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Abstract – Humans have constantly sought to alleviate their existential anxieties, first resorting to substances found in their
natural environment, and more recently, with the arrival of modern chemistry, using synthetic substances or medications.
The substances used in this way are constantly renewing, warranting health surveillance and particular vigilance towards
the addictive risk, given its major medical and social impact. This surveillance and vigilance requires detailed, accurate
knowledge of the pharmacological and physio-pathological models involved in the emergence of the process of addiction, in
particular disturbances of the systems regulating dopaminergic transfer; it also requires knowledge of the means to identify
individual risk factors linked to genetic or psycho-behavioural susceptibilities.

Abbreviations: see end of article.

1. Introduction

Since time began, humans have sought the means to allevi-
ate their existential anxieties, first using substances found in the
natural environment, and more recently, with the arrival of mod-
ern chemistry, using synthetic substances or medications. The use
of these substances procures pleasurable feelings via the activa-
tion of the reward circuit, where the main agent is dopamine.
While this usage is at the outset most often recreational, or in-
deed therapeutic, this purpose is sometimes overtaken, and the
subject becomes dependant on the substance involved, experienc-
ing physical and mental pain in case of abstinence, craving, and an
irrepressible desire to resume its use. The ephemeral pleasure de-
rived from substance use is gradually replaced by the sole need to
have it, with social and medical consequences that mean suffering
for the subject and those around him or her. [1,3] The substances
that are used or misused are constantly renewing, which requires
health surveillance measures, in particular towards the risk of ad-
diction. This surveillance and monitoring requires detailed knowl-
edge of the physio-pathological mechanisms, of models of the de-
pendency process, and of the means to detect addiction risk.

2. Addiction: from natural substances
to synthetic psychotropics

Humans soon found the means in their natural environment
to alter their brain functioning and induce affective, emotional and
cognitive effects generating feelings of pleasure, thus relieving
or obliterating existential human suffering. There are numerous
examples of this quest: cannabis, bethel nuts, hallucinogenic
mushrooms, coca leaves, cape gooseberries, poppy flowers and
others. [4,5] When nature alone no longer sufficed, people began to
modify these substances to obtain substances with psychotropic
properties. The best example of this is alcohol, the first instance
of the impact of a chemical alteration, here by way of fermenta-
tion. It was however only after the development of extraction pro-
cesses in the 18th century that the active substances responsible
for psychotropic effects were progressively identified. The identi-
fication of the relevant molecules made the mechanisms involved
easier to apprehend, so that there was a shift from a rather mystic
view of these substances, as in Baudelaire’s phrase “artificial par-
adises”, to a more scientific view which opened the way to neuro-
psycho-pharmacology.[6] Naturally, the improving knowledge of
the mechanisms of action of the “natural” psychotropics opened
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the way to synthetic psychoactive drugs, where the purpose was
initially therapeutic, but the usage of these substances was then
diverted towards illicit usage, or uses for which the drugs were
not initially intended.

Different preparations based on morphine were used, for pain
control purposes or to sedate agitated patients, in oral form and
later in injectable form. The search for new cough medicines
based on morphine, rapidly known for its respiratory depres-
sion effects, led to the synthesis of diacetylmorphine, referred
to as a “heroic” drug by its developer. Thus heroin was born,
marketed in 1898 as a cough medicine, but its strong addic-
tive properties soon led to usage that was primarily illicit rather
than therapeutic. [7] Amphetamines are linked to the develop-
ment of bronchodilators such as ephedrine, the psycho-stimulant
properties of which were very soon recognised. This led to nu-
merous other amphetamine-based substances, the most recent
of which is methylenedioxymethamphetamine (MDMA) or ec-
stasy. [8,9] The history of tranquillizers is closely linked to their
muscle-relaxant effect. It was indeed when looking for antibi-
otics that Franck Berger came upon mephenesin because he no-
ticed its muscle-relaxant effect on laboratory mice. [10] A sub-
stance derived from mephenesin, meprobamate(Equanilr©) was
the first tranquillizer marketed in 1955, but it was rapidly ri-
valled by the benzodiazepines, the first of which, chlordiazepox-
ide (Libriumr©) was developed in 1958 by Leo Sternbach. [11] It
was from the structure of a phenothiazine, which produced chlor-
promazine, the first antipsychotic, and imipramine, the first an-
tidepressant, that chlordiazepoxide was developed. Its metabo-
lite, diazepam (Valiumr©) was for some years the world leader
in tranquillizers following its marketing in 1963. The anxiolytic
effect rapidly took precedence over it mere muscle-relaxant ef-
fect, which explains the popularity of this class of psychotropics
and its over-prescription. Other substances, such as lysergic acid
diethylamide (LSD) or phencyclidine, were substances that were
specifically aimed at “recreational” use, and were the not subject
to pharmaco-therapeutic development.

