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The role of dopamine in the mechanism of action of antidepressant drugs
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Abstract

The present paper reviews evidence on the effect of antidepressant treatments on dopamine transmission. Chronic treatment with
antidepressant drugs potentiates the behavioural stimulant responses elicited by the stimulation of dopamine receptors, including
reward-related behaviours. Moreover, antidepressants affect dopamine release in several brain areas. The reviewed literature is discussed
in terms of the possible mechanisms underlying antidepressant-induced supersensitivity to dopamine-mediated behavioural responses, and
of the possible implications for the therapeutic effect of these drugs. It is concluded that the potentiation of dopaminergic neurotransmis-
sion induced by chronic antidepressant treatments might contribute to their therapeutic effect. q 2000 Elsevier Science B.V. All rights
reserved.
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1. Introduction

The majority of antidepressant drugs increase the avail-
ability of noradrenaline andror serotonin in the synaptic
cleft, either by blocking their reuptake by nerve terminals,
or by inhibiting their catabolism by monoamine oxidase
enzymes. For this reason, it has been traditionally as-
sumed, on the one hand, that depression is caused by a
decreased serotonergic andror noradrenergic neurotrans-
mission, and on the other hand, that the therapeutic effect
of antidepressants is due to their ability to restore these

Ž .deficits Baldessarini, 1996 . However, evidence for an
impaired serotonergic andror noradrenergic neurotrans-

Žmission in depressive patients is inconsistent see
.Schwaninger et al., 1997 . Moreover, some potent antide-

pressants, such as mianserin and mirtazapine, do not affect
Žthe reuptake or degradation of biogenic amines Balde-

.ssarini, 1996; Golden et al., 1998 . Furthermore, the ef-
fects of antidepressant drugs on noradrenaline andror
serotonin concentration in the synaptic cleft occur immedi-
ately after a single administration, while their effect in
relieving depression symptoms is not apparent before at
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Žleast 2–4 weeks of treatment Baldessarini, 1996;
.Schwaninger et al., 1997 .

On the basis of these observations, and of the literature
that has accumulated in decades of research, it is now

.accepted a that the pathogenesis of depression cannot be
explained only in terms of impaired noradrenaline andror

.serotonin neurotransmission and b that the mechanism of
action of antidepressant drugs is due to a complex series of
events, of which the acute effects of these drugs are only

Žthe first step Hyman and Nestler, 1996; Schwaninger et
.al., 1997 .

It has been demonstrated that chronic treatment with
antidepressants influences a variety of neurotransmitter
systems and induces in the brain a great number of adap-
tive changes. Most importantly, common long-term effects,
shared by treatments with a different AacuteB mechanism

Žof action i.e. different antidepressant drugs, but also elec-
troconvulsive shock and REM-sleep deprivation, which

.exert a therapeutic effect on depressive symptoms , have
been described. On the other hand, although numerous
studies have produced data suggesting either an increased
or a decreased activity of different neurotransmitter sys-

Ž .tems mainly monoaminergic , the available evidence is
either inconsistent or not conclusive in demonstrating that
the proposed alterations are in fact either necessary or
sufficient to cause a depressive state. Therefore, at present,
no hypothesis based upon a single neurotransmitter system
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can be considered exhaustive in explaining either the
therapeutic effect of antidepressant treatments, or, even
less, the possible mechanisms underlying the pathophysiol-
ogy of depression.

In the present paper, experimental evidence suggesting
a role of dopamine in the mechanism of action of antide-
pressant drugs will be reviewed.

In the late seventies it has been proposed an involve-
ment of dopamine, on the one hand, in the pathophysiol-
ogy of depression and mania, and, on the other hand, in the

Žmechanism of action of antidepressants Randrup et al.,
.1975; Serra et al., 1979 .

