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The Neurocognitive Mechanisms

any individuals with
problems of substance
addiction become
unable to base their
drug-use decisions on
the long-term outcome of their
choices. We present here a neural
framework that explains this
‘myopia’ for future consequences.
We suggest that addiction may be
the product of an imbalance
between two separate, but
interacting, neural systems that
subserve decision-making: A
reactive system for signaling pain
or pleasure of immediate prospects
with the amygdala as a key
structure, and a reflective system
for signaling pain or pleasure of
future prospects involving highly
the prefrontal cortex. Through
development, socialization, and
individuals’ learning of social rules,
the reflective system gains control
over the reactive system via several
cognitive (e.g., response inhibition,
shifting) and neural mechanisms
(fronto-parietal network).
However, this control is not
absolute; hyperactivity within the

reactive system can override the
reflective system and the
neurotoxicity of drugs could lead to
the disruption in self-regulation.
We propose that drugs can trigger
bottom-up, involuntary signals
originating from the amygdala that
modulate, bias, or even hijack the
goal-driven cognitive resources
that are needed for the normal
operation of the reflective system
and for exercising the willpower to
resist drugs. We finally develop the
idea that different patterns of
imbalance between reactive and
reflective systems could lead to
distinct patterns of clinical
impulsivity involved in the
vulnerability, the development, and
the relapse to drugs.

INTRODUCTION

Researchers in cognitive
neuroscience have started to
investigate how people make
decisions. From studies of
individuals with focal brain
damage, who show poor decision-
making, and from functional
neuroimaging studies of

participants performing decision-
making tasks, as well as studies
using cellular recording techniques,
new hypotheses about the neural
and the cognitive underpinnings of
decision-making have emerged.
Interestingly, some of these
strategies have been adopted in
investigations of the decision-
making mechanisms of individuals
with substance dependence
problems and addiction. These
approaches have provided new
insights about the vulnerability and
the development of addictive
behaviors, as well as the repeated
relapse of many of these
individuals to the compulsive use of
addictive substances, even after
periods of abstinence.

BRAIN LESIONS AND POOR
DECISION-MAKING

After injury to the ventromedial
prefrontal cortex [VMPC; for the
purposes of this piece, VMPC is
defined as the ventral medial
prefrontal cortex and the medial
sector of the orbitofrontal cortex,
thus encompassing Brodmann’s
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areas (BA) 25, lower 24, 32, and
medial aspect of 11, 12, and 10],
patients tend to recover with
normal intelligence, memory,
speech, sensation, and movement
but emotion and social behavior
change completely.’ As a result,
these patients begin to have
difficulties planning their workday
and choosing friends, partners, and
activities. The actions they elect to
pursue often lead to losses of
diverse order, for example,
financial losses, losses in social
standing, and losses of family and
friends. The choices they make are
no longer advantageous; the
patients often decide against their
best interests and fail to learn from
previous mistakes. These decisions
are strikingly different from the
kinds of choices these patients
were known to make before their
brain damage. These
observations—normal intellect and
abnormalities in decision-making,
emotion, and feeling in VMPC
patients—Iled Damasio' to propose
what has become an influential
neural theory of decision-making,

the Somatic Marker Hypothesis
(SMH). The cardinal point of this
theory is that emotion-related
signals (somatic markers) assist
cognitive processes in
implementing decisions. When the
VMPC syndrome was
initially described,' the
decision-making
deficit seen in
these patients
was puzzling
because their
poor decision-
making and
failure to learn
from repeated
mistakes was obvious
in their everyday lives,
but there was no laboratory

probe to detect and measure their
impairment. This challenge was
overcome by the development of
the Iowa Gambling Task (IGT).* In
this task, subjects choose from four
decks of cards, each with a
different potential payoff, to
maximize their monetary gain.
After each choice, subjects receive
feedback telling them how much

...PATIENTS WITH VMPC DAMAGE

and drug addicts fail to make

advantageous choices despite their

intact ability to update expected
reward values.
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money they won or lost. Through
this feedback, normal decision-
makers learn to avoid decks that
yield high immediate gains but
larger future losses down the line.
In contrast, patients with VMPC

damage and drug addicts fail to
make advantageous choices despite
their intact ability to update
expected reward values.? As we will
describe under the SMH, while
normal individuals experience a
state of arousal during the time of
deliberation prior to making risky
and disadvantageous choices, the
insensitivity to future
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consequences (myopia for the
future) seen in VMPC patients is
thought to be derived from their
failure to experience this affective
state. This affective experience is
normally accompanied by bodily
signals and somatic states that
have become associated with risky
decisions; these bodily signals (or
somatic markers) are derived from
prior experiences with reward and
punishment. A further aspect of
this theory is that these somatic
markers can be

nonconscious: They

can bias the

response

selection even

when a person is

unaware of them.'*

A closer inspection

of processes

subserving

decision-making in

the IGT also reveals the

critical importance of

processes related to memory,
including the maintenance of active
representations of certain
information for a short period (i.e.,
several 10s of seconds) in working
memory or for a longer period of
time in episodic memory.

