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Abstract

Drug addiction is a chronic compulsion and relapsing disorder defined as 
a “pathological pattern of use of a substance”, and characterized by the 
loss of control in drug-taking-related behaviors, the pursuance of those 
behaviors even in the presence of negative consequences, and a strongly 
motivated desire to consume substances. Several brain areas and circuits 
are involved, encoding cognitive functions such as reward, motivation, and 
memory. Addiction research has moved the focus to those psycho-
neurobiological mechanisms that have a crucial role on the transition from 
an occasional use to the abuse of drugs. It has been hypothesized that drug 
addiction may start as a “goal-directed behavior”; later, with the mainte-
nance of the “instrumental behavior”, it can turn into a “habitual behav-
ior”, inducing a form of habit-based learning. At a brain level, it has been 
suggested that DA-ergic/GLU-ergic/NE-ergic meso-cortico-limbic trans-
mission may have a crucial role in the pathological habit-based learning of 
a drug-seeking behavior.

The present chapter reviews the more recent studies on drug addic-
tion, investigating the psycho-neurobiological hypotheses concerning 
what drives the transition from an occasional use to abuse of drugs. 
Then, a “habit learning” theory of drug addiction is described. Further, 
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the possibility of an engagement of different memory systems in a 
“learned drug-seeking” behavior is discussed. The next section describes 
the role of prefrontal NE-ergic neurotransmission in drug addiction. 
Finally, the chapter raises some questions about a conceptual framework 
linking pathological learning with memory and drug addiction.

Keywords

Drug addiction • Habit-learning • Habit-memory • Mesocorticolimbic 
reward system

�Introduction

Addiction in Latin (addictus) means “slave to 
debt” or “subjugate”, and it is very closely asso-
ciated with the concept of psychological depen-
dence from pharmacological substances. Drug 
addiction is a chronically compulsive and recidi-
vist disorder that affects individuals more psy-
chologically than physically. The life of an 
addict is a progressive top-down circle of search-
ing for, obtaining, using, and recovering from 
drug effects, in spite of related illness, disrupted 
relationships, and work/life failures. The social 
burden created by addiction can be quantified 
and measured in social and health contexts, in 
order to express the overall severity of this psy-
chological disease. The extent of problematic 
drug use—by regular drug users—remains sta-
ble at between 16 million and 39 million people 
[1]; globally, these rates of drug abuse are rela-
tively stable despite the fact that it is on the rise 
in developing countries. Substances of abuse 
reduce socio-economic development and boost 
organized crime, instability, and national insecu-
rity [1].

Addiction has recently been defined by the 
5th edition of Diagnostic and Statistical Manual 
of Mental Disorders (DSM-V) [2] as a “patho-
logical pattern of use of the substance”, where 
the loss of control over drug-seeking/drug-tak-
ing behavior, the persistence of drug-taking 
behavior despite negative consequences, and a 
high motivation to take drugs at the expense of 
other activities are the main features. The loss of 
control, persistence, and high motivation to take 
drugs can be analyzed and conceptualized at sev-

eral levels, from psychological to molecular. In 
particular, a major hypothesis guiding experi-
mental research considers the level of exposure 
to the substance as a key factor that leads to 
addiction [3–6]. Primarily, addiction is a chronic 
disease that involves brain systems related to 
reward, motivation, and memory, forming 
circuitry between each other. Secondarily, 
dysfunction in these circuits leads to bio-psycho-
social manifestations of pathological behavior. 
Addiction researchers have recently hypothe-
sized that there is a crucial role of the prefrontal 
cortex (pfC) in the limbic circuit of reward, and 
the pfC is considered to be one of the major 
components of the neurobiology of addiction 
[7–11].

The major aim of this chapter is to review 
recent studies highlighting the key features of 
drug addiction, and the nature of a transition from 
occasional to compulsive use of pharmacological 
substances. First, this chapter overviews two 
major hypotheses currently driving drug addic-
tion research, all of which indicates that the level 
of exposure to the substance is a key factor lead-
ing to addiction [3–6]. Second, this chapter high-
lights a recent hypothesis related to “habit 
learning” that can explain the transition from 
occasional to compulsive drug use. The third part 
of this chapter discusses the possibility of the 
engagement of different memory systems in a 
“learned drug-seeking” behavior. The fourth part 
deals with a neurobiological conceptualization of 
addiction in relation to the “habit learning” and 
“habit memory” hypotheses. The fifth part of this 
chapter focuses on the role of catecholaminergic 
transmission in the pfC in addiction. In conclusion, 
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this chapter highlights several questions about a 
conceptual framework linking pathological learn-
ing and memory with drug addiction.

�An Aberrant Motivation 
and a Hedonic Dysregulation 
Driving Drug-Seeking Behavior

In this section we review two major psychologi-
cal theories explaining the passage from occa-
sional use to pharmacological substance abuse: 
the “incentive-sensitization” theory and the 
“hedonic dysregulation” theory.

