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Abstract

Objectives: Current theories of severe substance use disorder
(chemical dependence) have tended fo focus on either the initial
phases of the process when the individual experiences WANT or on the
later phases when the predominant experience is NEED for the drug.
The present review integrates these two phases of the dependence
process using information from our own formulation in conjunction with
other theories plus selected results from the anti-drug craving literature.

Methods: We have recently provided an integrated theory of
severe substance use disorder (dependence) that infegrates incentive
sensitization, receptor down-regulation, psychomotor stimulant, and
opponent process theories into a framework. The literature that helped
to derive these theories was integrated with recent publications by
these and other authors from searches done on PubMed using search
criteria as follows: review article, free full text, published since 2000,
and drug addiction or drug dependence.

Results: Persistence of craving implies and neurobiological
research has confirmed that chemical dependence changes brain
chemistry in those regions of the brain that are associated with emotion,
motivation and decision-making (the limbic system). The key parts of
the limbic system that are most altered by the chemical dependence
process are the mesolimbic/mesocortical dopamine (DA) system and
the nigrostriatal DA system. The anatomical substrate of chemical
dependence includes specific portions of the DA projections to
the forebrain. Significantly, all major theories of drug dependency
associate DA in these anatomical pathways with the different stages
and effects of drug usage and chemical dependence. We discuss in
this paper the relationship between dopamine neuroanatomy and
neurophysiology and the well-known drug dependency continuum
stretching from LIKE fo WANT to NEED.

Conclusions: We suggest that there is a continuum of drug abuse
extending from LIKE fo WANT to NEED and that the phenomena of
these states and the fransitions among them are explicable in terms of
dopamine receptor and dopamine transporter regulation.

Abbreviations

DA: Dopamine; VTA: Ventral Tegmental Area; D1R: Dopamine
Dl1-like Receptor; D2R: Dopamine D2-like Receptor; GABAR:
GABA A Receptor; DAT: Dopamine Transporter; ACC: Nucleus
Accumbens; LH: Lateral Hypothalamus; MFB: Medial Forebrain
Bundle; GLUR: Glutamate Receptor; PFC: Prefrontal Cortex; Ant
Cing: Anterior Cingulate Cortex; Dorsal Str: Dorsal Striatum;
MOA: Mechanism of Action; MSN: Medium Spiny Neurons; ML:
Mesolimbic; MC: Mesocortical; NSS: Nigrostriatal System

Introduction

Today the phrase “use disorder” has replaced both addiction
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and dependence in the current literature (eg. DSM-V) because the
focus is on the continuum of severity [1]. However, the phrase still
acknowledges the essential feature of attachment to a substance that
is largely beyond volitional control.

Considerable evidence suggests that genetic polymorphisms in
critical genes affect the risk for drug dependence (severe substance
use disorder). In severe stimulant use disorder the drug is consumed
in larger amounts than intended in spite of explicit knowledge of
adverse effects, the social and interpersonal problems exacerbated
by uncontrolled drug use and even a strong motivation to terminate
drug use [2-4]. We and others have suggested that this is based on the
development of a state of NEED transitioning from a state of WANT
in the dependence process [5-13].

The 2013 UN World Drug Report stated that 230 million people
(5% of the world population) had used drugs at least once, with 27
million of them (0.6% of the world population) being dependent
on some drug [13,14]. In the US 40 million people or 12% of the
population meet the criteria for substance abuse disorder [15,16].

Methods

Wehaverecently provided anintegrated theory of severe substance
use disorder (dependence) that integrates Incentive Sensitization,
Receptor Down-regulation, Psychomotor Stimulant, and Opponent
Process theories into a framework [17,18]. The literature that helped
to derive these theories was integrated with recent publications by
these and other authors from searches done on PubMed using search
criteria as follows: review article, free full text, published since 2000,
and drug addiction or drug dependence.