From a neurocognitive
perspective, the normal functioning
of the VMPC is contingent upon
the integrity of other following
neural systems: (a) the
insula/somatosensory cortices,
especially on the right side, are
thought to be critical for
representing emotional states, and
(b) the dorsolateral sector of the
prefrontal cortex (DLPC), as well
as the hippocampal system, are
thought to be critical for working
and episodic memory, respectively.
Thus decision-making depends on
systems for emotion/affect and
memory. Damage to any of these
systems compromises the ability to
make advantageous decisions in
the long run. The role of VMPC is
to link these systems together.
Therefore, when damaged, there
are many manifestations, including
alterations of emotional/affective
experience, poor decision-making
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and impulse control, and abnormal
social functioning.

ADDICTION AND POOR
DECISION-MAKING

There are two main
psychological and behavioral
similarities between patients with
ventromedial prefrontal cortex
(VMPC) damage and drug addicts.’
Both often deny, or are not aware,

and the loss of one’s willpower to
resist drugs. This complements
previous proposals that disruption
of the VMPC leads to loss of self-
directed behavior in favor of more
automatic sensory-driven behavior.?

A NEURAL SYSTEM FOR
WILLPOWER

The somatic marker hypothesis
is a systems-level neuroanatomical

FIGURE 1. On this diagram, key structures belonging to the reactive
system (red) and the reflective system (blue) are represented. An
emergent dominant pattern of affective signaling can modulate
activity of several components of the reactive and reflective
systems. These include regions involved in (i) representing
patterns of affective states (e.g., the insula and
somatosensory cortices); (ii) triggering of affective states
(e.g., amygdala (A) and VMPC); (iiil) memory, impulse and
attention control (e.g., lateral orbitofrontal, inferior frontal
gyrus and dorso-lateral prefrontal (DLPC), hippocampus
(Hip) and anterior cingulated (AC); and (iv) behavioral actions
(e.g., striatum and supplementary motor area). 5-HT; serotonin; DA:
dopamine. Reproduced with permission from Bechara A. Decision
making, impulse control, and loss of willpower to resist drugs: A
neurocognitive perspective. Nature Neuroscience

2005;8(11):1458-63.

that they have a problem.? When
faced with a choice that brings
immediate reward, even at the risk
of incurring future negative
outcomes, including loss of
reputation, job, and family, they
appear oblivious to the
consequences of their actions.
Besides, abnormalities in the
VMPC region and related poor
decisions on the IGT were
observed in cocaine addicts.” This
linkage energized a new line of
research aimed at understanding
the relationship between substance
abuse and poor decision making.**?
This approach has highlighted the
key role that choice plays in
addiction. Our aim in this article is
to present a broad conceptual
framework that brings together
several disparate lines of research
on addiction. We present here the
view that addiction is a condition
in which the neural mechanisms
that enable one to choose
according to long-term outcomes
are weakened, thus leading to an
inability to control one’s temptation

and cognitive framework for
choosing according to long-term,
rather than short-term, outcomes.!
The key idea of this hypothesis is
that the process of decision-making
depends in many important ways
on neural substrates that regulate
homeostasis, emotion and feeling.!
The term somatic refers to the
collection of body- and brain-
related responses that hallmark
affective and emotional responses.
Both the amygdale and VMPC are
critical for triggering somatic
states, but as we will explain
shortly, the amygdala responds to
events that occur in the
environment, whereas the VMPC
triggers somatic states from
memories, knowledge, and
cognition. In order for somatic
signals to influence cognition and
behavior, they must act on
appropriate neural systems. We
believe that the key mechanism
through which somatic states
modulate cognition and behavior is
mediated by neurotransmitter
systems, especially dopamine and



serotonin. Through these
neurotransmitter systems, somatic
(affective) signals can then act on
several target cortical and
subcortical sites that are critical for
cognition and behavior, thus
exerting modulatory or biasing
effects on these systems (Figure
1). More specifically, during the
process of pondering decisions, the
immediate and future prospects of
an option may trigger numerous
affective (somatic) responses that
conflict with each other. The end
result is that an overall positive or
negative signal emerges. At this
juncture, our proposal for this
overall positive or negative signal is
hypothetical in nature, and not
supported by empirical evidence.
However, it is consistent the
neurophysiological properties of
neurons, especially the triggering
of excitatory (EPSP) or inhibitory
(IPSP) post synaptic potentials,
and the “all or none” firing
principles of post-synaptic neurons.
Thus our hypothesis is that over
the course of pondering a decision,
positive and negative signals that
are strong are reinforced, and weak
ones are eliminated. This process
can be very fast, and ultimately a
winner takes all: in other words, an
overall, more dominant, pattern of
affective signaling emerges, which
then can act on appropriate neural
systems to modulate cognition and
behavior.

On the basis of this neural
framework, we propose that
willpower emerges from the
dynamic interaction of two
separate, but interacting, neural
systems: a reactive system, in
which the amygdala is a critical
neural structure involved in
triggering the affective/emotional
signals of immediate outcomes, and
a reflective system, in which the
VMPC is a critical neural structure
involved in triggering the
affective/emotional signals of long-
term outcomes (Figure 1).

This framework addresses one
important question in drug
addiction: Of the millions of people
who drink alcohol or experiment

with drugs, why do only about 3 to
10 percent become addicted? The
view we present here challenges
the old thinking that people may be
equally vulnerable to addiction
once drugs are made available, as
drug use can invariably induce
neuronal changes and homeostatic
deregulation that lead to addiction.
We argue that before one gets to
the stage where a certain pattern
of drug use can cause these severe
changes to the brain, there is a
decision by the person to keep
using, or stop using, the drug. We
argue that this mechanism protects
most individuals who have
experimented with drugs from
getting to the point of losing their
control over their drug use
behavior and succumbing to severe
addiction. For some individuals,
however, this decision-making
mechanism is relatively weak. Such
individuals might be vulnerable to
addiction because the process that
enables one to inhibit actions
elicited by the reactive system is
dysfunctional. The source of this
dysfunction, we will
suggest, can be genetic
or environmentally
induced.

