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Abstract:

Following our behavioral studies demonstrating augmentation of imipramine action by concomitant administration of nicotine, we

investigated the effects of one or 14 days of treatment (twice daily) with imipramine and nicotine on dopamine metabolism in

various brain areas of rat and noradrenaline in the brain stem. In addition, we evaluated the responses of this metabolism to

apomorphine challenge in the rat. Generally, chronic treatment of imipramine and nicotine produced opposite effects to acute

administration. As revealed by HPLC, dopamine metabolism in the nucleus accumbens was slightly decreased after 14 days of

treatment with imipramine, and co-administration of nicotine resulted in a significant and much more pronounced depression of

dopamine metabolism in all investigated dopaminergic structures. Such biochemical effects suggested the development of

a compensatory mechanism related with hypersensitivity of dopamine D� receptors in the mesolimbic and nigrostriatal system.

Chronic administration of imipramine produced an opposite effect to the acute one in the brain stem noradrenergic system, like it was

observed in dopaminergic structures. Significant inhibition of noradrenaline metabolism after acute administration of imipramine

may be explained by its inhibitory effect on noradrenaline reuptake process. In contrast, chronic imipramine administration had no

effect on noradrenaline metabolism what indicated the development of subsensitivity of ��-adrenoceptors in the brain stem

responsible for the rate of noradrenaline metabolism. Apomorphine alone decreased metabolism of both catecholamine, dopamine

and noradrenaline through activation of dopamine D� receptors which are located also on noradrenergic neurons. The biochemical

response to apomorphine in terms of dopamine metabolism was not changed by chronic administration of the investigated drugs but

noradrenaline metabolism in the brain stem was strongly attenuated after a combined treatment of imipramine and nicotine. The

present data demonstrate facilitation and potentiation of biochemical antidepressant-like effects of imipramine by nicotine

co-treatment. We suggest that nicotine may potentiate the antidepressant-like effects of imipramine by promoting some plastic

changes in the brain within dopamine and noradrenaline system considerably more strongly than imipramine alone.
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Introduction

Augmentation of the effect of antidepressant treat-

ment is an important target of psychopharmacology,

as the presently available means are effective only in

a part of patients and therapeutic effect occurs only

with a considerable delay. Therefore, to improve ther-

apy, a combination of antidepressant drugs belonging

to various pharmacological groups, or a combination
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of an antidepressants and a substance enhancing its

effect is used in the clinic. Among agents that are ex-

pected to potentiate antidepressant efficacy are e.g.

inhibitors of glucocorticoid synthesis [10, 24], aman-

tadine [25] and nicotine [21–23]. The epidemiological

and pharmacological data suggest that nicotine may

alleviate the course of depression [21]. For instance,

the antidepressant effect of nicotine was reflected by

mood improvement in depressed patients by nicotine

patches [26, 27]. The antidepressant properties of

nicotine have not been uniformly confirmed in animal

experiments, but there were reports showing that

nicotine induced antidepressant-like effects in the

forced swimming test [32] and in the learned helpless-

ness paradigm [28].

Even if the antidepressant effect of nicotine given

alone is small or negligible, a possibility exists that it

can augment the action of antidepressants. Indeed, in

our previous paper we have demonstrated that chronic

co-administration of nicotine and imipramine or citalopram

enhances the behavioral effect of the antidepressants in two

tests for antidepressant activity: the forced swimming test

[22] and apomorphine hyperactivity test [23].

In this study, we investigated whether the com-

bined treatment with nicotine and imipramine affects

the catecholaminergic system in several brain areas

and changes the biochemical response to apomor-

phine challenge. At present, there is no doubt that

a long-term treatment with antidepressants produces

gradually developing adaptations of neurotransmitter

systems how it was shown for the first time in case of

�-adrenoceptors [6]. Although many theories on the

mechanism of action of antidepressants have been

presented and various aspects of their action are em-

phasized (the enhancement of neuroplasticity, regula-

tion of circadian cycle, normalization of the functions

of HPA axis, etc.), the role of their effects on

monoaminergic transmission cannot be overlooked,

and all present antidepressant drugs are known to af-

fect specifically the transmission mechanism impli-

cating one or more of biogenic amines.

Measurements of the levels of monoamine metabo-

lites provide data enabling us to assess the changes in

the activity of monoaminergic neurons and the inter-

action of neurotransmitters with their receptor targets.

Using this method, we evaluated the effects of the

combined acute and chronic administration of nico-

tine and imipramine on noradrenaline and dopamine

metabolism in defined specific areas of the rat brain,

aiming at elucidation of the mechanism of potentiat-

ing effect of nicotine on antidepressant action of imi-

pramine as observed in behavioral tests regarded as

predictable of clinical antidepressant efficacy.

Materials and Methods

Animals

Male Wistar rats (Institute of Pharmacology Breeding

Facility) weighing ~250 g at the start of the experi-

ments were used. Rats were group-housed in the stan-

dard laboratory cages and kept in a humidity and tem-

perature (21 ± 2°C) controlled colony room with

a 12-h light/dark cycle (lights on at 07:00, off at

19:00). Commercial food and tap water were avail-

able ad libitum. After apomorphine administration the

rats were tested for locomotor activity (the results of

behavioral tests were reported by us elsewhere) [23],

and were decapitated following the test 1 h after injec-

tion of the stimulant.