Two important lines of experimental evidence prompted
the investigation on the possible role of dopamine both in
the pathogenesis of depression and in the mechanism of
action of antidepressant treatments. Firstly, drugs which
increase dopamine levels, such as cocaine and am-
phetamine, produce mood elation; conversely, drugs which
either reduce dopamine levels, such as reserpine, or block
dopamine receptors, such as neuroleptics, can induce either

Ž .dysphoria or depressed mood Jimerson, 1987 . In addi-
tion, different compounds affecting directly either
dopamine levels or dopamine receptors display a demon-

Ž .strated antidepressant activity Baldessarini, 1996 . Sec-
ondly, it has been demonstrated by an enormous bulk of
studies, that dopaminergic neurons originating in the ven-
tral tegmental area and projecting their nerve terminals
into different telencephalic areas, amongst which are the
prefrontal cortex and the nucleus accumbens, are involved
in the control of reward-related behaviour and incentive

Žmotivation Blackburn et al., 1992; Fibiger and Phillips,
.1987; Wise, 1989 , which are impaired in depression

Ž .American Psychiatric Association, 1994 . Therefore, to
demonstrate that antidepressant drugs are capable to Aim-
proveB the functioning of these neural systems, would
provide a possible explanation of at least some of their

Žtherapeutic effects i.e. the therapeutic effect on anhedonia
.and loss of motivation .

2. Chronic treatment with antidepressants sensitizes
dopamine receptors preferentially in the mesolimbic
system

The first study on the effects of chronic treatment with
antidepressants on dopamine transmission was performed
in 1979 in our laboratory. In particular, the effect of
chronic treatment with antidepressants on the behavioural
and biochemical responses to the direct dopamine receptor

Ž .agonist, apomorphine Serra et al., 1979 , was studied.
Direct dopamine receptor agonists display a biphasic be-
havioural effect: at relatively high doses they produce an
increase in locomotor activity and cause stereotypies, while
at smaller doses they reduce locomotor activity and cause
sedation. The locomotor response to dopamine receptor
agonists is mediated by the stimulation of dopamine recep-
tors in the nucleus accumbens, which is part of the

mesolimbic dopamine system. The stereotypies induced by
dopamine receptor agonists are mediated by the stimula-
tion of dopamine receptors in the corpus striatum, which is

Žpart of the extrapyramidal system Creese and Iversen,
.1975; Kelly et al., 1975 . The hypomotility and sedation

induced by the small doses are considered to be, at least in
part, the behavioural effect of the decrease in dopamine
transmission caused by the stimulation of dopamine au-
toreceptors, which results in the inhibition of synthesis and
release of dopamine, as well as of the firing rate of

Ž .dopamine neurons Di Chiara et al., 1978 . In fact, some
successive studies have produced evidence suggesting that
the sedative effect induced by low doses of dopamine
agonists, along with other effects attributed to the stimula-
tion of dopamine autoreceptors, might be the effect of the
stimulation of a sub-population of postsynaptic receptors
displaying, like dopamine autoreceptors, high affinity for

Ždopaminergic agonists and antagonists Morelli et al., 1986;
Scheel-Kruger, 1986; Serra et al., 1986; Stahle and Unger-¨

.stedt, 1987, 1989 . We observed that, after chronic treat-
ment with antidepressants, the motor stimulant effect of
apomorphine was potentiated, while the hypomotility and
the inhibition of dopamine synthesis produced by the small

Ž .doses of the drug were prevented Serra et al., 1979 . We
interpreted these findings suggesting that chronic antide-
pressants potentiate dopamine transmission by inducing a
subsensitivity of dopamine autoreceptors.

The first results consistent with this interpretation have
Ž .been obtained by Chiodo and Antelman 1980a,b : they

observed that, after chronic treatment with different antide-
pressant drugs or repeated electroconvulsive shock, the
inhibitory effect of apomorphine on the firing rate of
dopamine neurons in the substantia nigra was prevented.

Subsequent studies in the following 20 years have
confirmed, with a great deal of consistency, the ability of
chronic treatment with virtually all antidepressant drugs,
repeated electroconvulsive shock and REM-sleep depriva-
tion, to increase the motor stimulant effect of dopamine

Žreceptor agonists Collu et al., 1997; D’Aquila et al.,
1992a,b, 1997a,b,c; Maj et al., 1989; Serra et al., 1979,
1990a; Spyraki and Fibiger, 1981; but, for negative results,
see Arnt et al., 1984a,b; Chagraoui et al., 1990; Cabib et