THE REACTIVE
BRAIN SYSTEM
Physiological
evidence
suggests that
responses triggered
through the amygdala
are short lived and
habituate very quickly.”
Indeed, pleasant or aversive
stimuli, such as encountering an
object that induces fear (a ‘fear
object’, such as a snake) or a cue
predictive of a fear object, trigger
quick, automatic, and obligatory
affective/emotional responses
through the amygdala system.
According to the somatic marker
framework, the amygdala links the
features of the stimulus to its
affective/emotional attributes. More
generally, it has been proposed that
the amygdala is critically involved
in relevance detection. Evaluation

of relevance may then elicit
responses in the emotional
components, including enhanced
sensory analysis and enhanced
encoding into memory, as well as
autonomic, motor, and cognitive
effects.”

The affective/emotional response
is particularly evoked through
visceral motor structures, such as
the hypothalamus and autonomic
brainstem nuclei that produce
changes in internal milieu and
visceral structures, as well as
through behavior-related structures
such as the striatum,
periaqueductal gray (PAG), and
other brainstem nuclei that
produce changes in facial
expression and specific approach
or withdrawal behaviors. Unlike
food and water, money does not
initially have affective properties,
but acquires them with human
learning. Because this learning
becomes so robust, exposure to
monetary reward triggers affective
signals that are automatic and
obligatory and which we believe are

IN ADDICTS, FAST, AUTOMATIC and
exaggerated autonomic responses are
triggered by cues related to the
substance they abuse, similar to the

effects of monetary gains.

mediated through the amygdala
system. Indeed, it has been shown
that autonomic responses to large
sums of monetary gains or losses
depend on the integrity of the
amygdala, as patients with bilateral
amygdala damage fail to show such
responses.’ This is consistent with
research showing that the brain
can encode the value of various
options on a common scale,™ thus
suggesting that there may be a
common neural ‘currency’ that
encodes the value of different
options, thus allowing the reward
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value of money to be compared
with that of food, sex, or other
rewards.

Similarly, drugs may acquire
conditioned properties, that is to
say, powerful affective and
emotional properties. In addicts,
fast, automatic and exaggerated
autonomic responses are triggered
by cues related to the substance
they abuse, similar to the effects of
monetary gains.” These immediate
responses to drugs (e.g., a beer) or
to drug-related stimuli (e.g., a bar),
which are associated with drug
cues, are numerous. For instance,
addicts presented with drug-related
stimuli often display changes in
patterns of autonomic responding
(e.g., increased skin
conductance).” Several lines of
direct and indirect behavioral
evidence have supported the view
that conditioned approach behavior
to drug cues relates to abnormal
activity in the amygdala-ventral
striatum system, thereby resulting
in exaggerated processing of the

initiation of drug misuse.

incentive values of substance-
related cues.'” This ascribes a
functional role of the striatum in
the motivational and behavioral
aspects of drug seeking, and it is
consistent with the currently
proposed framework of addiction.

THE REFLECTIVE BRAIN
SYSTEM

Affective reactions can also be
generated from recall of personal—
or imagination of hypothetical—
affective/emotional events.
Affective state patterns are
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...HAVING POOR MECHANISMS of
decision-making renders individuals
oblivious to...negative consequences
[of drug use], thus facilitating their

acquired in brainstem nuclei, such
as the parabrachial nuclei, and in
somatosensory cortices (e.g.,
insula, somatosensory, and
posterior cingulate cortices) from
prior experiences with reward and
punishment.! After an affective
state has been experienced at least
once, a neural pattern for this state
is formed. Subsequent evocation of
memories of a previous experience
reactivates the pattern of affective
state belonging to an original
experience. Provided that
representations of these affective
state patterns develop normally,
the VMPC is a critical substrate in
the neural system necessary for
triggering affective states from
recall or from imagination."” This
hypothesis is based on cognitive
and physiological evidence from
patients with lesions in the VMPC.*
However, it is also reasonable to
suggest based on this evidence that
recalling the experience of a drug
reactivates the pattern of affective
state belonging to the actual
previous encounter of that drug.
This mechanism should also
bring up the negative
consequences
associated with drug
use. These negative
consequences are
not simply aversive
experiences
resulting from the
actual consumption
of the drug. Rather,
they relate to social
(such as trouble with the
law, family, or finances) and
psychological harms associated
with drug use. The affective state
patterns of these negative
consequences become represented
in the brain when individuals learn
from parents or society about the
dangers of drug use. Therefore, one
does not need to use drugs in order
to fear their consequences; these
negative consequences should be
there, even before experimenting
with drugs. However, having poor
mechanisms of decision-making
renders individuals oblivious to
these negative consequences, thus

facilitating their initiation of drug
misuse. We also conceive that the
somatic markers’ impairments may
represent a risk factor to escalate
from a social use of licit drugs
(such as alcohol) to become a true
addict. Indeed, drug users often
encounter associated problems
(such as hangover) generating
negative affective patterns. It is
hypothesized that in case of
compromised neural systems for
activations of somatic markers,
further drug-related decisions will
not be biased by this negative
experience, thus rendering the
individual more likely to escalate
their drug use, despite the negative
consequences, and to succumb to
severe addiction.