All experiments were carried out according to the

National Institutes of Health Guide for the Care and

Use of Laboratory Animals (revised 1996) and were

approved by the Animal Care and Use Bioethics

Commission, Institute of Pharmacology, Polish Acad-

emy of Sciences in Kraków.

Drugs

Imipramine HCl (ICN Polfa, Kraków, Poland), apo-

morphine HCl and (–)-nicotine hydrogen bitartrate

(Sigma-Aldrich, Poznañ, Poland) were dissolved in

sterile saline. When appropriate, pH was adjusted to

7.0 by the addition of 10 M NaOH solution. Drug or

vehicle solutions were administered in a volume of

1 ml/kg at the following doses: imipramine 10 mg/kg,

ip, nicotine (free base) 0.4 mg/kg, sc, and apomorphine

0.15 mg/kg, sc.

Acute and chronic drug treatment

The rats received nicotine, imipramine, or both drugs

together. In the acute experiment, the drugs were ad-

ministered twice a day, at 08:30 and 18:00 h. In the

chronic experiment, the drugs were administered in

the same manner for 14 consecutive days. The control

groups received saline instead of the drug. Apomor-

phine was administered only once, 16 h after the last
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treatment, i.e. at 10:00 h on the following day. After

that the rats were subjected to the locomotor activity test

and decapitated 1 h after apomorphine administration.

Monoamine metabolism studies

Immediately after decapitation the brains were rapidly

removed and placed on an ice-chilled glass plate and

appropriate brain structures were removed, using

a visually guided procedure, as described in detail

elsewhere [4]. The following structures were col-

lected and stored in dry ice (_70°C) until used for bio-

chemical assays: the frontal cortex, nucleus accum-

bens, striatum, substantia nigra, and brain stem. The

content of dopamine (DA), noradrenaline (NA) and

their metabolites, homovanillic acid (HVA) and 3-

methoxy-4-hydroxyphenylglycol (MHPG), were as-

sayed by means of high-performance liquid chroma-

tography (HPLC) with electrochemical detection. The

content of DA and HVA was assayed in all the struc-

tures, while that of NA and MHPG only in the brain

stem, as the levels of MHPG in other investigated

brain regions were close to the detection limit. The

tissue samples were weighed and homogenized in

ice-cold 0.1 M trichloroacetic acid containing 0.05 mM

ascorbic acid. After centrifugation (10,000 × g, 5 min),

the supernatants were filtered through RC 58 0.2 mm

cellulose membranes (Bioanalytical Systems, West

Lafayette, IN USA). The chromatograph (Hewlett-

Packard 1050) was equipped with C18 columns. The

mobile phase consisted of 0.05 M citrate-phosphate

buffer, pH = 3.5, 0.1 mM EDTA, 1 mM sodium octyl

sulfonate, and 3.5% methanol. The flow rate was

maintained at 0.8 ml/min. Biogenic amines and their

metabolites were quantified by peak height compari-

sons with standards run on the day of analysis.

Data analysis

The results were analyzed by means of one-way

analysis of variance, followed, when appropriate, by

Fisher’s Least Significance Difference test (LSD).

The total catabolism rate for DA was assessed from

the ratio of the concentration of the common final do-

pamine metabolite, HVA, to the dopamine concentra-

tion, and expressed as the index of catabolism rate

([HVA]/[DA]) × 100. The indices were calculated us-

ing concentrations from individual tissue samples

(n = 6–8). The catabolism rate for NA was calculated

in the analogous way, using the ratios

([MHPG]/[NA]) × 100 [3].

838 �����������	��� 
������ ����� ��� �������

Tab. 1. The effect of acute and chronic either separate or combined
administration of imipramine and nicotine on apomorphine-induced
changes in dopamine metabolism in the rat frontal cortex

Treatment Dopamine
(ng/g tissue)

HVA
(ng/g tissue)