.al., 1995; Gambarana et al., 1995b . However, more con-
flicting results have been obtained on the ability of antide-
pressants to prevent the effects attributed to the stimulation
of dopamine autoreceptors. While several laboratories pro-

Žduced results consistent with our first observation Arnt et
al., 1984b; Hasan and Leonard, 1981; Holcombe et al.,
1982; Nielsen, 1985; Maj and Wedzony, 1985, 1989;

.Vaccheri et al., 1984 , others failed to replicate the obser-
vations that antidepressant treatments prevent either the
hypomotility or the decrease in firing rate of dopamine
neurons induced by small doses of dopamine agonists
ŽDiggory and Buckett, 1984; MacNeil and Gower, 1982;

.Spyraki and Fibiger, 1981; Welch et al., 1982 . More
recently, several studies have shown that chronic treatment
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Žwith some antidepressant drugs desipramine, phenelzine
. Ž .and clorgyline , but not with others e.g. clomipramine ,

attenuate the locomotor suppressant effect of low doses of
Ž .apomorphine in rats Allison et al., 1993, 1995 . In mice,

chronic treatment with amineptine or desipramine reduced
the motor inhibitory effects of low doses of the dopamine

ŽD -like receptor agonist, quinpirole Chagraoui et al.,2
.1990 . In our laboratory, we observed that imipramine and

fluoxetine did not attenuate the locomotor suppressant
Žeffect of low doses of quinpirole Collu et al., 1997; Serra

.et al., 1990a . These results are in apparent contrast with
our earlier observation that chronic antidepressant treat-
ment prevents the sedative effect of small doses of apo-
morphine. However, it is likely that the doses of apomor-
phine used in the earlier study was high enough to act
postsynaptically on supersensitive dopamine D receptors.2

Indeed, chronic treatment with imipramine prevented the
sedative effect of the dose of 0.05 mgrkg of quinpirole but

Žfailed to influence the effect of smaller doses Serra et al.,
.1990a .

Therefore, most of the available evidence is consistent
with the hypothesis that chronic antidepressant treatments
potentiate dopamine transmission, and this potentiation
results from an increased sensitivity of postsynaptic
dopamine receptors, as firstly suggested by Spyraki and

Ž .Fibiger 1981 , rather than from a decreased sensitivity of
presynaptic dopamine receptors. Moreover, the potentia-
tion of dopamine transmission as revealed by behavioural
studies in normal animals occurs preferentially in the
limbic system. Indeed, chronic treatment with antidepres-
sant drugs potentiates the locomotor response to dopamine
receptor agonists administered either systemically, or di-

Žrectly into the nucleus accumbens Durlach Misteli and
.Van Ree, 1992; Maj and Wedzony, 1985 , while dopamine

agonist-induced stereotypies, mediated by the stimulation
Žof striatal receptors, are not affected Spyraki and Fibiger,

.1981; Serra et al., 1990a .
Ž .The authors and others see Serra et al., 1992 , sug-

gested that this potentiation might be responsible for the
therapeutic effect of antidepressant treatments, given the
involvement of dopamine in the control of reward-related
behaviour and incentive motivation, which are impaired in
depression. In support of this hypothesis, several studies
reported a potentiation by chronic treatment with antide-
pressant drugs of reward-related behaviours: food- and

Ž .apomorphine-induced Papp, 1988 and cocaine-induced
Ž .place preference Collu et al., 1994, 1996 , and brain
Ž .stimulation reward Fibiger and Phillips, 1981 .

3. Effects of antidepressants on different dopamine
receptor types

While the locomotor effect of dopamine D -like recep-2

tor agonists is potentiated by chronic antidepressant treat-
ment, the behavioural effect of the administration of

Ždopamine D receptor agonists is not influenced Serra et1
.al., 1990a,b; Maj et al., 1989 .