Results
Overview

One of the difficulties in developing a comprehensive theory of
drug dependence (severe substance use disorder) is that complex

" Because of this and the significance of the NEED state (discussed below) we
will use the term dependence in the present review.
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Figure 1: The neurocircuitry of stimulant drug addiction [17].
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DA release from VTA DA neurons will inhibit medium spiny neurons in ACC. In turn, the medium spiny neurons will then fail to inhibit GABA neurons in the VTA,
which will consequently inhibit VTA DA neuronal release of DA. This reduction of DA release will disinhibit the medium spiny neurons which will then inhibit VTA
GABA neurons, disinhibiting the VTA DA neurons via this long feedback loop. A second feedback loop consists of DA inhibition of GLU neurons in mPFC which
will reduce glutamatergic activation of medium spiny neurons again resulting in transient inhibition of DA release in VTA as above. Any elevation in DA release
should be transient and opposed by D2-like autoceptors on DA neuron terminal endings (not shown), dendrites and somae (a short feedback loop), as well as the
two long feedback loops. The transient elevation of DA release may in turn modulate neuronal activity in other mesocortical and mesolimbic projections sites (e.g.
Ant Cing, septum, amygdala). The transient elevation of DA release may be the neurochemical correlate of euphoria (i.e. “LIKE”).

Down-regulation of presynaptic or postsynaptic DA receptors on the DA VTA neuron, medium spiny neuron or Glu neuron in mPFC will result in elevated DA
release. Any reduction in the activity of DAT should yield a similar elevation of DA in the synaptic cleft. This elevation may be the neurochemical correlate
of “WANT.” However, as down-regulation proceeds it is possible that the DA neurons will be largely depleted of releasable DA and any further application of
psychostimulant drugs may result in diminishing returns, i.e. further down-regulation of DA receptors and associated depletion of DA stores in VTA neurons. White
coloration indicates potential sites of DA receptor down-regulation or reduced DAT activity.

and possibly different brain mechanisms exist for the phases of
development and maintenance of the dependence. Thus, most
formulations have tended to focus on a single phase rather than
the entire process. To this end, the concepts of LIKE, WANT and
NEED have been developed to attempt to describe respectively, the
positively reinforcing aspects of early and intermediate drug use, and
a later process in which the individual can only attain a perception
of “normalcy” in the presence of the drug. While the LIKE, WANT,
and NEED concepts are vital to an understanding of the dependence
process, the transition between LIKE and WANT and between
WANT and NEED is equally important to discern how the disorder
develops and is maintained.

The neural substrates for LIKE, WANT and NEED include the
ML/MC DA and the NSS pathways. To some extent these substrates
are considered common to the major theories of drug use disorders.
The VTA is the origin of the DA neurons that project through the
MFB, via the LH to limbic archi-, paleo- and neocortex. The ML
pathway is the projection through the MFB to the nucleus accumbens
(ventral striatum, ACC), amygdala and septum, whereas the MC
pathway projects to frontal and cingulate cortex. Termination areas
of these two pathways differ dramatically in the regulation of DA
synthesis/release because of a differential expression of autoreceptors

[19,20]. The NSS extends from the more laterally lying DA neurons
in the midbrain substantia nigra to the corpus striatum. Thus,
three major neuroanatomically distinct DA afferent pathways can
be distinguished. All major theories of drug dependency associate
these pathways with the different stages and effects of drug usage
[17,18,21,22].

LIKE and LIKE to WANT: Our integrative theory extended
the Robinson and Berridge’s incentive sensitization formulation by
explicitly postulating that the ML projection to the ACC is the LIKE
substrate [2,5,17,18,23-25]. We also postulated that the afferent MC
DA projection plus the efferent glutamatergic projection from medial
prefrontal cortex (mPFC) to dorsal and ventral striatum are the
neuroanatomical substrates for the transition from LIKE to WANT.
One key to understanding these transitions is that the regulation of
DA synthesis and release is less tightly controlled within the MC
portions of the limbic system than in the ML portion because of
different densities of autoreceptors as noted above.