�The “Incentive-Sensitization” Theory

Following the “drive-reduction theories”, psycho-
biology of addiction has pointed out to a link 
between reward brain system and motivation. 
Motivational concepts can help us to understand 
how and why limbic brain systems are evolved to 
mediate psychological processes that guide drug 
seeking/taking behavior. Hedonic reward is a key 
concept in motivated behavior [4, 5], and cognitive 
expectations together with physiological internal 
states can modulate hedonic incentives [5]. It can 
be argued that learned Pavlovian incentive stimuli 
become both consummatory phase (“liking”, 
hedonic value) and appetitive phase (“wanting”, 
incentive salience), as a consequence of reward 
learning. It has been found that unconditioned 
affective reaction patterns elicited by sucrose and 
quinine solutions are essentially normal in rats 
after 6-hydroxydopamine (6-OHDA) lesions of 
the “striatal–accumbal” dopamine (DA) system 
[12]. Moreover, rats with extensive dopamine 
depletions can change their hedonic evaluation of 
a stimulus based on predictive relations with 
another event, meaning that reward learning mod-
els have posited dopamine systems to play a simi-
lar role in learned increments and learned 
decrements in prediction of hedonic rewards [12]. 
Pre-clinical research on drug addiction has found 
concepts to explain the compulsive use of drugs as 
well as the phenomenon of relapse in an interest-
ing “motivation-based theory”. Different drugs of 

abuse with different pharmacological actions 
cause sensitization via the alteration of the meso-
limbic DA system. Sensitization happens when 
repeated drug administration leads to an enhance-
ment of outcomes related to that drug or to another 
addictive substance (cross-sensitization, [5, 13, 
14]). Compulsive drug seeking/taking behavior 
and the relapse (through the exposition to stimuli 
associated with the substance or due to stress) are 
attributable to modifications in the motivational 
system related to the appetitive phase (wanting). 
This phenomenon was explained by Berridge and 
Robinson with the “incentive-sensitization” theory 
[15]. They consider that long-term drug use leads 
to mounting neuroadaptations at the “brain reward 
system” level, enhancing the sensitization to the 
substances of abuse and to associated stimuli. 
Repeated use of a drug induces specific associa-
tions between stimuli and, consequently, induces 
specific actions tagging a specific behavior such as 
the rewarded outcome. Increasing of drug-stimuli 
pairings increases the incentive value of the stim-
uli, leading addicts to want to take drugs, even they 
do not particularly like them [5]. However, even if 
this theory explains many aspects of human addic-
tion, such as excessive preoccupation with the 
drug and with seeking it out, the intense craving, 
and relapse, it fails to explain a central feature of 
drug addiction: the inability of addicts to regulate 
or stop the use of a drug despite negative conse-
quences and the self-destructive nature of its pro-
longed use. This theory doesn’t deny the pleasure 
obtained from the drug, the withdrawal, or habits 
such as reasons why people become addicted. 
However, it suggests that a sensitized wanting 
could better explain long-term compulsive drug 
seeking/taking behavior.

�The “Hedonic Dysregulation” Theory

This theory describes a vicious “top-down” circle 
from occasional and controlled drug use into 
addiction passing through at least three stages: 
“preoccupation/anticipation”, “binge/intoxica-
tion”, and “withdrawal/negative effect” [16].

The first theories on drug addiction considered 
that drugs prevented or relieved psycho-physical 
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negative states resulting from abstinence (i.e., 
withdrawal) or from adverse environmental cir-
cumstances (i.e., stress). While initial drug use is 
motivated by the hedonic rewarding properties of 
the drug itself, it has been hypothesized that drug 
use becomes motivated more by a “negative rein-
forcement” (abstinence symptoms avoidance) 
than by a positive reinforcement (euphoric high 
state, [17]). Negative reinforcement can be defined 
as the process by which removal of an aversive 
stimulus (i.e., negative emotional state of drug 
withdrawal) increases the probability of a response 
(i.e., dependence-induced drug intake, [18]). Drug 
users progress from occasional use to addiction, 
and the factors motivating drug use are hypothe-
sized to shift in importance, in which impulsivity 
often dominates early stages, and compulsivity 
dominates terminal stages. A shift occurs from 
impulsivity to compulsivity, and a similar shift 
occurs from positive reinforcement to negative 
reinforcement, driving the motivated behavior.

