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Addiction to drugs and alcohol is a dynamic and multi-faceted disease process in humans,
with devastating health and financial consequences for the individual and society-at-large. In
humans, drug and alcohol use disorders (i.e., abuse and dependence) are defined by clusters
of behavioral symptoms that can be modeled to various degrees in animals. Hallmark
behavioral symptoms associated with drug and alcohol dependence are compulsive drug
use, loss of control during episodes of drug use, the emergence of a negative emotional
state in the absence of the drug, and chronic relapse vulnerability during drug abstinence.
The transition to drug dependence is defined by neuroadaptations in brain circuits that, in
the absence of drugs, mediate a variety of critical behavioral and physiological processes
including natural reward, positive and negative emotional states, nociception, and feeding.
Chronic drug exposure during the transition to dependence spurs (1) within-systems
changes in neural circuits that contribute to the acute rewarding effects of the drug and

(2) recruitment of brain stress systems (neuroendocrine and extra-hypothalamic).

There are substantial genetic contributions to the propensity to use and abuse drugs, and
drug abuse is highly co-morbid with various other psychiatric conditions (e.g., anxiety
disorders, major depressive disorder) that may precede or follow the development of drug
use problems. Across drugs of abuse, there are overlapping and dissociable aspects of the
behavioral and neural changes that define the transition to dependence. Even within a single
drug, people abuse drugs for a variety of reasons. The picture is further complicated by the
fact that humans often abuse more than one drug concurrently.

Even in the face of these challenges, pre-clinical and clinical research is making exponential
gains into understanding the neurobiology of drug addiction. With the advent of new
technologies and their combination with traditional approaches, the field is able to ask and
answer addiction-related research questions in increasingly sophisticated ways. Here, we
hope to assemble a collection of articles that provide an up-to-the-moment snapshot of the
prevailing empirical, theoretical and technical directions in the addiction research field. We
encourage submissions from all investigators working to understand the neurobiology of
addiction, especially as it pertains to reward and stress pathways in the brain.
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Addiction to drugs and alcohol is a dynamic and multi-faceted
disease process in humans, with devastating health and financial
consequences for the individual and society at large. The recently
released fifth edition of the Diagnostic and Statistical Manual
of Mental Disorders (DSM-V) combined the previously separate
abuse and dependence classifications for licit and illicit drugs of
abuse into a single syndrome called substance use disorder (SUD).
This new definition includes diagnostic criteria that are largely
overlapping with previous criteria (DSM-IV), and new diagnos-
tic thresholds wherein physicians are charged with classifying the
severity of an individual’s SUD based on the number of criteria
met. More specifically, mild SUD requires that two to three symp-
toms be met, moderate SUD requires that four to five symptoms be
met, and severe SUD requires that six or more symptoms be met.
One notable addition to diagnostic criteria is craving, which can
be defined broadly as a strong desire or urge to use drug/alcohol.
Different classes of abused drugs can have different biological con-
sequences and different co-morbidity risks, but SUDs are defined
and diagnosed according to a single set of behavioral symptoms
that are common to abuse of all drugs. These behavioral symp-
toms include compulsive drug use, loss of control in limiting drug
intake, the emergence of a negative emotional state in the absence
of the drug, and increased vulnerability to relapse triggered by
stress or cues previously associated with drug availability. Each of
these symptoms can be modeled to various degrees in animals, and
animal models are particularly useful for exploring the underlying
neurobiology of SUD and for identifying promising new targets
for treatments aimed at curbing excessive drug and alcohol use in
humans.

The main purpose of this Research Topic is to consolidate
review and empirical articles by leaders in the addiction field that
collectively explore the contribution of brain reward and stress
systems in addiction. The transition to severe SUD is defined
by neuroadaptations in brain circuits that, in the absence of
drugs, are responsible for mediating behavioral and physiological
processes that include motivation, positive and negative emotional
states, nociception, and feeding. Chronic drug exposure during
this transition promotes (1) within-system changes in neural cir-
cuits that contribute to the acute rewarding effects of the drug
and (2) recruitment of both hypothalamic (neuroendocrine) and
extra-hypothalamic brain stress systems.

Various biological and behavioral processes contribute to the
propensity of an individual to use and abuse drugs and alcohol.

For example, links are emerging between specific genetic pro-
files and diagnoses of SUDs. Furthermore, drug and alcohol
abuse are highly co-morbid with other psychiatric conditions
(e.g., anxiety disorders, major depressive disorder, schizophre-
nia, and personality disorders) that may precede or follow the
development of drug use problems. Across different drugs of
abuse, there are overlapping and dissociable aspects of the behav-
ioral and neurobiological changes that define the transition to
dependence. Even within a single drug of abuse, different peo-
ple abuse drugs for various reasons; within a single individ-
ual, the reasons for drug abuse may change across the lifespan
and the course of the disorder. The picture is further compli-
cated by the fact that humans often abuse more than one drug
concurrently.

This Research Topic begins with a review by Dr. George Koob,
Ph.D., newly appointed Director of the National Institute on
Alcohol Abuse and Alcoholism (NTAAA), that describes addic-
tion as a disorder mediated by pathophysiological reductions
in brain reward function and concurrent recruitment of brain
stress circuits (1). Several of the articles that follow build on the
idea that recruitment of brain stress systems [e.g., corticotropin-
releasing factor (CRF) and glucocorticoids] is critical for pro-
moting excessive drug and alcohol use. The remainder of this
Research Topic is a collection of empirical and review articles
that describe work aimed at unraveling the neurobiology of
addiction to various drugs of abuse, and that ties this neurobi-
ology with various current “hot topics” in the addiction research
field (2-14).

The articles in this Research Topic address various points of
current emphasis in the addiction research field. One such area
is the idea of individual differences: it is gradually being accepted
that addicts across and within drugs of abuse are not all the same,
that individuals may arrive at the same phenotypic or diagnostic
endpoint by different life paths and precipitating factors, that indi-
viduals exhibit different sets of co-morbidities (e.g., addiction and
pain), and that therapeutic approaches and clinical trials may be
more effective if tailored to subpopulations of addicts (i.e., phar-
macogenetics). Also addressed in this set of articles is the notion
that individual neurochemical systems may be critical for medi-
ating not only abuse of more than one drug, but for mediating
co-abuse of more than one drug in a single individual (e.g., the
high rates of co-morbid smoking in individuals with alcohol use
disorder). Another area of major social concern that is currently
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receiving much attention in the addiction research field is the drive
to understand the long-term effects of adolescent drug and alcohol
exposure on brain and behavior. It is generally accepted that early
initiation of drug and alcohol use increases the risk for develop-
ment of SUD and other psychiatric conditions later in life, and
this may be due to the fact that the adolescent brain, because it
is still developing, is particularly vulnerable to the effects of these
substances.

Pre-clinical research utilizes a variety of animal models and
rapidly advancing technological approaches to explore the under-
lying neurobiology of drug addiction. Several articles in this
Research Topic describe commonly used genetic models (e.g.,
selective breeding animals for high alcohol preference) and more
recently developed exposure models (e.g., nicotine vapor as a
model for e-cigarettes and second-hand smoke) of addiction.
These models can be combined with new technologies (e.g.,
optogenetics and chemogenetics) to examine the neurobiol-
ogy of addiction in increasingly sophisticated ways, for exam-
ple, the approach of isolating single brain regions is quickly
being replaced by circuitry approaches, and intra-cranial deliv-
ery of drug solutions with “dirty” receptor binding and dif-
fusion profiles are being replaced by highly controllable opti-
cal stimulation and designer drug techniques. Collectively, the
articles presented here provide a snapshot of the current the-
oretical and experimental landscape in the addiction research

field.
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Drug addiction can be defined by a three-stage cycle — binge/intoxication, with-
drawal/negative affect, and preoccupation/anticipation — that involves allostatic changes
in the brain reward and stress systems. Two primary sources of reinforcement, positive
and negative reinforcement, have been hypothesized to play a role in this allostatic process.
The negative emotional state that drives negative reinforcement is hypothesized to derive
from dysregulation of key neurochemical elements involved in the brain reward and stress
systems. Specific neurochemical elements in these structures include not only decreases
in reward system function (within-system opponent processes) but also recruitment of
the brain stress systems mediated by corticotropin-releasing factor (CRF) and dynorphin-
k opioid systems in the ventral striatum, extended amygdala, and frontal cortex (both
between-system opponent processes). CRF antagonists block anxiety-like responses asso-
ciated with withdrawal, block increases in reward thresholds produced by withdrawal from
drugs of abuse, and block compulsive-like drug taking during extended access. Excessive
drug taking also engages the activation of CRF in the medial prefrontal cortex, paralleled by
deficits in executive function that may facilitate the transition to compulsive-like respond-
ing. Neuropeptide Y, a powerful anti-stress neurotransmitter, has a profile of action on
compulsive-like responding for ethanol similar to a CRF; antagonist. Blockade of the k opi-
oid system can also block dysphoric-like effects associated with withdrawal from drugs of
abuse and block the development of compulsive-like responding during extended access
to drugs of abuse, suggesting another powerful brain stress system that contributes to
compulsive drug seeking. The loss of reward function and recruitment of brain systems
provide a powerful neurochemical basis that drives the compulsivity of addiction.

Keywords: opponent process, extended amygdala, corticotropin-releasing factor, dynorphin, reward, compulsive,

withdrawal, prefrontal cortex

WHAT IS ADDICTION?

Addiction can be defined as a chronic, relapsing disorder that has
been characterized by (i) a compulsion to seek and take drugs, (ii)
loss of control over drug intake, and (iii) emergence of a nega-
tive emotional state (e.g., dysphoria, anxiety, and irritability) that
defines a motivational withdrawal syndrome when access to the
drug is prevented (1). The occasional, limited, recreational use
of a drug is clinically distinct from escalated drug use, the loss
of control over drug intake, and the emergence of compulsive
drug-seeking behavior that characterize addiction.

Addiction has been conceptualized as a three-stage cycle —
binge/intoxication, withdrawal/negative affect, and preoccupa-
tion/anticipation — that worsens over time and involves allostatic
changes in the brain reward and stress systems. Two primary
sources of reinforcement, positive and negative reinforcement,
have been hypothesized to play a role in this allostatic process. Pos-
itive reinforcement is defined as the process by which presentation
of a stimulus increases the probability of a response; negative rein-
forcement is defined as the process by which removal of an aversive
stimulus (or negative emotional state of withdrawal in the case of
addiction) increases the probability of a response. Reward is opera-
tionally defined similarly to positive reinforcement as any stimulus
that increases the probability of a response but also has a positive

hedonic effect. Different theoretical perspectives from experimen-
tal psychology (positive and negative reinforcement frameworks),
social psychology (self-regulation failure framework), and neu-
robiology (counteradaptation and sensitization frameworks) can
be superimposed on the stages of the addiction cycle (1). These
stages are thought to feed into each other, become more intense,
and ultimately lead to the pathological state known as addiction
(Figure 1). The neural substrates for the two sources of reinforce-
ment that play a key role in the allostatic neuroadaptations derive
from two key motivational systems required for survival: the brain
reward and brain stress systems.

BRAIN REWARD SYSTEMS

Comprehension of a brain reward system was greatly facilitated
by the discovery of electrical brain stimulation reward by Olds
and Milner (2). Brain stimulation reward involves widespread
neurocircuitry throughout the brain, but the most sensitive sites
include the trajectory of the medial forebrain bundle that con-
nects the ventral tegmental area with the basal forebrain [(2—4);
Figure 2]. All drugs of abuse acutely decrease brain stimulation
reward thresholds [i.e., increase or facilitate reward; (5)]. When
drugs are administered chronically, withdrawal from drugs of
abuse increases reward thresholds (decrease reward). Although
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FIGURE 1 | Theoretical framework relating addiction cycle to
motivation for drug seeking. The figure shows the change in the relative
contribution of positive and negative reinforcement constructs during the
development of substance dependence [taken with permission from Ref.
(671)].

much emphasis was initially placed on the role of ascending
monoamine systems, particularly the dopamine system, in the
medial forebrain bundle in mediating brain stimulation reward,
other non-dopaminergic systems in the medial forebrain bun-
dle clearly play a key role (6-8). Indeed, the role of dopamine
is hypothesized to be more indirect. Many studies suggest that
activation of the mesolimbic dopamine system attaches incentive
salience to stimuli in the environment (9-11) to drive the perfor-
mance of goal-directed behavior (12) or activation in general (13,
14), and work concerning the acute reinforcing effects of drugs of
abuse supports this hypothesis.

Our knowledge of the neurochemical substrates that mediate
the acute reinforcing effects of drugs of abuse has contributed sig-
nificantly to our knowledge of the brain reward system. These sub-
strates include connections of the medial forebrain bundle reward
system with primary contributions from the ventral tegmental
area, nucleus accumbens, and amygdala. Much evidence supports
the hypothesis that psychostimulant drugs dramatically activate
the mesolimbic dopamine system (projections from the ventral
tegmental area to the nucleus accumbens) during limited-access
drug self-administration and that this mechanism is critical for
mediating the rewarding effects of cocaine, amphetamines, and
nicotine. However, evidence supports both dopamine-dependent
and dopamine-independent neural substrates for opioid and alco-
hol reward (15-17). Serotonin systems, particularly those involv-
ing serotonin 5-HT)p receptor activation in the nucleus accum-
bens, have also been implicated in the acute reinforcing effects
of psychostimulant drugs, whereas p-opioid receptors in both
the nucleus accumbens and ventral tegmental area mediate the
reinforcing effects of opioids. Opioid peptides in the ventral stria-
tum and amygdala have been hypothesized to mediate the acute
reinforcing effects of ethanol self-administration, largely based on
the effects of opioid antagonists. Inhibitory y-aminobutyric acid
(GABA) systems are activated both pre- and postsynaptically in
the amygdala by ethanol at intoxicating doses, and GABA receptor

Neurochemical Neurocircuits in Drug Reward

. Dopamine
= Extended Amygdala Circuit
0~ Interneurons
0~ Opioid Peptides
M Opioid Receptors
M Cannabinoid Receptors
M Nicotine Receptors
M GABA, Receptors

FIGURE 2 | Neurotransmitter pathways and receptor systems
implicated in the acute reinforcing effects of drugs of abuse within the
medial forebrain bundle. A sagittal rodent brain section is shown. The
medial forebrain bundle represents ascending and descending projections
between the ventral forebrain (nucleus accumbens, olfactory tubercle, and
septal area) and ventral midbrain (ventral tegmental area; not shown in
figure for clarity). Cocaine and amphetamines increase dopamine levels in
the nucleus accumbens and amygdala via direct actions on dopamine
terminals. Opioids activate endogenous opioid receptors in the ventral
tegmental area, nucleus accumbens, and amygdala. Opioids also facilitate
the release of dopamine in the nucleus accumbens via actions either in the
ventral tegmental area or nucleus accumbens but are also hypothesized to
activate elements independent of the dopamine system. Alcohol activates
GABA, receptors or enhances GABA release in the ventral tegmental area,
nucleus accumbens, and amygdala. Alcohol is also hypothesized to facilitate
the release of opioid peptides in the ventral tegmental area, nucleus
accumbens, and central nucleus of the amygdala. Alcohol facilitates the
release of dopamine in the nucleus accumbens via an action either in the
ventral tegmental area or nucleus accumbens. Nicotine activates nicotinic
acetylcholine receptors in the ventral tegmental area, nucleus accumbens,
and amygdala either directly or indirectly via actions on interneurons.
Cannabinoids activate cannabinoid CB; receptors in the ventral tegmental
area, nucleus accumbens, and amygdala. Cannabinoids facilitate the
release of dopamine in the nucleus accumbens via an unknown
mechanism, either in the ventral tegmental area or nucleus accumbens. The
blue arrows represent the interactions within the extended amygdala
system hypothesized to play a key role in psychostimulant reinforcement.
AC, anterior commissure; AMG, amygdala; ARC, arcuate nucleus; BNST,
bed nucleus of the stria terminalis; Cer, cerebellum; C-P, caudate-putamen;
DMT, dorsomedial thalamus; FC, frontal cortex; Hippo, hippocampus; IF,
inferior colliculus; LC, locus coeruleus; LH, lateral hypothalamus; MFB,
medial forebrain bundle; N Acc., nucleus accumbens; OT, olfactory tract;
PAG, periaqueductal gray; RPn, reticular pontine nucleus; SC, superior
colliculus; SNr, substantia nigra pars reticulata; VP, ventral pallidum; VTA,
ventral tegmental area [taken with permission from Ref. (183)].

antagonists block ethanol self-administration [for comprehensive
reviews, see (16, 17)].

For the binge/intoxication stage of the addiction cycle, stud-
ies of the acute reinforcing effects of drugs of abuse per se have
identified key neurobiological substrates. Evidence is strong for
a role for dopamine in the acute reinforcing actions of psychos-
timulants, opioid peptide receptors in the acute reinforcing effects
of opioids, and GABA and opioid peptides in the acute reinforc-
ing actions of alcohol. Important anatomical circuits include the
mesocorticolimbic dopamine system that originates in the ventral
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tegmental area and local opioid peptide systems, both of which
converge on the nucleus accumbens (17).

BRAIN STRESS SYSTEMS

The brain stress systems can be defined as neurochemical systems
that are activated during exposure to acute stressors or in a chronic
state of stress and mediate species-typical behavioral responses.
These behavioral responses in animals range from freezing to flight
and typically have face and predictive validity for similar behavior
responses in humans. For example, animals exposed to a stressor
will show an enhanced freezing response to a conditioned fear
stimulus, an enhanced startle response to a startle stimulus, avoid-
ance of open areas, open arms, or height, and enhanced species-
typical responses to an aversive stimulus (e.g., burying a shock
probe in the defensive burying test). Key neuronal/neurochemical
systems with circumscribed neurocircuitry that mediate behav-
ioral responses to stressors include glucocorticoids, corticotropin-
releasing factor (CRF), norepinephrine, and dynorphin, and key
neurochemical systems that act in opposition to the brain stress
systems include neuropeptide Y (NPY), nociceptin, and endo-
cannabinoids [for reviews, see (18-20)]. For the purposes of this
review, two brain stress systems with prominent roles in driving
the dark side of addiction will be considered: CRF and dynorphin.

CORTICOTROPIN-RELEASING FACTOR

Corticotropin-releasing factor is a 41-amino-acid polypeptide
that controls hormonal, sympathetic, and behavioral responses
to stressors (21, 22). Central administration of CRF mimics the
behavioral response to activation and stress in rodents, and admin-
istration of competitive CRF receptor antagonists generally has
anti-stress effects [for reviews, see (23—-26)]. Two major CRF recep-
tors have been identified, with CRF receptor activation associated
with increased stress responsiveness (27) and CRF; receptor acti-
vation associated with decreases in feeding and decreases in stress
responsiveness (28, 29), although there is some controversy in
this area (30). CRF neurons are present in the neocortex, the
extended amygdala, the medial septum, the hypothalamus, the
thalamus, the cerebellum, and autonomic midbrain and hind-
brain nuclei (31). Extensive research has been performed on
CRF neurons in the paraventricular nucleus of the hypothal-
amus (PVN), central nucleus of the amygdala (CeA), and bed
nucleus of the stria terminalis (BNST), demonstrating a key role
for PVN CRF neurons in controlling the pituitary adrenal response
to stress (32) and a key role for BNST and CeA CRF in mediat-
ing the negative affective responses to stress and drug withdrawal
(33).