Data suggest that the transient release of DA in the ACC in
particular may be critical to the initiation of drug use (the LIKE
phase) [3,4,18,22,26]. ACC DA release is a function of activation of
DA neurons in the ventral tegmentum and substantia nigra [18]. Such
activation may become conditioned to environmental or contextual
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stimuli that signal reinforcement [17,18,26,27]. Some of the neural
components of the LIKE circuit have been specified [8]. The GABA
medium spiny neurons of the striatum receiving DA input project
to other GABA neurons in the ventral tegmentum and substantia
nigra that inhibit DA neurons projecting back to the corpus striatum.
This constitutes a negative feedback loop that tightly controls DA
release (Figure 1). Too little DA in the ACC or dorsal striatum allows
the medium spiny neurons to fire, inhibiting the midbrain GABA
neurons and disinhibiting the DA neurons. Too much DA inhibits
the medium spiny neuron that then allows the GABA neurons to
increase inhibition of the DA neurons. Together, this reduces DA
release in the ACC (Figure 1).

If a DA receptor antagonist is applied directly in the ACC,
the rewarding effects of VTA stimulation and the locomotor
effects of amphetamine are blocked. Such effects are not seen with
microinjection of the antagonist into the medial prefrontal cortex
(mPFC) [19]. These studies suggest that ACC-neuron DA receptors
are critical to the LIKE response. But repeated stimulant drug use
causes down-regulation of both presynaptic D2-like DA receptors
and DAT, as is expected in a transition from LIKE to WANT.

WANT and WANT to NEED: A genetic polymorphism in
DAT heightens drug cue-related responses in cocaine-dependent
individuals in short-term cocaine withdrawal, a condition that
certainly produces WANT [28]. In individuals lacking the DAT
polymorphism, continued exposure to cocaine should likewise down-
regulate both presynaptic D2-like DA receptors as well as DAT and
elevate DA release. This results in a sensitized response to DA. But
as dependency develops postsynaptic DA receptors in ACC and
PFC will down-regulate with a corresponding reduction in euphoria
produced by the stimulant drug. Furthermore, an increased activity
of the descending cortical glutamatergic projection to the ACC, due
to down-regulation of postsynaptic mesocortical DA receptors, could
produce the same result (WANT) as a down-regulation of D2-like
DA autoreceptors on the mesolimbic projection to ACC [29].

Both behavioral sensitization and the associated heightened
release of DA in the ACC can be largely blocked by the activation
of postsynaptic D2 receptors in the medial prefrontal cortex (mPFC)
[29]. Autoreceptors regulating DA release are differentially expressed
in the forebrain DA projections. They are enriched within the corpus
striatum, expressed moderately within the subcortical limbic system
but are virtually absent from the frontal cortex broadly defined
[21,30]. The specific projection to the PFC has DA autoreceptors
that modulate release but not synthesis [20,30]. In addition, the
dopaminergic projection to PFC lacks DAT (instead, DA is taken
up by the norepinephrine transporter). Together these observations
suggest that the MC projection is not under the tight negative
feedback seen in the striatal projection and therefore DA release
might be greatly potentiated by stimulant drugs, at least during the
WANT phase. Ultimately, this could lead to the down-regulation of
PFC D2 receptors and potentiation of the activity of the descending
glutamatergic cortical projection to ACC. That potentiation, by
stimulating the medium spiny neuron (which would then inhibit
the tegmental GABA neuron) could further elevate DA release and
consequent behavioral sensitization (WANT) (Figure 1). An exciting
report indicates that a genetic mutation in the Cytoplasmic FMRP

Interacting Protein 2 largely eliminates sensitization to cocaine and
amphetamine in the mouse. However, at this time mechanistic details
are lacking [31].

