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ABSTRACT

A challenge in drug dependence is to delineate long-term behavioral and neurochemical
modifications induced by drugs of abuse. In rodents, drugs of abuse induce locomotor
hyperactivity, and repeating injections enhance this response. This effect, called behavioral
sensitization, persists many months after the last administration, thus mimicking long-
term sensitivity to drugs observed in human addicts. Although addictive properties of drugs
of abuse are generally considered to be mediated by an increased release of dopamine in the
ventral striatum, recent pharmacological and genetic experiments indicate an implication
of alb-adrenergic receptors in behavioral and rewarding responses to psychostimulants
and opiates. Later on, it was shown that not only noradrenergic but also serotonergic
systems, through 5-HT»a receptors, were controlling behavioral effects of drugs of abuse.
More recently, experiments performed in animals knockout for alb-adrenergic or 5-HT,5
receptors indicated that noradrenergic and serotonergic neurons, besides their activating
effects, inhibit each other by means of the stimulation of alb-adrenergic and 5-HT;a
receptors and that this mutual inhibition vanishes in wild type mice with repeated injec-
tions of psychostimulants, opiates or alcohol. Uncoupling induced by repeated treatments
with drugs of abuse installs a stable sensitization of noradrenergic and serotonergic
neurons, thus explaining an increased reactivity of dopaminergic neurons and behavioral
sensitization. We propose that noradrenergic/serotonergic uncoupling is a common stable
neurochemical consequence of repeated drugs of abuse which may also occur during
chronic stressful situations and facilitate the onset of mental illness. Drug consumption
would facilitate an artificial re-coupling of these neurons, thus bringing a temporary relief.

© 2007 Elsevier Inc. All rights reserved.

The concept that specific neurons modulate information drenergic (NE), dopaminergic (DA) or serotonergic (5-HT)

processing rather than they convey sensory or motor signals
seems generally accepted. In any representation of the
primary pathways responsible for the processing of sensory
stimuli or motor outputs, it is notable that these pathways
include neurons releasing GABA and excitatory amino acids,
and possibly acetylcholine or neuropeptides, whereas nora-
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neurons do not appear to be involved. The absence of this
latter group of neurons in the main communication pathways
of the central nervous system is both logical and surprising. It
is logical if we consider that the entire group of monoami-
nergic cells represent less than 1% of the total brain neurons,
and surprising, since therapeutic improvements obtained
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with most psychotropic drugs, such as neuroleptics and
antidepressants, appear to act via modification of monoami-
nergic transmission. Drugs of abuse are also considered to act
through a modification of monoaminergic transmission
especially after the demonstration by Di Chiara and Imperato,
in 1988, that drugs abused by humans, including psychosti-
mulants and opiates, preferentially increase DA concentration
in the mesolimbic system [1]. During the 20 years preceding
this observation dopaminergic neurons had already received
considerable attention because of their potential link with
Parkinson’s disease, schizophrenia and psychostimulants
abuse. However, Di Chiara and Imperato’s findings can be
considered as the starting point of most of the neurochemical
studies suggesting that DA release is responsible for the
pleasure induced by drugs of abuse and for the “craving” that
follows after repeated consumption. In this review, we will
first analyze the place of DA in the central nervous system and
try to indicate how dopaminergic neurons are recruited in
addictive processes. This analysis will lead us to propose that
DA may not be the critical factor in the development of
pharmaco-dependence, and suggest that the role of other
neuromodulators, such as NE and 5-HT, and the interactions
between neurons releasing these transmitters should not be
overlooked.

1. Dopamine dysfunction in the central
nervous system: source of disease or its
consequence?

In the neurobiological world, dopamine is kind of a star. One
canread in a journal with one of the highest impact factor that
“these (dopaminergic) neurons have a central role in guiding
our behaviour and thoughts. They are hijacked by every
addictive drug; they malfunction in mental illness; and they
arelostin dramatically impairing illnesses such as Parkinson’s
disease. If dopamine systems are overstimulated, we may
hear voices, experience elaborate bizarre cognitive distor-
sions, or engage excessively in dangerous goal-directed
behaviour. Dopamine function is also central to the way that
we value our world, including the way we value money and
other human beings” [2].

Initially, DA was considered as the neurotransmitter
regulating locomotor activity. Psychostimulants, such as
amphetamine or cocaine, were thought to induce their
locomotor activating effects through an increased release of
DA in the nucleus accumbens, a subcortical structure. This was
confirmed by Pijnenburg et al. in 1975. This team showed that
locomotor response induced by the local injection of amphe-
tamine into the nucleus accumbens was inhibited by neuro-
leptics, compounds known to block dopaminergic transmission
[3]. However, in contrast to this finding, bilateral electrolytic
destruction of the ventral tegmental area (VTA), where
dopaminergic cell bodies lie, induces permanent behavioral
deficits characterized by locomotor hyperactivity and disap-
pearance of spontaneous alternation, the ‘“VTA-syndrome”
[4,5]. Moreover, in animals with a complete DA depletion in the
nucleus accumbens, locomotor hyperactivity was shown to be
proportional to the extent of destruction of the dopaminergic
fibers innervating the prefrontal cortex [6]. This correlation was

also found with the development of a cortical D1 receptor
hypersensitivity, as displayed by adenylyl cyclase activity
coupled to DA in the prefrontal cortex [7]. Interestingly, both
the locomotor hyperactivity and the hypersensitivity of cortical
D1 receptors were not obtained when dopaminergic cell bodies
were destroyed chemically by a 6-hydroxy-dopamine (6-OHDA)
injection. Moreover, it was even found that superimposing a 6-
OHDA lesion into the VTA to a bilateral electrolytic lesion of the
same area was blocking the development of associated
locomotor hyperactivity and of cortical D1 receptors hypersen-
sitivity [8]. Later on, this paradoxical finding was explained
because electrolytic lesions of the VTA were shown to spare the
cortical ascending NE innervation whereas 6-OHDA VTA
lesions, because of the neurotoxin diffusion, destroy ascending
NE fibers which pass near the DA cells [8,9].