The neuroanatomical entity termed the extended amygdala
(34) may represent a common anatomical substrate that integrates
brain arousal-stress systems with hedonic processing systems to
produce the neuroadaptations associated with the development of
addiction (see below). The extended amygdala is composed of the
CeA, BNST, and a transition zone in the medial (shell) subregion
of the nucleus accumbens. Each of these regions has cytoarchi-
tectural and circuitry similarities (34). The extended amygdala
receives numerous afferents from limbic structures, such as the
basolateral amygdala and hippocampus, and sends efferents to
the medial part of the ventral pallidum and a large projection to

the lateral hypothalamus, thus further defining the specific brain
areas that interface classical limbic (emotional) structures with the
extrapyramidal motor system (35). CRF in the extended amygdala
has long been hypothesized to play a key role not only in fear con-
ditioning (36, 37) but also in the emotional component of pain
processing (38).

DYNORPHIN-x OPIOID SYSTEM

Dynorphins are opioid peptides that derive from the prodynor-
phin precursor and contain the leucine (leu)-enkephalin sequence
at the N-terminal portion of the molecule and are the presumed
endogenous ligands for the k opioid receptor (39). Dynorphins are
widely distributed in the central nervous system (40) and play a
role in neuroendocrine regulation, pain regulation, motor activity,
cardiovascular function, respiration, temperature regulation, feed-
ing behavior, and stress responsivity (41). Dynorphins bind to all
three opioid receptors but show a preference for k receptors (39).
Dynorphin-k receptor system activation produces some actions
that are similar to other opioids (analgesia) but others oppo-
site to those of W opioid receptors in the motivational domain.
Dynorphins produce aversive dysphoric-like effects in animals
and humans and have been hypothesized to mediate negative
emotional states (42—45).

Dopamine receptor activation in the nucleus accumbens shell
stimulates a cascade of events that ultimately lead to cyclic adeno-
sine monophosphate response element-binding protein (CREB)
phosphorylation and subsequent alterations in gene expression,
notably the activation of the expression of prodynorphin mRNA.
Subsequent activation of dynorphin systems has been hypothe-
sized to feed back to decrease dopamine release in the mesolimbic
dopamine system (46-50) and glutamate release in the nucleus
accumbens (51, 52). Both of these changes may contribute to the
dysphoric syndrome associated with cocaine dependence. In vivo
microdialysis studies have also provided evidence that k opi-
oid receptors located in the prefrontal cortex (PFC) and ventral
tegmental area also regulate the basal activity of mesocortical
dopamine neurons (53, 54). In the extended amygdala, enhanced
dynorphin action may also activate brain stress responses, such as
CRF (55), or CRF in turn may activate dynorphin (56, 57).

DYNAMIC CHANGES IN REWARD: OPPONENT PROCESS

Changes in reinforcement were inextricably linked with hedonic,
affective, or emotional states in addiction in the context of tempo-
ral dynamics by Solomon’s opponent-process theory of motiva-
tion. Solomon and Corbit (58) postulated that hedonic, affective,
or emotional states, once initiated, are automatically modulated
by the central nervous system through mechanisms that reduce
the intensity of hedonic feelings. The a-process includes affective
or hedonic habituation (or tolerance), and the b-process includes
affective or hedonic withdrawal (abstinence). The a-process in
drug use consists of positive hedonic responses, occurs shortly
after the presentation of a stimulus, correlates closely with the
intensity, quality, and duration of the reinforcer, and shows tol-
erance. In contrast, the b-process in drug use appears after the
a-process has terminated, consists of negative hedonic responses,
and is sluggish in onset, slow to build up to an asymptote, slow
to decay, and gets larger with repeated exposure. The thesis we
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have elaborated is that there is a neurocircuitry change in spe-
cific neurochemical systems that account for the b-process. Such
opponent processes are hypothesized to begin early in drug tak-
ing, reflecting not only deficits in brain reward system function
but also the recruitment of brain stress systems. Furthermore, we
hypothesize that the recruitment of brain stress systems forms
one of the major sources of negative reinforcement in addiction.
Finally, we have hypothesized that such changes result not in a
return to homeostasis of reward/stress function but in allostasis
of reward/stress function that continues to drive the addiction
process (Figure 3).

Allostasis, originally conceptualized to explain persistent mor-
bidity of arousal and autonomic function, can be defined as “stabil-
ity through change.” Allostasis involves a feed-forward mechanism
rather than the negative feedback mechanisms of homeostasis,
with continuous reevaluation of need and continuous readjust-
ment of all parameters toward new set points. An allostatic state
has been defined as a state of chronic deviation of the regulatory
system from its normal (homeostatic) operating level (15). Allo-
static load was defined as the “long-term cost of allostasis that
accumulates over time and reflects the accumulation of damage
that can lead to pathological states” (59).

Opponent process-like negative emotional states have been
characterized in humans by acute and protracted abstinence
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FIGURE 3 | (A) The standard pattern of affective dynamics produced by
(left) a relatively novel unconditioned stimulus (i.e., in a non-dependent
state) and (right) a familiar, frequently repeated unconditioned stimulus
(i.e., in a dependent state) [taken with permission from Ref. (184)]. (B) The
changes in the affective stimulus (state) in an individual with repeated
frequent drug use that may represent a transition to an allostatic state in
the brain reward systems and, by extrapolation, a transition to addiction.
Note that the apparent b-process never returns to the original homeostatic
level before drug taking is reinitiated, thus creating a greater and greater
allostatic state in the brain reward system. In other words, the
counteradaptive opponent-process (b-process) does not balance the
activational process (a-process) but in fact shows a residual hysteresis.
While these changes are exaggerated and condensed over time in the
present conceptualization, the hypothesis here is that even during
post-detoxification, a period of “protracted abstinence,” the reward system
is still bearing allostatic changes. In the non-dependent state, reward
experiences are normal, and the brain stress systems are not greatly
engaged. During the transition to the state known as addiction, the brain
reward system is in a major underactivated state while the brain stress
system is highly activated [taken with permission from Ref. (15)].

from all major drugs of abuse (60-62). Similar results have been
observed in animal models with all major drugs of abuse using
intracranial self-stimulation (ICSS) as a measure of hedonic tone.
Withdrawal from chronic cocaine (63),amphetamine (64), opioids
(65), cannabinoids (66), nicotine (67), and ethanol (68) leads to
increases in reward threshold during acute abstinence, and some
of these elevations in threshold can last for up to 1week (69).
These observations lend credence to the hypothesis that opponent
processes in the hedonic domain have an identifiable neurobio-
logical basis and provide an impetus for defining the mechanisms
involved. Understanding the mechanisms that drive this increase
in reward thresholds is key to understanding the mechanisms that
drive negative reinforcement in addiction.

Such elevations in reward threshold begin rapidly and can
be observed within a single session of self-administration (70),
bearing a striking resemblance to human subjective reports of
acute withdrawal. Dysphoria-like responses also accompany acute
opioid and ethanol withdrawal (71, 72). Here, naloxone adminis-
tration following single injections of morphine increased reward
thresholds, measured by ICSS, and increased thresholds with
repeated morphine and naloxone-induced withdrawal experi-
ence (71). Similar results were observed during repeated acute
withdrawal from ethanol (72).

NEUROADAPTATIONS RESPONSIBLE FOR OPPONENT
PROCESS

One hypothesis is that drug addiction progresses from a source of
positive reinforcement that may indeed involve a form of sensiti-
zation of incentive salience, as argued by Robinson and Berridge
(9), to sensitization of opponent processes that set up a power-
ful negative reinforcement process. A further elaboration of this
hypothesis is that there are both within- and between-system neu-
roadaptations to excessive activation of the reward system at the
neurocircuitry level. Within-system neuroadaptations are defined
as the process by which the primary cellular response element to
the drug (circuit A) itself adapts to neutralize the drug’s effects.
Persistence of the opposing effects after the drug disappears pro-
duces adaptation. A between-system neuroadaptation is a circuitry
change, in which B circuits (i.e., the stress or anti-reward circuits)
are activated by circuit A (i.e., the reward circuit). In the present
treatise, within-system neuroadaptations can dynamically interact
with a between-system neuroadaptation, in which circuit B (i.e.,
the anti-reward circuit) is activated either in parallel or in series to
suppress the activity of circuit A (see below).

ANIMAL MODELS OF THE TRANSITION TO AN ADDICTION-LIKE STATE
AS DEFINED BY ESCALATION IN DRUG SELF-ADMINISTRATION WITH
PROLONGED ACCESS

A progressive increase in the frequency and intensity of drug use
is one of the major behavioral phenomena that characterize the
development of addiction and has face validity with the crite-
ria of the Diagnostic and Statistical Manual of Mental Disorders,
4th edition (DSM-IV): “The substance is often taken in larger
amounts and over a longer period than was intended” (Ameri-
can Psychological Association, 1994). A framework with which
to model the transition from drug use to drug addiction can
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be found in recent animal models of prolonged access to intra-
venous cocaine self-administration. Historically, animal models
of cocaine self-administration involved the establishment of sta-
ble behavior from day to day to allow the reliable interpretation
of data provided by within-subject designs aimed at exploring the
neuropharmacological and neurobiological bases of the reinforc-
ing effects of acute cocaine. Up until 1998, after the acquisition of
self-administration, rats were typically allowed access to cocaine
for 3h or less per day to establish highly stable levels of intake
and patterns of responding between daily sessions. This was a use-
ful paradigm for exploring the neurobiological substrates for the
acute reinforcing effects of drugs of abuse.

However, in an effort to explore the possibility that differen-
tial access to drugs of abuse may have more face validity for
the compulsive-like responding observed in addiction, animals
have been allowed extended access to all major drugs of abuse
(Figure 4). Increased intake was observed in the extended-access
group for intravenous cocaine, methamphetamine, heroin, and
nicotine and oral alcohol during extended access and dependence
(73=79). For example, when animals were allowed access for 1
and 6h to different doses of cocaine, after escalation, both the
long-access (LgA) and short-access (ShA) animals titrated their
cocaine intake, but LgA rats consistently self-administered almost
twice as much cocaine at any dose tested, further suggesting an
upward shift in the set point for cocaine reward in the escalated
animals (80-82).

Consistent with the hypothesis that extended access to drugs
of abuse produces compulsive-like responding, in which animals
will “continue to respond in the face of adverse consequences”
(another DSM-IV criteria for Substance Dependence), animals
with extended access that show escalation in self-administration
also show increased responding on a progressive-ratio schedule
of reinforcement [(83—85); Figure 5]. Changes in the reinforcing
and incentive effects of drug intake that are consistent with the
increases in progressive-ratio responding have been observed fol-
lowing extended access and include increased drug-induced rein-
statement after extinction, a decreased latency to goal time in a
runway model for drug reward, and responding in the face of
punishment (86-92). Altogether, these results suggest that drug
taking with extended-access changes the motivation to seek the
drug. Some have argued that enhanced drug taking reflects a
sensitization of reward (93), but studies of locomotor sensitiza-
tion suggest that locomotor sensitization occurs independently
of escalation (94-96). The increased brain reward thresholds and
neuropharmacological studies outlined below argue for a reward
deficit state that drives the increased drug taking during extended
access.

ANIMALS ESCALATE THEIR INTAKE OF DRUGS WITH EXTENDED
ACCESS, WITH A PARALLEL INCREASE IN REWARD THRESHOLDS

The hypothesis that compulsive cocaine use is accompanied by a
chronic perturbation in brain reward homeostasis has been tested
in animal models of escalation in drug intake with prolonged
access combined with measures of brain stimulation reward
thresholds. Animals implanted with intravenous catheters and
allowed differential access to intravenous self-administration of
cocaine showed increases in cocaine self-administration from day

to day in the LgA group (6 h; LgA) but not in the ShA group (1 h;
ShA). The differential exposure to cocaine self-administration had
dramatic effects on reward thresholds that progressively increased
in LgA rats but not ShA or control rats across successive self-
administration sessions (97). Elevations in baseline reward thresh-
olds temporally preceded and were highly correlated with escala-
tion in cocaine intake (Figure 6). Post-session elevations in reward
thresholds failed to return to baseline levels before the onset of each
subsequent self-administration session, thereby deviating more
and more from control levels. The progressive elevation in reward
thresholds was associated with a dramatic escalation in cocaine
consumption that was observed previously (97). Similar results
have been observed with extended access to methamphetamine
(98) and heroin (99). Rats allowed 6 h access to methamphetamine
or 23 h access to heroin also showed a time-dependent increase in
reward thresholds that paralleled the increases in heroin intake
(Figure 6). Similar results of parallel increases in brain reward
thresholds with escalation of nicotine intake have been observed
with extended access to nicotine (100).

BRAIN REWARD SYSTEM SUBSTRATES FOR THE NEGATIVE
REINFORCEMENT ASSOCIATED WITH ADDICTION
(WITHIN-SYSTEM NEUROADAPTATIONS)

The withdrawal/negative affect stage can be defined as the pres-
ence of motivational signs of withdrawal in humans, including
chronic irritability, physical pain, emotional pain [i.e., hyperkat-
ifeia; (101)], malaise, dysphoria, alexithymia, and loss of motiva-
tion for natural rewards. It is characterized in animals by increases
in reward thresholds during withdrawal from all major drugs of
abuse. More compelling, as noted above, in animal models of the
transition to addiction, similar changes in brain reward thresh-
olds occur that temporally precede and are highly correlated with
escalation in drug intake (97-99). Such acute withdrawal is asso-
ciated with decreased activity of the mesocorticolimbic dopamine
system, reflected by electrophysiological recordings and in vivo
microdialysis [(102—104); Figure 7].

Human imaging studies of individuals with addiction during
withdrawal or protracted abstinence have generated results that are
consistent with animal studies. There are decreases in dopamine
D, receptors (hypothesized to reflect hypodopaminergic func-
tioning), hyporesponsiveness to dopamine challenge (105), and
hypoactivity of the orbitofrontal-infralimbic cortex system (105).
These are hypothesized to be within-system neuroadaptations that
may reflect presynaptic release or postsynaptic receptor plasticity.

In the context of chronic alcohol administration, multiple mol-
ecular mechanisms have been hypothesized to counteract the acute
effects of ethanol that could be considered within-system neuroad-
aptations. For example, chronic ethanol decreases y-aminobutyric
acid (GABA) receptor function, possibly through downregula-
tion of the o; subunit (106, 107). Chronic ethanol also decreases
the acute inhibition of adenosine reuptake [i.e., tolerance devel-
ops to the inhibition of adenosine by ethanol; (108)]. Perhaps
more relevant to the present treatise, whereas acute ethanol acti-
vates adenylate cyclase, withdrawal from chronic ethanol decreases
CREB phosphorylation in the amygdala and is linked to decreases
in the function of NPY and anxiety-like responses observed during
acute ethanol withdrawal (109, 110).

www.frontiersin.org

August 2013 | Volume 4 | Article 72 | 11


http://www.frontiersin.org
http://www.frontiersin.org/Addictive_Disorders_and_Behavioral_Dyscontrol/archive

Koob

Addiction reward and stress disorders

A Cocaine D
140
s =
9120 o
gwo g
; 80 ;
g 60} O LgA Group S
] @ ShAGH ‘B
) roup ‘g
£ c
% 20[9g400000000%000000000 =
2 4 6 8 10 12 14 16 18 20 22
Session
B Heroin E
g..,., )
- * * Py
n 80 5
3 g
60 £
P ag
c o
-g L e
2 O LgA Group :I, At
£ 20p @ ShA Group
* | eooeescsssssescsce
T2 4 6 8 10 12 14 16 18 20 22

Session

C  Methamphetamine

< 250 — 125
;g 200 410
~ 150 47.5
2 O LgA Group
g 100} @ ShAGroup [
S R
£ sor 12,5
H*

0 0

.
2 4 6 8 10 12 14 16 18 20 22
Session

FIGURE 4 | (A) Effect of drug availability on cocaine intake (mean £ SEM). In
long-access (LgA) rats (n=12) but not short-access (ShA) rats (n=12), the
mean total cocaine intake started to increase significantly from session 5

(p < 0.05; sessions 5-22 compared with session 1) and continued to increase
thereafter (p < 0.05; session 5 compared with sessions 8-10, 12, 13, and
17-22) [taken with permission from Ref. (74)]. (B) Effect of drug availability on
total intravenous heroin self-infusions (mean &+ SEM). During the escalation
phase, rats had access to heroin (40 g per infusion) for 1 h (ShA rats, n=5-6)
or 11 h per session (LgA rats, n=5-6). Regular 1h (ShA rats) or 11 h (LgA rats)
sessions of heroin self-administration were performed 6 days a week. The
dotted line indicates the mean = SEM number of heroin self-infusions in LgA
rats during the first 11 h session. *p < 0.05, different from the first session
(paired t-test) [taken with permission from Ref. (73)]. (C) Effect of extended
access to intravenous methamphetamine on self-administration as a function
of daily sessions in rats trained to self-administer 0.05 mg/kg/infusion of
intravenous methamphetamine during the 6 h session. ShA, 1h session
(n=6). LgA, 6h session (0.05 mg/kg/infusion, n=4). **p < 0.01, compared
with day 1 [taken with permission from Ref. (75)]. (D) Nicotine intake
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(mean & SEM) in rats that self-administered nicotine under a fixed-ratio (FR) 1
schedule in either 21 h (LgA) or 1h (ShA) sessions. LgA rats increased their
nicotine intake on an intermittent schedule with 24-48 h breaks between
sessions, whereas LgA rats on a daily schedule did not. The left shows the
total number of nicotine infusions per session when the intermittent schedule
included 24 h breaks between sessions. The right shows the total number of
nicotine infusions per session when the intermittent schedule included 48 h
breaks between sessions. *p < 0.05, compared with baseline; *p < 0.05,
compared with daily self-administration group. n=10 per group [taken with
permission from Ref. (185)]. (E) Ethanol self-administration in
ethanol-dependent and non-dependent animals. The induction of ethanol
dependence and correlation of limited ethanol self-administration before and
excessive drinking after dependence induction following chronic intermittent
ethanol vapor exposure is shown. ***p < 0.001, significant group x test
session interaction. With all drugs, escalation is defined as a significant
increase in drug intake within-subjects in extended-access groups, with no
significant changes within-subjects in limited-access groups [taken with
permission from Ref. (186)].