A reasonable hypothesis is that the WANT stage of the use disorder
process for stimulant drugs in part reflects behavioral sensitization
produced by a combination of the above mechanisms. Together,
these actions on limbic structures result in increased DA release
in the ACC and increased seeking for the drug. This is an example
of positive feedback not subject to the normal negative feedback
constraints (Figure 1). Mechanisms to increase DA release could
include D2-like autoreceptor down-regulation, a functional change
in DAT or a facilitation of the descending glutamatergic projection
from mPFC to ACC. The mechanism must be powerful enough to
overcome the negative feedback associated with DA inhibition of the
medium spiny GABA neuron or DA inhibition of the firing of the
mPFC glutamatergic projection neuron. Otherwise, the actions of
these DA projections would ultimately restore inhibition of the DA
neurons by local GABA neurons in the VTA. Stimulant drugs such as
amphetamine or cocaine may accomplish this antagonism of negative
feedback by a direct effect on the DA neuron as opposed to drugs
that act through the medium spiny neuron and associated network
(Figure 1).

Thus, WANT implies both behavioral sensitization and an
orientation to those environmental stimuli that predict drug
availability. We also postulate that WANT implies automaticity in
the instrumental response that obtains the drug (for review see [32]).
Significantly, we further suggest that euphoria may still be present in
the WANT stage of severe drug use disorder development, although
diminished when compared with that in the LIKE state.

We suggest that WANT explicitly leads to the transition from
moderate substance use disorder (formerly abuse) to severe substance
use disorder (dependence or NEED). Animal models often exhibit
behavioral facilitation or sensitization as a measurable correlate of the
WANT state [33-38]. Reductions in the density of axon terminal DA
autoreceptors in the ACC or dorsal striatum as drug use accelerates
could produce sensitization via a reduced inhibition of DA release
[39]. In fact, the literature suggests that down-regulation of the D2-
like DA autoreceptors could lead to elevated DA synthesis, release and
metabolism in the ACC or other postsynaptic sites [8,10,11,39-43].
Changes in receptor density have been measured directly following
treatments with agonists that induce behavioral sensitization. Under
these conditions, the measures necessarily reflect both presynaptic
and the much more numerous postsynaptic heteroreceptors. In
this instance the results have not conclusively shown reductions
in receptors [39]. We note that such changes in postsynaptic DA
receptors would be most consonant with the NEED state, see below
[12,44]. Changes in D2-like auto-receptors might better characterize
the WANT state, but would be more difficult to observe because of
a swamping effect due to the numerical dominance of postsynaptic
DA receptors.

A reduction in the maximal transport capacity of the DAT,
possibly mediated by an altered phosphorylation state could lead to
elevated DA levels in the synaptic cleft and behavioral sensitization to
the drug that could endure for as long as the drug continues to be used
[45,46]. Thus, the DAT knockout mouse exhibits a 400% increase in
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locomotor behavior, as well as a 500% elevation in extracellular DA
and a 300% increase in half-life [47,48]. Furthermore, the adaptations
that have occurred in the expression of transport proteins, receptors
and other key signalling molecules could induce craving in the
absence of the drug, although craving seems more characteristic of
NEED rather than WANT.

NEED: In the person with severe stimulant use disorder,
withdrawal from the drug results in variable adverse effects,
depending on a host of variables including the drug type, route of
administration, frequency of use, dosage and genetic factors. It is
important to say however that withdrawal from stimulant drugs is
milder than withdrawal from most other drugs of abuse. However,
craving can persist for many years after the individual has remained
drug-free. This in turn is a major factor in drug recidivism. The
persistence of craving implies and neurobiological research has
confirmed that severe stimulant use disorder changes brain chemistry.
Ultimately, these changes are the basis for NEED. It is reasonable
to view the NEED state as one in which extinction of previously
reinforcing behaviors occurs and is replaced by a desire to avoid the
aversive consequence of withdrawal, even if those consequences are
relatively mild [9-11,43-46,49]. However, this view is not necessarily
totally compatible with the changes in brain chemistry that have been
observed [17,18].