Two conclusions can be drawn from these data: (1)
ascending NE fibers exert a permissive role on the develop-
ment of denervation supersensitivity of cortical D1 receptors
and (2) ascending NE fibers are responsible for the develop-
ment of alocomotor hyperactivity in absence of ascending DA
fibers. This suggests that an increase in subcortical dopami-
nergic transmission is not necessary to obtain locomotor
hyperactivity but rather an increased subcortical dopaminer-
gic transmission is simply the consequence, among others, of
an increased cortical noradrenergic transmission which
would be, actually, responsible for a locomotor hyperactivity.
The effects of cortical noradrenergic and dopaminergic
innervations on cortical D1 receptors sensitivity suggest that
interactions between cortical noradrenergic and subcortical
dopaminergic transmissions may occur via the descending
cortico-accumbens and cortico-VTA glutamatergic neurons
[10]. In other words, modifications in DA transmission may not
be the source of a dysfunction but rather its consequence.

2. Role of cortical alb-adrenergic receptors in
the interaction NE/DA

Because the destruction of ascending NE neurons was able to
annihilate the behavioral deficits induced by the electrolytic
lesion of the VTA, we tried to analyze whether the pharma-
cological blockade of either a- or B-adrenergic receptors could
reverse these deficits. This was carried out in behavioral
experiments in which animals, rendered hyperactive by an
electrolytic lesion of the VTA, were treated with low doses of
prazosin, yohimbine or propranolol, al-adrenergic, a2-adre-
nergic or B-adrenergic receptor antagonists, respectively.
Prazosin completely abolished the locomotor hyperactivity
seenin lesioned rats for periods lasting up to 24 h following the
injection, whereas no significant effects on locomotor activity
could be observed when animals were tested in the presence
of yohimbine or propranolol [11]. The role of cortical al-
adrenergic receptors on the descending cortico-accumbens
and cortico-VTA glutamatergic fibers and their effects on
subcortical extracellular DA levels was further confirmed by
Darracq et al. [12,13]. First, it was shown that p-amphetamine
is releasing DA in the nucleus accumbens following two
modes; one is obtained by the local injection of p-ampheta-
mine into the nucleus accumbens. Surprisingly, bilateral
injections of p-amphetamine into the nucleus accumbens
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do not induce locomotor hyperactivity even when increases in
extracellular DA levels attain 15,000% of the basal DA levels.
Therefore, this DA release triggered by the local, presynaptic to
dopaminergic nerve terminals, effect of p-amphetamine was
denominated “non-functional” [12]. The second mode, called
functional, is in relation with locomotor activity and is
obtained by a systemic p-amphetamine administration. When
p-amphetamine is injected systemically, a +150% increase in
extracellular DA values in the nucleus accumbens, when
compared to basal DA values, is enough to induce a locomotor
response. When prazosin is injected systemically before the
intra-peritoneal injection of p-amphetamine, it blocks both
the functional release of DA and the p-amphetamine-induced
locomotor response. Same data are obtained when prazosin is
injected, instead of systemically, bilaterally into the prefrontal
cortex [12]. Later on, it was shown that the p-amphetamine-
induced mesolimbic release of functional DA is impulse-
dependent and controlled by the stimulation of glutamate
metabotropic receptors located into the nucleus accumbens
[13].

To identify the al-adrenergic receptor subtype involved in
this phenomenon, we used mice knockout for the alb-
adrenergic receptor subtype (alb-AR KO) that were given by
Susanna Cotecchia from the University of Lausanne (Switzer-
land) [14]. These KO mice have no apparent phenotype changes
except a decreased phenylephrine-induced blood pressure
response. Although neuro-developmental modifications may
occur in alb-AR KO mice [15], this model has the advantage to
avoid the use of pharmacological compounds which may be
unspecific or, as it is the case for prazosin in humans but notin
rodents, may not cross readily the blood-brain barrier [16].
Following different biochemical and behavioral controls aimed
at verifying that densities of dopaminergic innervation and
dopaminergic receptors as well as basal motor behavior were
similar in a1b-AR KO and wild type (WT) littermates, locomotor
responses and behavioral sensitizations induced by p-amphe-
tamine, cocaine and morphine were analyzed in both strains
[17]. Acute locomotor effects of p-amphetamine, cocaine and
morphine were dramatically reduced in «lb-AR KO mice.
Although gene rescue experiments have not been performed
yet, itis very likely that this decrease resulted from the absence
of alb-AR in KO mice since pre-treatment with prazosin
abolished differences observed between WT and alb-AR KO
mice. Moreover, differences in locomotor responses were
maintained when p-amphetamine, cocaine or morphine was
administered repeatedly, only weak behavioral sensitization
occurringin alb-AR KO mice. Finally, in the two-bottle choice or
the conditioned place preference paradigms, cocaine and
morphine exerted rewarding properties in WT, but not in
alb-ARKO mice [17]. These data prompted us to test whether p-
amphetamine still induced increases in extracellular DA levels
in the nucleus accumbens of a1bAR-KO mice. First, we found
that basal extracellular nucleus accumbens DA levels were
almost 30% lower in a1bAR-KO mice when compared with that
of WT littermates [18]. This suggested that stimulation of a1lb
subtype of adrenergic receptors exerts a tonic excitatory effect
on subcortical DA release [17]. Second, it was observed that p-
amphetamine fails to increase extracellular DA levels in the
nucleus accumbens of a1bAR-KO mice. It is likely that this lack
of p-amphetamine-induced release of DA in a1bAR-KO mice is

related to their blunted locomotor response to p-amphetamine
[17]. However, for the highest dose of p-amphetamine tested
(6 mg/kg, ip.), a significant locomotor hyperactivity was
observed as well as a weak increase in extracellular DA levels
in the nucleus accumbens [18], suggesting that an other
locomotor component than the alb-adrenergic one may exist.
This will be shown below.