BRAIN STRESS SYSTEM SUBSTRATES FOR THE NEGATIVE
REINFORCEMENT ASSOCIATED WITH ADDICTION
(BETWEEN-SYSTEM NEUROADAPTATIONS)

Brain neurochemical systems involved in arousal-stress mod-
ulation have been hypothesized to be engaged within the

neurocircuitry of the brain stress systems in an attempt to over-
come the chronic presence of the perturbing drug and restore
normal function despite the presence of drug (18). Both the
hypothalamic-pituitary-adrenal (HPA) axis and extrahypothala-
mic brain stress system mediated by CRF are dysregulated by
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FIGURE 5 | (A) Dose-response function of cocaine by rats responding under a
progressive-ratio schedule. Test sessions under a progressive-ratio schedule
ended when rats did not achieve reinforcement within 1 h. The data are
expressed as the number of injections per session on the left axis and ratio
per injection on the right axis. *p < 0.05, compared with ShA rats at each
dose of cocaine [taken with permission from Ref. (84)]. (B) Responding for
heroin under a progressive-ratio schedule of reinforcement in ShA and LgA
rats. *p < 0.05, LgA significantly different from LgA [Modified with
permission from Ref. (187)]. (C) Dose-response for methamphetamine under
a progressive-ratio schedule. Test sessions under a progressive-ratio schedule
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ended when rats did not achieve reinforcement within 1h. *p <0.05,

**p <0.01, LgA significantly different from ShA [Modified from Ref. (188)].
(D) Breakpoints on a progressive-ratio schedule in long-access (LgA) rats that
self-administered nicotine with 48 h abstinence between sessions. LgA rats
on an intermittent schedule reached significantly higher breakpoints than LgA
rats that self-administered nicotine daily. The data are expressed as

mean + SEM. *p < 0.05. n=9 rats per group [taken with permission from
Ref. (185)]. (E) Mean (=SEM) breakpoints for ethanol while in non-dependent
and ethanol-dependent states. **p < 0.01, main effect of vapor exposure on
ethanol self-administration [taken with permission from Ref. (85)].

chronic administration of all major drugs with dependence or
abuse potential, with a common response of elevated adreno-
corticotropic hormone, corticosterone, and amygdala CRF during
acute withdrawal (24, 69, 111-116). Indeed, activation of the HPA
response may be an early dysregulation associated with excessive
drug taking that ultimately “sensitizes” the extrahypothalamic CRF
systems (33, 92).

As noted above, the excessive release of dopamine and opioid
peptides produces subsequent activation of dynorphin systems,

which has been hypothesized to feed back to decrease dopamine
release and also contribute to the dysphoric syndrome associ-
ated with cocaine dependence (48). Dynorphins produce aver-
sive dysphoric-like effects in animals and humans and have been
hypothesized to mediate negative emotional states (42—45).

A common response to acute withdrawal and protracted absti-
nence from all major drugs of abuse is the manifestation of
anxiety-like responses that are reversed by CRF antagonists. With-
drawal from repeated administration of cocaine produces an
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FIGURE 6 | (A) Relationship between elevation in ICSS reward thresholds daily 23 h self-administration session, became progressively more
and cocaine intake escalation (Left). Percent change from baseline elevated as exposure to self-administered heroin increased across
response latencies (3h and 17-22 h after each self-administration session; sessions. *p < 0.05, main effect of heroin on reward thresholds [taken
first data point indicates 1 h before the first session) (Right). Percent with permission from Ref. (99)]. (C) Escalation in methamphetamine
change from baseline ICSS thresholds. *p < 0.05, compared with self-administration and ICSS in rats. Rats were daily allowed to receive
drug-naive and/or ShA rats (tests for simple main effects) [taken with ICSS in the lateral hypothalamus 1 h before and 3 h after intravenous
permission from Ref. (97)]. (B) Unlimited daily access to heroin escalated methamphetamine self-administration with either 1 or 6 h access (Left).
heroin intake and decreased the excitability of brain reward systems (Left). Methamphetamine self-administration during the first hour of each
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anxiogenic-like response in the elevated plus maze and defensive
burying test, both of which are reversed by administration of CRF
receptor antagonists (117, 118). Opioid dependence also produces
irritability-like effects that are reversed by CRF receptor antago-
nists (119, 120). Ethanol withdrawal produces anxiety-like behav-
ior that is reversed by intracerebroventricular administration of
CRF;/CRF, peptidergic antagonists (121) and small-molecule
CRF) antagonists (122—124) and intracerebral administration of a
peptidergic CRF;/CRF; antagonist into the amygdala (125). Thus,

some effects of CRF antagonists have been localized to the CeA
(125). Precipitated withdrawal from nicotine produces anxiety-
like responses that are also reversed by CRF antagonists (77, 126).
CRF antagonists injected intracerebroventricularly or systemically
also block the potentiated anxiety-like responses to stressors
observed during protracted abstinence from chronic ethanol
(127-131).

Another measure of negative emotional states during drug
withdrawal in animals is conditioned place aversion, in which

Frontiers in Psychiatry | Addictive Disorders and Behavioral Dyscontrol

August 2013 | Volume 4 | Article 72 | 14


http://www.frontiersin.org/Addictive_Disorders_and_Behavioral_Dyscontrol
http://www.frontiersin.org/Addictive_Disorders_and_Behavioral_Dyscontrol/archive

Koob

Addiction reward and stress disorders

Days After Withdrawal

FIGURE 7 | (A) The left panel shows the effect of ethanol withdrawal on
absolute extracellular dopamine concentrations in the nucleus accumbens
in ethanol-withdrawn rats. The middle and right panels show the
spontaneous activity of antidromically identified ventral tegmental
area-nucleus accumbens dopamine neurons in control (middle) and
ethanol-withdrawn (right) rats [taken with permission from Ref. (102)]. (B)
The left panel shows individual firing rates of antidromically identified
ventral tegmental area-nucleus accumbens dopamine neurons recorded
from morphine-withdrawn and control rats. Each circle represents the
mean firing of at least a 5-min recording. Horizontal lines indicate the
mean activity. The middle and right panels show the spontaneous activity
of a selected number (4) or antidromically identified ventral tegmental
area-nucleus accumbens dopamine neurons in control (middle) and
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morphine-withdrawn (right) rats. Each panel represents the neuronal
activity of a single cell. Recordings in both cases were obtained 24 h after
the last morphine and saline administration, respectively [taken with
permission from Ref. (103)]. (C) Firing rates of dopamine cells in the
ventral tegmental area following 1-10 days of withdrawal from chronic
nicotine treatment (6 mg/kg/day for 12 days). The data are expressed as
mean + SEM. The number of dopamine cells recorded is given in
parentheses. *p < 0.01, compared with control group [taken with
permission from Ref. (189)]. (D) Profile of dialysate serotonin and
dopamine concentrations during a 12-h extended-access cocaine
self-administration session. The mean &+ SEM presession baseline dialysate
concentrations of serotonin and dopamine were 0.98 +0.1 nM and

5.3+ 0.5nM, respectively (n=7) [taken with permission from Ref. (104)].

animals avoid an environment previously paired with an aver-
sive state. Such place aversions, when used to measure the aversive
stimulus effects of withdrawal, have been observed largely in the
context of opioids (132, 133). Systemic administration of a CRF;
receptor antagonist and direct intracerebral administration of a

peptide CRF;/CRF, antagonist also decreased opioid withdrawal-
induced place aversions (134—136). These effects have been
hypothesized to be mediated by actions in the extended amyg-
dala. The selective CRF; antagonist antalarmin blocked the place
aversion produced by naloxone in morphine-dependent rats (134),
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and a CRF peptide antagonist injected into the CeA also reversed
the place aversion produced by methylnaloxonium injected into
the CeA (135). CRF; knockout mice failed to show conditioned
place aversion to opioid withdrawal and failed to show an opioid-
induced increase in dynorphin mRNA in the nucleus accumbens
(136).

A compelling test of the hypothesis that CRF-induced increases
in anxiety-like responses during drug withdrawal has motiva-
tional significance in contributing to negative emotional states
is the observation that CRF antagonists can reverse the elevation
in reward thresholds produced by drug withdrawal. Nicotine and
alcohol withdrawal-induced elevations in reward thresholds were
reversed by a CRF antagonist (137, 138). These effects have been
localized to both the CeA and nucleus accumbens shell (139).

Enhanced dynorphin action is hypothesized to mediate the
depression-like, aversive responses to stress, and dysphoric-like
responses during withdrawal from drugs of abuse (49, 56, 57,
140—145). For example, pretreatment with a k-opioid receptor
antagonist blocked stress-induced analgesia and stress-induced
immobility (57), decreased anxiety-like behavior in the elevated
plus maze and open field, decreased conditioned fear in fear-
potentiated startle (145), and blocked depressive-like behavior
induced by cocaine withdrawal (140).

BRAIN STRESS SUBSTRATES THAT MEDIATE DRUG TAKING
WITH EXTENDED ACCESS

CORTICOTROPIN-RELEASING FACTOR, COMPULSIVE-LIKE DRUG
SEEKING, AND THE EXTENDED AMYGDALA

The ability of CRF antagonists to block the anxiogenic-like and
aversive-like motivational effects of drug withdrawal predicted
motivational effects of CRF antagonists in animal models of
extended access to drugs. CRF antagonists selectively blocked the
increased self-administration of drugs associated with extended
access to intravenous self-administration of cocaine (146), nico-
tine (77), and heroin [(147); Figure 8]. For example, sys-
temic administration of a CRF; antagonist blocked the increased
self-administration of nicotine associated with withdrawal in
extended-access (23 h) animals (77).

Corticotropin-releasing factor antagonists also blocked the
increased self-administration of ethanol in dependent rats [(124);
Figure 8]. For example, exposure to repeated cycles of chronic
ethanol vapor produced substantial increases in ethanol intake
in rats during both acute withdrawal and protracted abstinence
[2 weeks post-acute withdrawal; (76, 148)]. Intracerebroventric-
ular administration of a CRF;/CRF, antagonist blocked the
dependence-induced increase in ethanol self-administration dur-
ing both acute withdrawal and protracted abstinence (149).
Systemic injections of small-molecule CRF; antagonists also
blocked the increased ethanol intake associated with acute with-
drawal (124) and protracted abstinence (150). When administered
directly into the CeA, a CRF;/CRF, antagonist blocked ethanol
self-administration in ethanol-dependent rats (151). These effects
appear to be mediated by the actions of CRF on GABAergic
interneurons within the CeA, and a CRF antagonist administered
chronically during the development of dependence blocked the
development of compulsive-like responding for ethanol (116).

Altogether, these results suggest that CRF in the basal forebrain
may also play an important role in the development of the aver-
sive motivational effects that drive the increased drug-seeking
associated with cocaine, heroin, nicotine, and alcohol dependence.

DYNORPHIN, COMPULSIVE-LIKE DRUG SEEKING, AND THE EXTENDED
AMYGDALA

Recent evidence suggests that the dynorphin-k opioid system
also mediates compulsive-like drug responding (methampheta-
mine, heroin, and alcohol) with extended access and dependence.
Evidence from our laboratory has shown a small-molecule k
antagonist selectively blocked responding on a progressive-ratio
schedule for cocaine in rats with extended access (152). Even
more compelling is that excessive drug self-administration can
also be blocked by k antagonists (152—155) and may be medi-
ated by the shell of the nucleus accumbens (156). However, the
neurobiological circuits involved in mediating the effects of acti-
vation of the dynorphin-k opioid system on the escalation of
methamphetamine intake with extended access, remain unknown.

NPY, COMPULSIVE DRUG SEEKING, AND THE EXTENDED AMGYDALA
Neuropeptide Y is a neuropeptide with dramatic anxiolytic-like
properties localized to multiple brain regions but heavily inner-
vating the amygdala. It is hypothesized to have effects opposite
to CRF in the negative motivational state of withdrawal from
drugs of abuse and as such increases in NPY function may act
in opposition to the actions of increases in CRF (157). Significant
evidence suggests that activation of NPY in the CeA can block
the motivational aspects of dependence associated with chronic
ethanol administration. NPY administered intracerebroventricu-
larly blocked the increased drug intake associated with ethanol
dependence (158, 159). NPY also decreased excessive alcohol
intake in alcohol-preferring rats (160). Injection of NPY directly
into the CeA (161) and viral vector-enhanced expression of NPY
in the CeA also blocked the increased drug intake associated
with ethanol dependence (162). At the cellular level, NPY, like
CRF, antagonists, blocks the increase in GABA release in the
CeA produced by ethanol and also when administered chronically
blocks the transition to excessive drinking with the development
of dependence (163). The role of NPY in the actions of other
drugs of abuse is limited, particularly with regard to dependence
and compulsive drug seeking. NPY 5 receptor knockout mice
have a blunted response to the rewarding effects of cocaine (164,
165), and NPY knockout mice show hypersensitivity to cocaine
self-administration (166). NPY itself injected intracerebroven-
tricularly facilitated heroin and cocaine self-administration and
induced reinstatement of heroin seeking in limited-access rats
(167, 168). An NPY Y, antagonist, possibly acting presynaptically
to release NPY, blocked social anxiety associated with nicotine
withdrawal (169), and NPY injected intracerebroventricularly
blocked the somatic signs but not reward deficits associated with
nicotine withdrawal (170). However, the role of NPY in compul-
sive drug seeking with extended-access remains to be studied. The
hypothesis here would be that NPY is a buffer or homeostatic
response to between-system neuroadaptations that can return the
brain emotional systems to homeostasis (157, 171).
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FIGURE 8 | Effects of CRF, antagonist on compulsive-like responding for
drugs of abuse in rats with extended access to drug (A). The effect of the
CRF, receptor antagonist MPZP on operant self-administration of alcohol in
dependent and non-dependent rats. Testing was conducted when dependent
animals were in acute withdrawal (6-8 h after removal from vapors).
Dependent rats self-administered significantly more than non-dependent
animals, and MPZP dose-dependently reduced alcohol self-administration
only in dependent animals. The data are expressed as mean + SEM lever
presses for alcohol [taken with permission from Ref. (190)].
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(B) Abstinence-induced escalation of nicotine intake is blocked by a CRF,
receptor antagonist. Effect of MPZP (s.c., —1 h) on nicotine self-administration
during the active period in rats given extended access to nicotine. *p < 0.05,
compared with baseline; #p < 0.05, compared with after-abstinence vehicle
treatment; n=28). The data are expressed as mean + SEM lever presses for
nicotine [taken with permission from Ref. 77)]. (C) MPZP reduces cocaine
intake in ShA and LgA rats. The data are expressed as mean + SEM cocaine
intake (mg/kg). *p < 0.05, **p < 0.01, compared with vehicle [taken with
permission from Ref. (146)].

Corticotropin-releasing factor, stress, and the frontal cortex

Converging lines of evidence suggest that impairment of medial
PFC (mPFC) cognitive function and overactivation of the CeA
may be linked to the development of compulsive-like responding
for drugs of abuse during extended access (172—174). Extended
access to cocaine self-administration induced an escalated pattern
of cocaine intake associated with an impairment of working mem-
ory and decrease in the density of dorsomedial PFC (dmPFC) neu-
rons that lasted for months after cocaine cessation (172). Whereas
LgA and ShA rats exhibited a high percentage of correct responses
in the delayed non-matching-to-sample task under low cognitive
demand (delay < 105), increasing the working memory load (i.e.,
close to the capacity limit of working memory) by increasing the
delay from 10 to 70 and 130 s revealed a robust working memory
deficit in LgA rats. Furthermore, the magnitude of escalation of
cocaine intake was negatively correlated with working memory
performance in ShA and LgA rats with the 70- and 130-s delays
but not with the 10-s delay or with baseline performance during
training, demonstrating that the relationship between the esca-
lation of cocaine intake and behavioral performance in this task
was restricted to working memory performance under high cog-
nitive demand. The density of neurons and oligodendrocytes in
the dmPFC was positively correlated with working memory per-
formance. A lower density of neurons or oligodendrocytes in the
dmPFC was associated with more severe working memory impair-
ment. Working memory was also correlated with the density of
oligodendrocytes in the orbitofrontal cortex (OFC), suggesting
that OFC alterations after escalated drug intake may play a role
in working memory deficits. However, no correlation was found
between working memory performance and neuronal density in
the OFC, suggesting that OFC neurons may be less vulnerable to
the deleterious effects of chronic cocaine exposure than dmPFC
neurons. Thus, PFC dysfunction may exacerbate the loss of control

associated with compulsive drug use and facilitate the progression
to drug addiction.

Similar results have been observed in an animal model of
binge alcohol consumption, even before the development of
dependence. Using an animal model of escalation of alcohol
intake with chronic intermittent access to alcohol, in which rats
are given continuous (24 h per day, 7 days per week) or inter-
mittent (3 days per week) access to alcohol (20% v/v) using
a two-bottle choice paradigm, FB] murine osteosarcoma viral
oncogene homolog (Fos) expression in the mPFC, CeA, hip-
pocampus, and nucleus accumbens were measured and corre-
lated with working memory and anxiety-like behavior (175).
Abstinence from alcohol in rats with a history of escalation of
alcohol intake specifically recruited GABA and CRF neurons in
the mPFC and produced working memory impairments asso-
ciated with excessive alcohol drinking during acute (24-72h)
but not protracted (16—68 days) abstinence. The abstinence from
alcohol was associated with a functional disconnection of the
mPFC and CeA but not mPFC or nucleus accumbens. These
results show that recruitment of a subset of GABA and CRF neu-
rons in the mPFC during withdrawal and disconnection of the
PFC CeA pathway may be critical for impaired executive control
over motivated behavior, suggesting that dysregulation of mPFC
interneurons may be an early index of neuroadaptation in alcohol
dependence.