Metabolic rate
HVA/DA

Frontal cortex

Acute Acute

Saline Saline 675 ± 52 122 ± 8 18.4 ± 1.3

IMI Saline 877 ± 95 155 ± 18* 17.7 ± 1.0

NIC Saline 765 ± 35 123 ± 8 16.1 ± 1.1

NIC + IMI Saline 948 ± 99* 135 ± 11 14.4 ± 0.7

Saline APO 901 ± 107* 79 ± 6** 9.9 ± 1.4**

IMI APO 956 ± 48 84 ± 4 8.8 ± 0.3

NIC APO 917 ± 153 87 ± 15 9.5 ± 0.3

NIC +IMI APO 865 ± 95 96 ± 8 11.5 ± 1.4

F F(7, 46) = 1.05 F(7, 46) = 7.03
p < 0.01

F(7, 46) = 12.65
p < 0.01

Chronic Acute

Saline Saline 942 ± 90 159 ± 16 16.7 ± 2.1

IMI Saline 1176 ± 121* 146 ± 7 13.1 ± 14

NIC Saline 888 ± 49 147 ± 13 16.7 ± 1.3

NIC + IMI Saline 986 ± 109 117 ± 6** 12.5 ± 1.4*

Saline APO 1104 ± 53 87 ± 3** 8.1 ± 0.5**

IMI APO 905 ± 74 76 ± 4 8.6 ± 0.9

NIC APO 943 ± 87 86 ± 7 9.1 ± 1.5

NIC +IMI APO 1127 ± 138 79 ± 12 7.5 ± 0.8

F F(7, 46) = 1.42 F(7, 46) = 12.20
p < 0.01

F(7, 46) = 7.95
p < 0.01

The rats were killed: 16 h after acute (two injections) and chronic
(twice daily for 14 days) treatment of imipramine (IMI, 10 mg/kg ip),
nicotine (NIC, 0.4 mg/kg sc), and both these drugs (NIC + IMI, nico-
tine 30 min before imipramine), and 1 h after apomorphine (APO,
0.15 mg/kg sc) administration. The data show concentrations in ng/g
tissue and are presented as the means ± SEM of 5–6 samples. The
rate of dopamine metabolism was assessed from the ratio of the final
dopamine metabolite, HVA to dopamine concentration, and ex-
pressed as the index of catabolism rate ([HVA]/[DA]) � 100. Statisti-
cal significance was assessed using one-way ANOVA followed,
when appropriate with Fisher’s Least Significance Difference test.
Control groups: saline + saline (* – difference from saline group), sa-
line + APO (

�

– difference from APO group); * p < 0.05, ** p < 0.01
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Tab. 2. The effect of acute and chronic either separate or combined
administration of imipramine and nicotine on apomorphine-induced
changes in dopamine metabolism in the rat nucleus accumbens

Treatmet Dopamine
(ng/g tissue)

HVA
(ng/g tissue)

Metabolic rate
HVA/DA

Nucleus accumbens

Acute Acute

Saline Saline 11123 ± 744 958 ± 43 8.7 ± 0.3

IMI Saline 10919 ± 556 1026 ± 78 9.3 ± 0.5

NIC Saline 10015 ± 627 795 ± 92* 8.0 ± 0.9

NIC + IMI Saline 11146 ± 618 832 ± 52 7.5 ± 0.4*

Saline APO 10379 ± 998 478 ± 51** 4.6 ± 0.3**

IMI APO 10348 ± 1034 470 ± 34 4.6 ± 0.2

NIC APO 9755 ± 1278 452 ± 52 4.9 ± 0.5

NIC +IMI APO 10391 ± 1075 515 ± 60 4.9 ± 0.5

F F(7, 47) = 0.32 F(7, 47) = 15.43
p < 0.01

F(7, 47) = 16.39
p < 0.01

Chronic Acute

Saline Saline 8250 ± 1281 673 ± 103 8.7 ± 0.3

IMI Saline 8008 ± 1425 567 ± 90 7.2 ± 0.2*

NIC Saline 8961 ± 413 673 ± 47 7.5 ± 0.3

NIC + IMI Saline 8016 ± 1413 505 ± 91* 6.1 ± 0.2**

Saline APO 7985 ± 802 326 ± 41** 4.0 ± 0.2**

IMI APO 6997 ± 776 243 ± 14 3.6 ± 0.3

NIC APO 8029 ± 451 308 ± 34 3.8 ± 0.3

NIC +IMI APO 7074 ± 1157 243 ± 35 3.5 ± 0.3

F F(7, 47) = 0.37 F(7, 47) = 8.08
p < 0.01

F(7, 47) = 45.18
p < 0.01

The rats were killed: 16 h after acute (two injections) and chronic
(twice daily. for 14 days) treatment of imipramine (IMI, 10 mg/kg, ip),
nicotine (NIC, 0.4 mg/kg, sc), and both these drugs (NIC + IMI, nico-
tine 30 min before imipramine), and 1 h after apomorphine (APO,
0.15 mg/kg, sc) administration. The data show concentrations in ng/g
tissue and are presented as the means ± SEM of 5–6 samples. The
rate of dopamine metabolism was assessed from the ratio of the final
dopamine metabolite HVA to dopamine concentration and ex-
pressed as the index of catabolism rate ([HVA]/[DA]) � 100. Statisti-
cal significance was assessed using one-way ANOVA followed when
appropriate with Fisher’s Least Significance Difference test. Control
groups: saline + saline (* – difference from saline group). Saline + APO
(
�

– difference from APO group); * p < 0.05, ** p < 0.01

Tab. 3. The effect of acute and chronic either separate or combined
administration of imipramine and nicotine on apomorphine-induced
changes in dopamine metabolism in the rat striatum

Treatmen
t

Dopamine
(ng/g tissue)

HVA
(ng/g tissue)

