in rats.

In the forced swimming test, false positive ef-
fects can be induced by various drugs which in-
crease the locomotor or exploratory activity [4, 5].
In our experiment, neither MET nor IMI, given
alone changed the exploratory activity (time of
walking or ambulation) in the open field test in rats.
Combined treatment with MET and IMI, also did
not enhance the exploratory activity, which sug-
gests that shortening of immobility time in the
forced swimming test cannot be attributed to an in-
crease in locomotor activity.

It is known that first phase of IMI metabolism
involves mainly N-demethylation in a side chain
and aromatic hydroxylation in position 2 [3, 10,
31]. The demethylation changes the pharmacologi-
cal profile of the antidepressants, viz. IMI inhibits
the neuronal uptake of both noradrenaline and sero-
tonin while DMI is rather a selective inhibitor of
noradrenaline uptake and displays weaker blocking
effects on noradrenergic, cholinergic or histaminer-
gic receptors [14, 25, 27]. Hydroxylated metabo-
lites of IMI and DMI retain the pharmacological
profile of their respective parent compounds,
though their potency is somewhat lower. Studies
carried out on rats showed that IMI and its metabo-
lites reached considerably higher concentrations in
tissues than in the plasma. Moreover, the DMI level
exceeded that of IMI in plasma and in the brain at
longer time intervals after IMI administration [6,
18]. In the plasma of patients, DMI, whose biologi-
cal half-life is about twice as long as that of IMI
(22.5 h vs. 12 h), usually surpasses 0.5–3-fold the
concentration of IMI in plasma [19] while the con-
centrations of hydroxylated metabolites are lower
than their respective parent compounds [25, 33].
Therefore, the sum of concentration of IMI and
DMI represents the main active pool of the AD
given in vivo.

The present study indicates that pharmacoki-
netic interaction should not have a substantial im-
pact on the potentiation of IMI effect by MET ob-
served in vivo in the forced swimming test. Al-
though MET increased the concentration of IMI
and its metabolite DMI in plasma and that of IMI in
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Table 4. The concentration of imipramine (IMI) and its metabolite desipramine (DMI) after administration of IMI alone or in combi-
nation with metyrapone (MET) at 1 h after the forced swimming test in rats

Drugs
(mg/kg)

Plasma (nmol/ml) Brain (nmol/g)

IMI DMI IMI + DMI IMI/DMI IMI DMI IMI + DMI IMI/DMI

IMI 5 0.134
± 0.011

0.320
± 0.045

0.455
± 0.047

0.504
± 0.107

2.268
± 0.319

2.498
± 0.404

4.767
± 0.713

0.932
± 0.053

IMI 5 +
MET 50

0.288
± 0.047**

0.605
± 0.154*

0.893
± 0.197*

0.644
± 0.127 ns

4.523
± 0.756*

2.102
± 0.471 ns

6.625
± 1.206 ns

2.09
± 0.218***

IMI 10 0.478
± 0.058

1.550
± 0.286

2.029
± 0.334

0.349
± 0.053

9.358
± 1.235

10.815
± 1.191

20.172
± 2.382

0.855
± 0.044

IMI 10 +
MET 50

1.235
± 0.090***

3.011
± 0.202**

4.247
± 0.356***

0.426
± 0.035 ns

13.944
± 1.614*

7.415
± 0.696*

21.358
± 2.194 ns

1.871
± 0.156***

IMI was administered (ip) alone or jointly with MET (ip) at 24, 5 and 1 h before the test at doses stated above. The concentrations of
IMI and DMI were measured at 2 h after the last dose of the drugs. All values represent means ± SEM; n = 6–8. The data were statisti-
cally evaluated by Student’s t-test. * p < 0.05, ** p < 0.01, *** p < 0.001; ns – not significant



the brain, the total brain concentration of the anti-
depressant (IMI + DMI) was not significantly
changed due to the decreased level of DMI. How-
ever, certain modification of IMI effect by MET is
possible, since MET changes the pharmacological
profile of IMI in vivo towards a more serotonergic
one by increasing the IMI/DMI ratio. The enhance-
ment of the levels of both IMI and its demethylated
metabolite suggests an inhibition of their aromatic
hydroxylation by MET. The inhibitory effect of
MET on cytochrome P-450-mediated metabolic re-
actions was shown in our previous studies with
phenothiazine neuroleptics [7]. On the other hand,
differential effect of MET on the plasma and brain
concentrations of DMI may result from an interac-
tion at the distribution level, e.g. competition for
a transport system in the blood-brain barrier.

It is noteworthy that MET has been shown to
exert beneficial effects in depressed patients [9, 17,
20, 26, 28]. Additionally, preliminary studies (in 6
patients) indicated that joint administration of IMI
(100–150 mg/day) and MET (500 mg/day) for six
weeks resulted in the clinical improvement, esti-
mated with Hamilton’s Depression Rating Scale in
patients with drug-resistant unipolar depression. In
the latter patients, the plasma level of IMI was
200–300 ng/ml, and did not change during joint
treatment with MET, indicating the lack of pharma-
cokinetic interaction (our unpublished data).

In conclusion, the results described in the pres-
ent paper indicate that co-administration of IMI
with MET may induce a more pronounced antide-
pressive activity than treatment with IMI alone and
that, in addition to other mechanisms, the dopa-
mine D2/3 and also 5-HT1A (but not �1-adrenergic)
receptors may contribute to the mechanism of syn-
ergistic action of MET with IMI in the forced
swimming test in rats. This finding may be of par-
ticular importance to pharmacotherapy in drug-re-
sistant depressed patients and could suggest a me-
thod how to attain significant antidepressive ac-
tions while limiting side effects.
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