On the other hand, the role of sensitization in 
addiction has been explained as a shift in an 
incentive-salience state, described as “wanting”, 
attributed to a pathological “over-activity” of 
mesolimbic dopamine function. Other factors 
such as an increased secretion of glucocorticoids 
may function in the long-term maintenance of 
this sensitized state [19]. Drug-taking follows 
the pattern of intoxication, tolerance, escalation 
in intake, profound dysphoria, physical discom-
fort, and somatic withdrawal signs during absti-
nence. The “craving” is an intense preoccupation/
desire to obtain substances that often precedes 
the somatic signs of withdrawal, having a crucial 
role in compulsive seeking-behavior and in 
relapse. Moreover, craving has a role in the asso-
ciated stimuli related to drug-taking behavior 
and to withdrawal. Finally, craving is a key part 
in the vicious circle of addiction, and it has been 
considered important in the three stages driving 
to drug addiction: “preoccupation/anticipation”, 
“binge/intoxication”, and “withdrawal/negative 
affect” [16]. These three stages are conceptual-
ized as interacting with each other, becoming 
more intense, dysregulating the hedonic homeo-
stasis of the reward system, and ultimately lead-
ing to the pathological state known as addiction 

[4]. The transition from occasional drug use to 
addiction involves neuroplasticity in all of these 
elements, and may begin with initial drug use in 
vulnerable individuals or individuals at particu-
larly vulnerable developmental periods (i.e., in 
adolescence).

The preoccupation/anticipation (craving) 
stage of the addiction cycle has long been hypoth-
esized to be a key element of relapse in humans, 
and it defines addiction as a chronic relapsing 
disorder. The binge/intoxication stage has a pat-
tern of intake characterized by high intake of the 
drug except during periods of sleep and negative 
emotional states during abstinence, including 
dysphoria, irritability, and intense craving. Such 
“binges” can last hours or days, and are often fol-
lowed by a withdrawal characterized by extreme 
dysphoria and inactivity. When craving is driven 
by environmental cues, intense substance-crav-
ing can anticipate withdrawal, signifying the 
availability of the substance and internal states 
linked to negative emotional states and stress 
(withdrawal/negative effect stage).

The hedonic dysregulation theory elucidates 
the passage from use to abuse of drugs as a “top-
down” vicious circle, considering the key role of a 
sort of imbalance in the hedonic status of drug 
users. However, the theory fails to explain the role 
of other main features of drug addiction such as 
an abnormal sensitization to the substance and the 
instrumental behaviors to obtain the substance.

�The Neural Basis of a Drug-Motivated 
Behavior

In addition to the behavioral criteria described 
above, different studies in the neurobiology of 
addiction also support the idea that DA plays a 
crucial role in drug-motivated behavior. The 
clearest mechanism in drug-seeking/taking 
behavior is the activation of the DA-ergic trans-
mission in the brain reward circuitry [20–22]; 
and DA-ergic mesolimbic/nigrostriatal pathways 
are thought to be mainly involved in drug-
induced neuroplastic changes. Furthermore, it 
has been widely shown that increased DA-ergic 
transmission in the nucleus accumbens (NA) 
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plays a mediating role in the rewarding/reinforc-
ing effects of addictive drugs [6, 23–26].

One of the two NA subnuclei (the “shell”) 
receives DA-ergic innervations from the ventral 
tegmental area (VTA), and is crucial in the modu-
lation of “motivational salience”, also contribut-
ing to the establishment of “Pavlovian” learned 
associations between motivational events and 
concurrent environmental perceptions [27, 28]. 
The NA shell also projects to subcortical struc-
tures, such as the lateral hypothalamus (LHyp, 
which mediates autonomic responses), permitting 
regulatory activity in hunger/satiety modulation 
of food motivation and reward [28]. Neurochemical 
lesions of the NA DA-ergic pathways or receptor-
blocking drugs reduce the “wanting” to eat, but do 
not reduce facial expressions of “liking” for the 
same reward [12, 29, 30]. Furthermore, opiates 
increase extracellular DA in the NA [31], and 
drug priming reinstates drug-seeking behavior by 
activating the mesolimbic DA-ergic incentive 
motivation system [12, 28]. Adaptive behavioral 
responses to the motivational situation occur 
under DA release, inducing cellular changes that 
establish learned associations with the event [32]. 
By contrast, in a repeated drug administration, 
DA release is no longer induced by a particular 
event, as a motivational event becomes familiar 
by repeated exposure [33]. In this case, the behav-
ioral response remains goal-directed and well 
learned, and further DA-induced neuroplastic 
changes are not necessary.

In contrast, the other sub-nucleus of NA (the 
“core”) appears to be a primary site mediating the 
expression of learned behaviors in response to 
stimuli predicting motivationally relevant events 
[34, 35]; and DA is released into the core in 
response to stimuli predicting a rewarding event, 
which probably modulates the expression of adap-
tive behaviors [34]. Therefore, in learned associa-
tions induced by repeated motivational situations, 
DA will likely be released as part of the overall 
experience. In sum, DA might have two functions. 
The first is to alert the organism to the appearance 
of novel salient stimuli, and thereby promote neu-
roplasticity (learning). The second is to alert the 
organism to the pending appearance of a familiar, 
motivationally relevant event, on the basis of 

learned associations which were previously made 
with environmental stimuli predicting the event 
[36]. Finally, a series of parallel cortico-striato-
pallido-cortical loops have been defined whereby 
the ventral striatum, including NA, relates to emo-
tional learning and the dorsal striatum relates to 
cognitive and motor functions [37, 38].