Metabolic rate
HVA/DA

Striatum

Acute Acute

Saline Saline 13060 ± 694 993 ± 51 7.6 ± 0.3

IMI Saline 13660 ± 1140 1239 ± 148* 8.9 ± 0.4��

NIC Saline 14330 ± 761 1161 ± 91 8.1 ± 0.5

NIC + IMI Saline 15143 ± 749* 1172 ± 53 7.8 ± 0.3

Saline APO 14718 ± 732 627 ± 54** 4.2 ± 0.2**

IMI APO 15737 ± 412 704 ± 20 4.5 ± 0.6

NIC APO 13513 ± 555 674 ± 60 4.9 ± 0.5

NIC + IMI APO 12796 ± 616 762 ± 109� 5.9 ± 0.5��

F F(7, 47) = 1.99 F(7, 47) = 9.34
p < 0.01

F(7, 47) = 22.07
p < 0.01

Chronic Acute

Saline Saline 11728 ± 918 968 ± 112 8.2 ± 0.5

IMI Saline 13821 ± 774 1213 ± 142* 8.7 ± 0.8

NIC Saline 13644 ± 385 1058 ± 91 7.7 ± 0.5

NIC + IMI Saline 16151 ± 1080** 1079 ± 79 6.9 ± 0.3*

Saline APO 15809 ± 1078** 602 ± 54** 3.8 ± 0.2**

IMI APO 13282 ± 517� 506 ± 21 3.8 ± 0.2

NIC APO 15258 ± 674 804 ± 102 5.1 ± 0.6�

NIC + IMI APO 14697 ± 760 647 ± 35 4.4 ± 0.2

F F(7, 47) = 3.31
p < 0.01

F(7, 47) = 8.49
p < 0.01

F(7, 47) = 17.68
p < 0.01

The rats were killed: 16 h after acute (two injections) and chronic
(twice daily, for 14 days) treatment of imipramine (IMI, 10 mg/kg, ip),
nicotine (NIC, 0.4 mg/kg, sc), and both these drugs (NIC + IMI, nico-
tine 30 min before imipramine), and 1 h after apomorphine (APO,
0.15 mg/kg, sc) administration. The data show concentrations in ng/g
tissue and are presented as the means ± SEM of 5–6 samples. The
rate of dopamine metabolism was assessed from the ratio of the final
dopamine metabolite, HVA to dopamine concentration, and ex-
pressed as the index of catabolism rate ([HVA]/[DA]) � 100. Statisti-
cal significance was assessed using one-way ANOVA followed,
when appropriate with Fisher’s Least Significance Difference test.
Control groups: saline + saline (* – difference from saline group), sa-
line + APO (

�

– difference from APO group); * p < 0.05, ** p < 0.01



Results

Effect of acute and chronic treatment

on dopaminergic neurons

Acute administration of imipramine tended to elevate

HVA level in all investigated structures, except for the

brain stem. The significant increase in HVA concen-

tration was obtained in the frontal cortex (27%) and

striatum (25%) while no significant changes were ob-

served in the concentration of dopamine (Tab. 1–5).

Significant effects of the acute administration of nicotine

were observed only in the nucleus accumbens (a decrease

in the HVA level by 17%, p < 0.05) and in the substantia

nigra, in which the dopamine level was increased (by

30%, p < 0.01), with a concomitant tendency to elevation

of the HVA level (18%, p < 0.1) (Tab. 2, 4).

The acute combined treatment with nicotine and

imipramine resulted in an increase in dopamine con-

tent in the frontal cortex (by 40%, p < 0.05; Tab. 1),

striatum (by 16%, p < 0.05; Tab. 3), and substantia ni-

gra (by 22%, p < 0.05; Tab. 4). The level of HVA was

only insignificantly increased in those structures.

Chronic administration of imipramine elevated sig-

nificantly the HVA level only in the striatum by 25%,

(p < 0.05; Tab. 3), and similarly increased the dopa-

mine level in the frontal cortex (by 25%, p < 0.05; Tab.

1). Significant effects of the chronic administration of

nicotine were observed only in the substantia nigra, in

which, in contrast to the effect of acute treatment, the

dopamine level was unchanged, but the HVA level was

significantly depressed (by 25%, p < 0.05; Tab. 4).

The chronic combined treatment with nicotine and

imipramine, in contrast to the acute dosing, resulted in

a strong decrease in the HVA level in the frontal cor-

tex (by 27%, p < 0.01; Tab. 1), nucleus accumbens

(by 26%, p < 0.05; Tab. 2) and substantia nigra (by

43%, p < 0.01; Tab. 4), in which the level of dopa-

mine concomitantly decreased (by 20%, p < 0.05). In

the striatum, there was a strong elevation of dopamine

(by 38%, p < 0.01; Tab. 3) without a change in the

HVA level. In all the structures but the brain stem, the

rate of dopamine metabolism was significantly de-

creased (by 25 –30% p < 0.05; Tab. 1–5).

Effect of acute and chronic treatment

on noradrenergic neurons in the brain stem

Imipramine inhibited noradrenaline metabolism as re-

flected by a significant depression of its metabolite,

MHPG in the brain stem (by 29%, p < 0.01) without

any change in noradrenaline concentration. Conse-

quently, the metabolic rate declined by 20% (p < 0.01).

Nicotine treatment was without effect and did not

modulate the effect of imipramine (Tab. 6).