If we consider the effects of these different substances, it be-
comes obvious that the boundary between recreational usage and
risk of addiction is not clear-cut. Indeed, it is the recreational as-
pect, the sensation of pleasure or the reduction of anxiety, rather
than dependency, that are sought after by users. Nevertheless the
neurobiological effect on the reward system, often not the main
mechanisms of action, coupled with repeated usage are what lead
to deregulation of the motivation and reward circuits, inhibiting
control, and memorisation which underpin dependency and addic-
tion. [12] Different models, whether pharmacological, experimental
or neurobiological, give insight into the shift from recreational use
to loss of control and compulsive use, the main characteristics of
dependency and addiction. Addiction also needs to be envisaged

at individual level via a model of interaction between genetic sus-
ceptibility and psycho-behavioural vulnerability, and at collective
level via the modelling of its social impact.

3. Addiction: the pharmacological model

Progress in the field of neuro-psycho-pharmacology and in
molecular biology has in the space of a few decades made it pos-
sible to characterise the cellular and molecular targets of psy-
chotropic substances, whether therapeutic or illicit. [13–15] The
receptor targets and their regional or cellular locations are numer-
ous, and explain the diversity of the pharmacodynamic effects pro-
duced. Certain substances act through neurone activator systems,
thus explaining i) psychostimulant effects (psycho-motor excita-
tion) in particular via the activation of the mono-aminergic sys-
tems by increasing their release (amphetamines, methylphenidate,
ecstasy), or by inhibition of their reuptake (cocaine, antidepres-
sants), or via the cholinergic system and its nicotine receptors;
ii) psychodysleptic effects, through interaction with certain sub-
types of glutamate receptors (phencyclidine), with cannabinoid
receptors (cannabis), and with certain subtypes of serotoninergic
receptors (LSD, mescaline). In contrast, other substances act on
systems that are inhibitors of neurone activity, explaining their
anxiolytic effect and the corollary de-inhibition effect. This is the
case with alcohol, barbiturates, or benzodiazepines, which act via
a receptor complex that is sensitive to gamma-aminobutyric acid
(GABA). The modulation of opioid receptors by opiates (mor-
phine and derived substances, heroin) produces both positive ef-
fects such as feelings of well-being and euphoria, sometimes bor-
dering on something resembling an orgasm, and pain-inhibiting
effects which also contribute to the hedonic effect.

While the main mechanisms of all these addictive substances
are diverse, the existence of hedonic properties that are fairly
similar and lead to repeated use in order to retrieve the sensa-
tions suggests a possible shared final pathway. Experiments in
primates and rodents have enabled the identification of reward
circuits which, when stimulated, produce pleasure, driving the an-
imal to seek to return to the circumstances in which this brain
system is electrically activated. [12,16] This ability to reinforce the
activation of the reward system is also procured by natural or syn-
thetic substances, which explains repeated use of the substance
to retrieve the pleasure reinforcement effect. In this paradigm, the
notion of pleasure includes both the emotional aspect (the hedonic
sensation) and the motivational aspect (the activity of sensation-
seeking) [figure 1]. From an anatomo-functional viewpoint, this
reward circuit is located in the ventral tegmental area, which is a
small zone situated in the upper brainstem close to the substantia
nigra controlling movement. Its neurones project towards the nu-
cleus accumbens, a striatum zone linked to the limbic system and
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Fig. 1. The reward circuit and reinforcement potential.