In spite of the behavioural evidence of supersensitivity
of postsynaptic dopamine D -like receptors in the limbic2

system, the results of dopamine receptor binding have
shown that the dopamine D -like receptor number, as2

w3 x w3 xmeasured by H spiperone, H raclopride and other radio-
labelled dopamine D -like receptor antagonist binding, is2

unchanged either in the limbic system or striatum after
chronic treatment with a number of different antidepres-

Žsant drugs or electroconvulsive shock Klimek and Nielsen,
1987; Martin et al., 1995; Martin-Iverson et al., 1983;

.Paetsch and Greenshaw, 1992 . By contrast, the noradrena-
line and dopamine reuptake inhibitor, nomifensine, and the
monoamine oxidase inhibitor, tranylcypromine, did even
decrease the number of dopamine D receptors, when2

Ž .given for 14 days Martin et al., 1995 . However, subse-
quent studies have shown that, if agonists instead of
antagonists are used as radioligands, an increase in the
density of dopamine D -like receptors can be demonstrated2

Žin the limbic forebrain Maj et al., 1996; Rogoz and
.Dziedicka Wasilewska, 1999 .

On the contrary, although chronic antidepressants fail to
modify the behavioural responses to dopamine D receptor1

stimulation, a decrease in dopamine D receptor number1

and sensitivity has been reported in the striatum and, even
more so, in the limbic areas and prefrontal cortex after

Žchronic treatment with antidepressants De Montis et al.,
1989; Gambarana et al., 1995a; Klimek and Nielsen, 1987;

.Paetsch and Greenshaw, 1992 . In another study, chronic
antidepressant treatments with desipramine, zimeldine,
amitriptyline, tranylcypromine, mianserin, electroconvul-
sive shock did not alter striatal dopamine D receptor sites1

w3 xmeasured as H SCH 23390 dopamine D receptor binding1
Ž .Cheetham et al., 1995 . The down-regulation of dopamine
D receptors induced by chronic antidepressant treatments1

appears to be species-specific. Indeed, it has been shown
that chronic treatment with imipramine failed to induce a
down-regulation of limbic dopamine D receptors in mice,1

although it was effective in a model of depression, the
Ž .forced swimming test Nowak et al., 1991 .

Consistent results have been reported measuring the
levels of dopamine D receptor mRNA. Chronic treatment2

with fluoxetine, desipramine and tranylcypromine induced
an increase in dopamine D receptor mRNA in the nucleus2

accumbens, mainly in the shell, but not in the striatum
Ž .Ainsworth et al., 1998 . In the same study, both fluoxetine
and desipramine increased dopamine D -like receptor2

binding in the nucleus accumbens shell; fluoxetine had a
similar effect also in the nucleus accumbens core. Tranyl-
cypromine, however, had no effect on dopamine D -like2

receptor binding in the nucleus accumbens but decreased
binding in the striatum. The level of mRNA coding for
dopamine D receptors was increased both in the nucleus2

accumbens and in the striatum, after chronic administration
Ž .of imipramine and citalopram, while q -oxaprotiline did
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Žnot produce any statistically significant changes Dzied-
.zicka Wasylewska et al., 1997 .

Dopamine D receptor mRNA was unaffected after1

chronic treatment with fluoxetine, desipramine and tranyl-
Ž .cypromine Ainsworth et al., 1998 , while it was decreased

following repeated administration of imipramine, both in
Žthe nucleus accumbens and in the striatum Dziedzicka

.Wasylewska et al., 1997 . In the same study, the repeated
administration of citalopram, the selective inhibitor of
serotonin reuptake, resulted in an increase in the level of
dopamine D receptor mRNA in the striatum and in the1

core region of nucleus accumbens.
More recently, it has been shown that chronic treatment

Žwith different antidepressant drugs imipramine, amitripty-
.line, citalopram and mianserin potentiated the locomotor

response to the dopamine D receptor agonist 7-OH-DPAT3

and increased the density of dopamine D receptors in the3

islands of Calleja and in the shell of the nucleus accum-
bens, which are brain regions with highly selective expres-
sion of dopamine D receptors, measured by autoradiog-3

w3 x Žraphy with H 7-OH-DPAT as a radioligand Maj et al.,
.1998 .

In summary, most of the available evidence show that
the increased sensitivity to dopamine receptor stimulation
induced by chronic antidepressant treatments is related to

Ž .an increased dopamine D -like i.e. D and D receptor2 2 3

function, and a decreased dopamine D receptor number1

and sensitivity. Moreover, these changes are most promi-
nent in the limbic areas, i.e. those areas innervated by
dopamine neurons in the ventral tegmental area, thus sup-
porting the view that they might indeed be important in the
therapeutic effect of these drugs.