Decision-making reflects a
process in which a choice is made
after reflecting on the
consequences of that choice. The
choice between another drug use
episode and the potential of losing
a job, family breakdown, and
financial ruin down the line
presents a dilemma to an addict,
and a decision has to be made.
Individuals with a weakness in this
process (that is to say, those who
do not reflect on the consequences
of their decisions) may be similar
to individuals with the personality
trait of ‘nonplanning impulsivity,” a
tendency to live for the moment
with no regard for the future' or
the trait of ‘lack of premeditation,’
an absence of the tendency to
think and reflect on the
consequences of an act before
engaging in that act.” Several tasks
are now used to study this
decision-making processes,
including the IGT and the
Cambridge Gamble and Risk
Tasks.*?! In line with this idea, in
undergraduate students, the lack of
premeditation, one of the four
facets of impulsivity identified by
Whiteside and Lynam," was
especially linked to
disadvantageous decisions on the
IGT task.”® A critical neural region
for this mechanism is the VMPC
region, especially its more anterior
sector (i.e., the one that spares the



anterior cingulate), but other
neural components outlined earlier
are also important.®

Impairments in decision-making
are evident in addicts, regardless of
the type of drug they abuse, which
suggests that poor decision-making
may relate to addiction in general,
rather than the effects of one
specific type of drug. Alcohol,
cannabis, cocaine, opioid, and
methamphetamine abusers show
impairments in decision-making on
a variety of tasks.>*®* Although the
differences in cognitive
impairments brought on by the use
of different drugs remains elusive,
we have obtained preliminary
evidence suggesting that chronic
use of methamphetamine may be
more harmful to decision-making
than the use of other drugs.*
Direct comparison of the decision-
making impairments in addicts on
the IGT versus patients with VMPC
damage showed that a significantly
high proportion of addicts (63% vs.
27% of normal controls) performed
within the range of VMPC patients,
whereas the rest performed within
the range of the majority of normal
controls.” Further characterization
of these decision-making deficits,
using skin conductance response
(SCR) measures as indices of
affective states during performance
of the task, showed that this small
minority of addicts (the 37% of
addicts who performed normally)
matched normal controls in all
respects. However, the remainder
of the addicts (the 63% who
performed abnormally) had two
profiles: one subgroup matched the
VMPC patients in all respects (that
is, they had abnormal SCRs when
they pondered risky decisions), but
another subgroup did not match
the VMPC patients. This pattern of
abnormal physiological responses
when making risky decisions in
addicts was also obtained with the
Cambridge Gamble Task.” A
minority of normal controls
performed like addicts and VMPC
patients on the IGT, and with
additional SCR measures, some of
them matched the profile of VMPC

patients, and some healthy
participants were more like the
addicts who did not match the
VMPC patients.*® These studies
suggest that decision-making
deficits in addicts, and surprisingly,
in some normal controls, are not
uniform across all individuals. Our
view is that attention to individual,
as opposed to group, differences in
these decision-making deficits is
the key to understanding the
nature of the addiction problem, its
prognosis, and possible treatment.
However, decision-making is not
the only mechanism by which the
reflective system exerts control
over the impulsive system. There
may be more than one mechanism
for this control.

Normal functioning of the VMPC
is contingent upon the integrity of
other neural systems. One system
involves the insula and other
somatosensory cortices, especially
on the right side, that are critical
for representing patterns of
emotional/affective states.' Patients
with right parietal damage
(encompassing insula and
somatosensory cortex)
show impairments in
decision-making;"
addicts show
functional
abnormalities in
these parietal
regions when
performing
decision-making
tasks.® The other
system involves the
dorsolateral sector of the
prefrontal cortex and the
hippocampus, which are critical for
memory."” Indeed, maintaining an
active representation of memory
over a delay period involves the
dorsolateral sector of the prefrontal
cortex, and patients with damage
to this structure show
compromised decision-making;*
addicts who have deficits in
working memory also show
compromised decision-making.*
Several voxel-brain-morphometry
studies of brain scans of addicts
found varying degrees of structural

abnormalities in main components
of the reflective system (Figure 1),
including the VMPC, anterior
cingulate, insular cortex,*
dorsolateral prefrontal cortex, and
lateral orbitofrontal/inferior frontal
gyrus.” Abnormalities have also
been detected in white matter
pathways connecting these
structures.** Convergent results
have also been obtained from
functional neuroimaging studies.>®?
However, it is difficult to determine
whether these abnormalities
preceded or were the
consequences of drug use. Our
view is that a degree of abnormality
pre-existed the addiction state, by
facilitating the progress from
experimentation to addiction.
However, any subsequent excessive
and chronic use of drugs can
exacerbate these abnormalities.