hence to emotional functions, and towards the prefrontal cortex
which is involved in motivational processes. [17]

From a neurobiological viewpoint, dopamine is the main
agent since it is synthesised in the neurones of the ventral tegmen-
tal area and released into the nucleus accumbens and the prefrontal
cortex. A relationship has been clearly established between the
activation of this meso-corticolimbic system and the release of
dopamine in its target zones. [18,19] With the progress in imagery,
in microdialysis experiments in animals and more recently in hu-
mans it has also been shown that all the substances described as
“artificial paradises” are able to activate this pathway and trig-
ger the release of dopamine. For instance, a link has been clearly
established between the inducement of a euphoric effect by am-
phetamines and the release of dopamine it produces. The activa-
tion of a final common pathway might appear surprising or even
paradoxical given the diversity of the main mechanisms of action
of psychoactive substances. While it is easy to apprehend for sub-
stances such as amphetamines or cocaine, which act directly on
the dopaminergic system, it is less obvious for substances that act
on other neurotransmitter systems. However cellular and molec-
ular biology has made it possible to evidence the fact that all
the receptor targets are expressed in the cellular structure of the
dopaminergic neurones in the ventral tegmental area, where they
are capable of regulating the release of dopamine in the nucleus
accumbens.

4. Addiction: the experimental models

The experimental models of addiction are based on the ob-
servation of effects in animals of repeated exposure to addictive
substances. [20,21] More recently, genetic models have appeared,
underpinned by the identification of genes linked to suscepti-
bility towards addiction. [22] However no single model enables

all the physio-pathological dimensions of addiction to be repre-
sented. The animal models used are rodents, non-human primates,
and more recently invertebrates (drosophila, zebra fish, nema-
todes). [23] This experimental modelling provides important data
for determining addictive potential, and should be integrated into
expertise in abuse monitoring programmes.

The main line of approach in the modelling of an addiction is
based on ad lib administration by the animal, so as to reflect the
voluntary nature of substance use in humans, in turn a reflection
of the positive learning reinforcement it brings about. These mod-
els are sometimes difficult to implement, and require particular
experimental devices, as in the case of alcohol which requires ad-
ministration in vapour form.[24,25] These self-administration mod-
els also raise the problem of the absence of choice for the animal,
although once it has been receiving the substance over a period
of time, the propensity on the part of the animal to choose that
substance rather than another neutral substance is greater, so that
a Pavlov-type mechanism and a form of conditioning may be in-
volved. These tests based on self-administration can be improved
by including indicators (sound or light signals) associated with in-
take of the substance, where the mere perception by the animal of
the signal leads it to seek out the substance, causing positive learn-
ing reinforcement. The same applies to stress environments (elec-
tric shock, food deprivation) which drive the animal to consume so
as to alleviate the negative effects. These considerations have led
to more sophisticated models using place preference paradigms,
whereby the animal receives the addictive substance and the neu-
tral substance in distinct environments (compartments of different
colours for example), and is then faced with an environment in
which it has a choice. [26] Models can also combine place prefer-
ence and indices.

The phenomenon of behavioural sensitisation makes it pos-
sible to model motivational processes involved in the quest for
a psychoactive substance, which can become established in the
course of the addiction process. [26] It mainly concerns locomo-
tor behaviour, although certain forms of stereotypy can also be
sensitive to the effect. It shows up in a gradual increase in the
intensity of the behavioural response as doses equivalent to the
first are repeated. The cellular and molecular exploration of this
model has provided a better picture of the neurobiological adap-
tation mechanisms and the plasticity of the reward system, which
lead to deregulation and addiction. This behavioural sensitisation
model can constitute an easily implemented test to identify the ad-
dictive potential of a substance not hitherto characterised as pos-
sessing any.