4. Role of dopamine D receptors in the mechanism of1

action of antidepressant drugs

The question arises as to whether the down-regulation
of dopamine D receptors might play a role in changes of1

dopamine D -like receptor function. Indeed, it is well-2

established that dopamine D and D receptors are func-1 2

tionally linked and that the dopamine D receptors play a1

permissive role for the expression of postsynaptic stimu-
lant responses mediated by dopamine D receptor activa-2

Ž .tion Clark and White, 1987; Walters et al., 1987 . We
Ž .suggested Serra et al., 1990a, 1992 that the imipramine-

induced behavioural supersensitivity of dopamine D re-2

ceptors in the limbic system might be due to an overstimu-
lation of dopamine D receptors. In support of this hypoth-1

esis we found that administration of reserpine and a-
methyl-tyrosine, a treatment that should eliminate endoge-
nous dopamine, completely suppressed the behavioural
effect of quinpirole in chronic imipramine-treated rats,
suggesting that endogenous dopamine at the dopamine D1

receptor is necessary for the expression of the behavioural
Ž .supersensitivity Serra et al., 1990a . In another experi-

ment, we have shown that chronic imipramine reverses the
sedative effect of B-HT 920, a selective dopamine autore-

Žceptor agonist, into a motor stimulant response Serra et
.al., 1991 . A reversal of the B-HT 920 effect can be

produced in normal animals also by the simultaneous
stimulation of dopamine D receptors with SKF 383931
Ž .Meltzer et al., 1988 , thus suggesting that chronic
imipramine mimics the effect of acute stimulation of
dopamine D receptors. It has been shown that chronic1

imipramine enhance the responsiveness of adenylate cy-
clase, i.e. the transduction system activated by stimulation
of dopamine D receptors, to forskolin and to GTP, indi-1

cating an increase in the Vmax of the enzyme; these
changes are restricted to within the nucleus accumbens,

Žand are absent in the caudate nucleus De Montis et al.,
.1990 . Therefore, it is likely that an enhanced neurotrans-

mission at the dopamine D receptor level might depend1

on changes occurring downstream with respect to the
recognition site rather than to an overstimulation induced
by an increased dopamine release. Consistently, dopamine
D receptor blockade fails to antagonize the quinpirole1

locomotor response in rats treated with chronic imipramine
Ž .Serra et al., 1990a . However, it might contribute to this
effect also an increased dopamine release in the nucleus

Ž .accumbens Ichikawa et al., 1998 .
Consistent with the hypothesis that an enhanced neuro-

transmission at the dopamine D receptor level might1

result in an antidepressant effect, results from our and
other laboratories have shown that acute or sub-acute
administration of selective dopamine D receptor agonists1

has an antidepressant effect similar to that of chronic
imipramine in two animal models of depression, the forced

Žswimming test and the learned helplessness D’Aquila et
.al., 1994; Gambarana et al., 1995a,c; Serra et al., 1988 .

Moreover, acute treatment with the dopamine D receptor1

antagonist SCH 23390, but not with the dopamine D -like2

receptor antagonist L-sulpiride, suppresses the effect of
chronic imipramine in the learned helplessness model of

Ž .depression Gambarana et al., 1995a , and the antidepres-
sant-like effect of RB 101, a systemically active mixed
inhibitor prodrug of the enzymes which metabolize the

Ž .enkephalins Baamonde et al., 1992 .
w11 xIt has been observed that there is a lower C SCH

23390 binding in the frontal cortex of patients with bipolar
Ž .disorders Suhara et al., 1992 . In addition, we have found

that acute administration of SCH 23390 is devoid of any
antipsychotic effect in manic patients, suggesting that this
disease might be associated with changes at the dopamine

Ž .D receptor level Gessa et al., 1991a,b .1

These observations provide support to the hypothesis
that an enhanced dopamine transmission at the dopamine
D receptor level induced by chronic antidepressants might1

play an important role in their mechanism of action, and
conversely, that changes in the sensitivity of dopamine D1

receptors might be involved in the pathogenesis of mood
disorders.
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5. Antidepressants and dopamine release

Acute administration of fluoxetine, clomipramine,
imipramine, desipramine, mianserin, nortryptiline and
paroxetine have been reported to increase extracellular
concentrations of dopamine in the rat prefrontal cortex
Ž .Carlson et al., 1996; Tanda et al., 1994, 1995, 1996a .
Acute administration of fluoxetine, clomipramine,
imipramine, desipramine and mianserin failed to influence

Ždopamine release in the nucleus accumbens Ainsworth et
.al., 1998; Clark et al., 1996; Tanda et al., 1994, 1996a .