In contrast to acute treatment, chronically adminis-

tered imipramine did not change the rate of nora-

drenaline metabolism, as it did not affect the levels of

noradrenaline and MHPG. Nicotine, similarly like af-

ter acute administration did not affect noradrenaline

and MHPG concentrations, and did not change the

rate of noradrenaline metabolism. The chronic com-

bined treatment, in contrast to an acute one, increased

rather than decreased the rate of noradrenaline me-

tabolism (by 23%, p < 0.05; Tab. 6).

Biochemical response to apomorphine

in dopaminergic neurons

Apomorphine administration resulted in the inhibition

of dopamine release from the nerve endings, as re-

flected by a profound decrease (by 35 – 50%, p < 0.05)

in HVA level in the frontal cortex, nucleus accumbens

and striatum, but was only slightly reduced (by 10%

n.s.) in the cell bodies in the substantia nigra (Tab. 1– 4).

No significant changes were observed in the HVA

level in the brain stem (Tab. 5). Apomorphine admini-

stration also markedly reduced the dopamine metabo-

lism rate (by 45–47%, p < 0.01) in the frontal cortex

(Tab. 1), nucleus accumbens (Tab. 2) and striatum

(Tab. 3), and much less strongly in the substantia ni-

gra (by 25%, p < 0.01; Tab. 4) and brain stem (by

18%, p < 0.05; Tab. 5). This is consistent with

negative-feedback mechanism after dopamine D2 re-

ceptor stimulation.

The acute administration of either imipramine or

nicotine did not affect the response to apomorphine in

all investigated structures (Tab. 1–5). However, the

combined treatment effectively inhibited the re-

sponses to apomorphine in the striatum (Tab. 3).

Concerning the response to apomorphine after

chronic treatment with the investigated drugs, the

most affected structure was the brain stem. In this

structure, chronic administration of either of the com-

pounds alone produced no significant effect, the com-

bined chronic administration of nicotine and imi-

pramine completely antagonized the biochemical ef-

fect of apomorphine, i.e. the depressed HVA level and

the decreased dopamine metabolism rate returned to

the control values (Tab. 5). The only other significant
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effects of chronic treatment were seen in the striatum,

where imipramine attenuated the apomorphine-

induced increase in dopamine concentration, and

nicotine prevented the apomorphine-induced inhibi-

tion of dopamine metabolism. However, the com-

bined treatment produced neither effect (Tab. 3).

Biochemical response to apomorphine

in noradrenergic neurons

Apomorphine treatment depressed significantly the

MHPG level (by 25%, p < 0.05) without affecting the

noradrenaline level. The noradrenaline metabolism

was reduced (by 17%, p < 0.05). The acute admini-

stration of neither imipramine or nicotine nor their
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Tab. 4. The effect of acute and chronic either separate or combined
administration of imipramine and nicotine on apomorphine-induced
changes in dopamine metabolism in the rat substantia nigra

Treatment Dopamine
(ng/g tissue)

HVA
(ng/g tissue)

Metabolic rate
HVA/DA

Substantia nigra

Acute Acute

Saline Saline 860 ± 38 146 ± 16 17.1 ± 1.8

IMI Saline 929 ± 37 158 ± 11 17.0 ± 0.8

NIC Saline 1119 ± 111** 173 ± 18 15.7 ± 1.3

NIC + IMI Saline 1049 ± 80* 169 ± 8 16.4 ± 1.2

Saline APO 1062 ± 103* 131 ± 10 13.0 ± 1.6**

IMI APO 988 ± 83 140 ± 9 14.4 ± 0.9

NIC APO 905 ± 76 137 ± 10 15.4 ± 0.8

NIC +IMI APO 966 ± 90 130 ± 17 13.3 ± 0.8

F F(7, 47) = 2.85
p < 0.05

F(7, 47) = 1.67 F(7, 47) = 1.65

Chronic Acute

Saline Saline 1228 ± 95 159 ± 17 13.0 ± 1.1

IMI Saline 1020 ± 95 126 ± 13 12.6 ± 1.4

NIC Saline 1107 ± 112 120 ± 27* 10.4 ± 1.5

NIC + IMI Saline 981 ± 75* 91 ± 10** 9.4 ± 0.5*

Saline APO 976 ± 61* 103 ± 9** 10.7 ± 1.1

IMI APO 981 ± 92 101 ± 12 10.7 ± 1.7

NIC APO 1070 ± 86 109 ± 9 10.0 ± 0.8

NIC +IMI APO 1061 ± 78 124 ± 9 1.1 ± 1.7

F F(7, 47) = 0.94 F(7, 47) = 2.60
p < 0.05

F(7, 47) = 1.49

The rats were killed: 16 h after acute (two injections) and chronic
(twice daily, for 14 days) treatment of imipramine (IMI, 10 mg/kg, ip),
nicotine (NIC, 0.4 mg/kg, sc), and both these drugs (NIC + IMI, nico-
tine 30 min before imipramine), and 1 h after apomorphine (APO,
0.15 mg/kg sc) administration. The data show concentrations in ng/g
tissue and are presented as the means ± SEM of 6 samples. * p < 0.05,
** p < 0.01 (difference from saline group)