BRAIN STRESS SYSTEMS IN ADDICTION: AN ALLOSTATIC
VIEW

More importantly for the present thesis, as dependence and with-
drawal develop, brain anti-reward systems, such as CRF and
dynorphin, are recruited in the extended amygdala. We hypoth-
esize that this brain stress neurotransmitter that is known to
be activated during the development of excessive drug taking
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FIGURE 9 | Diagram of the hypothetical “within-system” and
“between-system” changes that lead to the “darkness within.” (Top)
Circuitry for drug reward with major contributions from mesolimbic
dopamine and opioid peptides that converge on the nucleus accumbens.
During the binge/intoxication stage of the addiction cycle, the reward
circuitry is excessively engaged, Middle. Such excessive activation of the
reward system triggers “within-system" neurobiological adaptations during
the withdrawal/negative affect stage, including activation of cyclic
adenosine monophosphate (cCAMP) and cAMP response element-binding
protein (CREB), downregulation of dopamine D, receptors, and decreased
firing of ventral tegmental area (VTA) dopaminergic neurons, Bottom. As
dependence progresses and the withdrawal/negative affect stage is
repeated, two major “between-system” neuroadaptations occur. One is
activation of dynorphin feedback that further decreases dopaminergic
activity. The other is recruitment of extrahypothalamic norepinephrine
(NE)-corticotropin-releasing factor (CRF) systems in the extended amygdala.
Facilitation of the brain stress system in the prefrontal cortex is
hypothesized to exacerbate the between-system neuroadaptations while
contributing to the persistence of the dark side into the
preoccupation/anticipation stage of the addiction cycle [taken with
permission from Ref. (191)].

comprises a between-system opponent process, and this activa-
tion is manifest when the drug in removed, producing anxiety,
hyperkatifeia, and irritability symptoms associated with acute
and protracted abstinence. Notably, however, there is evidence
of CRF immunoreactivity in the ventral tegmental area, and a
CRF receptor antagonist injected directly into the ventral tegmen-
tal area blocked the social stress-induced escalation of cocaine
self-administration (176). Altogether, these observations sug-
gest between-system/within-system neuroadaptations that were
originally hypothesized for dynorphin by Carlezon and Nestler
(177), in which activation of CREB by excessive dopamine and
opioid peptide receptor activation in the nucleus accumbens
triggers the induction of dynorphin to feed back to suppress
dopamine release. Thus, we hypothesize that anti-reward circuits
are recruited as between-system neuroadaptations (178) during
the development of addiction and produce aversive or stress-like
states (179—181) via two mechanisms: direct activation of stress-
like, fear-like states in the extended amygdala (CRF) and indirect
activation of a depression-like state by suppressing dopamine
(dynorphin).

A critical problem in drug addiction is chronic relapse, in
which addicted individuals return to compulsive drug taking
long after acute withdrawal. This corresponds to the preoccupa-
tion/anticipation stage of the addiction cycle outlined above. Koob
and Le Moal also hypothesized that the dysregulations that com-
prise the “dark side” of drug addiction persist during protracted
abstinence to set the tone for vulnerability to “craving” by activat-
ing drug-, cue-, and stress-induced reinstatement neurocircuits
that are now driven by a reorganized and possibly hypofunction-
ing prefrontal system. The hypothesized allostatic, dysregulated
reward, and sensitized stress state produces the motivational symp-
toms of acute withdrawal and protracted abstinence and provides
the basis by which drug priming, drug cues, and acute stressors
acquire even more power to elicit drug-seeking behavior (92).
Thus, the combination of decreases in reward system function and
recruitment of anti-reward systems provides a powerful source
of negative reinforcement that contributes to compulsive drug-
seeking behavior and addiction. A compelling argument can be
made that the neuroplasticity that charges the CRF stress system
may indeed begin much earlier that previously thought via stress
actions in the PFC.

The overall conceptual theme argued here is that drug addiction
represents an excessive and prolonged engagement of homeostatic
brain regulatory mechanisms that regulate the response of the
body to rewards and stressors. The dysregulation of the incen-
tive salience systems may begin with the first administration of
drug (182), and the dysregulation of the stress axis may begin
with the binge and subsequent acute withdrawal, triggering a
cascade of changes, from activation of the HPA axis to activa-
tion of CRF in the PFC to activation of CRF in the extended
amygdala to activation of dynorphin in the ventral striatum
(Figure 9). This cascade of overactivation of the stress axis rep-
resents more than simply a transient homeostatic dysregulation;
it also represents the dynamic homeostatic dysregulation termed
allostasis.

Repeated challenges, such as with drugs of abuse, lead to
attempts of the brain stress systems at the molecular, cellular,
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and neurocircuitry levels to maintain stability but at a cost.
For the drug addiction framework elaborated here, the resid-
ual decrease in the brain reward systems and activation of the
brain stress systems to produce the consequent negative emo-
tional state is termed an allostatic state (15). This state represents
a combination of recruitment of anti-reward systems and con-
sequent chronic decreased function of reward circuits, both of
which lead to the compulsive drug seeking and loss of control
over intake. How these systems are modulated by other known
brain emotional systems localized to the basal forebrain, where
the ventral striatum and extended amygdala project to convey
emotional valence, how frontal cortex dysregulations in the cog-
nitive domain are linked to impairments in executive function to
contribute to the dysregulation of the extended amygdala, and
how individuals differ at the molecular-genetic level of analysis

REFERENCES

1.

|58}

W

ks

wul

o

N

. Kornetsky  C,

Koob GE Le Moal M. Drug
abuse:  hedonic  homeostatic
dysregulation.  Science  (1997)
278:52-8. doi:10.1126/science.
278.5335.52

. Olds J, Milner P. Positive reinforce-

ment produced by electrical stim-
ulation of septal area and other
regions of rat brain. J Comp Phys-
iol Psychol (1954) 47:419-27. doi:
10.1037/h0058775

. Koob GF Winger GD, Mey-

erhoff JL, Annau Z. Effects
of p-amphetamine on concur-
rent self-stimulation of forebrain
and brain stem loci. Brain Res
(1977) 137:109-26. doi:10.1016/
0006-8993(77)91015-0

Simon H, Stinus L, Tassin JP,
Lavielle S, Blanc G, Thierry
AM, et al. Is the dopaminer-
gic system
necessary for intracranial self-
stimulation?

mesocorticolimbic

Biochemical and
behavioral from AIl0
cell bodies and terminals. Behav
Neural Biol (1979) 27:125-45. doi:
10.1016/S0163-1047(79)91745-X
Esposito  RU.
Euphorigenic drugs: effects on the
reward pathways of the brain. Fed
Proc (1979) 38:2473-6.
Hernandez G, Hamdani S, Rajabi
H, Conover K, Stewart J, Arvan-
itogiannis A, et al. Prolonged
rewarding
rat  medial
neurochemical

studies

stimulation of the
forebrain  bundle:
and Dbehavioral
consequences. Behav Neu-
rosci (2006) 120:888-904. doi:
10.1037/0735-7044.120.4.888
Garris PA, Kilpatrick M, Bunin
MA, Michael D, Walker QD,
Wightman RM. Dissociation of
dopamine release in the nucleus
accumbens  from  intracranial
self-stimulation. Nature (1999)
398:67-9. doi:10.1038/18019

8.

10.

11

12.

13.

14.

15.

16.

. Miliaressis E, Le

Miliaressis E, Emond C, Mer-
ali Z. Re-evaluation of the
role of dopamine in intracra-
nial  self-stimulation using
in vivo microdialysis. Behav
Brain Res (1991) 46:43-8. doi:
10.1016/S0166-4328(05)80095-6

. Robinson TE, Berridge KC. The

neural basis of drug craving:
an incentive-sensitization theory
of addiction. Brain Res Rev
(1993) 18:247-91. doi:10.1016/
0165-0173(93)90013-P

Robbins TW. Relationship
between reward-enhancing and
stereotypical effects of psychomo-
tor stimulant drugs. Nature (1976)
264:57-9. doi:10.1038/264057a0
Moal M.
Stimulation of the medial
forebrain  bundle:  behavioral
dissociation of its rewarding
and activating effects. Neurosci
Lett  (1976) 2:295-300. doi:
10.1016/0304-3940(76)90163-4
Salamone JD, Correa M, Far-
rar A, Mingote SM. Effort-related
functions of nucleus accumbens
dopamine and associated fore-
brain circuits. Psychopharmacology
(Berl) (2007) 191:461-82. doi:10.
1007/500213-006-0668-9

Le Moal M, Simon H. Mesocor-
ticolimbic dopaminergic network:
functional and regulatory roles.
Physiol Rev (1991) 71:155-234.
Robbins TW, Everitt BJ. A role for
mesencephalic dopamine in acti-
vation: commentary on Berridge
(2006). Psychopharmacology (Berl)
(2007) 191:433-7. doi:10.1007/
500213-006-0528-7

Koob GE Le Moal M. Drug
addiction, dysregulation of reward,
and allostasis. Neuropsychophar-
macology (2001) 24:97-129. doi:
10.1016/S0893-133X(00)00195-0
Koob GE. The neurobiology of
addiction: a neuroadaptational

to convey loading on these circuits remain challenges for future
research.

ACKNOWLEDGMENTS
The author would like to thank Michael Arends and Mellany
Santos for their assistance with the preparation of this manu-
script. Research was supported by National Institutes of Health
grants AA006420, AA020608, AA012602, and AA008459 from the
National Institute on Alcohol Abuse and Alcoholism, DA010072,
DA004043, DA023597, and DA004398 from the National Insti-
tute on Drug Abuse, and DK26741 from the National Institute
of Diabetes and Digestive and Kidney Diseases. Research also was
supported by the Pearson Center for Alcoholism and Addiction
Research. This is publication number 24002 from The Scripps
Research Institute.

17.

18.

19.

20.

21.

22.

23.

24.

view relevant for diagnosis. Addic-
tion (2006) 101:23-30. doi:10.
1111/j.1360-0443.2006.01586.x
Nestler EJ. Is there a common mol-
ecular pathway for addiction? Nat
Neurosci (2005) 8:1445-9. doi:10.
1038/nn1578
Koob GE A
stress systems in addiction. Neu-
ron (2008) 59:11-34. doi:10.1016/
j.neuron.2008.06.012

Sidhpura N,
Endocannabinoid-mediated
synaptic plasticity and addiction-
related  behavior.  Neurophar-
macology ~ (2011)  61:1070-87.
doi:10.1016/j.neuropharm.2011.
05.034

Heilig M. The NPY system in stress,
anxiety and depression. Neuropep-
tides (2004) 38:213-24. doi:10.
1016/j.npep.2004.05.002

Rainnie DG, Bergeron R, Sajdyk
TJ, Patil M, Gehlert DR, Shekhar
A.  Corticotrophin  releasing
factor-induced synaptic plastic-
ity in the amygdala translates
stress into emotional disorders.
J Neurosci (2004) 24:3471-9.
doi:10.1523/J]NEUROSCI.5740-
03.2004

Lemos JC, Wanat M], Smith JS,
Reyes BA, Hollon NG, Van Bock-
stacle EJ, et al. Severe stress
switches CRF action in the nucleus
accumbens from appetitive to
aversive. Nature (2012) 490:402—6.
doi:10.1038/nature11436

Dunn AJ, Berridge CW. Physio-
logical and behavioral responses
to corticotropin-releasing fac-
CRF
anxiety or

role for brain

Parsons  LH.

tor administration: is
a mediator of
stress  responses?  Brain  Res
Rev  (1990) 15:71-100. doi:
10.1016/0165-0173(90)90012-D

Koob GF, Heinrichs SC, Menzaghi
F, Pich EM, Britton KT. Corti-

cotropin releasing factor, stress and

25.

26.

27.

28.

29.

30.

31.

behavior. Semin Neurosci (1994)
6:221-9. doi:10.1006/smns.1994.
1029

Koob GFE Bartfai T, Roberts AJ.
The use of molecular genetic
approaches in the neuropharma-
cology of corticotropin-releasing
factor. Int ] Comp Psychol (2001)
14:90-110.

Sarnyai Z, Shaham Y, Heinrichs SC.
The role of corticotropin-releasing
factor in drug addiction. Pharma-
col Rev (2001) 53:209-43.

Koob GE Heinrichs SC. A role
for corticotropin-releasing fac-
tor and urocortin in behavioral
responses to stressors. Brain Res
(1999) 848:141-52. doi:10.1016/
S0006-8993(99)01991-5

Spina M, Merlo-Pich E, Chan
RKW, Basso AM, Rivier ], Vale
W, et al. Appetite-suppressing

effects of wurocortin, a CRF-
related neuropeptide.  Science
(1996) 273:1561-4. doi:

10.1126/science.273.5281.1561
Pelleymounter MA, Joppa M,
Carmouche M, Cullen MJ, Brown
B, Murphy B, et al. Role of
corticotropin-releasing
(CRF) receptors in the anorexic
syndrome induced by CRE ]
Pharmacol Exp Ther (2000)
293:799-806.

Takahashi LK, Ho SP, Livanov V,
Graciani N, Arneric SP. Antag-
onism of CRF, receptors pro-
duces anxiolytic behavior in ani-
mal models of anxiety. Brain Res
(2001) 902:135-42. doi:10.1016/
S0006-8993(01)02405-2

Swanson LW, Sawchenko PE, Riv-
ier J, Vale W. The organization of
ovine corticotropin-releasing fac-
tor immunoreactive cells and fibers
in the rat brain: an immunohisto-
chemical study. Neuroendocrinol-
ogy (1983) 36:165-86. doi:10.
1159/000123454

factor

www.frontiersin.org

August 2013 | Volume 4 | Article 72 | 19


http://dx.doi.org/10.1126/science.278.5335.52
http://dx.doi.org/10.1126/science.278.5335.52
http://dx.doi.org/10.1037/h0058775
http://dx.doi.org/10.1016/0006-8993(77)91015-0
http://dx.doi.org/10.1016/0006-8993(77)91015-0
http://dx.doi.org/10.1016/S0163-1047(79)91745-X
http://dx.doi.org/10.1037/0735-7044.120.4.888
http://dx.doi.org/10.1038/18019
http://dx.doi.org/10.1016/S0166-4328(05)80095-6
http://dx.doi.org/10.1016/0165-0173(93)90013-P
http://dx.doi.org/10.1016/0165-0173(93)90013-P
http://dx.doi.org/10.1038/264057a0
http://dx.doi.org/10.1016/0304-3940(76)90163-4
http://dx.doi.org/10.1007/s00213-006-0668-9
http://dx.doi.org/10.1007/s00213-006-0668-9
http://dx.doi.org/10.1007/s00213-006-0528-7
http://dx.doi.org/10.1007/s00213-006-0528-7
http://dx.doi.org/10.1016/S0893-133X(00)00195-0
http://dx.doi.org/10.1111/j.1360-0443.2006.01586.x
http://dx.doi.org/10.1111/j.1360-0443.2006.01586.x
http://dx.doi.org/10.1038/nn1578
http://dx.doi.org/10.1038/nn1578
http://dx.doi.org/10.1016/j.neuron.2008.06.012
http://dx.doi.org/10.1016/j.neuron.2008.06.012
http://dx.doi.org/10.1016/j.neuropharm.2011.05.034
http://dx.doi.org/10.1016/j.neuropharm.2011.05.034
http://dx.doi.org/10.1016/j.npep.2004.05.002
http://dx.doi.org/10.1016/j.npep.2004.05.002
http://dx.doi.org/10.1523/JNEUROSCI.5740-03.2004
http://dx.doi.org/10.1523/JNEUROSCI.5740-03.2004
http://dx.doi.org/10.1038/nature11436
http://dx.doi.org/10.1016/0165-0173(90)90012-D
http://dx.doi.org/10.1006/smns.1994.1029
http://dx.doi.org/10.1006/smns.1994.1029
http://dx.doi.org/10.1016/S0006-8993(99)01991-5
http://dx.doi.org/10.1016/S0006-8993(99)01991-5
http://dx.doi.org/10.1126/science.273.5281.1561
http://dx.doi.org/10.1016/S0006-8993(01)02405-2
http://dx.doi.org/10.1016/S0006-8993(01)02405-2
http://dx.doi.org/10.1159/000123454
http://dx.doi.org/10.1159/000123454
http://www.frontiersin.org
http://www.frontiersin.org/Addictive_Disorders_and_Behavioral_Dyscontrol/archive

Koob

Addiction reward and stress disorders

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Turnbull AV, Rivier C.
Corticotropin-releasing
(CRF) and endocrine responses
to stress: CRF receptors, binding
protein, and related peptides.
Proc Natl Acad Sci U S A (1997)
215:1-10.

Koob GE Kreek M]J. Stress, dys-
regulation of drug reward path-
ways, and the transition to drug
dependence. Am ] Psychiatry
(2007) 164:1149-59. doi:10.1176/
appi.ajp.2007.05030503

Heimer L, Alheid G. Piecing
together the puzzle of basal fore-
brain anatomy. In: Napier TC,
Kalivas PW, Hanin I editors. The
Basal Forebrain: Anatomy to Func-
tion (series title: Advances in Exper-
imental Medicine and Biology (Vol.
295), New York: Plenum Press
(1991). p. 1-42.

Alheid GE, De Olmos ]S, Bel-
CA. Amygdala
extended amygdala. In: Paxinos
G editor. The Rat Nervous System.
San Diego, CA: Academic Press
(1995). p. 495-578.

Maier SE Watkins LR. Stres-
sor controllability and learned
helplessness: the roles of the
dorsal raphe nucleus, serotonin,

factor

tramino and

and corticotropin-releasing
factor. Neurosci Biobehav
Rev  (2005) 29:829-41. doi:

10.1016/j.neubiorev.2005.03.021
Sink KS, Walker DL, Freeman
SM, Flandreau EI, Ressler K],
Davis M. Effects of continuously
enhanced corticotropin releasing
factor expression within the bed
nucleus of the stria terminalis on
conditioned and unconditioned
anxiety. Mol Psychiatry (2013)
18:308-19. doi:10.1038/mp.2011.
188

Neugebauer V, Li W, Bird GC,

Han JS. The amygdala and
persistent  pain.  Neuroscien-
tist  (2004) 10:221-34.  doi:

10.1177/1073858403261077
Chavkin C, James IE, Goldstein A.
Dynorphin is a specific endoge-
nous ligand of the k opioid recep-
tor. Science (1982) 215:413-5. doi:
10.1126/science.6120570

Watson SJ, Khachaturian H, Akil
H, Coy DH, Goldstein A. Com-
parison of the distribution of
dynorphin systems and enkephalin
systems in brain. Science (1982)
218:1134-6. doi:10.1126/science.
6128790

Fallon JH, Leslie FM. Distribu-
tion of dynorphin and enkephalin
peptides in the rat brain. J Comp
Neurol (1986) 249:293-336. doi:
10.1002/cne.902490302

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Shippenberg TS, Zapata A, Chefer
VL. Dynorphin and the patho-
physiology of drug addiction.
Pharmacol Ther (2007) 116:306—
21. doi:10.1016/j.pharmthera.
2007.06.011

Wee S, Koob GE The role of
the dynorphin-k opioid system in
the reinforcing effects of drugs of
abuse. Psychopharmacology (Berl)
(2010) 210:121-35. doi:10.1007/
s00213-010-1825-8

Mucha RE, Herz A. Motivational
properties of kappa and mu
opioid receptor agonists studied
with place and taste preference
conditioning. Psychopharmacology
(Berl) (1985) 86:274-80. doi:10.
1007/BF00432213

Pfeiffer A, Brantl V, Herz A, Emrich
HM. Psychotomimesis mediated
by k opiate receptors. Science
(1986) 233:774-6. doi:10.1126/
science.3016896

Todtenkopf MS, Marcus JF, Por-
toghese PS, Carlezon WA Jr.
Effects of k-opioid receptor ligands
on intracranial self-stimulation in
rats. Psychopharmacology (Berl)
(2004) 172:463-70. doi:10.1007/
s00213-003-1680-y

Pliakas AM, Carlson RR, Neve
RL, Konradi C, Nestler EJ, Car-
lezon WA Jr. Altered responsive-
ness to cocaine and increased
immobility in the forced swim
test associated with elevated cAMP
response element-binding protein
expression in nucleus accumbens.
J Neurosci (2001) 21:7397-403.
Nestler EJ. Historical review: mol-
ecular and cellular mechanisms
of opiate and cocaine addic-
tion. Trends Pharmacol Sci (2004)
25:210-8. doi:10.1016/j.tips.2004.
02.005

Mague  SD, Pliakas  AM,
Todtenkopf MS, Tomasiewicz
HC, Zhang Y, Stevens WC Jr., et al.
Antidepressant-like effects of k-
opioid receptor antagonists in the
forced swim test in rats. | Pharma-
col Exp Ther (2003) 305:323-30.
doi:10.1124/jpet.102.046433
Knoll AT, Carlezon WA Jr. Dynor-
phin, stress, and depression. Brain
Res (2010) 1314:56-73. doi:10.
1016/j.brainres.2009.09.074
Hjelmstad GO, Fields HL. Kappa
opioid receptor inhibition of glu-
tamatergic transmission in the
nucleus accumbens shell. J Neuro-
physiol (2001) 85:1153-8.