Acute minaprine treatment failed to influence in vivo
Ždopamine release in the limbic part of the striatum Imper-

.ato et al., 1994 . In another study, acute fluoxetine did
even produce a significant decrease in extracellular
dopamine levels in both the nucleus accumbens and stria-

Ž .tum Ichikawa and Meltzer, 1995 . Acute treatment with
imipramine and clomipramine significantly increased ex-

Žtracellular dopamine in the striatum Ichikawa and Meltzer,
.1995 . Dopamine release in the nucleus accumbens was

increased in rats acutely treated with tranylcypromine
Ž .Ainsworth et al., 1998 . Tianeptine, after acute adminis-
tration, increased the extracellular concentrations of
dopamine in the nucleus accumbens, and to a lesser extent,

Ž .in the striatum Invernizzi et al., 1992 .
Chronic treatments with clomipramine and desipramine,

but not fluoxetine, have been reported to increase the basal
Žrelease of dopamine in the rat prefrontal cortex Pallotta et

.al., 1999; Tanda et al., 1996b . Chronic tianeptine in-
creases the extracellular concentrations of dopamine more

Žin the nucleus accumbens than in striatum Invernizzi et
.al., 1992 . Basal extracellular dopamine levels in the nu-

cleus accumbens were increased after chronic imipramine
and moderately decreased after chronic fluoxetine
Ž .Ichikawa et al., 1998 . Fluoxetine fails to alter dopamine

Ž .level in the nucleus accumbens Clark et al., 1996 . Sub-
chronic minaprine treatment enhanced in vivo dopamine

Žrelease in the limbic part of the striatum Imperato et al.,
.1994 .

Chronic imipramine potentiates not only the motor
stimulant effect of cocaine but also its stimulant effect on

ŽAin vivoB dopamine release in the limbic system Rossetti
.et al., 1991 . Moreover, also the stimulant effect of am-

phetamine on Ain vivoB dopamine release in the nucleus
accumbens, but not in the striatum, is potentiated by

Žchronic imipramine and desipramine Ichikawa et al., 1998;
.Nomikos et al., 1991 . This effect is observed also when

amphetamine is locally administered in the nucleus accum-
Ž .bens Brown et al., 1991 . However, amphetamine-induced

increase in extracellular dopamine levels in the nucleus
accumbens was unchanged after chronic fluoxetine
Ž .Ichikawa et al., 1998 .

Ž .Either acute a single administration or chronic treat-
ment with desipramine failed to influence dopamine levels
in the ventral tegmental area. However, an increase in
extracellular dopamine in the ventral tegmental area after 6

days of treatment and before the development of increased
responsiveness to dopamine agonists, has been observed. It
has been suggested that this increase in dopamine release
might underlie the mechanism for the development of
desipramine-induced sensitization within the midbrain

Ž .dopamine system Stewart and Rajabi, 1996 .
In summary, release studies show that all antidepres-

sants, either acutely or chronically administered, interfere
with dopamine release. However, the only effect shared by
all antidepressant drugs, that might be relevant for their
therapeutic effect, appears to be the increase of dopamine
release in the prefrontal cortex after acute administration.

6. Role of NMDA receptors in the development of
dopamine receptor supersensitivity induced by chronic
antidepressants

It has been suggested that the development of depres-
sion can be considered as an emotional learning process.
According to this view, repeated psychosocial stress trig-
gers depressive episodes, which eventually, in analogy to

Žkindling, occur spontaneously Post, 1992; Schwaninger et
.al., 1997 .