OTHER PROCESSES
SUBSERVING DECISION-MAKING

Besides the involvement of
somatic markers, working memory,
and the episodic memory in

OUR VIEW IS THAT A DEGREE of
abnormality pre-existed the addiction
state, by facilitating the progress from
experimentation to addiction. However,

any subsequent excessive and chronic
use of drugs can exacerbhate these
abnormalities.

decision-making, we recognize the
importance of other processes,
besides decision-making, that are
involved in the control of
behaviors. The first concerns the
ability to deliberately suppress
dominant, automatic, or prepotent
responses.” Poor performance on
laboratory instruments, such as the
Stop Signal task, the go/no-go
paradigm, or the Hayling task,
reflects the inhibition of dominant
response. For instance, on the
Hayling task,* subjects were asked
to give a word that made no sense
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at all in the context of a sentence
in which the last very predictable
word was missing. Interestingly, we
recently showed that patients with
an obsessive-compulsive disorder
made significantly more errors
(sentence-related responses) in the
Hayling task than controls
participants.” In addition, the
frequency of these errors
specifically correlated with the
compulsion symptoms, suggesting
that the compulsions are related to
a deficit affecting the inhibition of
a prepotent response.” In the same
vein, recently detoxified alcoholics
also gave more sentence-related
words than controls subjects, thus
indicating a response inhibition
deficit.* Disturbances in this
inhibition mechanism may relate to
the personality trait of motor
impulsivity, or the trait of ‘urgency’,
the tendency to experience strong
impulses, frequently under
conditions of negative affect."
Consistent with this idea, alcohol-
dependent individuals known to
exhibit dominant response
inhibition deficits also scored
higher in “urgency,” relative to
healthy, non-substance abusing,
control subjects."

A critical neural region for the
suppression of dominant/irrelevant
response seems to be the right
orbitofrontal gyrus and the right
middle/superior frontal gyrus and
also the posterior regions located
in the left superior parietal gyrus
and in the right intraparietal
sulcus.” Consistent with this
observation, functional
neuroimaging studies in addicts
with inhibition deficits reveal
diminished activity in frontoparietal
systems involved in these inhibitory
control mechanisms.”

Another mechanism of cognitive
inhibitory control is the ability to
resist to proactive interference.
Resistance to proactive
interference reflects the ability to
resist the memory intrusion of
information that was previously
relevant but has since become
irrelevant. Cognitive tasks in which
interfering information is presented
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prior to the target information and
was previously relevant to the task,
such as the Brown-Peterson or AB-
AC tasks investigate this type of
inhibition. A critical neural region
for this mechanism appears to be
the left inferior frontal cortex.*
Disturbances in this mechanism
may relate to the personality trait
of ‘lack of perseverance,” the ability
to remain focused on a task that
may be boring or difficult.”” A
deficit affecting the inhibition
process should be specifically
related to the occurrence of
obsessions and intrusive thoughts
about drugs.

BOTTOM-UP INFLUENCE OF THE
REACTIVE SYSTEM

The reflective system may
generate affective (somatic) states
through top-down mechanisms, but
then ascending signals from these
affective states can exert bottom-
up influence on cognition. Thus,
when one is pondering a decision,
numerous affective (somatic)
signals that conflict with each other
may be triggered simultaneously
through both the reactive and
reflective systems. The result is
emergence of an overall positive or
negative affective state. Ascending
signals from this overall affective
state can then modulate activity of
several components of the reactive
and reflective systems (Figure 1).
We have previously proposed that
the key mechanism by which these
bottom-up signals modulate
synaptic activity at telencephalic
targets is pharmacological.”” The
cell bodies of the neurotransmitters
dopamine, serotonin, noradrenalin,
and acetylcholine are located in the
brainstem; the axon terminals of
these neurotransmitter neurons
make synapses on cells and/or
terminals throughout the cortex.
Anatomically, both the amygdala
and VMPC have direct access to
these neurotransmitter cell bodies
in the brainstem. For affective
states and homeostatic signals
generated in the body, a number of
channels can convey their signals
to these neurotransmitter nuclei,

but we have suggested that the
vagus nerve is the most critical.”
Changes in neurotransmitter
release can modulate synaptic
activity in several components of
the reactive and reflective systems.
First, changes in representation of
patterns of affective states (for
example, in the insula and other
somatosensory cortices) can lead
to an increase in the reward utility
of the drug. Second, changes in
triggering of affective states (for
example, in amygdala and VMPC)
can lower the threshold for
triggering subsequent affective
signals related to drugs. Third,
alterations in impulse control and
the inhibition of unwanted
memories or thoughts (for
example, in lateral orbitofrontal,
inferior frontal gyrus and
dorsolateral prefrontal,
hippocampus, and anterior
cingulate) can strengthen thoughts
about drugs and make shifting
attention to other thoughts more
difficult. Finally, changes in regions
involved in behavior (striatum and
supplementary motor area) can
translate into motor routine actions
that may lead to drug use (Figure
1.

The outline of these
pharmacological systems given here
is very simplistic, mainly because
there are many excellent reviews
that describe the molecular
mechanisms by which
neurotransmitters affect synaptic
activity in addictive states and that
explain how these activities
influence cognitive systems such as
memory.*®* Other excellent lines of
research have attempted to
differentiate the specific roles of
dopaminergic, serotonergic, or
noradrenergic systems in decision-
making, impulse control** and
time delay.* Therefore, the main
purpose here is not to detail the
processes and mechanisms of any
one specific pharmacological
system. Rather, the goal is to
illustrate (1) how one can relate
molecular and pharmacological
studies on drug addiction to neural
systems concerned with



mechanisms of affect and emotion
and (2) the influence of drug
addiction on cognition. The
proposed arrangement provides a
way for affective signals to exert a
bottom-up influence on the
reflective system. If, for instance,
the signals triggered by the
impulsive system were relatively
strong, they would have the
capacity to hijack the top-down,
goal-driven cognitive resources
needed for the normal operation of
the reflective system and
exercising the willpower to resist
drugs.