Gray AM, Rawls SM, Shippenberg
TS, McGinty JE. The kappa-opioid
agonist, U-69593, decreases acute
amphetamine-evoked behav-

iors and calcium-dependent

5

»

54.

5

(%1

56.

5

~

5

[

59.

60.

6

—

dialysate levels of dopamine
and glutamate in the ventral
striatum. J Neurochem (1999)
73:1066-74. doi:10.1046/j.1471-

4159.1999.0731066.x

. Margolis EB, Lock H, Chefer VI,

Shippenberg TS, Hjelmstad GO,
Fields HL. Kappa opioids selec-
tively control dopaminergic neu-
rons projecting to the prefrontal
cortex. Proc Natl Acad Sci U S A
(2006) 103:2938-42. doi:10.1073/
pnas.0511159103

Tejeda HA. Modulation of Extra-
cellular Dopamine in the Pre-
frontal Cortex by Local and Ven-
tral Tegmental Area Kappa-Opioid
Receptors. Society for Neuroscience
Meeting, Chicago (2009). Abstract
no: 751.7.

. Valdez GR, Platt DM, Rowlett JK,

Riiedi-Bettschen D, Spealman RD.
k Agonist-induced reinstatement
of cocaine seeking in squirrel mon-
keys: a role for opioid and stress-
related mechanisms. J Pharmacol
Exp Ther (2007) 323:525-33. doi:
10.1124/jpet.107.125484

Land BB, Bruchas MR, Lemos
JC, Xu M, Melief EJ, Chavkin C.
The dysphoric component of stress
is encoded by activation of the
dynorphin kappa-opioid system. J
Neurosci (2008) 28:407—14. doi:10.
1523/JNEUROSCI.4458-07.2008

. McLaughlin JP, Marton-Popovici

M, Chavkin C. k Opioid receptor
antagonism and prodynorphin
gene disruption block stress-
induced behavioral responses. J
Neurosci (2003) 23:5674—83.

. Solomon RL, Corbit JD. An

opponent-process theory of moti-

vation: 1. Temporal dynamics
of affect. Psychol Rev (1974)
81:119-45.

McEwen BS. Allostasis and allo-
static load: implications for neu-
ropsychopharmacology. Neuropsy-
chopharmacology (2000) 22:108—
24. doi:10.1016/S0893-133X(99)
00129-3

American Psychiatric Association.
Diagnostic and Statistical Manual
of Mental Disorders. 4th ed. Wash-
ington DC: American Psychiatric
Press (1994).

. Koob GF. Theoretical frameworks

and mechanistic aspects of alco-
hol addiction: alcohol addiction:
alcohol addiction as a reward
deficit disorder. In: Sommer WH,
Spanagel R editors. Behavioral
Neurobiology of Alcohol Addiction
(Series Title: Current Topics in
Behavioral Neuroscience (Vol. 13),
Berlin: Springer-Verlag (2013). p.
3-30.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Khantzian EJ. The self-medication
hypothesis of substance use disor-
ders: a reconsideration and recent
applications. Harvard Rev Psychia-
try (1997) 4:231-44. doi:10.3109/
10673229709030550

Markou A, Koob GE. Post-cocaine
anhedonia: model
of cocaine Neu-
ropsychopharmacology (1991) 4:
17-26.

Paterson NE, Myers C, Markou
A. Effects of repeated withdrawal
from continuous amphetamine
administration on brain reward
function in rats. Psychopharmacol-
ogy (Berl) (2000) 152:440-6. doi:
10.1007/s002130000559

Schulteis G, Markou A, Gold LH,
Stinus L, Koob GF. Relative sen-
sitivity to naloxone of multiple
indices of opiate withdrawal: a
quantitative dose-response analy-
sis. J Pharmacol Exp Ther (1994)
271:1391-8.

Gardner EL, Vorel SR. Cannabi-
noid transmission and
reward-related events. Neuro-
biol Dis (1998) 5:502-33. doi:
10.1006/nbdi.1998.0219
Epping-Jordan MP, Watkins SS,
Koob GE Markou A. Dramatic
decreases in brain reward func-
tion during nicotine withdrawal.
Nature (1998) 393:76-9. doi:10.
1038/30001

Schulteis G, Markou A, Cole M,
Koob GE. Decreased brain reward
produced by ethanol withdrawal.
Proc Natl Acad Sci U S A
(1995) 92:5880—4. doi:10.1073/
pnas.92.13.5880

Koob GE. Neurobiological sub-
strates for the dark side of com-
pulsivity in addiction. Neurophar-
macology (2009) 56:18-31. doi:10.
1016/j.neuropharm.2008.07.043
Kenny PJ, Polis I, Koob GE
Markou A. Low
self-administration
siently increases but high dose

an animal
withdrawal.

dose cocaine
tran-

cocaine  persistently  decreases
brain  reward function in
rats. Eur ] Neurosci (2003)
17:191-5. doi:10.1046/j.1460-
9568.2003.02443.x

Liu J, Schulteis G. Brain
reward  deficits  accompany

naloxone-precipitated withdrawal

from acute opioid depen-
dence. Pharmacol Biochem
Behav  (2004) 79:101-8. doi:

10.1016/j.pbb.2004.06.006
Schulteis G, Liu J. Brain reward
deficits accompany withdrawal
(hangover) from acute ethanol in
rats. Alcohol (2006) 39:21-8. doi:
10.1016/j.alcohol.2006.06.008

Frontiers in Psychiatry | Addictive Disorders and Behavioral Dyscontrol

August 2013 | Volume 4 | Article 72 | 20


http://dx.doi.org/10.1176/appi.ajp.2007.05030503
http://dx.doi.org/10.1176/appi.ajp.2007.05030503
http://dx.doi.org/10.1016/j.neubiorev.2005.03.021
http://dx.doi.org/10.1038/mp.2011.188
http://dx.doi.org/10.1038/mp.2011.188
http://dx.doi.org/10.1177/1073858403261077
http://dx.doi.org/10.1126/science.6120570
http://dx.doi.org/10.1126/science.6128790
http://dx.doi.org/10.1126/science.6128790
http://dx.doi.org/10.1002/cne.902490302
http://dx.doi.org/10.1016/j.pharmthera.2007.06.011
http://dx.doi.org/10.1016/j.pharmthera.2007.06.011
http://dx.doi.org/10.1007/s00213-010-1825-8
http://dx.doi.org/10.1007/s00213-010-1825-8
http://dx.doi.org/10.1007/BF00432213
http://dx.doi.org/10.1007/BF00432213
http://dx.doi.org/10.1126/science.3016896
http://dx.doi.org/10.1126/science.3016896
http://dx.doi.org/10.1007/s00213-003-1680-y
http://dx.doi.org/10.1007/s00213-003-1680-y
http://dx.doi.org/10.1016/j.tips.2004.02.005
http://dx.doi.org/10.1016/j.tips.2004.02.005
http://dx.doi.org/10.1124/jpet.102.046433
http://dx.doi.org/10.1016/j.brainres.2009.09.074
http://dx.doi.org/10.1016/j.brainres.2009.09.074
http://dx.doi.org/10.1046/j.1471-4159.1999.0731066.x
http://dx.doi.org/10.1046/j.1471-4159.1999.0731066.x
http://dx.doi.org/10.1073/pnas.0511159103
http://dx.doi.org/10.1073/pnas.0511159103
http://dx.doi.org/10.1124/jpet.107.125484
http://dx.doi.org/10.1523/JNEUROSCI.4458-07.2008
http://dx.doi.org/10.1523/JNEUROSCI.4458-07.2008
http://dx.doi.org/10.1016/S0893-133X(99)00129-3
http://dx.doi.org/10.1016/S0893-133X(99)00129-3
http://dx.doi.org/10.3109/10673229709030550
http://dx.doi.org/10.3109/10673229709030550
http://dx.doi.org/10.1007/s002130000559
http://dx.doi.org/10.1006/nbdi.1998.0219
http://dx.doi.org/10.1038/30001
http://dx.doi.org/10.1038/30001
http://dx.doi.org/10.1073/pnas.92.13.5880
http://dx.doi.org/10.1073/pnas.92.13.5880
http://dx.doi.org/10.1016/j.neuropharm.2008.07.043
http://dx.doi.org/10.1016/j.neuropharm.2008.07.043
http://dx.doi.org/10.1046/j.1460-9568.2003.02443.x
http://dx.doi.org/10.1046/j.1460-9568.2003.02443.x
http://dx.doi.org/10.1016/j.pbb.2004.06.006
http://dx.doi.org/10.1016/j.alcohol.2006.06.008
http://www.frontiersin.org/Addictive_Disorders_and_Behavioral_Dyscontrol
http://www.frontiersin.org/Addictive_Disorders_and_Behavioral_Dyscontrol/archive

Koob

Addiction reward and stress disorders

73.

74.

75.

76.

77.

78.

79.

80.

8

—

82.

Ahmed SH, Walker JR, Koob GE.
Persistent increase in the moti-
vation to take heroin in rats
with a history of drug esca-
lation. Neuropsychopharmacology
(2000) 22:413-21. doi:10.1016/
S0893-133X(99)00133-5

Ahmed SH, Koob GF. Transition
from moderate to excessive drug
intake: change in hedonic set point.
Science (1998) 282:298-300. doi:
10.1126/science.282.5387.298
Kitamura O, Wee S, Specio SE,
Koob GE Pulvirenti L. Escala-
tion of methamphetamine self-
administration in rats: a dose-
effect function. Psychopharmacol-
ogy (Berl) (2006) 186:48-53. doi:
10.1007/500213-006-0353-z
O’Dell LE, Roberts AJ, Smith RT,
Koob GE. Enhanced alcohol self-
administration after intermittent
versus continuous alcohol vapor
exposure. Alcohol Clin Exp Res
(2004) 28:1676-82. doi:10.1097/
01.ALC.0000145781.11923.4E
George O, Ghozland S, Azar
MR, Cottone P, Zorrilla EP, Par-
sons LH, et al. CRF-CRF; system
activation mediates withdrawal-
induced
self-administration in nicotine-
dependent rats. Proc Natl Acad Sci
U S A (2007) 104:17198-203. doi:
10.1073/pnas.0707585104
Quadros IM, Miczek KA. Two
modes of intense cocaine bingeing:
increased persistence after social
defeat stress and increased rate of
intake due to extended access con-
ditions in rats. Psychopharmacol-
ogy (Berl) (2009) 206:109-20. doi:
10.1007/500213-009-1584-6
Vendruscolo L, Schlosburg JE,
Misra KK, Chen SA, Greenwell TN,
Koob GE Escalation patterns of
varying periods of heroin access.
Pharmacol Biochem Behav (2011)
98:570—-4. doi:10.1016/j.pbb.2011.
03.004

Ahmed SH, Koob GF. Long-lasting
increase in the set point for cocaine
self-administration after escala-
tion in rats. Psychopharmacology
(Berl) (1999) 146:303-12. doi:10.
1007/5002130051121

increases in nicotine

. Deroche V, Le Moal M, Piazza

PV. Cocaine self-administration
increases the
vational properties of the drug
in rats. Eur ] Neurosci (1999)
11:2731-6.  doi:10.1046/j.1460-
9568.1999.00696.x

Mantsch JR, Yuferov V, Mathieu-
Kia AM, Ho A, Kreek MJ. Effects
of extended access to high ver-
sus low cocaine doses on self-
administration,

incentive moti-

cocaine-induced

83.

84.

85.

86.

87.

88.

89.

90.

91.

reinstatement and brain mRNA
levels in rats. Psychopharmacology
(Berl) (2004) 175:26-36. doi:10.
1007/s00213-004-1778-x
Paterson NE, Markou A.
Increased motivation for self-
administered cocaine after
escalated cocaine intake. Neu-
roreport (2003) 14:2229-32. doi:
10.1097/00001756-200312020-
00019

Wee S, Mandyam CD, Lekic DM,
Koob GE. «;-Noradrenergic sys-
tem role in increased motiva-
tion for cocaine intake in rats
with prolonged access. Eur Neu-
ropsychopharmacol (2008) 18:303—
11. doi:10.1016/j.euroneuro.2007.
08.003
Walker
y-aminobutyric

BM, Koob GF The
acid-B  recep-
tor agonist baclofen attenuates

responding  for ethanol in
ethanol-dependent rats.  Alco-
hol  Clin  Exp Res (2007)
31:11-8. doi:10.1111/;.1530-

0277.2006.00259.x

Deroche V, Le Moal M, Piazza
PV. Cocaine self-administration
increases the moti-
vational properties of the drug
in rats. Eur ] Neurosci (1999)
11:2731-6.  doi:10.1046/;.1460-
9568.1999.00696.x

Jonkman S, Pelloux Y, Everitt
BJ. Drug sufficient,
but conditioning is not necessary
for the emergence of compulsive
cocaine seeking after extended self-
administration. Neuropsychophar-
macology (2012) 37:1612-9. doi:
10.1038/npp

incentive

intake is

Ben-Shahar O, Posthu-
mus EJ, Waldroup SA,
Ettenberg A. Heightened
drug-seeking  motivation  fol-

lowing extended daily access
to  self-administered  cocaine.
Prog Neuropsychopharmacol Biol
Psychiatry (2008) 32:863-9. doi:
10.1016/j.pnpbp.2008.01.002
Vanderschuren LJ, Everitt B]J.
Drug seeking becomes compul-
sive after prolonged cocaine self-
administration.  Science (2004)
305:1017-9. doi:10.1126/science.
1098975

Deroche-Gamonet V, Belin D,
Piazza PV. Evidence for addiction-
like behavior in the rat. Science
(2004) 305:1014-7. doi:10.1126/
science.1099020

Pelloux Y, Everitt BJ, Dickinson A.
Compulsive drug seeking by rats
under punishment: effects of drug
taking history. Psychopharmacol-
ogy (Berl) (2007) 194:127-37. doi:
10.1007/s00213-007-0805-0

92.

93.

94.

95.

96.

97.

98.

99.

100.

Vendruscolo LF, Barbier E, Schlos-
burg JE, Misra KK, Whitfield T Jr.,
Logrip ML, et al. Corticosteroid-
dependent plasticity —mediates
compulsive alcohol drinking in
rats. ] Neurosci (2012) 32:7563-71.
doi:10.1523/JNEUROSCI.0069-
12.2012

Vezina P. Sensitization of mid-
brain dopamine neuron reactivity
and the self-administration of psy-
chomotor stimulant drugs. Neu-
rosci Biobehav Rev (2004) 27:827—
39. doi:10.1016/j.neubiorev.2003.
11.001

Ben-Shahar O, Ahmed SH, Koob
GFE, Ettenberg A. The transition
from controlled to compulsive
drug use is associated with a loss
of sensitization. Brain Res (2004)
995:46-54. doi:10.1016/j.brainres.
2003.09.053
Knackstedt
Extended
self-administration
drug-primed
but not
tization. ]  Pharmacol  Exp
Ther (2007) 322:1103-9. doi:
10.1124/jpet.107.122861

Ahmed SH, Cador M. Dissoci-
ation of psychomotor sensitiza-
tion from compulsive cocaine con-
sumption. Neuropsychopharmacol-
ogy (2006) 31:563-71. doi:10.
1038/5j.npp.1300834

Ahmed SH, Kenny PJ, Koob
GEF, Markou A. Neurobiological
evidence for hedonic allostasis
associated with escalating cocaine
use. Nat Neurosci (2002) 5:
625-6.

Jang CG, Whitfield T, Schulteis
G, Koob GE, Wee S. Sensitiza-
tion of a negative emotional-like
state during repeated withdrawal
from extended access metham-
phetamine self-administration in
rats. Psychopharmacology (Berl)
(2013) 225:753-63. doi:10.1007/
s00213-012-2864-0

Kenny PJ, Chen SA, Kita-
mura O, Markou A, Koob GF
Conditioned  withdrawal  dri-
heroin consumption and
decreases reward sensitivity. J
Neurosci  (2006)  26:5894-900.
doi:10.1523/JNEUROSCI.0740-
06.2006

Harris AC, Pentel PR, Burroughs
D, Staley MD, Lesage MG. A
lack of association between sever-
ity of nicotine withdrawal and
individual differences in compen-
satory nicotine self-administration
in rats. Psychopharmacology (Berl)
(2011) 217:153-66. doi:10.1007/
s00213-011-2273-9

LA, Kalivas
access to

PW.

cocaine
enhances
reinstatement

behavioral  sensi-

ves

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Shurman J, Koob GF, Gutstein
HB. Opioids, pain, the brain, and
hyperkatifeia: a framework for
the rational use of opioids for
pain. Pain Med (2010) 11:1092—
8. doi:10.1111/j.1526-4637.2010.
00881.x

Diana M, Pistis M, Carboni
S, Gessa GL, Rossetti ZL. Pro-
found decrement of mesolim-
bic dopaminergic neuronal activ-
ity during ethanol withdrawal
syndrome in rats: electrophys-
iological and biochemical evi-
dence. Proc Natl Acad Sci U S
A (1993) 90:7966-9. doi:10.1073/
pnas.90.17.7966

Diana M, Pistis M, Muntoni A,
Gessa G. Profound decrease of
mesolimbic dopaminergic neu-
ronal activity in morphine with-
drawn rats. J Phamacol Exp Ther
(1995) 272:781-5.

LH, Koob GE Weiss
E Serotonin dysfunction in the
nucleus accumbens of rats during
withdrawal after unlimited access
to intravenous cocaine. J Pharma-
col Exp Ther (1995) 274:1182-91.
Volkow ND, Fowler JS, Wang
GJ. The addicted human brain:
insights from imaging studies. J
Clin Invest (2003) 111:1444-51.
doi:10.1172/JCI18533

Mhatre MC, Pena G, Sieghart W,
Ticku MK. Antibodies specific for
GABAA receptor alpha subunits
reveal that chronic alcohol treat-
ment down-regulates (-subunit
expression in rat brain regions.
J Neurochem (1993) 61:1620—
5. doi:10.1111/j.1471-4159.1993.
tb09795.x

Devaud LL, Fritschy JM, Sieghart
W, Morrow AL.  Bidirec-
tional alterations of GABAj
receptor subunit pepetide levels
in rat cortex during chronic
ethanol consumption and with-
drawal. ] Neurochem (1997)
69:126-30.  doi:10.1046/j.1471-
4159.1997.69010126.x

Sapru MK, Diamond I, Gordon
AS. Adenosine receptors mediate
cellular adaptation to ethanol in
NG108-15 cells. J Pharmacol Exp
Ther (1994) 271:542-8.