Because bursting activities of dopaminergic neurons in the
VTA are either blocked by prazosin [19] or increased by a specific
inhibitor of the noradrenergic transporter reboxetine [20], it can
be proposed that p-amphetamine exerts, at least partly, its
effects on subcortical DA release via the stimulation of alb-
adrenergic receptors. Such a stimulation can be attributable to
an increased release of NE by p-amphetamine in the prefrontal
cortex [21,22], a structure containing a high density of alb-
adrenergic receptors [17,22] and possibly responsible for the
regulation of DA release in the nucleus accumbens [23].

Our data therefore indicate a critical role of a1b-adrenergic
receptors in neurochemical and locomotor effects of psychos-
timulants; however, when analyzing the effects of opiates, we
found that only part of the morphine-evoked behavioral
locomotor response was affected by pharmacological or genetic
blockade of alb-adrenergic receptors [18,24]. Accordingly, the
blockade of al-adrenergic receptors by prazosin inhibits both
the expression and development of behavioral sensitization to
moderate doses of p-amphetamine and cocaine, but only
reduces the expression of behavioral sensitization to morphine
and leaves unaffected its development. This clearly indicates,
as mentioned above with high doses of p-amphetamine, that at
least another component than the alb-adrenergic one could
participate in the locomotor response to morphine. Numerous
studies have shown that 5-HT neurons are implicated in the
effects of morphine and an interaction between 5-HTa
receptors and dopaminergic neurons has been proposed [25-
30]. We therefore looked for a role of 5-HT,, receptors in
morphine-evoked locomotor responses.

3. Role of 5-HT,, receptors in some behavioral
and neurochemical responses to morphine:
comparison with alb-adrenergic receptors

To test the role of 5-HT,, receptors on morphine-evoked
locomotor responses, we used SR46349B, a specific antagonist of
5-HTja receptors [31],in a1b-ARKO and WT mice. We found that
SR46349B completely blocked the locomotor response evoked
by high doses of morphine in alb-AR KO mice whereas this
effect was only partial (—80%) in WT mice [32]. We also verified
that, as expected, prazosin had no effect on morphine-induced
locomotor response in alb-AR KO mice whereas this al-
adrenergic receptor antagonist blocked by 80% the locomotor
response induced by morphine in WT mice. Surprisingly,
however, acute morphine induced a 3-fold higher locomotor
response in alb-AR KO mice, pre-treated or not with prazosin,
than in WT mice pre-treated with prazosin. Same higher
response in a1lb-AR KO mice when compared with WT animals
was obtained when extracellular DA levels were monitored in
the nucleus accumbens. Finally, as mentioned above for
locomotor response, morphine-induced increases of extracel-
lular DA levels in the nucleus accumbens were completely
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Fig. 1 - Locomotor response to morphine in WT and a1b-AR KO mice in presence of prazosin: animals received either saline
(black squares) or prazosin (white squares) (first arrow, t = —30 min) and morphine (20 mg/kg second arrow t = 0) and
locomotor activity was recorded for 120 min. Curve B indicates a 3-fold higher locomotor response than obtained in curve A,
whereas curves B and D show similar locomotor activity (see text for explanations). Dotted lines correspond to locomotor

response in naive animals (adapted from ref. [32]).

blocked in a1b-AR KO mice by a SR46349B pre-treatment. Two
suggestions may be done following these observations: first,
because each antagonist, prazosin or SR46349B, is able to induce
an 80% decrease in morphine-induced locomotor response, this
suggests that each locomotor component, a1b-adrenergic or 5-
HT,,, is not independent. In other words, blockade by prazosin
of the alb-adrenergic receptor may affect not only the
locomotor response induced by the alb-adrenergic receptor
stimulation but also the locomotor response induced by the 5-
HT,4 receptor stimulation. Similarly, blockade of the 5-HT,a
receptor by SR46349B may also affect the locomotor response
induced by the alb-adrenergic receptor stimulation. This may
explain why each antagonist has an 80% inhibitory effect
making both effects more than additive (160%). Along this line,
the existence of similarities between alb-adrenergic and 5-
HT,a receptors can be noted. They exhibit analogous auto-
radiographic localization in the frontal cortex, are linked to the
same Gq protein which activates phospholipase C and protein
kinase C and their stimulations give identical electrophysiolo-
gical responses [17,33-36].

Second, the genetic deletion of the alb-adrenergic receptor
has modified the morphine-induced 5-HT>4 receptor locomo-
tor component which becomes 3-fold higher in al1b-AR KO
mice than in WT littermates (Fig. 1). This is a further indication
of the existence of an interaction between the effects of the
stimulation of alb-adrenergic and 5-HT,, receptors, suggest-
ing that the absence of the alb-adrenergic receptor may
remove its inhibitory action on the effects of the stimulation of
5-HT,a receptors. This hypothesis became even more likely

when we looked at the inhibitory effects of prazosin and
SR46349B on the morphine-induced locomotor responses in
animals sensitized to morphine: both components were
additive, thus suggesting that both components had become
independent in sensitized animals [32].