In parallel with neurobiological studies, elec-
trophysiological studies have revealed highly 
heterogeneous changes in striatal neuron firing 
during a motivated behavior [39–41].

Interestingly, two major neuronal types have 
been identified in the NA [42, 43]: fast spiking 
interneurons (FSIs) and medium spiny projection 
neurons (MSNs). FSIs strongly inhibit MSNs 
and control their spike timing [43, 44], and have 
been shown to respond differently than MSNs to 
rewards [45], suggesting that FSIs and MSNs 
play different roles in those behaviors related to 
motivation and habit learning. Finally, the NA 
plays an important role in both appetitive and 
consummatory behavior. A common finding in 
electrophysiological studies of the NA or ventral 
striatum (VS) in animal models of behavior is 
that subpopulations of neurons respond phasi-
cally to each identifiable component of both 
appetitive and consummatory phases of the task 
[41, 46–48]. However, because many more NA 
neurons are inhibited during consumption than 
are excited, manipulations that inhibit the NA 
may enhance food consumption, not because the 
NA is generally inactivated, but because the spe-
cific population of neurons whose firing inhibits 
consumption is silenced by such manipulations. 
Many of the same neurons whose inhibition may 
drive consumption are also excited by cues, and 
during operant responding are excited by behav-
iors that are incompatible with consumption.

�A “Habit-Based Learning” 
Hypothesis for Drug Addiction

�The “Habit Learning” Theory

Recently, addiction research has placed a special 
focus on what happens in the real world where 
drug abusers have to stoke up drugs because of 
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their not free availability [49]. In line with this 
idea, an animal model of drug-seeking/taking 
behavior has been created. In this model, rats no 
longer respond to stimuli in order to obtain drug 
infusions. Thus, it has been defined that the drug 
sensitivity is due to an instrumental behavior–
drug administration relationship. In fact, drug-
associated stimuli have a considerable effect on 
behaviors, and play an important role in addic-
tion development [50, 51]. However, it has been 
shown that drug-seeking behavior is not affected 
by pharmacological effects of the drug, because 
the maladaptive behavior occurs prior to drug 
infusion [52]. If the drug-seeking behavior is still 
present even if the drug is not delivered, it is 
arguable that the drug-seeking behavior depends 
on the contingency in the presentation of drug-
associated cues. This animal model provides an 
opportunity to study the neural basis of cue-
associated drug-seeking behavior. Moreover, it is 
useful in order to address new potential treat-
ments that would decrease cue-associated drug-
seeking behavior. The main characteristics of 
drug addiction are the compulsive drug-seeking/
taking drug behavior in spite of adverse conse-
quences and the relapse to the substances of 
abuse. When desire becomes a need, the subject 
acts out a different kind of behavior. It leads him 
or her to take substances. Goal-directed behavior 
and habit learning perform two forms of instru-
mental learning: the first one is quickly acquired 
and tuned by its outcome, the second one is more 
willful, and elicited by previous stimuli rather 
than their consequences [53]. The psychobiology 
of drug addiction identifies the first of these 
behaviors as simply aberrant, and the second as 
pathological.

Different behavioral procedures have been 
developed, each of which focuses more directly 
on component processes. The critical procedure 
for demonstrating this motivational influence is 
the Pavlovian–instrumental transfer (PIT) design, 
in which the role of a separately trained condi-
tioned stimulus (CS) on instrumental responses is 
assessed [6, 49, 52]. Pavlovian CSs can modulate 
instrumental performance. For example, a stimu-
lus that predicts the arrival of a tasty solution will 
enhance lever pressing for that solution (specific 

PIT) or another reward (general PIT). The 
approach takes into account two conditions: 
(1) the Pavlovian processes that define sensitivity 
to the contingency between stimuli (S) and rein-
forcers (R), and (2) the instrumental processes 
sensitive to the contingencies between actions, or 
responses (R), and outcomes (O, [54, 55]). This 
R–O process can be contrasted with the first, S–R 
instrumental process in which seeking behavior 
is a simple habitual response triggered by the 
environment and drug-associated stimuli. It has 
been argued that drug seeking is initiated under 
the control of the goal-directed R–O process, but 
the onset of addiction becomes a compulsive 
habit under the control of the S–R process [52]. 
For example, an action such as lever-pressing 
works as a contingency between action and its 
outcomes. Combination of this contingency, 
along with an unconditioned stimuli (US)-
induced instrumental incentive value, regulates 
goal-directed responses, defining a motivational 
incentive salience. On the other hand, the S–R 
process can induce an incentive learning process. 
Additionally, PIT provides a “motivational 
boost” and enhances R-O process.

Everitt considers drug addiction the final stage 
of several steps from the initial and controlled use 
of a substance [6, 49, 52, 56]. When the sub-
stance is taken voluntarily for its incentive effect, 
seeking behavior progressively becomes a 
“habit”, through a gradual loss of control. Thus, 
the stimulus–response mechanism plays an 
important role in the maintenance of an instru-
mental behavior. Finally, the capacity of the stim-
ulus (substance) to act as reinforcement 
(conditioned reinforcer) exerts a kind of control 
over the seeking/taking behavior. Thus, drug 
addiction may start as a “goal-directed behav-
ior”; later, with the maintenance of the “instru-
mental behavior”, it could turn into a “habitual 
behavior”, inducing a form of learning based on 
the habit (habit learning, [6, 49, 52, 56]).