The administration of a substance enables not only its addic-
tive potential to be known, but also provides useful information
on the manifestations that follow on from its withdrawal,
since the animal may have physical and behavioural (anxious)
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Fig. 2. The psycho-behavioural mechanisms of addiction.

manifestations reflecting its state of dependency. It is possible to
model relapse after a period of abstinence, triggering it by re-
administration of a dose, by stress, or by perception of a signal
which will be sufficient to reinstate seeking or self-administration
behaviours. [27]

5. Addiction: the neurobiological deregulation
model

The neurobiological reward system exists in biological terms,
since it is stimulated by natural actions, such as feeding or the sex-
ual act, relating to the finality of the survival of the species. It en-
sures that feeding, which enables individual survival, and sexual
activity, which enables the survival of the species, are experienced
pleasurably, and not merely repetitively, which could lead to inter-
est declining, and a form of anorexia or abstinence that would be
harmful for the survival of the species. This system cannot how-
ever cope with artificial stimulation, in particular by way of chem-
ical substances, where the level of activation is well above what
can be induced physiologically. Excessive, repeated activation of
the reward system leads to its deregulation, which takes the form
of addiction, that is to say the loss of freedom of choice in usage,
the most characteristic phenomenon being the craving effect. [12,26]

Different mechanisms enter into the craving phenomenon
(figure 2). The first is underpinned by memory processes, whereby
the individual remembers the effects experienced from use of
the substance, and above all the setting in which usage and the
appearance of the effects occurs. Memorisation explains why
merely seeing contextual elements of substance use can trigger
craving in a dependent subject, resulting in relapse in a sub-
ject who may have been abstinent for several years. Brain im-
agery experiments have enabled the alterations in the reward sys-
tem to be visualised following viewing of contextual elements
of substance use. [28,29] The second mechanism concerns motiva-
tional processes, which undergo a sensitisation phenomenon. This

Fig. 3. The neurobiological mechanisms of addiction.

behavioural sensitisation is evidenced experimentally by a gradual
increase in the animal’s locomotor activity with the repeated ad-
ministrations, without any need to increase the dose. This sensiti-
sation is accompanied by a behaviour that is centred on obtaining
the substance, at the expense of all other activities. [26] The third
mechanism concerns tolerance, that is to say the gradual decrease
of the pharmacodynamic effect as usage is repeated, resulting in
the need to increase the dose to reproduce effects of the same in-
tensity. This tolerance process is linked above all to the reinforc-
ing potential, that is to say the pleasure derived from use of the
substance. [19] These three mechanisms underpin addiction and the
craving phenomenon, since signals relating to the setting of the
substance use trigger the motivation to resume use because of the
hypersensitivity of the system, in spite of the fact that the experi-
ence is of lesser intensity because of the tolerance phenomenon.

The loss of inhibiting control, which is related to the pre-
frontal cortex, is an important element in the impulsive and com-
pulsive nature of substance use, and it contributes to dissociation
between the motivational dimension, which strengthens, and the
hedonic dimension, which declines. The subject is no longer capa-
ble of disengaging from the conditioned reflex that is memorised
as a result of the initial association between use of the substance
and positive reinforcement learning, despite the gradual loss of
this reinforcement potential. [30,31] This inability to escape from
the conditioned reflex reflects an absence or loss of the cognitive
flexibility required to control impulsiveness. This loss of control
involves different areas of the brain (orbito-frontal cortex, stria-
tum, medial temporal lobe) and different neurotransmitters (sero-
tonin, dopamine, noradrenaline) the functioning of which changes
as a result of repeated substance use. Neuro-imagery and brain
stimulation data have shown that a decrease in activity in the
orbito-frontal cortex in addiction can at least partially explain the
loss of control with regard to substance use.