4. Repeating psychostimulants or opiates
administrations induces behavioral sensitization
and modifies the inhibitory effects of a1b-
adrenergic and 5-HT,, receptors antagonists

Psychostimulants and opiates produce locomotor stimulant
effects that become enhanced with repeated intermittent
injections. This enhanced behavioral response, named beha-
vioral sensitization, is enduring and can last up to 1 year after
drug exposure [37]. Studies of the neurobiological basis of
behavioral sensitization have focused, despite conflicting data
[38,39], on the midbrain DA system because of evidence
suggesting that this system mediates locomotor-stimulation
as well as the ability of drugs to elicit craving and to lead to
abuse [40]. Indeed, extracellular DA levels in the nucleus
accumbens following acute and repeated treatments with
psychostimulants either increase, stay unchanged or even
decrease with the development of behavioral sensitization
[38-42]. For example, Segal and Kuckzenski, in 1992, have
shown that increases in extracellular DA levels in the nucleus
accumbens induced by p-amphetamine or cocaine were lower
in animals previously sensitized to p-amphetamine or



BIOCHEMICAL PHARMACOLOGY 75 (2008) 85-97 89

cocaine, respectively, than in naive animals [38,39]. When
increases were observed, they generally occurred after 2
weeks or more of withdrawal. An absence of correlation
between the development of behavioral sensitization and
changes in subcortical extracellular DA levels can probably be
explained by stimulant-induced non-functional DA release in
the nucleus accumbens, as described above [12,13,18]. This
non-functional DA release seems related to a blunted DA
reuptake activity and a clearing of DA from vesicular stores
[13]. Non-functional DA release may vary with time and
hamper the determination of the functional part of the DA
release during repeated treatments and early withdrawal.
Behavioral sensitization has been thought to underlie some
aspects of drug addiction [43]. Indeed, it persists many months
after the last administration, thus mimicking long-term
sensitivity to drugs observed in human addicts. A conceptua-
lization of the role of psychomotor sensitization has been
proposed where a shift in an incentive-salience state
described as wanting, as opposed to liking, was hypothesized
to be progressively increased by repeated exposure to drugs of
abuse and thus sustains drug addiction [44]. In contrast to this
idea, others have argued that sensitization only impacts on
the initial use of the drug but has little or nothing to do with
the development of dependence [45]. However, in this latter
case, evidence came from studies indicating that animals with
prolonged access to cocaine escalate their intake of cocaine
but lose their locomotor sensitization [46], studies which have
not been replicated [47,48]. Whatever the hypothesis, we
thought that behavioral sensitization is a suitable animal
model to study the long-term neurochemical modifications
induced by repeated treatments with drugs of abuse. To begin
with, we aimed at understanding why, in alb-AR KO mice,
psychostimulants do not induce behavioral sensitization
whereas the development of behavioral sensitization to
morphine is only partly affected. Wild type and «1b-AR KO
mice received therefore four once-a-day treatments of high
doses of morphine (20 mg/kg, i.p.) and were tested for their
locomotor response to morphine after a 4-day withdrawal.
After having verified that this procedure induces behavioral
sensitization in both strains, WT and alb-AR KO mice
locomotor responses to morphine were analyzed after a
prazosin pre-treatment in naive and sensitized animals. As
previously mentioned, in naive animals pre-treated with
prazosin, locomotor response to morphine was 3-fold higher
in alb-AR KO mice than in WT mice. Interestingly, when the
same experiments were performed in sensitized animals,
locomotor responses to morphine were identical in WT and
alb-AR KO mice. This is illustrated on Fig. 1 where one can see
that curve B (a1b-AR KO mice, prazosin, naive) is 3-fold higher
than curve A (WT mice, prazosin, naive) and where curve D
(«1b-AR KO mice, prazosin, sensitized [similar to a1b-AR KO
mice, saline, sensitized]) is superimposable to curve C (WT
mice, prazosin, sensitized). We made the hypothesis that, in
naive animals, prazosin is inhibiting the «lb-adrenergic
locomotor component plus a significant part of the 5-HTja
locomotor component (curve A). In sensitized animals,
prazosin inhibits only the alb-adrenergic locomotor compo-
nent and leaves the 5-HT,4 locomotor component unaffected
(Fig. 1, curve C). In alb-AR KO mice, the locomotor activity
corresponds only to the remaining 5-HT,, locomotor compo-

nent (curves B and D). Similar data were obtained when
morphine-induced locomotor response was analyzed in
presence of SR46349B. Briefly, SR46349B inhibited the 5-HT,5
component plus a significant part of the alb-adrenergic
locomotor component in WT naive animals and only the 5-
HT,4 component in WT sensitized animals [30]. Finally, same
data were obtained when effects of prazosin and SR46349B
were analyzed on p-amphetamine- and cocaine-induced
locomotor response in WT mice.

Altogether, our data suggested that locomotor response
induced by psychostimulants and opiates were co-activated
by the stimulation of alb-adrenergic and 5-HT,, receptors in
naive animals. However, in animals sensitized by a repeated
treatment with drugs of abuse, each component appears
independent (i.e. uncoupled and not limited by the other
locomotor component), thus explaining a higher reactivity to
psychostimulants and opiates observed in sensitized animals.
To test the interaction between both neurotransmitter
systems, neurochemical and behavioral response to psychos-
timulants were analyzed in animals deprived of alb-adrener-
gic or 5-HT,4 receptors.

5. Neurochemical and behavioral response to
p-amphetamine or para-chloro-amphetamine in
mice knockout for 5-HT,, or alb-adrenergic
receptors, respectively