But if withdrawal symptoms are relatively mild and drug-related
euphoria is greatly reduced why does foraging for drugs persist? We
speculate that foraging for drugs is a behavior that is only occasionally
successful, resulting in partial reinforcement of that behavior. Partially
reinforced behaviors persist for a very long time in extinction, so
this associative phenomenon may be one factor contributing to
the persistence of drug foraging in the NEED state. Perhaps more
importantly, when an abstinent drug user simply observes drug use
paraphernalia that behaviour induces both craving and an activation
of brain structures previously activated by drug ingestion [50,51]. Just
as there is both an appetitive (motor activation) and a consummatory
component (euphoria or pleasure or reinforcement) to dopaminergic
activation, there appears to be both an appetitive (craving) and a
consummatory (brain region activation) component in subjects
exposed to these stimuli while in the NEED state [52,53]. It may be
that exposure to such secondary reinforcers (i.e., drug paraphernalia)
may activate regions downstream from the dopamine neuron but
nevertheless components of the euphoric response to stimulant
drugs of abuse. If such secondary reinforcers are internalized, simply
thinking about drug paraphernalia may induce craving.

As the Receptor Down-Regulation theory suggests, NEED seems
to occur in the absence or significantly reduced expression of euphoria
[3,4,6,54]. This may be because DA stores have largely been depleted
in the WANT stage through constant release or uptake inhibition and
associated down-regulation of D2 receptors in the ACC or mPFC.
Therefore, high rates of drug seeking are maintained, in part, in the
attempt to avoid the dysphoria associated with excessive DA receptor
down-regulation and potential DA depletion in the ACC, dorsal
striatum and other DA projection sites. With psychostimulant drugs,
the prior WANT-associated DA depletion may exacerbate the NEED
state [17,18].

It has been difficult to demonstrate receptor down-regulation

with stimulant drugs using rodent models. For instance striatal D2
receptor down-regulation has been observed with 1, 3 or 5 days of
pretreatment with amphetamine or N-propylapomorphine (a direct
DA agonist), but not with apomorphine (another direct DA agonist)
[40]. However, PET studies in primates have consistently reported a
decrease in D2 receptor number in the striatum with at least 14 days
of treatment with amphetamine [55-57]. The rodent and primate
models differed with respect to the mode of drug delivery and of
course in the anatomy of the mesocortical system [42,55-57].

Fundamentally, WANT and NEED engage neural mechanisms
that are associated with survival of the organism (air, food, water)
or of the species (sex, social interactions for mammals, etc.). The
consumption of food or water is pleasurable and that pleasure
reinforces consumption. But stimulant drugs bypass behavior and
produce euphoria by direct stimulation of the dopamine system. In
fact, rodents who self-stimulate in the pleasure pathway of the MFB
may do that to the complete neglect of eating and drinking.

Our formulation explains the clinical observation that weak or
partial direct DA agonists are more effective in preventing craving
as opposed to a variety of agents than are competitive antagonists at
the respective receptors [18]. This is because the latter precipitate the
dysphoria associated with complete blockade of the relevant receptors,
whereas the former provide mild tonic receptor stimulation. This
idea is similar to the effects of receptor down-regulation in the classic
Receptor Down-Regulation and Psychomotor Stimulant theories.

Conclusion

Based on substantial data, we hypothesize that substance use
and abuse develops over three phases, LIKE, WANT and NEED. In
each case drug use leads to predictable changes in DA presynaptic
and postsynaptic receptors in ACC and mPFC. In LIKE, the initial
response to psychostimulant drugs is highly reinforcing but limited
by negative feedback. In WANT, as drug ingestion becomes chronic,
negative feedback is “broken” by down-regulation of the DA
transporter as well as DA receptors in ACC and mPFC, resulting in
a hyper-dopaminergic condition and behavioral sensitization. This
positive feedback cannot continue indefinitely as dopamine stores
are depleted in NEED and euphoria is greatly reduced. But foraging
for drugs persists because of craving, which may reflect exposure
to secondary reinforcers such as drug paraphernalia in the user’s
environment or even as internalized in the user’s thought process
[3,4,8,58,59].
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