Tab. 5. The effect of acute and chronic either separate or combined
administration of imipramine and nicotine on apomorphine-induced
changes in dopamine metabolism in the rat brain stem

Treatment Dopamine
(ng/g tissue)

HVA
(ng/g tissue)

Metabolic rate
HVA/DA

Brain stem

Acute Acute

Saline Saline 95 ± 5 69 ± 6 72.6 ± 9

IMI Saline 87 ± 6 68 ± 8 78.1 ± 10

NIC Saline 95 ± 9 71 ± 10 74.7 ± 8

NIC + IMI Saline 99 ± 11 70 ± 7 70.7 ± 11

Saline APO 98 ± 10 58 ± 10 59.2 ± 9*

IMI APO 94 ± 12 54 ± 9 57.4 ± 8

NIC APO 95 ± 15 57 ± 12 60.0 ± 10

NIC +IMI APO 91 ± 9 55 ± 8 60.4 ± 7

F F(7, 47) = 0.89 F(7, 47) = 1.62 F(7, 47) = 3.01
p < 0.05

Chronic Acute

Saline Saline 103 ± 9 79 ± 17 77.6 ± 12

IMI Saline 107 ± 10 82 ± 15 76.6 ± 11

NIC Saline 121 ± 12 91 ± 21 75.2 ± 9

NIC + IMI Saline 116 ± 19 85 ± 14 73.4 ± 7

Saline APO 117 ± 10 56 ± 12* 47.8 ± 8*

IMI APO 97 ± 9 55 ± 8 56.7 ± 9

NIC APO 121 ± 7 59 ± 11 48.5 ± 5

NIC +IMI APO 99 ± 6 73 ± 10� 73.7 ± 10�

F F(7, 47) = 0.39 F(7, 47) = 3.49
p < 0.05

F(7, 47) = 4.05
p < 0.05

The rats were killed: 16 h after acute (two injections) and chronic
(twice daily for 14 days) treatment of imipramine (IMI, 10 mg/kg, ip),
nicotine (NIC, 0.4 mg/kg, sc), and both these drugs (NIC + IMI, nico-
tine 30 min before imipramine), and 1 h after apomorphine (APO,
0.15 mg/kg, sc) administration. The data show concentrations in ng/g
tissue and are presented as the means ± SEM of 5–6 samples. The
rate of dopamine metabolism was assessed from the ratio of the final
dopamine metabolite HVA to dopamine concentration. and ex-
pressed as the index of catabolism rate ([HVA]/[DA]) � 100. Statisti-
cal significance was assessed using one-way ANOVA followed.
when appropriate with Fisher’s Least Significance Difference test.
Control groups: saline + saline (* – difference from saline group) sa-
line + APO (

�

– difference from APO group); * p < 0.05; ** p < 0.01



combination affected the biochemical response to

apomorphine (Tab. 6).

In rats receiving chronically imipramine, apomor-

phine significantly depressed the level of noradrena-

line (by 19%, p < 0.01) in comparison with control

apomorphine-treated group. The effect of apomor-

phine on MHPG level was significantly antagonized

by chronic treatment with nicotine, alone or in combi-

nation with imipramine. The inhibitory effect of apo-

morphine on noradrenaline metabolism rate was com-

pletely prevented by chronically administered imi-

pramine, given alone or in combination with nicotine

(Tab. 6).

Discussion

The present study was designed to elucidate which

biochemical processes underlie the previously de-

scribed [23] phenomenon of augmentation of antide-

pressant action of imipramine by nicotine co-

administration, as measured in apomorphine hyperac-

tivity test, a test regarded as characteristic of antide-

pressant action [16, 31]. To investigate how nicotine

modulates the effect of imipramine, we contrasted the

effects of an acute and chronic treatment with those

drugs on dopamine metabolism in different brain

structures and on noradrenaline metabolism in the

brain stem. The effects of acute administration dif-

fered drastically from chronic ones, indicating the de-

velopment of adaptive changes.

Acute vs. chronic treatment: effects

on dopamine system

The effect of acute imipramine, viz. an increase in

HVA in the striatum and frontal cortex, was consistent

with the mild antagonistic action of imipramine at do-

paminergic D2 receptors, which is not surprising, as

imipramine was introduced to the clinic as an antipsy-

chotic drug [9]. This effect was less expressed after

chronic treatment, particularly in the mesolimbic do-

paminergic structures. This indicates an adaptive

change, which may be explained by the development

of hypersensitivity of dopamine D2 receptors. How-

ever, the activation of dopaminergic system by ad-

ministration of antidepressants in animals and humans was

suggested by several authors [1, 8, 13–15, 20, 31, 34].