HYPERACTIVE REACTIVE
SYSTEM

Hyperactivity in bottom-up
mechanisms of the reactive system
can weaken control of the
reflective system. Evidence
suggests that conditions leading to
hyperactivity in this system include
hypersensitivity and attention bias
to reward-related stimuli. Addicts
trigger exaggerated autonomic
responses to cues related to the
substances they abuse.***' Although
addicts show blunted affective
responses to affective stimuli that
are not drug related,* we have
shown that addicts trigger
exaggerated autonomic responses
when exposed to monetary reward
in the IGT.?® Perhaps money
represents a special case, in that it
may be automatically linked to
buying drugs. Using different
versions of the IGT, combined with
skin conductance responses
(SCRs), we identified a subgroup of
addicts that were different from
both VMPC patients and the
majority of normal controls. This
subgroup of addicts was drawn to
choices that yielded larger gains,
irrespective of the losses that were
encountered, and they generated
exaggerated SCRs when they won
money.*” Interestingly, direct
autonomic responses to wins and
losses are blocked in patients with
bilateral amygdala damage. In
contrast, in VMPC patients, the
SCR defect is specific to the
anticipatory phase when they are

pondering which option to choose."
This suggests that addicts suffer
from the opposite condition of
amygdala lesion patients—that is,
their amygdala is over-responsive
to reward. This is supported by
functional neuroimaging studies
showing increased amygdala
activity in response to drug-related
cues®** and that this exaggerated
brain response generalizes to
monetary reward.*

Besides, both psychoactive
substance abusers and dependent
patients also exhibit attentional
changes—they showed a bias to
attend to drug-related rather than
drug-unrelated stimuli.** For
instance, when participants have to
name the color of words with a
certain emotional charge (i.e., the
emotional Stroop task), alcohol-
dependent individuals and heavy
alcohol drinkers are slower than
light and non-alcohol drinkers in
naming the color of alcohol-related
rather than non-alcohol-related
words.” In a task consisting of
identifying transient changes in
visual scenes, people
drinking ‘heavily’
detected substance-
related changes
more quickly than
light and non-
alcohol drinkers.”
In the dot probe
task, participants
are presented with
a series of pairs of
words or pictures on a
computer screen, one
above the other, followed by a
visual probe shown in the location
of one of the words/pictures.*
Participants are instructed to
indicate, as quickly as possible,
whether the probe appeared in the
upper or lower position on the
computer screen. The hypothesis
was that probe detection would be
faster when the probe replaces
stimuli related to the emotionally
salient stimuli, as compared to a
neutral stimulus.” As reviewed by
Franken,*” drug users including
opiate addicts, tobacco smokers,
recreational cannabis users, and

heavy social drinkers responded
faster to probes that appeared in
the location of drug-related stimuli
(pictures), as opposed to neutral
pictures, thus suggesting that their
attention was preferentially
allocated to the spatial location of
drug-related cues.

Other studies using a variant of
the go/no-go paradigm, requiring a
response to targets and no
response to distracters, showed
that response inhibition and
shifting deficits were more
pronounced when alcohol-related
words were the targets, thus
suggesting that substance-related
cues trigger bottom-up mechanisms
in substance abusers, which
influence top-down cognitive
mechanisms, such as motor impulse
and attention control.” Another
approach for studying these
attention biases has been the use
of cognitive models” that
deconstruct complex behavioral
decisions, such as those made in
the IGT, into simpler component

processes of decision-making.

ADDICTS SHOW PATTERNS of high
attention to monetary gains...,” thus
providing indirect evidence for the
hypothesis that the amygdale system in
addicts is hyperactive in response to
monetary reward, which is presumably
so closely linked to drug reward.

One of the component processes is
the tendency of a subject to pay
more attention to gains or losses
encountered on previous trials in
order to make future decisions.
Addicts show patterns of high
attention to monetary gains, which
are more frequent in men than in
women,’ thus providing indirect
evidence for the hypothesis that
the amygdale system in addicts is
hyperactive in response to
monetary reward, which is
presumably so closely linked to
drug reward. As indicated earlier,
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in fact addicts may become less
responsive to many forms of other
rewards, but they are over-
responsive to drug-related cues,
and monetary reward could be one
of most strongly associated cues
with the ability to obtain a drug
reward.

MODULATING FACTORS

The control function of the
reflective system is complex, and
even under normal circumstances,
several factors can modify the
strength of affective signals
triggered by the reflective system,
thus influencing its control over the
reactive system. Indeed, one of the
fundamental questions in decision-
making research is how humans
assign value to options.