If, as proposed above, noradrenergic and serotonergic trans-
missions limit each other through alb-adrenergic and 5-HT,a
receptors, it can be assumed that acute p-amphetamine-
induced cortical extracellular NE levels would be higher in mice
lacking 5-HT,a receptors (5-HT,4-R KO) than in WT mice. We
have obtained 5-HT,4-R KO mice from J. Gingrich (Columbia
University, New York) and M. Hamon and L. Lanfumey (Hopital
Pitié Salpétriére, Paris, France). Animals were backcrossed for
at least seven generations with C57Bl6 mice. We have found
that, paradoxically, an acute injection of p-amphetamine
(2 mg/kg) in 5-HT,4-R KO mice induces both a higher locomotor
response (+97%) and a higher increase in cortical extracellular
NE levels (+101%) than in WT mice [22,49]. Then, extracellular
prefrontal cortical 5-HT levels were determined in alb-AR KO
mice. However, because p-amphetamine did not modify
cortical 5-HT extracellular levels in our experimental condi-
tions, reactivity of serotonergic neurons was estimated
following the injection of a 5-HT releaser, p-chloro-ampheta-
mine (PCA), a compound analogous to ecstasy and known to
induce locomotor hyperactivity and behavioral sensitization in
mice [50]. We found that PCA (7 mg/kg) induces both a
locomotor response and a +326% increase in extracellular
cortical 5-HT basal levels in WT mice. Locomotor activity and
increases in cortical extracellular 5-HT levels induced by acute
PCA were, however, significantly higher in a1b-AR KO than in
WT mice (+230% and +66%, for locomotor activity and cortical
extracellular 5-HT levels, respectively) [22].

This clearly suggests the existence in naive animals of a
reciprocal interaction between alb-adrenergic and 5-HT,a
receptors which would control serotonergic and noradrener-
gic transmissions, respectively. In alb-AR KO or 5-HT,4-R KO
mice, the deletion of one component leaves the other one
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without control and renders serotonergic or noradrenergic
transmissions hyper-reactive, respectively.

6. Effects of repeated treatments with drugs of
abuse on the reactivity of noradrenergic and
serotonergic neurons

Previous experiments have shown that repeated treatments
with amphetamine or morphine induce behavioral sensitiza-
tion thatis correlated with a decrease in the inhibitory effects of
prazosin and SR46349B, indicating some change in a reciprocal
relationship between noradrenergic and serotonergic neurons
[32]. Amicrodialysis analysis of the noradrenergic response in 5-
HT,4-R KO mice and of the serotonergic one in a1b-AR KO mice
has indicated that each system was disinhibited following the
genetic deletion of the complementary receptor, 5-HT,4 one for
NE and alb-adrenergic one for 5-HT. Altogether this suggested
that repeated treatments with amphetamine or morphine may
modify the reactivity of noradrenergic and serotonergic
neurons. Four days after exposure to a regimen of four once-
daily injections of p-amphetamine (2 mg/kg), cortical noradre-
nergic and serotonergicresponses to the respective injections of
p-amphetamine or PCA were indeed enhanced when compared
with animals repeatedly treated with saline. Increased respond-
ing remained elevated for at least 1 month [22]. Moreover, the
time-course and the amplitude of the locomotor response and
extracellular NE level appeared strikingly similar in the
different experimental conditions in naive as well as in
sensitized animals (Fig. 2). Finally, both the p-amphetamine-
induced increases in cortical NE levels and behavioral sensi-
tization were not observed when animals were pre-treated,
before each of the four once-daily injections of b-amphetamine,
with prazosin and SR 46349B, suggesting that stimulation of
both receptors was necessary for the development of this
sensitization [22]. Same experiments were then performed 4
days after exposure to a regimen of four once-daily injections of
morphine (20 mg/kg), cocaine (20 mg/kg) or alcohol (2 g/kg),
three compounds belonging to main groups of drugs of abuse.
We also found an increased responding of cortical noradrener-
gic and serotonergic neurons to the respective injections of p-
amphetamine or PCA which was also in correlation with a
cross-sensitization with p-amphetamine and PCA for the three
compounds [51,52]. Moreover, as observed with repeated
injections of p-amphetamine, the induction of cross-sensitiza-
tion as well as the development of a sensitization of
noradrenergic and serotonergic neurons was blocked by a
pre-treatment with prazosin and SR46349B, suggesting, here
again, a prominent role of a1b-adrenergic and 5-HT,, receptors
in sensitization and that the mechanisms responsible for this
phenomenon are similar whatever the drug of abuse. Our data
seem particularly interesting when one considers the different
pharmacology of the four substances tested thus far. p-
Amphetamine is a catecholamine releaser and cocaine blocks
5-HT, NE and DA reuptake activity. Morphine inhibits nora-
drenergic neurons [53] and disinhibits midbrain dopamine and
serotonin cell firing via the stimulation of p-opiate receptors
located on GABAergic interneurons [25,26,54]. Finally, ethanol
enhances GABAA receptor-mediated inhibitory post-synaptic
currents and reduces NMDA receptor-mediated excitatory post-
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Fig. 2 - Cortical extracellular NE levels and locomotor
response to p-amphetamine in naive mice and in those
sensitized to p-amphetamine: animals received an
injection of p-amphetamine (2 mg/kg) at t = 0 and their
locomotor response and cortical extracellular NE levels
were monitored for 200 min. Data indicate dramatic
increases both in NE levels and in locomotor response in
animals sensitized to p-amphetamine. Moreover, a good
correspondence between duration of locomotor and
neurochemical responses can be observed (adapted from
ref. [22]).

synaptic currents [55,56]. It possesses monoamine oxidase
inhibiting properties via its metabolite acetaldehyde and
increases extracellular 5-HT and DA levels in the nucleus
accumbens [1,57]. Once again, this strongly suggests that,
although neurochemical mechanisms of drugs of abuse are
obviously different, NE-5-HT uncoupling is a central phenom-
enon in the effects of the repeated consumption of drugs of
abuse.

Because of the effects of the alb-adrenergic and 5-HT,a
receptors antagonists, other compounds, which facilitate
noradrenergic and serotonergic transmissions but do not
induce addiction, such as certain antidepressants, were tested
in our model.