Except for a minor effect of acute nicotine admini-

stration on the nucleus accumbens, the substantia ni-

gra was the only target of biochemical effects of this

drug, which upon the acute treatment increased dopa-

mine concentration in this structure, suggesting an ac-

tivation of dopaminergic neurons. The chronic treat-

ment caused an opposite effect, i.e. the decrease in

HVA without any change in dopamine concentration,
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Tab. 6. The effect of acute and chronic either separate or combined
administration of imipramine and nicotine on apomorphine-induced
changes in noradrenaline metabolism in rat brain stem

Treatment Noradrenaline
(ng/g tissue)

MHPG
(ng/g tissue)

Metabolic rate
MHPG/NA

Brain stem

Acute Acute

Saline Saline 662 ± 28 65 ± 9 9.8 ± 1.6

IMI Saline 592 ± 21 46 ± 3** 7.8 ± 0.6*

NIC Saline 714 ± 27 70 ± 9 9.7 ± 1.4

NIC + IMI Saline 641 ± 30 45 ± 3** 7.1 ± 0.6**

Saline APO 690 ± 12 49 ± 3* 8.1 ± 0.5*

IMI APO 691 ± 20 44 ± 5 6.4 ± 0.6

NIC APO 703 ± 45 59 ± 12 8.3 ± 1.6

NIC +IMI APO 657 ± 20 42 ± 4 6.4 ± 0.7

F F(7, 47) = 2.16 F(7, 47) = 4.34
p < 0.01

F(7, 47) = 3.01
p < 0.05

Chronic Acute

Saline Saline 668 ± 41 56 ± 6 7.9 ± 1.2

IMI Saline 627 ± 12 59 ± 5 8.8 ± 1.8

NIC Saline 714 ± 23 64 ± 6 8.7 ± 1.7

NIC + IMI Saline 645 ± 20 66 ± 9 9.7 ± 1.9*

Saline APO 724 ± 30 33 ± 3* 4.4 ± 0.7*

IMI APO 583 ± 2�� 42 ± 6 7.3 ± 0.8�

NIC APO 764 ± 30 50 ± 6� 6.2 ± 0.7

NIC +IMI APO 681 ± 19 53 ± 9� 7.9 ± 1.5�

F F(7, 47) = 6.34
p < 0.01

F(7, 47) = 3.41
p < 0.05

F(7, 47) = 2.92
p < 0.05

The rats were killed: 16 h after acute (two injections) and chronic
(twice daily for 14 days) treatment of imipramine (IMI, 10 mg/kg, ip),
nicotine (NIC, 0.4 mg/kg, sc), and both these drugs (NIC + IMI, nico-
tine 30 min before imipramine), and 1 h after apomorphine (APO,
0.15 mg/kg, sc) administration. The data show concentrations in ng/g
tissue and are presented as the means ± SEM of 5–6 samples. The
rate of noradremaline metabolism was assessed from the ratio of the
final noradrenaline metabolite MHPG to noradrenaline concentration.
and expressed as the index of catabolism rate ([MHPG]/[NA]) �100.
Statistical significance was assessed using one-way ANOVA fol-
lowed when appropriate with Fisher’s Least Significance Difference
test. Control groups: saline + saline (* – difference from saline group)
saline + APO (

�

– difference from APO group); * p < 0.05, ** p < 0.01



indicating the development of nigral neuron inhibi-

tion. The reversal of the effect of nicotine after

chronic administration may suggest development of

adaptive changes involving hypersensitivity of dopa-

mine D2 receptors.

The effects of acute combined treatment were

greater than the sum of the effects of individual drugs,

as it resulted in elevation of dopamine level in several

brain areas: the frontal cortex, striatum and substantia

nigra. This suggests that dopaminergic system activa-

tion is caused specifically by a combination of the two

drugs. The biochemical effect parallels the effect of

those drugs in the forced swim test [22]. The chronic

combined treatment resulted in opposite effects since

there was a strong inhibition of dopamine metabolism,

reflected by a fall in HVA level in several brain struc-

tures. Such a change is typical of the development of

dopamine D2 receptor hypersensitivity [11].

Acute vs. chronic treatment: effects

on noradrenaline system

Acute imipramine affected strongly the noradrenergic

system in the brain stem, as evidenced by the signifi-

cant inhibition of noradrenaline metabolism reflected

by a decrease in the level of MHPG. This is most

probably caused by the imipramine-induced inhibi-

tion of noradrenaline transporter, resulting in an in-

crease in noradrenaline interaction with noradrenergic

�2 receptors [9]. Nicotine, which by itself produced

no effect on noradrenaline metabolism, did not affect

the effect of imipramine, either.

Similarly as in dopaminergic system, the effects of

chronic administration of imipramine were different

from acute ones, viz. imipramine ceased to induce

changes in noradrenaline system, producing no inhibi-

tion of noradrenaline metabolism. This indicates the

development of adaptive changes, involving subsensi-

tivity of noradrenergic �2 receptors, controlling nora-

drenaline release. The development of �2 adrenocep-

tor subsensitivity, which leads to an increase in nora-

drenaline release, was regarded as an important

feature of action of antidepressants [2, 18, 30, 33] re-

lated to their therapeutical efficacy [29]. Nicotine ad-

dition to the treatment resulted in an increase in nora-

drenaline metabolism, which may be regarded as ac-

centuation of the adaptive change induced by chronic

administration of imipramine alone.