Several factors affect the value
of a choice, and research has begun
to explore the neural basis of these
factors. We have proposed a neural
framework for how factors that
affect decision-making—such as
time delay, the probability of the

outcome, or the tangibility of the
reward—could be implemented in
the VMPC.*

We have suggested that
information conveying immediacy
(the near future) engages more
posterior VMPC (including anterior
cingulate, basal forebrain and
nucleus accumbens), whereas
information conveying delay
(distant future) engages more
anterior VMPC cortices (such as
frontal pole). This is on the basis of
the finding that major advancement
in the size, complexity, and
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connectivity of the frontal lobes in
humans has occurred in relation to
Brodmann area (BA) 10 (the
frontal pole).” Furthermore, the
more posterior areas of the VMPC
(such as BA 25) are directly
connected to brain structures
involved in triggering (autonomic,
neurotransmitter nuclei) or
representing (sensory nuclei in the
brainstem, and insular and
somatosensory cortices) affective
(somatic) states, whereas access of
more anterior areas is polysynaptic
and indirect.” It follows that
coupling of information to
representations of affective states
via posterior VMPC is associated
with relatively fast, effortless, and
strong affective signals, whereas
the signaling via more anterior
VMPC is relatively slowed, effortful,
and weak.

This view is supported by recent
functional imaging studies
addressing how the perceived delay
to receiving a reward modulates
activity in reward-related brain
areas.*” This discounting mechanism

of time is also relevant to
addiction as attested by
performance of drug
addicts on a delay
discounting task
where participants
chose between a
large delayed
reward (US $1000)
and smaller more
immediate rewards
(US $1-$999) across a
range of delays (6 hours to

25 years). Results indicate that
addicts tend to exhibit a higher
temporal discounting rate than
normal people; that is, they prefer
smaller, sooner rewards over larger,
later rewards.” Thus, events that
are more immediate in time (such
as having the drug now as opposed
to the delayed consequences) have
a stronger capacity to influence
decision-making, so strongly that it
can potentially hijack cognition in
the direction of short-term
outcomes.

Similarly, we have suggested that
information conveying higher

certainty (or higher probability)
engages posterior VMPC, whereas
information conveying lower
certainty engages anterior VMPC.*
Functional imaging studies
implicating the parietal cortex and
anterior cingulate cortex in
computing the probability of
outcomes on the basis of available
options® are supportive of this view.
This mechanism for processing
probabilities is also relevant to
addiction, as cocaine addicts show
abnormalities in the activity of
neural structures critical for
decision-making in proportion to
the degree of certainty (or
uncertainty) that they have about
receiving their drug at the end of a
brain scanning session.’

Finally, reward values are
processed by the VMPC region, and
representations of these values are
modulated by homeostatic factors,
such as hunger.” Given the view
that neural systems supporting
drug reward have evolved to
subserve natural motivational
functions, such as feeding,” drug
withdrawal can be viewed like
hunger®” in that once it is present,
it increases the utility of drug
reward, and, in doing so, it
influences the decision to use
drugs. This suggestion is consistent
with the incentive motivational
view of drug addiction proposing
that although physical withdrawal
signs are neither necessary nor
sufficient for taking drugs, they
exaggerate the incentive impact of
drugs, thereby increasing the
motivation to use drugs.” Thus in
the presence of withdrawal, the
capacity of bottom-up homeostatic
signals to hijack control
mechanisms of the reflective
system is increased.

IMPLICATIONS FOR TREATMENT
AND DIRECTIONS FOR FUTURE
RESEARCH

Most addicts show behavioral
signs of poor decision-making.
However, when scrutinizing closer
the profiles of their behavioral and
physiological responses, only some
addicts matched the VMPC patients



in terms of their state of arousal
during the time of pondering their
decisions, i.e., prior to making risky
and disadvantageous choices. The
insensitivity to future
consequences (“myopia for the
future”) seen in these patients may
reflect their failure to trigger these
affective (somatic) states and to
benefit from their influence. Such
patients can be described as
oblivious to the future
consequences of their decisions,
irrespective of having positive or
negative consequences. Instead,
the decisions of these patients can
be described as primarily guided by
the immediate prospects of the
choice they are about to make. The
profiles of other addicts only
partially matched those of VMPC
patients. In fact, their behavioral
and physiological profiles
suggested that they are
hypersensitive to reward, so that
the prospect of immediate drug
reward outweighs the prospect of
future negative consequences.
These differences may have
implications for prognosis, and they
provide testable hypotheses that
could be addressed in future
research: addicts who match VMPC
patients may have a harder time
recovering from addiction and
remaining abstinent, in comparison
to addicts who partially match the
VMPC patients. Indeed, we
anticipate that a main aspect of
drug relapse prevention consists of
having the capacity to re-
experience from thought, prior
negative emotional states related to
drug use. This phenomenon may
increase the motivation to remain
abstinent from drugs.

One intriguing aspect of the
approach of characterizing the
decision-making profiles of
substance-dependent individuals
was that a subgroup of addicts
appeared normal and did not show
behavioral or physiological signs of
decision-making deficits.*® This
suggests that not every drug user
has impaired decision-making. We
have suggested that these addicts
should be described as ‘functional’
addicts, because a closer inspection

of their everyday lives has shown
that they have suffered minimal
social and psychological harm as a
consequence of their drug use: for
example, they have manage to keep
their jobs.? Nonetheless, this point
should be explored further in
future research. Nonetheless, our
view is that poor decision-making
in addiction is evident primarily
when individuals persist in
escalating their drug use in the
face of rising adverse
consequences.

According to this view, people
described as addicted to coffee,
sweets, the internet, and so on do
not necessarily have impaired
decision-making, unless their
choices bring increasing social,
physical, or psychological harms.
However, an alternate possibility is
that the lack of evidence for
decision-making deficits in this
subgroup of addicts is a limitation
of the proposed affect-based
(somatic marker) framework, in
that it does not capture all
instances of addiction.