7. Two antidepressants, clorimipramine and
venlafaxine, do not sensitize noradrenergic and
serotonergic neurons

Clorimipramine and venlafaxine are two antidepressants
which share the characteristics of inhibiting both NE and 5-
HT reuptake activity. They seem interesting because, although
they facilitate noradrenergic and serotonergic transmissions,
they do not induce addiction. In agreement with this latter
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point, when noradrenergic and serotonergic neurons reactiv-
ity to p-amphetamine or PCA, respectively, was tested 4 days
after a regimen of four once-daily injection of either
clorimipramine (20 mg/kg) or venlafaxine (20 mg/kg) no
sensitization was observed [51,52]. Similarly, we did not find
any behavioral cross-sensitization following p-amphetamine
or PCA injections. It is tempting to propose that differences
between the two groups of addictive and non-addictive
substances are related to differing abilities to increase
extracellular DA levels. Venlafaxine, however, was shown to
increase by more than 300% basal extracellular DA levels in
the rat frontal cortex [58]. This may signify either that drugs of
abuse possess a yet unknown common property necessary to
induce uncoupling or that non-addictive antidepressants, or
their metabolites, exhibit intrinsic pharmacological charac-
teristics which limit noradrenergic and/or serotonergic trans-
mission. For example, the occupation by antidepressants of
al-adrenergic, 5-HT,4 or 5-HT,c receptors [59,60] may block, as
shown above, the development of uncoupling and behavioral
sensitization. It is also possible that noradrenergic and
serotonergic neurons sensitization only occurs following a
short and intense stimulation of alb-adrenergic and 5-HTa
receptors, whereas antidepressants induce slow and moder-
ate increase in noradrenergic and serotonergic transmissions.

In any case, it seems that uncoupling between noradre-
nergic and serotonergic neurons may represent an interesting
neurochemical candidate to differentiate between effects of
drugs of abuse, which induce addiction, and those of other
compounds which do not. At that point, however, the
mechanism of uncoupling stays unknown and the fact that
venlafaxine does not uncouple although it increases cortical
extracellular DA levels is obviously not sufficient to comple-
tely exclude the role of DA in uncoupling.

8. Dopamine is not involved in the
sensitization of noradrenergic and serotonergic
neurons by repeated drugs of abuse

To test whether an increase in extracellular DA levels could
induce a sensitization of noradrenergic and serotonergic
neurons, animals were treated by a regimen of four once-
daily injections of a high dose of GBR12783 (20 mg/kg), a
specific inhibitor of DA reuptake. After each injection animals
exhibited a high locomotor hyperactivity which did not,
however, increase with the repeated injections. Four days
after the last injection, animals received p-amphetamine or
PCA to measure their noradrenergic and serotonergic neurons
reactivity. It was found that both noradrenergic and seroto-
nergic response were not different from those of animals
repeatedly treated with saline [51,52]. This finding is in
agreement with our previous data indicating that, in the rat,
GBR12783 induces locomotor hyperactivity but no behavioral
sensitization [61]. Therefore, an increase in extracellular DA
levels may be important to trigger a locomotor activation but
not sufficient to induce NE/5-HT uncoupling and behavioral
sensitization. Actually, we found that even this high dose of
GBR12783 (20 mg/kg) did not increase acutely cortical extra-
cellular NE levels, suggesting that NE may be one of the
limiting factor to obtain a NE/5-HT uncoupling.

These data prompted us to verify that DA release was not
the limiting factor explaining why venlafaxine did not induce
NE/5-HT uncoupling. Therefore, animals received a regimen of
four once-daily injections of a mixture of venlafaxine (20 mg/
kg) and GBR12783 (20 mg/kg) and were tested 4 days after the
last injection. Once again, uncoupling of noradrenergic and
serotonergic neurons did not occur (Lanteri, personal com-
munication).

As previously mentioned, the role of DA in long-term
neurochemical modifications induced by drugs of abuse is a
source of controversies. It is generally accepted that D1 or/and
D2 receptors antagonists do not block the development of
behavioral sensitization to cocaine [62] and morphine [63] but
the blockade of D1 receptors by SCH23390 was repeatedly
shown to inhibit the development of behavioral sensitization to
p-amphetamine [64]. Accordingly, when we have pre-treated
animals with systemic SCH23390 before p-amphetamine
repeated injections, we found that, after a 4-day withdrawal
period, both cortical p-amphetamine-induced extracellular NE
levels and PCA-induced extracellular 5-HT levels were identical
to those observed in naive animals [22]. This finding agrees with
the possibility of an association between NE/5-HT uncoupling
and behavioral sensitization but disagrees with our proposition
thatuncouplingis not dependent upon DA release. Actually, we
found that SCH23390 blocks the acute increase of cortical
extracellular NE levels induced by p-amphetamine and leaves
unaffected the PCA-induced increase of cortical extracellular 5-
HT levels [51,52]. Later on, it was demonstrated that the effects
of SCH23390 on p-amphetamine-induced behavioral sensitiza-
tion and uncoupling were due to its potent 5-HT,c receptor
agonist property [65,66]. Indeed, a 5-HT,¢ receptor antagonist,
RS102221, reverses the blockade by SCH23390 of the develop-
ment of behavioral sensitization to p-amphetamine as well as
the acute NE release and noradrenergic sensitization [51].
However, it should be emphasized that, although RS102221 is
able to reverse the effects of SCH23390 on the induction of p-
amphetamine behavioral sensitization, it does not reverse the
expression of behavioral sensitization. This confirms that D1
receptors stimulation is not required for the development of
behavioral sensitization to p-amphetamine but is nevertheless
necessary for the expression of p-amphetamine behavioral
sensitization [64], as it is for the expression of cocaine and
morphine sensitization. Altogether, it seems that it is the
stimulation of noradrenergic transmission, rather than that of
DA, which is related to the development of NE/5-HT uncoupling
and/or behavioral sensitization, a remark which disagrees with
the role generally assigned to DA in the addictive process.