Three major theories guide the experimental 
research in the field of drug addiction. The 
incentive-sensitization theory states that “aber-
rant motivation” to seek and take drugs could 
characterize addiction, and considers that “want-
ing” plays a major role in addiction development. 
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The hedonic dysregulation theory defines a top-
down spiraling, from use to abuse of drugs, and 
focuses on the role of dysregulation in hedonic 
homeostasis, taking into account a crucial role 
of a “liking” dysregulation. Finally, the habit 
learning theory highlights the role of an instru-
mental learning behavior that becomes habit, in 
order to explain the complex use/abuse transi-
tion in the drug seeking/taking behavior, and 
places equal weight on both the “liking” and 
“wanting” roles.

�The Neural Basis of a Drug-Habit-
Learned Behavior

Accumulating evidence suggests a critical role 
for dissociable neurochemical mechanisms in the 
basolateral amygdala (BLA) and the NA core 
that underlie drug-seeking behavior maintained 
by conditioned reinforcers [55, 57–60]. The BLA 
complex performs fundamental roles in memory 
formation and storage linked with emotional 
events [61, 62]. Moreover, it is involved in appe-
titive (positive) conditioning [63]. Distinct neu-
rons respond to both positive and negative 
stimuli, but they do not group into clear anatomi-
cal nuclei [64]. Studies report that infusions of 
DA receptor antagonists into the BLA prevented 
CS-induced reinstatement of responding after 
extinction [65]. This could mean a special 
involvement of DA-ergic transmission in the 
BLA in drug-seeking/taking behavior. Consistent 
with these observations, NA core DA efflux was 
not increased during the response-dependent pre-
sentation of conditioned stimuli in a reinstate-
ment procedure [66, 67], whereas glutamate 
(GLU) efflux was increased in the NA core of 
animals engaged in active cocaine seeking [68]. 
Finally, combined “cues  +  drug-primed” rein-
statement conditions showed that increased DA 
and GLU efflux in the medial pfF (mpfC) and NA 
plays a role in promoting reinstatement, and may 
be an important mediator of drug-seeking behav-
ior primed by multiple relapse triggers [69]. 
Together, these findings suggest that drug seek-
ing maintained by drug-associated conditioned 
reinforcers may depend on DA-ergic mechanisms 

in the BLA and GLU-ergic mechanisms in the 
NAc core, and together in the mpFC.

This raises the question of whether these 
selective neurochemical mechanisms in the BLA 
and NA core are components of a neuroanatomi-
cal subsystem within limbic cortical–ventral 
striato-pallidal circuitry [70]. In part, the tech-
nique of the so-called “disconnection” indicated 
that the dorsal striatum (DS) and VS interact with 
each other serially, in a wide range of functional 
settings, such as PIT on goal-directed behavior 
[55]. Specific PIT involves the BLA and NA 
shell. General PIT involves the central amygdala 
(CeA) and NA core [59]. The VS has long been 
suggested to be the interface between emotion, 
motivation, and action on the basis of its major 
inputs from the limbic cortices such as the BLA, 
the orbitofrontal cortex (oFC), and the LHyp [55, 
70, 71]. The NA core has important functions in 
Pavlovian conditioning, and in the interactions 
between Pavlovian and instrumental learning 
mechanisms involved in involuntary behavior 
[55, 57, 66]. Conversely, the role of DS in both 
cognitive and motor functions is well established, 
providing the neurobiological substrate of both 
goal-directed and habitual control of “instrumen-
tal learning” [72–75]. Sequential phases of 
Pavlovian and instrumental learning could be 
especially relevant for the transition from casual 
drug use to substance abuse, involving compul-
sive drug-seeking/taking behavior [49].

Recently, several experimental and functional 
observations support the idea of common neural 
circuitry forming a distinct entity into the basal 
forebrain, termed the “extended amygdala”. This 
circuit may be delegated to act on the motiva-
tional, emotional, and habitual effects of drug 
addiction [76–79]. The extended amygdala rep-
resents a macro-structure composed of several 
basal forebrain structures: the bed nucleus of the 
stria terminalis (BNST), the central medial amyg-
dala (CeA), and the NA shell [76, 77]. These 
structures have similarities in morphology, 
immunohistochemistry, and connectivity [78, 
79], and they receive afferent connections from 
limbic structures such as the hippocampus (HP), 
BLA, and LHyp. Key elements of the extended 
amygdala include not only neurotransmitters 
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associated with the positive reinforcing effects of 
drugs of abuse, but also major components of the 
brain stress systems associated with the negative 
reinforcement of dependence [76].