The NMDA subtype of glutamate receptors is involved
in several forms of neural and behavioural plasticity. In
particular, NMDA receptors play an important role in
neuronal development, long-term potentiation, kindling,

Ž .learning and memory see McDonald and Johnston, 1990 .
Therefore, several studies have been performed in order to
investigate the effect of NMDA receptor blockade on the
one hand in animal models of depression, and on the other
hand, in the development of antidepressant-induced adap-
tive changes, including the behavioural supersensitivity of
the mesolimbic dopamine system.

Chronic, but not acute, treatment with dizocilpine pre-
vents the development of the behavioural supersensitivity
to dopamine agonists induced by chronic treatment with

Žimipramine in rats D’Aquila et al., 1992b; De Montis et
.al., 1993 and by repeated electroconvulsive shock in rats

Ž . Ž .D’Aquila et al., 1997b and mice Nomikos et al., 1992 .
Moreover, chronic dizocilpine prevents the down-regu-
lation of dopamine D receptor number and the decreased1

response of adenylyl cyclase to dopamine stimulation in
the rat limbic system induced by chronic treatment with

Ž .imipramine De Montis et al., 1993 . These observations
suggest that the changes induced by antidepressants on the
mesolimbic dopamine system depend on the stimulation of
NMDA receptors. Consistently, dizocilpine completely an-
tagonized the effect of imipramine in the learned helpless-

Ž .ness model in rats Meloni et al., 1993 . Thus, it would be
tempting to speculate that a Alearning processB might be
involved not only in the pathogenesis of mood disorders,
but also in the mechanism of action of antidepressants.

However, NMDA receptor antagonists display antide-
pressant-like activity per se in different animal models of
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Ždepression Papp and Moryl., 1994; Trullas and Skolnick,
.1990 , and have been reported to potentiate the effect of

different antidepressant drugs in the forced swimming test
Ž .Maj et al., 1992 . In line with this evidence, acute admin-
istration of dizocilpine and desipramine displayed a syner-
gistic effect in raising the extracellular concentration of

Ždopamine in the rat prefrontal cortex Wedzony and
.Golembiowska, 1993 , an effect which appears to be a

common feature of the majority of antidepressant exam-
Ž .ined so far in this respect see above .

Regardless of the difficulty to reconcile these two ap-
parently incompatible lines of evidence, NMDA receptor-
mediated behavioural plasticity is likely to be involved
both in the mechanism of action of antidepressant drugs
and in the stress effects which induce depressive-like
symptoms in animals.

7. Conclusions

The results of the studies we have reviewed show that
the ability to potentiate behavioural stimulant responses to
dopamine agonists appears to be a general characteristic of
antidepressant treatments. The time course of the antide-
pressant effect on dopamine transmission is similar to that
observed for the therapeutic effect of these drugs. In fact,
the potentiating effect occurs only after chronic treatment,
is present during the chronic treatment and persists after

Ž .treatment withdrawal Serra et al., 1990a,b . Among other
symptoms, human depressive syndromes are characterised
by a reduced capacity to experience pleasure and loss of
motivation, and antidepressants preferentially potentiate
dopamine transmission in the mesolimbic system, the brain
system considered to be crucially involved in rewarding
mechanisms and incentive motivation. Therefore, it is con-
ceivable that the effect of antidepressants on dopamine
transmission might play an important role in their thera-
peutic effect. In support of this hypothesis, it has been

Žshown that in different animal models of depression be-
havioural despair, learned helplessness, chronic mild

.stress , antidepressants seem to act by increasing dopamine
Žtransmission in the limbic system Borsini et al., 1984,

1985, 1988; Delini-Stula et al., 1988; Muscat et al., 1990;
.Willner et al., 1992 .

Finally, on the basis that a great deal of experimental
evidence shows that manic symptoms are associated to an
overactivity of dopaminergic neurotransmission, we have
suggested that the potentiation of dopaminergic transmis-
sionm induced by chronic treatment with antidepressant
drugs might be responsible for the switches from depres-

Žsion to mania observed in bipolar patients Gessa et al.,
.1995 . Therefore, the increased sensitivity to dopamine

agonists induced by antidepressants might provide a useful
model of mania, or at least, of antidepressant-induced
manic episodes.
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