9. And what about nicotine and tobacco?

Tobacco is a potent reinforcing agent in humans, and nicotine
is generally considered to be the major compound responsible
for its addictive properties [67-69]. However, animal experi-
ments indicate some discrepancies between the effects of
nicotine and those of other drugs of abuse. For example, the
capacity of repeated nicotine to elevate DA levels in the
nucleus accumbens is controversial [69-71], and repeated
nicotine treatments in rats induce a behavioral sensitization
which vanishes more quickly than that for other drugs of
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abuse [72,73]. Furthermore, although psychostimulants and
opiates induce a substantial locomotor hyperactivity both in
rats and mice, nicotine is a weak locomotor stimulant in rats
and generally fails to induce locomotor hyperactivity in mice
at any dose [74-76]. These differences could suggest that the
addictive effects of tobacco are not only due to nicotine.

Tobacco and tobacco smoke are known to contain a
number of compounds, among which monoamine oxidase
inhibitors (MAOIs), such as harmane, norharmane or acet-
aldehyde, have been the focus of special interest [77-79]. It
was also verified that inhibition of monoamine oxidases by
tobacco smoke does not result from the actions of nicotine
[80], but from that of other compounds also present in other
psychotropic plants [79,81]. We have recently shown that
MAQI pre-treatment allows the maintenance of behavioral
sensitization to nicotine in rats [73], thus suggesting a role of
MAQIs in the addictive properties of tobacco. More recently,
we used tranylcypromine, a cyclized amphetamine five
thousand times as potent an MAOI as amphetamine [82], in
association with nicotine. It was found that a pre-treatment
with tranylcypromine could trigger a locomotor response to
nicotine in mice [83] and nicotine self-administration in rats
[83,84] and that 5-HT was crucial for these effects [85]. Nicotine
is commonly considered as a monoamine releaser [86,87] that
increases serotonergic neurons firing [88-92]. This increased
release of 5-HT - in absence of MAOI - is, however, transient.
Indeed, an immediate inhibitory retro-control blocking the
firing of serotonergic raphe neurons through the stimulation
of somato-dendritic 5-HT1A receptors has been described
[88,93,94]. This may explain why injection of nicotine alone
transiently decreases the extracellular 5-HT levels in the
ventral striatum [85]. We therefore propose that MAOIs,
because of their enhancing effects on extracellular 5-HT
levels, compensate the consequences of the indirect inhibition
of serotonergic cells by nicotine. Our data suggest a mechan-
ism by which MAOTI’s contained in tobacco smoke could act in
synergy with nicotine to induce addiction. To confirm this
hypothesis, animals received regimen of four once-daily
injections of nicotine (1 mg/kg), tranylcypromine (6 mg/kg)
or a mixture of nicotine and tranylcypromine. After 4 days
withdrawal, data indicate that noradrenergic and serotonergic
neuronal sensitization, i.e. increases in NE and 5-HT cortical
responses to p-amphetamine and PCA, respectively, only
occurs when both compounds, nicotine and tranylcypromine,
are co-injected. Moreover, as shown previously for other drugs
of abuse, these neuronal sensitizations are blocked when
animals are pre-treated with prazosin and SR46349B (Salomon
et al., unpublished data). These data confirm that uncoupling
between noradrenergic and serotonergic neurons, and the
neuronal sensitization which follows, may be a critical factor
in the consequences of drug abuse.

10. What could be the anatomical and
functional substrates for the NE/5-HT coupling
and uncoupling?

Our central hypothesis is that the sensitization of noradre-
nergic and serotonergic neurons is the consequence of the NE/
5-HT uncoupling. This suggests that, in naive animals, it exists

a coupling between these two neuronal groups. Anatomical
and functional studies between the locus coeruleus and the
raphe nuclei indicate that the discharge rate of serotonergic
neurons is under the excitatory control of al-adrenergic
receptors [95,96] and, conversely, that serotonergic cells in
raphe nuclei hyperpolarize noradrenergic cells in the locus
coeruleus by stimulating 5-HT,s receptors on GABAergic
interneurons [97] (Fig. 3). It is also possible that coupling
between both neurotransmitter systems occurs in the pre-
frontal cortex where alb-adrenergic and 5-HT,, receptors are
co-localized [22,36] and thus control noradrenergic and
serotonergic mesencephalic nuclei [98,99]. Increased cortical
extracellular NE and 5-HT levels would stimulate glutamater-
gic pyramidal cells [10] which excite VTA dopaminergic
neurons or project directly to the nucleus accumbens [100]
and thus increase locomotor activity. However, although local
injection of prazosin into the prefrontal cortex blocked
amphetamine-induced locomotor response [12,101], local
bilateral injections of SR46349B into the prefrontal cortex or
into the VTA have indicated that only those injections done
into the latter structure could counteract p-amphetamine-
induced locomotor activity [30]. These data suggest that the 5-
HT,4 receptors implicated in the effects we observe are
preferentially located in the VTA. Altogether, this indicates

Glu Prefrontal Cortex B

9960

Nucleus Accumbens

~—

s Coeruleus

Fig. 3 - Schematic diagram of interactions between
noradrenergic and dopaminergic neurons and between
noradrenergic and serotonergic neurons. Noradrenergic
neurons are coupled to mesolimbic dopaminergic cells
through the descending glutamatergic pathways.
Noradrenergic and serotonergic neurons activate
dopaminergic neurons via cortical a1b-adrenergic
receptors and VTA-5-HT,, receptors. Uncoupling of
noradrenergic and serotonergic neurons occurs following
repeating stimulations of a1b-adrenergic and 5-HT,4
receptors by drugs of abuse. These receptors implicated in
the coupling/uncoupling can be located in the raphe nuclei
and the locus coeruleus, respectively. Abbreviations: VTA,
ventral tegmental area; DR and MR, dorsal and median
raphe nuclei.
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that the effects we observe on noradrenergic and serotonergic
neurons are located upstream to the VTA-DA neurons; the
noradrenergic activation would be due to the stimulation of
cortical alb-adrenergic receptors, while the serotonergic
activation could be due to 5-HT,4 receptors located in the VTA.