�A New Perspective on Rewarding 
Memories in Drug Addiction

�The “Habit-Memory” Hypothesis

The implications of the psychological/neural 
mechanisms of drug-seeking behavior have an 
important role in addressing drug addiction 
therapies. Interestingly, recent evidence indi-
cates that different memory systems are also 
used in the new learning occurring during 
behavioral extinction [80]. The passage from 
initial casual drug use to eventual addiction 
could involve, at least in part, a compulsive 
drug-seeking/taking behavior guided by dorsal 
striatal-dependent habit-learning mechanisms 
[49, 52, 72]. This suggests that when “habit-
like” drug-seeking behavior is firmly acquired, 
the extinction of such behavior may be differen-
tially influenced by engaging both habit and 
memory systems. Furthermore, a dissociation 
has been defined between cognitive (hippocam-
pus-dependent) and habit (DS-dependent) mem-
ory systems, during an initial acquisition of 
learned behavior [81–83]. Recently, it has been 
tested whether habit and cognitive memory sys-
tems are involved in the extinction of such 
behaviors [84]. In the response extinction condi-
tion, rats performed a runway approach response 
to an empty fluid well. In the latent extinction 
condition, rats were placed at the empty fluid 
well without performing a runway approach 
response. Subsequently, it has been shown that 
the relative effectiveness of multiple memory 
systems was altered by oral cocaine self-admin-
istration, during extinction training [84]. Finally, 
it has been found that an abnormal stimulus–
response habit guiding acquired approach 
response can affect the cocaine-induced impair-
ment of latent extinction, thus rendering cogni-
tive learning mechanisms inefficient during 
latent extinction training. Consistent with these 

results, drug-seeking behaviors underlying 
addiction may involve, at least in part, a transi-
tion from goal-directed behaviors to habitual 
behaviors that characterize the function of the 
DS memory system [49, 52, 72, 85–87].

�The Neural Basis of Habit Memory

The BLA plays a crucial role in emotion and 
memory [88, 89]. Numerous studies have impli-
cated the BLA in the effects of emotional arousal 
on memory, mediated by HP and DS [90–92]. 
Moreover, recent evidence indicates that the rela-
tive use of cognitive and habit memory can be 
influenced by an organism’s emotional state [93]. 
On the basis that anxiety and/or stress can pro-
mote relapse into previously acquired habitual 
and maladaptive human behaviors such as addic-
tion [4, 76], recent data has highlighted the mech-
anisms by which emotional arousal can produce 
a clinically significant propensity to the use of 
habit memory [94]. In the rat, HP and DS each 
receive anatomical projections from the BLA 
[95, 96]. Moreover, in the dual-solution plus 
maze task [97], BLA infusion of anxiogenic 
drugs may produce an inclination towards the use 
of habit memory by directly facilitating 
DS-dependent response learning. Alternatively, 
the infusions may indirectly bias rats towards 
response learning by impairing HP-dependent 
place learning [93, 94, 97]. Extensive evidence 
indicates that competitive interference between 
cognitive and habit memory systems can exist in 
some learning situations [98–100]. The emo-
tional processes mediated by the BLA may also 
impact learning and memory by influencing the 
degree and nature of competitive interference 
among multiple memory systems. Finally, taking 
the considerable impact of emotion and memory 
on adaptive behavior, it is not surprising that the 
role of the amygdala in human psychopathology 
has received considerable empirical and theoreti-
cal attention [92, 101–104]. Recently, it has been 
suggested that a modulatory action may poten-
tially provide a mechanism whereby stress or 
anxiety could release habit-learning systems 
from the competing and/or inhibitory influences 
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of cognitive memory systems, promoting relapse 
into previously acquired habitual and maladaptive 
behaviors, as occur in drug addiction or obses-
sive-compulsive disorder [94].

�Pre-frontal Cortical Norepinephrine 
Transmission in Drug Addiction

Drug addiction research is focused on the regula-
tion of mesoaccumbens DA-ergic transmission in 
response to pleasant or aversive stimuli. However, 
recently it has been shown that mesoaccumbens 
DA-ergic transmission seems to be modulated by 
the mesocortical DA-ergic system in an inhibi-
tory way, suggesting an inverse response rela-
tionship between them [8]. Moreover, a growing 
body of data considered the idea of a “hypofron-
tality” in drug addiction, considering that a pro-
longed drug use can induce an inability to inhibit 
responding toward the stimuli previously paired 
with a reward, resembling the focused and persis-
tent drug-seeking behavior observed in drug 
addicts [105, 106].