Chance WT, Sheriff S, Peng F, Bal-
asubramaniam A. Antagonism of
NPY-induced feeding by pretreat-
ment with cyclic AMP response
element binding protein anti-
sense oligonucleotide. Neuropep-
tides (2000) 34:167-72. doi:10.
1054/npep.2000.0807

Pandey SC. The gene transcription
factor cyclic AMP-responsive
element binding protein: role in

Parsons

www.frontiersin.org

August 2013 | Volume 4 | Article 72 | 21


http://dx.doi.org/10.1016/S0893-133X(99)00133-5
http://dx.doi.org/10.1016/S0893-133X(99)00133-5
http://dx.doi.org/10.1126/science.282.5387.298
http://dx.doi.org/10.1007/s00213-006-0353-z
http://dx.doi.org/10.1097/01.ALC.0000145781.11923.4E
http://dx.doi.org/10.1097/01.ALC.0000145781.11923.4E
http://dx.doi.org/10.1073/pnas.0707585104
http://dx.doi.org/10.1007/s00213-009-1584-6
http://dx.doi.org/10.1016/j.pbb.2011.03.004
http://dx.doi.org/10.1016/j.pbb.2011.03.004
http://dx.doi.org/10.1007/s002130051121
http://dx.doi.org/10.1007/s002130051121
http://dx.doi.org/10.1046/j.1460-9568.1999.00696.x
http://dx.doi.org/10.1046/j.1460-9568.1999.00696.x
http://dx.doi.org/10.1007/s00213-004-1778-x
http://dx.doi.org/10.1007/s00213-004-1778-x
http://dx.doi.org/10.1097/00001756-200312020-00019
http://dx.doi.org/10.1097/00001756-200312020-00019
http://dx.doi.org/10.1016/j.euroneuro.2007.08.003
http://dx.doi.org/10.1016/j.euroneuro.2007.08.003
http://dx.doi.org/10.1111/j.1530-0277.2006.00259.x
http://dx.doi.org/10.1111/j.1530-0277.2006.00259.x
http://dx.doi.org/10.1046/j.1460-9568.1999.00696.x
http://dx.doi.org/10.1046/j.1460-9568.1999.00696.x
http://dx.doi.org/10.1038/npp
http://dx.doi.org/10.1016/j.pnpbp.2008.01.002
http://dx.doi.org/10.1126/science.1098975
http://dx.doi.org/10.1126/science.1098975
http://dx.doi.org/10.1126/science.1099020
http://dx.doi.org/10.1126/science.1099020
http://dx.doi.org/10.1007/s00213-007-0805-0
http://dx.doi.org/10.1523/JNEUROSCI.0069-12.2012
http://dx.doi.org/10.1523/JNEUROSCI.0069-12.2012
http://dx.doi.org/10.1016/j.neubiorev.2003.11.001
http://dx.doi.org/10.1016/j.neubiorev.2003.11.001
http://dx.doi.org/10.1016/j.brainres.2003.09.053
http://dx.doi.org/10.1016/j.brainres.2003.09.053
http://dx.doi.org/10.1124/jpet.107.122861
http://dx.doi.org/10.1038/sj.npp.1300834
http://dx.doi.org/10.1038/sj.npp.1300834
http://dx.doi.org/10.1007/s00213-012-2864-0
http://dx.doi.org/10.1007/s00213-012-2864-0
http://dx.doi.org/10.1523/JNEUROSCI.0740-06.2006
http://dx.doi.org/10.1523/JNEUROSCI.0740-06.2006
http://dx.doi.org/10.1007/s00213-011-2273-9
http://dx.doi.org/10.1007/s00213-011-2273-9
http://dx.doi.org/10.1111/j.1526-4637.2010.00881.x
http://dx.doi.org/10.1111/j.1526-4637.2010.00881.x
http://dx.doi.org/10.1073/pnas.90.17.7966
http://dx.doi.org/10.1073/pnas.90.17.7966
http://dx.doi.org/10.1172/JCI18533
http://dx.doi.org/10.1111/j.1471-4159.1993.tb09795.x
http://dx.doi.org/10.1111/j.1471-4159.1993.tb09795.x
http://dx.doi.org/10.1046/j.1471-4159.1997.69010126.x
http://dx.doi.org/10.1046/j.1471-4159.1997.69010126.x
http://dx.doi.org/10.1054/npep.2000.0807
http://dx.doi.org/10.1054/npep.2000.0807
http://www.frontiersin.org
http://www.frontiersin.org/Addictive_Disorders_and_Behavioral_Dyscontrol/archive

Koob

Addiction reward and stress disorders

111.

112.

113.

114.

115.

116.

117.

118.

positive and negative affective
states of alcohol addiction. Phar-
macol Ther (2004) 104:47-58. doi:
10.1016/j.pharmthera.2004.08.
002

Rivier C, Bruhn T, Vale W. Effect
of ethanol on the hypothalamic-

pituitary-adrenal axis in the
rat: role of corticotropin-
releasing  factor  (CRF). ]
Pharmacol Exp Ther (1984)
229:127-31.

Merlo-Pich E, Lorang M, Yeganeh
M, Rodriguez de Fonseca F, Raber
J, Koob GF, et al. Increase of extra-
cellular  corticotropin-releasing
factor-like immunoreactivity
levels in the amygdala of awake
rats during restraint stress and
ethanol withdrawal as measured
by microdialysis. ] Neurosci (1995)
15:5439-47.

Rasmussen DD, Boldt BM,
Bryant CA, Mitton DR, Larsen
SA, Wilkinson CW. Chronic
daily ethanol and withdrawal:
1. Long-term changes in the
hypothalamo-pituitary-adrenal
axis. Alcohol Clin Exp Res (2000)
24:1836—49. doi:10.1111/j.1530-
0277.2000.tb01988.x

Olive MF, Koenig HN, Nannini
MA, Hodge CW. Elevated extra-
cellular CRF levels in the bed
nucleus of the stria terminalis
during ethanol withdrawal and
reduction by subsequent ethanol
intake. Pharmacol Biochem Behav
(2002) 72:213-20. doi:10.1016/
S0091-3057(01)00748- 1

Delfs JM, Zhu Y, Druhan JP, Aston-
Jones G. Noradrenaline in the ven-
tral forebrain is critical for opi-
ate withdrawal-induced aversion.
Nature (2000) 403:430—4. doi:10.
1038/35000212

Roberto M, Cruz MT, Gilpin
NW, Sabino V, Schweitzer P, Bajo
M, et al. Corticotropin releasing
factor-induced amygdala gamma-
aminobutyric acid release plays
a key role in alcohol depen-
dence. Biol Psychiatry (2010)
67:831-9. doi:10.1016/j.biopsych.
2009.11.007

Sarnyai Z, Biro E, Gardi J, Vec-
sernyes M, Julesz ], Telegdy G.
Brain corticotropin-releasing
factor “anxiety-like”
behavior induced by cocaine
withdrawal in rats.  Brain
Res  (1995)  675:89-97.  doi:
10.1016/0006-8993(95)00043-P
Basso AM, Spina M, Rivier J,
Vale W, Koob GE Corticotropin-
releasing factor antagonist atten-
uates the “anxiogenic-like” effect
in the defensive burying paradigm

mediates

119.

120.

121.

122.

123.

124.

125.

126.

127.

but not in the elevated plus-
maze following chronic cocaine
in rats. Psychopharmacology (Berl)
(1999) 145:21-30. doi:10.1007/
5002130051028
Navarro-Zaragoza ], Nunez C,
Laorden ML, Milanés MV. Effects
of corticotropin-releasing factor
receptor-1 antagonists on the brain
stress system responses to mor-
phine withdrawal. Mol Pharma-
col (2010) 77:864-73. doi:10.1124/
mol.109.062463

Iredale PA, Alvaro JD, Lee Y,
Terwilliger R, Chen YL, Duman
RS. Role of corticotropin-releasing
factor receptor-1 in opiate with-
drawal. ] Neurochem (2000)
74:199-208. doi:10.1046/j.1471-
4159.2000.0740199.x

Baldwin HA, Rassnick S, Rivier J,
Koob GF, Britton KT. CRF antag-
onist reverses the “anxiogenic”
response to ethanol withdrawal in
the rat. Psychopharmacology (Berl)
(1991) 103:227-32. doi:10.1007/
BF02244208

Knapp DJ, Overstreet DH, Moy
SS, Breese GR. SB242084, flumaze-
nil, and CRA1000 block ethanol
withdrawal-induced anxiety in
rats. Alcohol (2004) 32:101-11.
doi:10.1016/j.alcohol.2003.08.007
Overstreet DH, Knapp DJ, Breese
GR. Modulation of multiple
ethanol withdrawal-induced
anxiety-like behavior by CRF
and CRF; receptors. Pharmacol
Biochem Behav (2004) 77:405-13.
doi:10.1016/j.pbb.2003.11.010

Funk CK, Zorrilla EP, Lee
M], Rice KC, Koob GE
Corticotropin-releasing factor

1 antagonists selectively reduce
ethanol self-administration in
ethanol-dependent  rats.  Biol
Psychiatry (2007) 61:78-86. doi:
10.1016/j.biopsych.2006.03.063
Rassnick S, Heinrichs SC, Brit-
ton KT, Koob GF. Microinjec-
tion of a corticotropin-releasing
factor antagonist into the cen-
tral nucleus of the amygdala
reverses anxiogenic-like effects of
ethanol withdrawal. Brain Res
(1993) 605:25-32. doi:10.1016/
0006-8993(93)91352-S

Tucci S, Cheeta S, Seth P, File
SE. Corticotropin releasing factor
antagonist, o-helical CRFg.4,
reverses nicotine-induced condi-
tioned, but not unconditioned,
anxiety. Psychopharmacology
(Berl) (2003) 167:251-6.

Breese GR, Overstreet DH, Knapp
DJ, Navarro M. Prior multiple
ethanol ~ withdrawals enhance
stress-induced anxiety-like

128.

129.

130.

131.

132.

133.

134.

behavior: inhibition by CREF;-
and benzodiazepine-receptor
antagonists and a 5-HT,-receptor
agonist. Neuropsychopharma-
cology (2005) 30:1662-9. doi:
10.1038/sj.npp.1300706

Valdez GR, Zorrilla EP, Roberts
AJ, Koob GE Antagonism of
corticotropin-releasing factor
attenuates the enhanced respon-
siveness to stress observed during
protracted ethanol abstinence.
Alcohol  (2003) 29:55-60. doi:
10.1016/S0741-8329(03)00020-X
Huang MM, Opverstreet
DH, Knapp DJ, Angel R,
Wills TA, Navarro M,
Corticotropin-releasing
(CRF)
withdrawal-induced anxiety-like
behavior is brain site specific
and mediated by CREF-1 recep-
tors: relation to stress-induced
sensitization. ] Pharmacol Exp
Ther (2010) 332:298-307. doi:
10.1124/jpet.109.159186
Overstreet DH, Knapp D],
Breese GR. Drug challenges
reveal differences in mediation
of stress facilitation of vol-
untary alcohol drinking
withdrawal-induced
in alcohol-preferring P rats.
Alcohol Clin  Exp Res (2007)
31:1473-81. doi:10.1111/j.1530-
0277.2007.00445.x

Wills TA, Knapp DJ, Overstreet
DH, Breese GR. Sensitization,
duration, and pharmacological
blockade of anxiety-like behavior
following repeated ethanol with-
drawal in adolescent and adult
rats. Alcohol Clin Exp Res (2009)
33:455-63.  doi:10.1111/j.1530-
0277.2008.00856.x

Hand TH, Koob GE Stinus L,
Le Moal M. Aversive properties
of opiate receptor blockade:
evidence for exclusively
in naive and

et al
factor
sensitization of ethanol

and
anxiety

cen-
tral mediation
morphine-dependent rats. Brain
Res (1988) 474:364-8. doi:
10.1016/0006-8993(88)90452-0
Stinus L, Le Moal M, Koob GE
Nucleus accumbens and amyg-
dala are possible substrates for
the aversive stimulus effects of
opiate withdrawal. Neuroscience
(1990) 37:767-73. doi:10.1016/
0306-4522(90)90106-E

Stinus L, Cador M, Zorrilla EP,
Koob GE. Buprenorphine and
a CRFI antagonist block the
acquisition of opiate withdrawal-
induced conditioned place aver-
sion in rats. Neuropsychophar-
macology (2005) 30:90-8. doi:10.
1038/5j.npp.1300487

135. Heinrichs SC, Menzaghi E Schul-
teis G, Koob GF, Stinus L. Sup-
pression of corticotropin-releasing
factor in the amygdala attenu-
ates aversive consequences of mor-
phine withdrawal. Behav Pharma-
col (1995) 6:74-80. doi:10.1097/
00008877-199501000-00011
Contarino A, Papaleo FE. The
corticotropin-releasing
receptor-1 pathway mediates the
negative affective states of opiate
withdrawal. Proc Natl Acad Sci
U S A (2005) 102:18649-54. doi:
10.1073/pnas.0506999102
Bruijnzeel AW, Zislis G, Wil-
son C, Gold MS. Antagonism
of CRF receptors prevents the
deficit in brain reward function
associated ~ with  precipitated
nicotine withdrawal in rats.
Neuropsychopharmacology (2007)
32:955-63.  doi:10.1038/sj.npp.
1301192

Bruijnzeel AW, Small E, Pasek
TM, Yamada H. Corticotropin-
releasing factor mediates the
dysphoria-like ~ state  associ-
ated with alcohol withdrawal
in rats. Behav Brain Res
(2010) 210:288-91. doi:
10.1016/j.bbr.2010.02.043
Marcinkiewcz CA, Prado MM,
Isaac SK, Marshall A, Rylkova D,
Bruijnzeel AW. Corticotropin-
releasing factor within the central
nucleus of the amygdala and
the shell
mediates the negative affective
state of nicotine withdrawal in
rats.  Neuropsychopharmacology
(2009) 34:1743-52. doi:
10.1038/npp.2008.231

Chartoff E, Sawyer A, Rachlin
A, Potter D, Pliakas A, Carlezon
WA. Blockade of kappa opioid
receptors attenuates the develop-
ment of depressive-like behav-
iors induced by cocaine with-
drawal in rats. Neuropharmacology
(2012) 62:1167-76. doi:10.1016/j.
neuropharm.2011.06.014
Schindler AG, Li S, Chavkin
C.  Behavioral  stress may
increase the rewarding valence of
cocaine-associated cues through
a dynorphin/kappa-opioid
receptor-mediated
affecting

136.
factor

137.

138.

139.

nucleus accumbens

140.

141.

mechanism
associative
learning or memory retrieval
mechanisms.  Neuropsychophar-
macology (2010) 35:1932-42. doi:
10.1038/npp

Land BB, Bruchas MR, Schattauer
S, Giardino WJ, Aita M, Messinger
D, et al. Activation of the kappa
opioid receptor in the dorsal raphe
nucleus

without

142.

mediates the aversive

Frontiers in Psychiatry | Addictive Disorders and Behavioral Dyscontrol

August 2013 | Volume 4 | Article 72 | 22


http://dx.doi.org/10.1016/j.pharmthera.2004.08.002
http://dx.doi.org/10.1016/j.pharmthera.2004.08.002
http://dx.doi.org/10.1111/j.1530-0277.2000.tb01988.x
http://dx.doi.org/10.1111/j.1530-0277.2000.tb01988.x
http://dx.doi.org/10.1016/S0091-3057(01)00748-1
http://dx.doi.org/10.1016/S0091-3057(01)00748-1
http://dx.doi.org/10.1038/35000212
http://dx.doi.org/10.1038/35000212
http://dx.doi.org/10.1016/j.biopsych.2009.11.007
http://dx.doi.org/10.1016/j.biopsych.2009.11.007
http://dx.doi.org/10.1016/0006-8993(95)00043-P
http://dx.doi.org/10.1007/s002130051028
http://dx.doi.org/10.1007/s002130051028
http://dx.doi.org/10.1124/mol.109.062463
http://dx.doi.org/10.1124/mol.109.062463
http://dx.doi.org/10.1046/j.1471-4159.2000.0740199.x
http://dx.doi.org/10.1046/j.1471-4159.2000.0740199.x
http://dx.doi.org/10.1007/BF02244208
http://dx.doi.org/10.1007/BF02244208
http://dx.doi.org/10.1016/j.alcohol.2003.08.007
http://dx.doi.org/10.1016/j.pbb.2003.11.010
http://dx.doi.org/10.1016/j.biopsych.2006.03.063
http://dx.doi.org/10.1016/0006-8993(93)91352-S
http://dx.doi.org/10.1016/0006-8993(93)91352-S
http://dx.doi.org/10.1038/sj.npp.1300706
http://dx.doi.org/10.1016/S0741-8329(03)00020-X
http://dx.doi.org/10.1124/jpet.109.159186
http://dx.doi.org/10.1111/j.1530-0277.2007.00445.x
http://dx.doi.org/10.1111/j.1530-0277.2007.00445.x
http://dx.doi.org/10.1111/j.1530-0277.2008.00856.x
http://dx.doi.org/10.1111/j.1530-0277.2008.00856.x
http://dx.doi.org/10.1016/0006-8993(88)90452-0
http://dx.doi.org/10.1016/0306-4522(90)90106-E
http://dx.doi.org/10.1016/0306-4522(90)90106-E
http://dx.doi.org/10.1038/sj.npp.1300487
http://dx.doi.org/10.1038/sj.npp.1300487
http://dx.doi.org/10.1097/00008877-199501000-00011
http://dx.doi.org/10.1097/00008877-199501000-00011
http://dx.doi.org/10.1073/pnas.0506999102
http://dx.doi.org/10.1038/sj.npp.1301192
http://dx.doi.org/10.1038/sj.npp.1301192
http://dx.doi.org/10.1016/j.bbr.2010.02.043
http://dx.doi.org/10.1038/npp.2008.231
http://dx.doi.org/10.1016/j.neuropharm.2011.06.014
http://dx.doi.org/10.1016/j.neuropharm.2011.06.014
http://dx.doi.org/10.1038/npp
http://www.frontiersin.org/Addictive_Disorders_and_Behavioral_Dyscontrol
http://www.frontiersin.org/Addictive_Disorders_and_Behavioral_Dyscontrol/archive

Koob

Addiction reward and stress disorders

143.

144.

145.

146.