Finally, the most intriguing
aspect of this approach is
that one subgroup of
normal controls
shows behavioral
and physiological
profiles that
match those of
VMPC patients.
This raises the
question of
whether these
individuals are
predisposed, or at higher
risk, for addiction than
individuals with normal decision-
making capacities. This suggestion
is reasonable in light of the
evidence that one predisposing
factor to addiction is heredity, and
genes can act in general fashion
(such as the serotonin transporter
gene) to predispose individuals to
multiple, as opposed to specific
drug addictions.”

Future research using functional
imaging methods could focus on
relationships between (1)
genotypes related to specific
neurotransmitter systems (for

example, the serotonin transporter
gene), (2) the level of neural
activity in specific neural circuits,
and (3) quality of choice, as shown
by complex laboratory tasks of
decision-making. This will reveal
whether genetic factors lead to
suboptimal function in specific
neural systems and behaviors
reflecting poor decision-making.

However, not all predisposing
factors are necessarily genetic;
other factors could be
environmental (such as drug
neurotoxicity or impaired child-
parent interactions) or the product
of gene-environment interactions.
Although chronic misuse of most
addictive drugs are neurotoxic
(e.g., amphetamine,” alcohol®),
their use may still have a higher
impact on brain and behaviors
during adolescence. Indeed,
evidence suggests that the
functions of the prefrontal cortex
may not develop fully until the age
of 21, and until such a time, the
development of neural connections
that underlie decision-making, and
the control over powerful

-.DRUG WITHDRAWAL CAN BE

viewed like hunger” in that once it is

present, it increases the utility of drug
reward, and, in doing so, it influences

the decision to use drugs.

temptations, is still taking place.®
Therefore, exposing the prefrontal
cortex to drugs before its maturity
could be harmful to decision-
making, just like exposing the fetus
to drugs during pregnancy.
However, the fact remains that not
every adolescent who tries drugs
ends up addicted; it takes more
than mere exposure to drugs to
become addicted. Therefore, our
hypothesis is that poor decision-
making in addiction is not the
product of drug use; rather, poor
decision-making is what leads to
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addiction. Future systemic and
longitudinal studies on decision-
making in young adolescents
should test this hypothesis and
determine whether neurocognitive
development can serve as a marker
predictive of addictive disorders.
This research should also take into
consideration models of addiction
that describe a progressive
dysregulation of reward brain
circuitry concomitant with a
spiraling path from controlled drug
use to addiction® and should
examine whether drug users
undergo a slow and gradual
hijacking of their willpower as they
move from controlled use to
addiction. However, not every
individual who tries drugs ends up
on this down-spiraling path; we
hypothesize that those with poor
decision-making capabilities are
more vulnerable and those with
normal decision-making capabilities
are more resistant. These are
testable hypotheses with clear
predictions that can be addressed
in future research.

CONCLUDING REMARKS
Numerous psychological theories
have proposed that behavior is
determined by the interplay of
reactive (automatic) and reflexive
(controlled) processing.® More
specifically, evidence®” suggests
that valence constitutes a very
basic and automatic form of core
affect that derives from
psychological process of evaluation
(judging the environment in terms
of whether it is good or bad,
helpful or harmful, rewarding or
threatening). Furthermore, people
differ in their focus of valence, and
this seems to be a stable
characteristic of an individual that
is related to valuation sensitivity.
Nevertheless, the automatic
incentive-responses tendencies
resulting from the process of
valuation are controlled or
regulated by reflexive processes,
allowing responses to be more
flexible and coordinated to the
context. Finally,
neuropsychological, neuroimaging,
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and cognitive studies indicate that
there are distinct, although related,
controlled processes involving a
network of multiple interacting
brain regions in which the
prefrontal cortex is just one
component,.

These dual-process theories
have been frequently used to
identify distinct pathways to
psychological disorders.® In this
framework, specific forms of
psychopathology are the product of
complex interactions between
reactive, incentive-response
tendencies and reflexive,
regulatory processes. In the
present paper, we applied this
framework to addiction problems.
However, it could be argued that
this dual-process framework is an
oversimplified view that does not
take in account the specificity and
complexity of the
psychopathological states (and
more specifically of substance
abuse), and also which cannot
really be tested. In fact, there
exists a great deal of evidence
suggesting that the comorbidity
among externalizing disorders
(such as antisocial disorders and
substance abuse) is best modeled
by an underlying normally
distributed continuum of risk for
multiple disorders within the
externalizing psychopathology,
including substance abuse.”™ In
addition, a dual-process model may
support a formulation suggesting
that substance abuse may be the
product of multiple routes
involving low effortful control
(along with secondary problems in
regulation of negative emotions), a
strong approach tendency (or
reward sensitivity), or a low
withdrawal tendency (or
punishment sensitivity). In the
same vein, specific relationships
can be hypothesized between
distinct types of substance abuse-
related symptoms and distinct
controlled processes (such as
between drug-related intrusive
thoughts and the ability to resist to
proactive interference and
compulsive drug abusing and the

ability to inhibit a prepotent
response). Finally, it should be
noted that a cognitive-motivational
model relating basic motivational
tendencies and controlled (decision
making and working memory)
processes has been proposed by
Finn™ in the domain of alcoholism
and some of its components have
already been empirically tested.
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