Neurobiological mechanisms underpin these psycho-
behavioural mechanisms (figure 3). They result in particular
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from processes of cellular and molecular plasticity linked to the
pulsatile nature of the stimulation of the reward circuit. [17] This
is particularly true of the dopaminergic pathways, with changes
in density and sensitivity of the dopaminergic receptors, which
among other things explain the phenomena of behavioural sensiti-
sation and tolerance. They also concern the glutamatergic system,
linked to memorisation. But other neurobiological systems appear
to play an important part, in particular the serotoninergic and
noradrenergic pathways, as do alterations in the opioid system.[32]

The association between stress and addiction risk has also led
to the exploration of the implication of the corticotropic system,
which is indeed modified in addiction models. These molecular
targets are all pharmacological targets, despite the fact that
aetio-pathogenic treatments aimed specifically at the craving
phenomenon are still scarce.

6. Addiction: a model of individual
susceptibility

The use of potentially addictive substances does not neces-
sarily lead to the development of an addiction. Some individuals
may feel aversion on their first encounter with a substance sup-
posed to afford a pleasurable experience. Others may use the sub-
stance occasionally without being really dependent, with use be-
ing linked to a creative, festive or recreational setting, which fits
the definition of an artificial paradise. But for reasons of individ-
ual susceptibility, occasional use can shift to repeated use, accom-
panied by a compulsive quest for the substance and the imperi-
ous need to consume, which then signals the addictive pathology.
This inter-individual variability can be explained by interaction
between genes and the environment.

Genetic susceptibility may indeed be involved, as suggested
by family or twin studies, but its influence appears to vary with
the substance involved. In the Genome-Wilde Association Stud-
ies large cohorts have been used to study genetic variations in the
nicotine receptors, serotonin transporters and receptors, circadian
patterns, certain ion channels, P450 cytochrome, and enzymes in-
volved in the catabolism of monoamines. Some of the genetic
variations identified are more specific to certain types of addiction,
and their presence is associated with alterations in cerebral func-
tion. [33] However the physiopathology of addiction cannot be re-
duced to mere genetic susceptibility, and other exogenous factors
(pre- or post-natal stress, unfavourable living conditions etc. . . ) or
endogenous factors (impulsivity, cognitive disorders) can also be
involved. [34] We are indeed dealing with an interaction between
genetic composition and an environment, where environmental
factors will reveal or trigger addiction in a genetically predispos-
ing terrain. The use of the substance itself is liable to alter these

gene-environment interactions, in an epigenetic perspective on ad-
diction which suggests the possibility of trans-generational trans-
mission, independently from the issue of a recessive autosome. It
has also been clearly shown that addictive substances can modu-
late certain pathways, in particular histone pathways, involved in
epigenetic modifications. [35,36]

7. Addiction: a social medicine model

Addiction is a genuine illness, not a vice, since the substances
intended to create an artificial heaven progressively draw indi-
viduals who become dependent towards a living hell of physical,
mental and social suffering. The first social dimension concerns
the subject, who little by little abandons his or her activities and
social relationships in favour of an all-consuming quest for the
substance. From this point of view, addiction is a model of social
withdrawal or even de-socialisation, which explains why medico-
social care is at least as important as medical care. [37,38]

The second dimension concerns the way in which society
views the addiction. There is social acceptance of certain types
of substance use (alcohol or tobacco), indifference towards or
even valorisation of some others (cannabis, cocaine), there may
be medical supervision (benzodiazepines), while other types of
substance use are stigmatised (opiates). Addiction has links with
our representations of pleasure or conversely of shamefulness
in Western societies, with a continual oscillation between recre-
ational functions and loss of free will. [39] The individual is not
the only person involved, and the social impact is very real given
the consequences in terms of morbidity and mortality, and also
in terms of family life, the economy and the medical and legal
systems. Addiction also has a political dimension that is likewise
ambivalent – between endeavouring to reduce the phenomenon
and reaping the secondary benefits of reducing generalised social
anxiety. Addiction poses major challenges for prevention, the or-
ganisation of care and research, despite the undeniable progress
already achieved. [40] The early identification by the addiction vig-
ilance system of potential risks of abuse of different substances,
whether or not they are known for their addictive potential, is part
of social care provision, using all the different models available
for the understanding of addiction.

Conflicts of interest. None.

Abbreviations. GABA: gamma-aminobutyric acid; LSD: lysergic
acid diethylamide; MDMA : methylenedioxymethamphetamine.
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