Responses to apomorphine in dopaminergic

neurons

The biochemical response to apomorphine was typi-

cal of a dopaminergic agonist. It involved a potent in-

hibition of the rate of dopamine metabolism, reflected

by a decrease in the concentration of its main metabo-

lite, HVA. This response was not affected either by

acute or chronic administration of imipramine, nico-

tine and their combination, except for the brain stem,

in which the combined chronic treatment abolished

the biochemical effect of apomorphine. While the

combined chronic treatment with imipramine and

nicotine produced changes suggesting development of

hypersensitivity of dopamine D2 receptors (evident

inhibition of dopamine metabolism rate in all dopa-

minergic structures), the biochemical response to apo-

morphine administration in this group remained unaf-

fected. This may be explained by the fact that the ap-

plied dose of apomorphine (necessary to produce

behavioral effects) induces in biochemical experi-

ments a ceiling effect, whose further enhancement

was impossible.

The biochemical response to apomorphine in the

brain stem was different than in dopaminergic struc-

tures. While chronic administration of either of the

compounds alone produced no significant effect, the

combined chronic administration of nicotine and imi-

pramine completely antagonized the effect of apo-

morphine. This suggests that in the brain stem, differ-

ently than in “dopaminergic” structures (nucleus ac-

cumbens, striatum) the chronic combined treatment

with nicotine and imipramine leads to subsensitivity

instead of hypersensitivity of dopamine D2 receptors.

This may have a profound influence on the responses

of the noradrenergic system, whose all ascending neu-

rons are located in this brain area.

Responses to apomorphine in noradrenergic

neurons

Apomorphine is regarded as a specific agonist of do-

pamine D1 and D2 receptors, but it may indirectly af-

fect the noradrenergic system, by stimulation of in-

hibitory dopamine D2 receptors that are localized on

noradrenergic neurons and may control noradrenaline

release [7, 12, 17, 19]. This was most probably the

mechanism by which apomorphine inhibited the nora-

drenaline metabolism rate and inhibited noradrenaline

release in the brain stem.
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While an acute administration of the investigated

drugs did not change this effect of apomorphine, the

chronic treatment with imipramine and nicotine alone and

in combination prevented the biochemical response to

apomorphine. Similarly as the results with the rate of do-

pamine metabolism, this reflects the development of sub-

sensitivity of dopamine D2 receptors in the brain stem.

The position of nicotine as a potential

antidepressant

The possibility that nicotine may have antidepressant

properties was discussed in the literature in the light

of epidemiological and experimental data [21]. How-

ever, the effect of nicotine is very complicated, par-

ticularly as it can act through various types of nico-

tinic receptors, which in different manner affect the

release of several neurotransmitters [5]. Even if ex-

perimental studies provide some evidence for antide-

pressant effect of nicotine [22, 23, 28], in practice

nicotine is far from being regarded as useful for treat-

ment of affective disorders. Our experiments did not

indicate that nicotine brings about sustained antide-

pressant effects, as chronic treatment with the drug

did not cause biochemical effects similar to those in-

duced by imipramine. Our previous behavioral studies

[23] showed that nicotine given for two weeks, in

contrast to imipramine, did not potentiate the motor

response to apomorphine. However, nicotine strongly

potentiated, by as yet unexplained mechanism, the

biochemical and behavioral effects of imipramine,

and this gives hopes that it may augment the effi-

ciency of a standard antidepressant treatment.

The relation between biochemical

and behavioral effects

As the biochemical data reported here were obtained

from the specimens of the brains of animals whose re-

sponses to apomorphine were tested behaviorally be-

fore decapitation, it is possible to discuss the present data in

the light of behavioral results published earlier by us [ 23].

The increased motor response to apomorphine in

animals receiving chronically imipramine, and the

augmentation of this effect by addition of nicotine

may be explained by the present biochemical data.

Chronic treatment with imipramine caused a marked

augmentation of the behavioral response to apomor-

phine, and at the same time noradrenergic activity was

increased (due to hyposensitivity of �2-adrenoceptor)

in the brain stem and there was a tendency to the in-

crease in dopamine D2 receptor sensitivity in the

mesolimbic dopamine structures (frontal cortex and

nucleus accumbens). The latter results were, however,

only of borderline statistical significance.

Nicotine addition to imipramine treatment resulted in

a stronger behavioral response to apomorphine and in

augmentation of the biochemical effect of imipramine

on dopaminergic and noradrenergic systems. Undoubt-

edly the strongly increased sensitivity of dopamine D2

receptors in the forebrain structures was responsible for

the increased motor response. The role of noradrenergic

activation (augmented by addition of nicotine) in the be-

havioral response to apomorphine is uncertain, although

the fact that a pure dopaminergic agonist, apomorphine,

activates motor activity less than amphetamine, a com-

pound activating both dopaminergic and noradrenergic

system, suggests an important role for noradrenaline.

Thus, the addition of nicotine to the treatment with

imipramine augmented the biochemical effects of

imipramine, and this may explain the potentiation of

the behavioral effect which is regarded as a marker of

antidepressant activity.
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