It has been demonstrated that norepinephrine 
(NE) in the mpFC has a crucial role in NA DA 
release, induced by systemic amphetamine, mor-
phine, or lithium administration [8–10]. Hence, 
studies on the involvement of brain NE-ergic sys-
tems in behavior control mostly focus on emo-
tional memory regulation by the amygdala 
(AMY, [92, 104, 107]). Finally, a possible mpFC 
NE/DA counteractive action on subcortical DA 
transmission has been suggested [8–10]. Psycho-
biological studies, which investigated different 
genetic backgrounds and used a useful strategy 
for investigating the neural basis of drug effects, 
have identified relationships between catechol-
aminergic neurotransmission and maladaptive 
behavior [108]. Using two well-known inbred 
strains of mice (DBA/2J, DBA and C57BL6/J, 
C57), it has been shown that DBA mice are 
poorly responsive to the enhancing extracellular 
DA induced by both natural and pharmacological 
substances in the NA [109–112]. Oppositely, C57 
mice are highly responsive to stimulating/rein-
forcing effects of both natural and pharmacologi-
cal substances, as shown by increased locomotor 

activity in amphetamine-induced conditioned 
place preference (CPP, [109, 110]) or by increased 
seeking/taking chocolate behavior in a condi-
tioned suppression paradigm [111–113]. Since 
DA mpFC has an inhibitory role on DA NA, 
while NE is excitatory [7], it has been hypothe-
sized that the NE/DA balance in the mpFC con-
trols DA in the NA and related behavioral 
outcomes, making the C57 strain more respon-
sive than DBA [8, 30]. This hypothesis was con-
firmed by experiments showing that selective 
mpFC NE depletion abolished the effects of 
amphetamine on DA in the NA of C57 mice [8], 
while selective mpFC DA depletion (preventing 
NE) led to DA outflow in the NAc and behavioral 
outcomes in DBA mice which are entirely similar 
to those of C57 [9, 108]. These data suggested 
that DA in the NA is controlled by mpFC NE, 
which enhances it, and by mpFC DA, which 
inhibits it.

Prefrontal NE transmission is known to play a 
critical role in regulating many cortical functions, 
including arousal, attention, motivation, learning, 
memory, and behavioral flexibility [113–118]. 
Moreover, both rewarding/reinforcing and aver-
sive stimuli have been shown to increase NE 
release in mpFC [10, 112, 119, 120]. Furthermore, 
it has been shown that novel stressful experiences 
enhance DA release in the NA through activation 
of mpFC alpha-1 adrenergic receptors by high 
levels of released NE [121, 122].

There is some evidence to indicate that mpFC 
NE/DA transmission controls DA release in the 
NA [8, 9, 30, 117, 123]. Thus, mpFC-NA regula-
tion partially regulates the response to rewarding 
(amphetamine) or aversive (stress) stimuli [10]. 
Further studies have provided substantial support 
for this view, through experimental evidence that 
the mpFC NE is crucial in the effects of other 
addictive drugs [8, 9], palatable food [11, 111–
113], and aversive pharmacological or physical 
stimuli [10].

It is already known that the BLA is involved in 
forming associations between neutral and aver-
sive stimuli [61, 62, 124–126]. The BLA receives 
stress-related DA projection from the VTA, sug-
gesting that the BLA is involved in the modula-
tion of affective stress responses, along with the 
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NA and mpFC [127–129]. It has been shown that 
intra-BLA infusions of DA-ergic receptor 
antagonists enhanced DA release in NA in 
stressed rats, while it reduced the DA stress 
response in the mpFC [127]. Thus, these findings 
suggest that increased BLA DA-ergic transmis-
sion has opposite effects on the NAc and mpFC 
DA responses to stress. Moreover, the anxiety 
induced by withdrawal is a significant factor con-
tributing to continued drug abuse in addicted 
people, and the BLA is a major brain emotional 
center regulating the expression of fear and anxi-
ety [76, 130–133]. Furthermore, recent studies 
have suggested that central NE-ergic systems are 
activated during acute withdrawal from ethanol, 
and may have a motivational significance [134]. 
Moreover, electrophysiological studies have 
shown that interneuronal GABA-ergic activity in 
the “extended amygdala” may reflect the nega-
tive emotional state of motivational drug-seeking 
[76]. Furthermore, evidence suggests that NE 
enhances GABA-ergic neurotransmission via the 
α1 receptors [135]. Acute withdrawal from all 
major substances of abuse increases reward 
thresholds, anxiety-like responses, and AMY 
neurotransmission [76, 136]. Compulsive drug 
use associated with dependence is mediated not 
only by loss of function of reward systems, but 
also by recruitment of brain stress systems such 
as NE in the “extended amygdala” [76]. Finally, 
brain arousal/stress systems in the extended 
amygdala may be key components of the nega-
tive emotional states that drive dependence on 
drugs of abuse, and may overlap with the nega-
tive emotional components of other psychopa-
thologies [77].

�Conclusions

A few interesting questions are raised in the 
light of all the converging evidences pre-
sented here, starting from the theoretical/
psycho-bio-physiological conceptualizations 
of drug addiction to the last findings about a 
possible conceptual framework linking path-
ological learning and memory with drug 
addiction.