147.

148.

149.

150.

effects of stress and reinstates drug
seeking. Proc Natl Acad Sci U S
A (2009) 106:19168-73. doi:10.
1073/pnas.0910705106

Redila VA, Chavkin C. Stress-
induced reinstatement of cocaine
seeking is mediated by the kappa
opioid system. Psychopharmacol-
ogy (Berl) (2008) 200:59-70. doi:
10.1007/500213-008-1122-y
McLaughlin JP, Li S, Valdez J,
Chavkin TA, Chavkin C. Social
defeat stress-induced behavioral
responses are mediated by the
endogenous kappa opioid system.
Neuropsychopharmacology (2006)
31:1241-8.

Knoll AT, Meloni EG, Thomas
JB, Carroll FI, Carlezon WA Jr.
Anxiolytic-like effects of kappa-
opioid receptor antagonists in
models of unlearned and learned
fear in rats. ] Pharmacol Exp Ther
(2007) 323:838-45. doi:10.1124/
jpet.107.127415

Specio SE, Wee S, O’Dell LE,
Boutrel B, Zorrilla EP, Koob
GE. CRF;  receptor antag-
onists attenuate escalated
self-administration
in rats.  Psychopharmacology
(Berl) (2008) 196:473-82. doi:
10.1007/500213-007-0983-9
Greenwell TN, Funk CK,
Cottone P, Richardson HN,
Chen SA, Rice K, et al
Corticotropin-releasing  factor-1
receptor  antagonists
heroin  self-administration  in
long-, but short-access
rats. Addict  Biol (2009)
14:130-43.  doi:10.1111/j.1369-
1600.2008.00142.x

Rimondini R, Arlinde C, Sommer
W, Heilig M. Long-lasting increase
in voluntary ethanol consump-
tion and transcriptional regulation
in the rat brain after intermit-
tent exposure to alcohol. FASEB
J (2002) 16:27-35. doi:10.1096/fj.
01-0593com

Valdez GR, Roberts AJ, Chan
K, Davis H, Brennan M,
Zorrilla EP, et al. Increased
ethanol self-administration and
anxiety-like during
acute  withdrawal and pro-
tracted abstinence: regulation by
corticotropin-releasing factor.
Alcohol Clin  Exp Res (2002)
26:1494-501. doi:10.1111/j.1530-
0277.2002.tb02448.x

Gehlert DR, Cippitelli A,
Thorsell A, Le AD, Hipskind PA,
Hamdouchi C, et al. 3-(4-Chloro-
2-morpholin-4-yl-thiazol-5-yl)-
8-(1-ethylpropyl)-2,6-dimethyl-
imidazo[1,2-b]pyridazine: a novel

cocaine

decrease

not

behavior

151.

152.

153.

154.

155.

156.

157.

158.

brain-penetrant, orally available
corticotropin-releasing factor
receptor 1 antagonist with efficacy
in animal models of alcoholism.
J Neurosci (2007) 27:2718-26.
doi:10.1523/J]NEUROSCI.4985-
06.2007

Funk CK, O’Dell LE, Crawford
EF, Koob GE Corticotropin-
releasing the
central nucleus of the amyg-
dala mediates enhanced ethanol
self-administration  in  with-
drawn, ethanol-dependent rats.
J Neurosci (2006) 26:11324-32.
doi:10.1523/J]NEUROSCI.3096-
06.2006

Wee S, Orio L, Ghirmai S, Cash-
man JR, Koob GFE Inhibition of
kappa opioid receptors attenuated
increased cocaine intake in rats
with extended access to cocaine.
Psychopharmacology (Berl) (2009)
205:565-75. doi:10.1007/s00213-

factor  within

009-1563-y

Walker  BM,  Zorrilla  EP,
Koob GE Systemic k-opioid
receptor antagonism by nor-
binaltorphimine reduces
dependence-induced excessive
alcohol self-administration
in rats. Addict Biol (2010)
16:116-9. doi:10.1111/;.1369-

1600.2010.00226.x

Whitfield TW Jr., Wee S, Gould A,
Schlosburg J, Vendruscolo L, Koob
GF. Kappa Receptor Activation
Underlies Compulsive Metham-
phetamine Intake. Society for
Neuroscience Meeting Abstracts,
Washington DC (2011). Abstract
no: 797.19.

Schlosburg JE, Vendruscolo LF
Park PE, Whitfield TW Jr., Koob
GE.  Long-Term Antagonism of
Kappa Opioid Receptors Prevents
Escalation of, and Increased Moti-
vation for, Heroin Intake. Soci-
ety for Neuroscience Meeting
Abstracts, Washington DC (2011).
Abstract no: 16.07.

Nealey KA, Smith AW, Davis SM,
Smith DG, Walker BM. Kappa-
opioid receptors are implicated in
the increased potency of intra-
accumbens nalmefene in ethanol-
dependent rats. Neuropharmacol-
ogy (2011) 61:35-42. doi:10.1016/
j.neuropharm.2011.02.012

Heilig M, Koob GF. A key role for
corticotropin-releasing factor in
alcohol dependence. Trends Neu-
rosci (2007) 30:399-406. doi:10.
1016/j.tins.2007.06.006

Thorsell A, Slawecki CJ, Ehlers
CL. Effects of neuropeptide Y
and corticotropin-releasing fac-
tor on ethanol intake in Wistar

159.

160.

161.

162.

163.

164.

165.

166.

rats: interaction with chronic
ethanol exposure. Behav Brain Res
(2005) 161:133-40. doi:10.1016/j.
bbr.2005.01.016

Thorsell A, Slawecki CJ, Ehlers
CL. Effects of neuropeptide Y on
appetitive and
behaviors associated with alcohol
drinking in wistar rats with a his-
tory of ethanol exposure. Alcohol
Clin Exp Res (2005) 29:584-90.
d0i:10.1097/01.ALC.0000160084.
13148.02

Gilpin NW, Stewart RB, Murphy
JM, Li TK, Badia-Elder NE. Neu-
ropeptide Y reduces oral ethanol
intake in alcohol-preferring (P)
rats following a period of imposed
ethanol abstinence. Alcohol Clin
Exp Res (2003) 27:787-94. doi:
10.1097/01.ALC.0000065723.
93234.1D

Gilpin NW, Misra K, Koob
GF. Neuropeptide Y in the central
nucleus of the amygdala suppresses
dependence-induced
in alcohol drinking. Pharma-
col Biochem Behav (2008) 90:
475-80. doi:10.1016/j.pbb.2008.
04.006

Thorsell A, Rapunte-Canonigo
V, ODell L, Chen SA, King A,
Lekic D, et al. Viral vector-induced
amygdala NPY overexpression
reverses increased alcohol intake
caused by repeated deprivations

consummatory

increases

in Wistar rats. Brain (2007)
130:1330-7.  doi:10.1093/brain/
awm033

Gilpin NW, Misra K, Herman MA,
Cruz MT, Koob GF, Roberto M.
Neuropeptide Y opposes alcohol
effects on gamma-aminobutyric
acid release in amygdala and
blocks the transition to alco-
hol dependence. Biol Psychiatry
(2011) 69:1091-9. doi:10.1016/j.
biopsych.2011.02.004

Serensen G, Wortwein G, Fink-
Jensen A, Woldbye DPD.
Neuropeptide Y Y5 receptor
antagonism causes faster extinc-
tion and attenuates reinstatement
in cocaine-induced place pref-
erence.  Pharmacol ~ Biochem
Behav  (2013) 105:151-6. doi:
10.1016/j.pbb.2013.02.010
Serensen G, Jensen M, Weikop
P, Dencker D, Christiansen SH,
Loland CJ, et al. Neuropeptide Y
Y5 receptor antagonism attenuates
cocaine-induced effects in mice.
Psychopharmacology (Berl) (2012)
222:565-77. doi:10.1007/s00213-
012-2651-y

Serensen G, Woldbye DP. Mice
lacking neuropeptide Y show
increased sensitivity to cocaine.

167.

168.

169.

170.

171.

172.

173.

174.

Synapse (2012) 66:840-3. doi:10.
1002/syn.21568

Maric T, Tobin S, Quinn T, Shalev
U. Food deprivation-like effects of
neuropeptide Y on heroin self-
administration and reinstatement
of heroin seeking in rats. Behav
Brain Res (2008) 194:39-43. doi:
10.1016/j.bbr.2008.06.023

Maric T, Cantor A, Cuccioletta
H, Tobin S, Shalev U. Neu-
ropeptide Y augments cocaine
self-administration and cocaine-
induced hyperlocomotion in rats.
Peptides (2009) 30:721-6. doi:10.
1016/j.peptides.2008.11.006
Aydin C, Oztan O, Isgor C.
Effects of a selective Y2R antag-
onist, JNJ-31020028, on nicotine
abstinence-related social anxiety-
like behavior, neuropeptide Y
and corticotropin releasing fac-
tor mRNA levels in the novelty-
seeking phenotype. Behav Brain
Res (2011) 222:332-41. doi:10.
1016/j.bbr.2011.03.067

Rylkova D, Boissoneault ], Isaac
S, Prado M, Shah HP, Brui-
jnzeel AW. Effects of NPY and
the specific Y1 receptor agonist
[D-His?*]-NPY on the deficit in
brain reward function and somatic
signs associated with nicotine
withdrawal in rats. Neuropeptides
(2008) 42:215-27. doi:10.1016/j.
npep.2008.03.004

Valdez GR, Koob GF. Allostasis and
dysregulation of corticotropin-
releasing factor and Neuropeptide
Y systems: implications
the  development of
holism.  Pharmacol ~ Biochem
Behav (2004) 79:671-89. doi:
10.1016/j.pbb.2004.09.020
George O, Mandyam CD, Wee
S, Koob GF. Extended access to
cocaine self-administration pro-
duces  long-lasting  prefrontal
cortex-dependent work-
ing memory impairments.
Neuropsychopharmacology
(2008) 33:2474-82.
10.1038/sj.npp.1301626
Briand LA, Flagel SB, Garcia-
Fuster MJ, Watson SJ, Akil H,
Sarter M, et al. Persistent alter-
ations in cognitive function and
prefrontal dopamine D2 receptors
following extended, but not lim-
ited, access to self-administered
cocaine. Neuropsychopharma-
cology (2008) 33:2969-80. doi:
10.1038/npp.2008.18

Briand LA, Gross JP, Robinson
TE. Impaired object recognition
following prolonged withdrawal
from extended-access
self-administration. Neuroscience

for
alco-

doi:

cocaine

www.frontiersin.org

August 2013 | Volume 4 | Article 72 | 23


http://dx.doi.org/10.1073/pnas.0910705106
http://dx.doi.org/10.1073/pnas.0910705106
http://dx.doi.org/10.1007/s00213-008-1122-y
http://dx.doi.org/10.1124/jpet.107.127415
http://dx.doi.org/10.1124/jpet.107.127415
http://dx.doi.org/10.1007/s00213-007-0983-9
http://dx.doi.org/10.1111/j.1369-1600.2008.00142.x
http://dx.doi.org/10.1111/j.1369-1600.2008.00142.x
http://dx.doi.org/10.1096/fj.01-0593com
http://dx.doi.org/10.1096/fj.01-0593com
http://dx.doi.org/10.1111/j.1530-0277.2002.tb02448.x
http://dx.doi.org/10.1111/j.1530-0277.2002.tb02448.x
http://dx.doi.org/10.1523/JNEUROSCI.4985-06.2007
http://dx.doi.org/10.1523/JNEUROSCI.4985-06.2007
http://dx.doi.org/10.1523/JNEUROSCI.3096-06.2006
http://dx.doi.org/10.1523/JNEUROSCI.3096-06.2006
http://dx.doi.org/10.1007/s00213-009-1563-y
http://dx.doi.org/10.1007/s00213-009-1563-y
http://dx.doi.org/10.1111/j.1369-1600.2010.00226.x
http://dx.doi.org/10.1111/j.1369-1600.2010.00226.x
http://dx.doi.org/10.1016/j.neuropharm.2011.02.012
http://dx.doi.org/10.1016/j.neuropharm.2011.02.012
http://dx.doi.org/10.1016/j.tins.2007.06.006
http://dx.doi.org/10.1016/j.tins.2007.06.006
http://dx.doi.org/10.1016/j.bbr.2005.01.016
http://dx.doi.org/10.1016/j.bbr.2005.01.016
http://dx.doi.org/10.1097/01.ALC.0000160084.13148.02
http://dx.doi.org/10.1097/01.ALC.0000160084.13148.02
http://dx.doi.org/10.1097/01.ALC.0000065723.93234.1D
http://dx.doi.org/10.1097/01.ALC.0000065723.93234.1D
http://dx.doi.org/10.1016/j.pbb.2008.04.006
http://dx.doi.org/10.1016/j.pbb.2008.04.006
http://dx.doi.org/10.1093/brain/awm033
http://dx.doi.org/10.1093/brain/awm033
http://dx.doi.org/10.1016/j.biopsych.2011.02.004
http://dx.doi.org/10.1016/j.biopsych.2011.02.004
http://dx.doi.org/10.1016/j.pbb.2013.02.010
http://dx.doi.org/10.1007/s00213-012-2651-y
http://dx.doi.org/10.1007/s00213-012-2651-y
http://dx.doi.org/10.1002/syn.21568
http://dx.doi.org/10.1002/syn.21568
http://dx.doi.org/10.1016/j.bbr.2008.06.023
http://dx.doi.org/10.1016/j.peptides.2008.11.006
http://dx.doi.org/10.1016/j.peptides.2008.11.006
http://dx.doi.org/10.1016/j.bbr.2011.03.067
http://dx.doi.org/10.1016/j.bbr.2011.03.067
http://dx.doi.org/10.1016/j.npep.2008.03.004
http://dx.doi.org/10.1016/j.npep.2008.03.004
http://dx.doi.org/10.1016/j.pbb.2004.09.020
http://dx.doi.org/10.1038/sj.npp.1301626
http://dx.doi.org/10.1038/npp.2008.18
http://www.frontiersin.org
http://www.frontiersin.org/Addictive_Disorders_and_Behavioral_Dyscontrol/archive

Koob

Addiction reward and stress disorders

(2008) 155:1-6. doi:10.1016/j.
neuroscience.2008.06.004

George O, Sanders C, Freiling
J, Grigoryan E, Vu S, Allen CD,
et al. Recruitment of medial
prefrontal cortex neurons dur-
ing alcohol withdrawal predicts
cognitive impairment and exces-
sive alcohol  drinking.  Proc
Natl Acad Sci U S A (2012)
109:18156—61. doi:10.1073/pnas.
1116523109

Boyson CO, Miguel TT, Quadros
IM, Debold JE, Miczek KA. Pre-
vention of social stress-escalated
cocaine self-administration
by CRF-RI1 antagonist in the
rat VTA.  Psychopharmacology
(Berl) (2011) 218:257-69. doi:
10.1007/s00213-011-2266-8
Carlezon WA Jr., Thome J, Olson
VG, Lane-Ladd SB, Brodkin ES,
Hiroi N, et al. Regulation of
cocaine reward by CREB. Science
(1998) 282:2272-5. doi:10.1126/
science.282.5397.2272

Koob GE Bloom FE. Cellular
and molecular mechanisms of
drug dependence. Science (1988)
242:715-23. doi:10.1126/science.
2903550

175.

176.

177.

178.

179. Nestler EJ. Molecular basis of
long-term plasticity underlying
addiction. Nat Rev Neurosci
(2001) 2:119-28. doi:

10.1038/35053570
Koob GF. Neuroadaptive mecha-
nisms of addiction: studies on the

180.

18

—

182.

183.

184.

185.

extended amygdala. Eur Neuropsy-
chopharmacology (2003) 13:442—
52. doi:10.1016/j.euroneuro.2003.
08.005

. Aston-Jones G, Delfs JM, Druhan

J, Zhu Y. The bed nucleus of
the stria terminalis: a target site
for noradrenergic actions in opi-
ate withdrawal. In: McGinty JF
editor. Advancing from the Ventral
Striatum to the Extended Amyg-
dala: Implications for Neuropsychi-
atry and Drug Abuse (series title:
Annals of the New York Academy of
Sciences (Vol. 877), New York: New
York Academy of Sciences (1999).
p. 486-98.

Ungless MA, Whistler JL, Malenka
RC, Bonci A. Single cocaine expo-
sure in vivo induces long-term
potentiation in dopamine neu-
rons. Nature (2001) 411:583-7.
doi:10.1038/35079077

Edwards S, Koob GE. Neurobiol-
ogy of dysregulated motivational
systems in drug addiction. Future
Neurol (2010) 5:393-410. doi:10.
2217/fnl.10.14

Solomon RL. The opponent-
process theory of acquired moti-
vation: the costs of pleasure and
the benefits of pain. Am Psychol
(1980) 35:691-712. doi:10.1037/
0003-066X.35.8.691

Cohen A, Koob GE George O.
Robust
intake with extended access to
nicotine self-administration and

escalation of nicotine

186.

187.

188.

189.

190.

intermittent periods of absti-
nence. Neuropsychopharmacology
(2012) 37:2153-60. doi:10.1038/
npp.2012.67

Edwards S, Guerrero M, Ghoneim
OM, Roberts E, Koob GF. Evi-
dence that Vip
receptors mediate the transition
to excessive drinking in ethanol-
dependent rats. Addict Biol (2011)
17:76-85. doi:10.1111/j.1369-
1600.2010.00291.x

Barbier E, Vendruscolo LF, Schlos-
burg JE, Edwards S, Juergens N,
Park PE, et al. The NKI1 recep-
tor antagonist 1822429 reduces
heroin reinforcement. Neuropsy-
chopharmacology (2013). doi:10.
1038/npp.2012.261 (in press)

Wee S, Wang Z, Woolverton WL,
Pulvirenti L, Koob GF. Effect
of aripiprazole, a partial D;
receptor agonist, on increased
rate of methamphetamine self-
administration in rats with pro-
longed access. Neuropsychophar-
macology (2007) 32:2238-47. doi:
10.1038/sj.npp.1301353

Liu ZH, Jin WQ. Decrease of
ventral tegmental area dopamine
neuronal activity in nicotine
withdrawal — rats.  Neuroreport
(2004) 15:1479-81. doi:10.1097/
01.wnr.0000126218.25235.b6
Richardson HN, Zhao Y, Fekete
EM, Funk CK, Wirsching P, Janda
KD, et al. MPZP: a novel small
molecule corticotropin-releasing

vasopressin

factor type 1 receptor (CRF;)
antagonist. Pharmacol Biochem
Behav (2008) 88:497-510. doi:10.
1016/j.pbb.2007.10.008

Koob GE Negative reinforcement
in drug addiction: the dark-
ness within. Curr Opin Neuro-
biol (2013). doi:10.1016/j.conb.
2013.03.011 (in press)

191.

Conflict of Interest Statement: The
authors declare that the research was
conducted in the absence of any com-
mercial or financial relationships that
could be construed as a potential con-
flict of interest.