If we come back to our first hypothesis, i.e. the existence of a
reciprocal control of locus coeruleus noradrenergic cells by
serotonergic neurons arising from the raphe nuclei and,
conversely, a noradrenergic control of raphe cells, uncoupling
may be the consequence of a dendritic regression. Repeated
drugs of abuse have been shown to induce morphological
modifications in the nucleus accumbens and the prefrontal
cortex [102-104] and, although the effects of psychostimulants
and opiates on dendritic spines are different, the reciprocal
controls between noradrenergic and serotonergic neurons
may be disrupted.

The regulation of gene expression has also been proposed
as one molecular mechanism that could mediate stable
modifications in the brain [105,106]. However, up to now, it
has been difficult to correlate changes in behavior, such as
behavioral sensitization, with stable changes in gene expres-
sion. Almost all reported changes in transcription factors or
nuclear regulatory proteins return to normal within hours or
days of perturbation. Recently, the notion that epigenetic
mechanisms could be responsible for stable changes has
emerged. Without altering the genetic code, epigenetic
mechanisms which modify histones by methylation, ubiqui-
tination or acetylation, could mediate stable changes in brain
function (see review [107]). Common enzymatic modifications
to chromatin structure can regulate gene expression and, as
most neurons do not divide, chromatin modifications are
sustained within individual cells. In our case, it cannot be
excluded that the expression of 5-HT,, and alb-adrenergic
receptors is chronically modified in certain brain structures.

11. Is noradrenergic and serotonergic
neuronal sensitization related to drug addiction?

The consequence of uncoupling, as displayed by p-ampheta-
mine and PCA, is an increased reactivity of noradrenergic and
serotonergic neurons. Although this has not been demon-
strated yet, itis tempting to speculate that the hyper-reactivity
of these two neuronal systems also exists when the brain is
submitted to external stimuli. In naive animals, non-specific
visual or auditory stimuli lead to an excitation, followed by an
inhibition of the unit activity of 5-HT cells of the anterior-
dorsal and centralis superior-raphe nuclei [108,109]. There is
no habituation, since the repetition of identical stimulations
will still trigger the same neuronal responses. In freely moving
animals, NE cells of the locus coeruleus also respond to a
variety of stimuli, including auditory, visual and tactile, with
an excitation-inhibition pattern [110]. However, unlike 5-HT
neurons, the response rapidly habituates with repetitive
stimuli, with the desensitization developing in parallel with
the animal’s disinterest in the stimulus. Post-synaptic events
due to release of these neuromodulators are also different; it is
well known that NE decreases the spontaneous activity of
target cells without changing the amplitude of evoked
responses, the final effect being an increase of the signal-to-

noise ratio. Some experiments have also indicated that NE
could potentiate responses to both excitatory and inhibitory
inputs with only minimal change in background firing rate
[111]. However, 5-HT, at least in the primary cortical
somatosensory areas, decreases the signal-to-noise ratio by
inhibiting the spontaneous cell activity to a smaller extent
than the evoked response [112]. It is clear that all these
responses are those most frequently induced by noradrenergic
and serotonergic neurons and depend upon the subtype of
receptor stimulated. In any case, it seems that NE cells
increase the vigilance and focusing of attention in order to
optimize the processing of external stimuli, whereas 5-HT
cells can protect the central nervous system from too intense
external stimuli. Altogether, both systems appear comple-
mentary and the possible existence of a strong link between
them seems particularly interesting. If we extrapolate the
information obtained in naive animals to human non-addicts,
it can be assumed that, because of the mutual regulation
between noradrenergic and serotonergic neurons, the ampli-
tude of the activation of one set of neurons induced by
peripheral stimuli would be limited by the other group. In
human addicts, because of uncoupling, each group of neurons
would react to external stimuli as if they were independent
and undergo not only higher but also probably desynchronized
activations, thus inducing discomfort and distress. Mechan-
ism of uncoupling could be conceptualized as the physiolo-
gical response of a neuronal network to the effects of repeated
injections of drugs of abuse. If one assumes that this
adaptation is a homeostatic response, drugs of abuse would
drive the neuronal network into a state where the neural link
between noradrenergic and serotonergic neurons is no longer
functional. Therefore, human addicts would relapse in order
toreturn to a state that, atleast temporarily, relieve them from
the consequences of the chronic absence of coupling they
have endured, a condition that drug consumption would
facilitate.

We propose that human addicts are vulnerable to relapse
because of the NE/5-HT uncoupling. Although obviously
different in most of its behavioral consequence, rodent’s
behavioral sensitization presents some analogy with the
extreme sensitivity to external stimuli observed in human
addicts. Behavioral sensitization can not only last up to 1 year
[37] but also may decrease after withdrawal [72,73], suggesting
that uncoupling is, as mentioned earlier, long-lasting but, in
some cases, reversible; future therapeutic treatments of
addiction should therefore aim at developing new compounds
that accelerate re-coupling of noradrenergic and serotonergic
neurons.

12. Conclusion

Our findings indicate that monoaminergic neurons are not
independent when they react to environmental stimuli. An
activation of noradrenergic neurons is coupled to an increased
subcortical dopaminergic transmission while noradrenergic
and serotonergic neurons are coupled in such a way that they
limit or activate each other as a function of the external
situation. We have found that, following repeated consump-
tion of drugs of abuse, noradrenergic and serotonergic
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neurons become uncoupled. Because of uncoupling, nora-
drenergic and serotonergic neurons in sensitized animals and
probably in human addicts are autonomous and react
independently to environmental stimuli. Taking drugs would
allow an artificial re-coupling of these neurons, thus bringing a
temporary relief and possibly explaining relapse.
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