The first question is whether the three theo-
retical conceptualizations, the “incentive-

salience theory”, the “hedonic dysregulation 
theory”, and the “habit-based learning theory” 
are able to individually explain the psycho-
pathological features of drug addiction. It is 
more likely, though, that these three theories 
can be considered as parts of a single general 
conceptualization that can better explain the 
psychopathological features of drug addic-
tion. The hypothesis that an “aberrant motiva-
tion”, a “hedonic dysregulation” and “aberrant 
learning” can be individual features which can 
be included in the complex of psychopatho-
logical behavior should be considered.

The passage from occasional drug use to 
abuse is related to a change from a positive 
reinforcement to a negative one, with changes 
on motivational baseline. Drug reward is com-
prised of two components: one appetitive 
(orienting towards food) and the other con-
summatory (hedonic evaluation), which are 
also referred to as “wanting” and “liking” 
respectively. It has been explained that “want-
ing” and “liking” could act independently, 
defining a psychological and neuroanatomical 
separation between them [5, 12]. Moreover, it 
has been defined that craving (intense need-
ing) and continuous neuro-plastic changes are 
involved in the passage from casual drug use 
to addiction [26]. Finally, it has been argued 
that only maladaptive habit-based learning 
could trigger drug-seeking behavior [6]. 
However, these three hypotheses are able to 
explain singular parts of the entire complex of 
drug addiction. Finally, motivation, hedonic 
dysregulation, and habit-based learning can be 
considered parts of the complex of the drug-
addicted behavior; and neuroanatomical and 
neurobiological evidence discussed here are in 
line with this idea. However, although several 
studies have investigated how and when these 
three characteristics are involved in drug 
addiction, little is known about their possible 
temporal interpolation. Several human and 
animal studies have shown that the time of 
reward has an important role in reward pro-
cessing [137, 138]. Furthermore, time inter-
vals and rates of reward are of crucial 
importance for conditioning, and DA neurons 
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are crucially involved in the processing of 
temporal information about the rewards. 
DA-ergic neurons in the meso-cortico-limbic 
system show reward-related responses that are 
sensitive to the predicted time of reward and 
the instantaneous reward probability [137]. 
This suggests a possible temporal interpola-
tion from occasional use to abuse of sub-
stances, mediated by a meso-cortico-limbic 
DA-ergic circuit (Fig.  16.1). At a clinical 
level, this would also help to understand how 
and when to intervene along the continuum 
from occasional use to abuse of pharmacolog-
ical substances.

A growing body of data hypothesizes the 
possibility of a conceptual framework linking 
the pathological learning, memory, and drug 
addiction. Recently, it has been hypothesized 
that when “habit-like” drug-seeking behavior 
is firmly acquired, the extinction of such 
behavior may be differentially influenced by 

engaging both habit and memory systems. 
Furthermore, a dissociation has been defined 
between cognitive (hippocampus-dependent) 
and habit (DS-dependent) memory systems, 
during an initial acquisition of learned behav-
ior [81–83].

The second question is whether the three 
features presented above (aberrant motivation, 
hedonic dysregulation, and aberrant learning) 
underlying drug-addicted behavior could also 
be evaluated from a multi-emotional memory 
system point of view, highlighting a possible 
major role of aberrant learned associations 
between drug-associated stimuli and environ-
mental factors, such as stress, driving the mal-
adaptive compulsive seeking/taking behavior 
that is a main feature of drug addiction. 
Although there are emergent studies about the 
possible role of multi-emotional memory sys-
tems in drug addiction, little is known about 
the possible role of “habit memory” in 

First drug taking

Aberrant Motivation

Habit Learning

Habit Memory

Addiction 4

3b

3a

2

1

Casual assumptions
First meetings with the
drugs in a recreational
way. The casual users
choose to alter their
state of consciousness
through drugs.

Losing control
over the assumptions
Goal-directed Behavior;
+ wanting, -liking;
Hedonic Dysregulation;
Changes in Brain Reward
System.

Multiple memory systems
involved
Cognitive/HP-dependent and
habit/DS-dependent functional
dissociation;
Hedonic Dysregulation;
HP and DS mediate emotional
arousal in BLA.

Voluntary Intake
Associative Emotional
Memories;
Instrumental Behavior
Hedonic Dysregulation;
“Cue-associated” drug
seeking behavior.

Fig. 16.1  Hypothetical timeline of the temporal interpo-
lation. Figure describes a hypothetical timeline where the 
major features are defined in a single temporal interpola-
tion from the first drug taking to the addiction. During this 
time, neurobehavioral changes such as the passage form a 

goal-directed behavior to an instrumental behavior and a 
functional dissociation between cognitive/HP-dependent 
memory and a habit/DS-dependent memory act on the 
hedonic dysregulation, and on the representation of the 
value of the drug, drastically inducing the addiction
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psychopathological behavior characterizing 
drug addiction.

Finally, taken together, these four theories 
could contribute to better understanding the 
psychopathological features of drug addic-
tion, such as the compulsive use of substances 
of abuse as well as the relapse. Thus, future 
works could aim to better understand the key 
elements characterizing the psycho-physio-
pathological aspects of drug addiction.
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