Received: 23 April 2013; accepted: 08 July
2013; published online: 01 August 2013.
Citation: Koob GF (2013) Addiction
is a reward deficit and stress surfeit
disorder. Front. Psychiatry 4:72. doi:
10.3389/fpsyt.2013.00072

This article was submitted to Frontiers
in Addictive Disorders and Behavioral
Dyscontrol, a specialty of Frontiers in
Psychiatry.

Copyright © 2013 Koob. This is an open-
access article distributed under the terms
of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) or licensor
are credited and that the original publica-
tion in this journal is cited, in accordance
with accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Psychiatry | Addictive Disorders and Behavioral Dyscontrol

August 2013 | Volume 4 | Article 72 | 24


http://dx.doi.org/10.1016/j.neuroscience.2008.06.004
http://dx.doi.org/10.1016/j.neuroscience.2008.06.004
http://dx.doi.org/10.1073/pnas.1116523109
http://dx.doi.org/10.1073/pnas.1116523109
http://dx.doi.org/10.1007/s00213-011-2266-8
http://dx.doi.org/10.1126/science.282.5397.2272
http://dx.doi.org/10.1126/science.282.5397.2272
http://dx.doi.org/10.1126/science.2903550
http://dx.doi.org/10.1126/science.2903550
http://dx.doi.org/10.1038/35053570
http://dx.doi.org/10.1016/j.euroneuro.2003.08.005
http://dx.doi.org/10.1016/j.euroneuro.2003.08.005
http://dx.doi.org/10.1038/35079077
http://dx.doi.org/10.2217/fnl.10.14
http://dx.doi.org/10.2217/fnl.10.14
http://dx.doi.org/10.1037/0003-066X.35.8.691
http://dx.doi.org/10.1037/0003-066X.35.8.691
http://dx.doi.org/10.1038/npp.2012.67
http://dx.doi.org/10.1038/npp.2012.67
http://dx.doi.org/10.1111/j.1369-1600.2010.00291.x
http://dx.doi.org/10.1111/j.1369-1600.2010.00291.x
http://dx.doi.org/10.1038/npp.2012.261
http://dx.doi.org/10.1038/npp.2012.261
http://dx.doi.org/10.1038/sj.npp.1301353
http://dx.doi.org/10.1097/01.wnr.0000126218.25235.b6
http://dx.doi.org/10.1097/01.wnr.0000126218.25235.b6
http://dx.doi.org/10.1016/j.pbb.2007.10.008
http://dx.doi.org/10.1016/j.pbb.2007.10.008
http://dx.doi.org/10.1016/j.conb.2013.03.011
http://dx.doi.org/10.1016/j.conb.2013.03.011
http://dx.doi.org/10.3389/fpsyt.2013.00072
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Addictive_Disorders_and_Behavioral_Dyscontrol
http://www.frontiersin.org/Addictive_Disorders_and_Behavioral_Dyscontrol/archive

REVIEW ARTICLE
published: 01 July 2013
doi: 10.3389/fpsyt.2013.00053

frontiers in
PSYCHIATRY

Dare to delay? The impacts of adolescent alcohol and
marijuana use onset on cognition, brain structure, and
function

Krista M. Lisdahl *, Erika R. Gilbart, Natasha E. Wright and Skyler Shollenbarger

Department of Psychology, University of Wisconsin-Milwaukee, Milwaukee, WI, USA

Edited by:
Remi Martin-Fardon, The Scripps
Research Institute, USA

Throughout the world, drug and alcohol use has a clear adolescent onset (Degenhardt
et al., 2008). Alcohol continues to be the most popular drug among teens and emerging
adults, with almost a third of 12th graders and 40% of college students reporting recent
binge drinking (Johnston et al., 2009, 2010), and marijuana (MJ) is the second most pop-
ular drug in teens (Johnston et al., 2010). The initiation of drug use is consistent with an
overall increase in risk-taking behaviors during adolescence that coincides with significant
neurodevelopmental changes in both gray and white matter (Giedd et al., 1996a; Paus
et al., 1999; Sowell et al., 1999, 2002, 2004; Gogtay et al., 2004; Barnea-Goraly et al.,
2005; Lenroot and Giedd, 2006). Animal studies have suggested that compared to adults,
adolescents may be particularly vulnerable to the neurotoxic effects of drugs, especially
alcohol and MJ (see Schneider and Koch, 2003; Barron et al., 2005; Monti et al., 2005; Cha
et al., 2006; Rubino et al., 2009; Spear, 2010). In this review, we will provide a detailed
overview of studies that examined the impact of early adolescent onset of alcohol and
MJ use on neurocognition (e.g., Ehrenreich et al., 1999; Wilson et al., 2000; Tapert et al.,
2002a; Hartley et al., 2004; Fried et al., 2005; Townshend and Duka, 2005; Medina et al.,
2007a; McQueeny et al., 2009; Gruber et al., 2011, 2012; Hanson et al., 2011; Lisdahl and
Price, 2012), with a special emphasis on recent prospective longitudinal studies (e.g., White
et al., 2011; Hicks et al., 2012; Meier et al., 2012). Finally, we will explore potential clinical
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and public health implications of these findings.
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INTRODUCTION
Throughout the world, drug and alcohol use has a clear adolescent
onset (Degenhardt et al., 2008). Alcohol continues to be the most
popular drug among teens and young adults, with almost a third
of 12th graders and 40% of college students reporting recent binge
drinking (four standard alcohol drinks on an occasion in females
and five drinks for males; Johnston et al., 2010, 2011). Further, the
majority of teens (58%) drinkers also use marijuana (MJ) (Martin
et al., 1996), contributing to frequent comorbidity between alco-
hol and MJ use disorders (Agosti et al., 2002). Indeed, M]J is the
second most popular drug and is on the rise in teens, with up
to 25% reporting past year use (Johnston et al., 2011). Given this,
studies examining the neurocognitive consequences of alcohol and
M]J use in youth have gained attention in the scientific literature.
This review will present current research regarding the neurocog-
nitive consequences of alcohol, especially binge drinking, and MJ
use during the teenage years. Studies utilizing neuropsycholog-
ical assessment, structural and functional neuroimaging will be
reviewed, the impact of teenage drug use onset will be discussed
and recommendations for future research will be presented.
Adolescence is a dynamic time marked by increased risk-taking
behaviors including substance use (Spear, 2000; Gardener and
Steinberg, 2005; Eaton et al., 2006; Casey et al., 2008) that coincide

with significant neurodevelopmental changes. Brain regions asso-
ciated with executive functioning (e.g., problem solving, planning,
working memory, and emotional regulation), including the pre-
frontal cortex (PFC), parietal cortex, and cerebellum, continue to
undergo gray matter synaptic pruning into the mid-20s (Giedd
et al., 1996a; Sowell et al., 1999, 2002, 2004; Gogtay et al., 2004;
Lenroot and Giedd, 2006). White matter volume and integrity
increases into the early thirties, yielding improvements in efficient
neural conductivity (Giedd et al., 1999; Paus et al., 1999; Barnea-
Goraly et al., 2005; Jernigan and Gamst, 2005; Nagel et al., 2006).
Scholars have emphasized that it may not be the late matura-
tion of the PFC alone that is responsible for increased risk-taking
behavior during adolescence, but rather it is due to differential
developmental trajectories of the PFC compared to limbic system.
During the teen years, the limbic system develops earlier than the
PFC (Giedd et al., 1996b; Galvan et al., 2006; Casey et al., 2008).
Indeed, as the PFC undergoes neuronal maturation, greater top-
down control of the limbic system results in improved inhibitory
control and affective processing as an adolescent becomes an adult
(Casey et al., 1997, 2005, 2008; Monk et al., 2003; Liston et al.,
2006). It should also be noted that there are gender differences in
the timing and rate of neurodevelopment (see Lenroot and Giedd,
2010 for review). More specifically, gray matter volumes peak in
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executive centers earlier for girls, indicating that females undergo
synaptic pruning earlier and there are greater age-related white
matter increases in males; overall, this results in relatively larger
brain volumes in boys compared to girls (Giedd et al., 1996b; Nagel
et al., 2006; Lenroot et al., 2007; Lenroot and Giedd, 2010). This
neuromaturation may represent a sensitive period during which
exposure to drugs may have a greater impact on neurocognition
compared to adult exposure.

IMPACT OF ADOLESCENT VS. ADULT AGE OF ALCOHOL USE
ONSET ON NEUROCOGNITION

Animal studies have suggested that compared to adults, adoles-
cents may be particularly vulnerable to the neurotoxic effects of
early alcohol use onset (AUO) (see Barron et al., 2005; Monti
et al., 2005; Spear, 2010 for previous reviews). In humans, addic-
tion specialists have attempted to categorize subtypes of alcohol
dependence. One model subdivides alcohol-dependent individ-
uals into Type I and II alcohol-dependent groups (Cloninger,
1987), with Type II alcoholics demonstrating an early AUO (before
age 25), earlier treatment attempts, increased novelty seeking,
and strong family history of substance-use disorders (SUD; von
Knorring et al., 1985; Gilligan et al., 1988; Sullivan et al., 1990).
Research examining this typology has revealed that emerging
adult AUO (<22-25years old) is associated with increased child-
hood behavioral problems, impulsivity, poor decision-making,
increased mood disorders, aggressiveness, severity of substance-
use problems, more rapid progression from regular drinking to
AUD, unique patterns of cerebral blood flow in the PFC, hyper-
arousal and poor sensorimotor gating, and increased comorbidity
with externalizing disorders and ADHD (Varma et al., 1994; John-
son et al., 2000; Demir et al., 2002; Bjork et al., 2004; Dawe et al.,
2004; Dom et al., 2006a,b; Pardo et al., 2007; Chen et al., 2011; Lee
et al., 2011; Wilens et al., 2011). Specifically, DeWit et al. (2000)
reported that the odds of developing lifetime alcohol dependence
increase by 14% with each increasing year of AUO.

Several of these symptoms, including impulsivity, poor deci-
sion making, externalizing symptoms, aggressiveness, sensation
seeking are associated with PFC function, which is continuing to
develop during the teenage and emerging adult years (see Kolb
et al., 2012; Lenroot and Giedd, 2010 for review). Therefore, it
has been hypothesized that PFC dysfunction places individuals at
risk for early substance use and early AUO further disrupts PFC
development, defining a sensitive period for increased neurocog-
nitive effects in adolescents with AUD. In order to test this model,
the Minnesota Twin Family Study examined the impact of pre-
morbid personality and adolescent AUO on personality changes
through adolescence into emerging adulthood (Hicks et al., 2010,
2012). These investigations found that behavioral disinhibition
prior to AUO significantly predicted age of AUO (no onset, adult
onset, adolescent onset who stopped using and adolescent onset
with continued symptoms of AUD), with increased disinhibition
predicting earlier AUO especially in males (Hicks et al., 2010,
2012). Further, early AUO uniquely predicted lack of maturation
in behavioral disinhibition compared to other subgroups (Hicks
et al., 2012; see Figure 1). Further, this study found that ado-
lescents who stopped drinking had significant recovery in both
behavioral disinhibition and negative emotionality (Hicks et al.,

Behavioral Disinhibition
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FIGURE 1 | The figure depicts the mean behavioral disinhibition scores
for the alcohol-dependent groups (no onset, n=1211; adult onset,
n=545; adolescent onset-desist, n=71; and adolescent onset-persist,
n=149) at ages 17 and 24 (scores are in a T-score metric; mean =50,
SD = 10). Adapted from Hicks et al., 2012; copyright 2011 by Addiction.

2012), suggesting potential recovery of PFC function with absti-
nence. Other studies examining the impact of adolescent AUO
vs. adult AUO have demonstrated that sensitivity to punishment,
disinhibition, and increased likelihood of developing an AUD in
teenage AUO (Lyvers et al., 2009, 2011).

BINGE OR HEAVY ALCOHOL USE AND NEUROCOGNITION IN
YOUTH

Given the alarming rates of binge drinking in both teenagers
and young adults, especially college students (Johnston et al,
2009, 2010), it is important to determine whether binge drink-
ing (defined as four standard alcohol drinks on an occasion in
females and five drinks for males), even in the absence of an AUD,
is associated with cognition and brain changes. This risky drinking
pattern has induced neuronal damage and long-lasting behavioral
deficits in adolescent and adult animals (Monti et al., 2005; see
Barron et al., 2005; Spear, 2010; Coleman et al., 2011). Still, there
have been relatively few human studies to date that specifically
examine the effects of intermittent binge drinking in adolescents
and emerging adults. Thus far, those studies have reported cog-
nitive deficits associated with binge drinking in otherwise healthy
teens and emerging adults, including poorer sustained attention
(Hartley et al., 2004), memory (Hartley et al., 2004; Scaife and
Duka, 2009; Parada et al., 2011), spatial working memory (Town-
shend and Duka, 2005; Scaife and Duka, 2009), psychomotor speed
(Hartley et al.,2004), working memory (Parada et al., 2012), perse-
verative responding (Parada et al., 2012), and response inhibition
and rule acquisition in females (Townshend and Duka, 2005; Scaife
and Duka, 2009), although two studies actually found faster motor
responding during a visuospatial task (Townshend and Duka,
2005; Scaife and Duka, 2009). Given the high rates of binge drink-
ing in high school and college students, these results are of great
concern and these cognitive problems may be, at least in part, to
blame for the lower grades seen in heavy drinking students.
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Evidence also suggests underlying structural and functional
brain changes associated with binge drinking in adolescents and
emerging adults. Using diffusion tensor imaging (DTI), an MRI
technique that quantifies white matter integrity, McQueeny et al.
(2009) found that teenage binge drinking was associated with sig-
nificantly reduced white matter quality in several brain regions that
connect the brain stem, motor areas, limbic regions, and cortex
including the PFC (i.e., the corpus callosum, superior longitudi-
nal fasciculus, corona radiata, internal and external capsules, and
commissural, limbic, brainstem, and cortical projection fibers).
Greater symptoms of hangover and increased estimated peak BAC
estimates were significantly correlated with poorer white matter
integrity in white matter tracts connecting the two hemispheres,
frontal lobe, and cerebellar tracts.

Alterations in macro-structure of cortical and subcortical gray
matter have also been reported. Although binge drinking was not
directly assessed, we (Medina et al., 2010) found that increased
overall quantity of alcohol use during the past year was signifi-
cantly related to smaller cerebellar vermis volumes in substance-
using teens. In a follow-up study, our group demonstrated that
greater number of drinks per binge in the past 3 months signifi-
cantly predicted reduced bilateral white and gray matter volumes
in the cerebellum in 106 otherwise healthy teens (Lisdahl et al.,
2013; see Figure 2). Squeglia et al. (2012) examined cortical
thickness in 59 teenagers (ages 16—-19) with and without binge-
drinking history. Gender significantly moderated the effects of
recent binge drinking on PFC and cingulate cortex thickness, with
female binge drinkers demonstrating thicker cortices compared to
non-drinkers and males demonstrating cortical thinning. In the
females, thicker prefrontal cortices were associated with poorer
visuospatial, inhibition, and attentional functioning suggesting
potential disruption of healthy adolescent PFC pruning in the
binge-drinking teens.

Functional changes in brain activation have also been associated
with intermittent binge drinking in youth. Event-related potential
(ERP) studies have found abnormal signal in anterior and inferior
PFC regions to working memory and response inhibition tasks in
emerging adults with a history of at least 2 years of intermittent
binge drinking (Crego et al., 2010; Lopez-Caneda et al., 2012).
Maurage et al. (2009) reported that increases in binge drinking
during the first year of college was associated with increasing delays
in P1, N2, and P3b latency, areas underlying perceptual, atten-
tional, and executive functioning. This is consistent with Ehlers
et al. (2007) who reported smaller P300 amplitudes and latency
in adolescents and emerging adults with a binge-drinking history.
Research utilizing electroencephalography (EEG) found increased
spectral power in delta and fast-beta bands in binge-drinking
emerging adults, which is consistent with findings reported in
adults with alcohol dependence (Courtney and Polich, 2010).

In a teenage sample, Schweinsburg et al. (2010a) found that
binge drinkers had abnormal brain response during a verbal
encoding functional magnetic resonance imaging (fMRI) task.
Further, unlike the controls, the binge drinkers failed to engage the
hippocampus during novel verbal encoding. In a similar sample of
95 adolescents, Squeglia et al. (2011) reported significant gender
differences in binge-drinking effects on a spatial working mem-
ory task. Female binge drinkers had blunted activation in frontal,
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FIGURE 2 | Reduced right hemisphere cerebellar gray matter volume
(corrected for intracranial volume) associated with peak number of
alcohol drinks consumed in the past 3 months in binge drinking
(n=46) and control (n=60) adolescents (adapted from Lisdahl et al.,
2013).
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FIGURE 3 | Significant fMRI clusters predicted by the interaction
between gender and binge-drinking status (N =95). Areas in blue
indicate where female binge drinkers demonstrated significantly reduced
BOLD response during the spatial working memory task compared to
female controls, while male binge drinkers demonstrated increased BOLD
response (adapted from Squeglia et al., 2011).

temporal, and cerebellar cortices compared to controls while males
demonstrated the opposite pattern (see Figure 3). Other groups
have reported blunted amygdala, striatal, and insular activity to
emotional cues and decision-making tasks in adolescent binge
drinkers compared to social drinkers (Gilman et al., 2012; Xiao
etal., 2012).
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NEUROCOGNITIVE CONSEQUENCES OF ALCOHOL USE
DISORDERS IN ADOLESCENTS

Converging lines of evidence suggest that even with substantially
shorter periods of exposure, adolescent onset of AUD is associ-
ated with neurocognitive deficits. Neuropsychological studies have
found that AUD during adolescence and emerging adulthood is
associated with poorer verbal memory (Brown et al., 2000; Han-
son et al., 2011; Thoma et al., 2011), attention (Tapert and Brown,
1999; Koskinen et al., 2011; Thoma et al., 2011), processing speed
(Thoma et al.,, 2011), visuospatial functioning (Sher et al., 1997;
Giancola et al., 1998; Tapert et al., 2002a; Hanson et al., 2011),
language (Moss et al., 1994), executive functioning (Hanson et al.,
2011; Whiteetal.,2011), and exacerbation of antisocial personality
behavior disorder symptoms (Howard et al., 2011). One longitu-
dinal study found that lower levels of impulsive behavior in early
adolescence predicted lower rates of AUD in young adulthood; fur-
thermore, they found that past year heavy drinking significantly
prospectively predicted additional increases in impulsivity in the
following year (White et al., 2011). Withdrawal symptoms seem
to be particularly sensitive predictors of cognitive deficits, includ-
ing poorer visuospatial functioning and memory retrieval (Brown
and Tapert, 1999; Brown et al., 2000; Tapert et al., 2002a; Hanson
etal,2011).

Studies utilizing high-resolution MRI have revealed structural
abnormalities in teens with AUD, including reduced hippocampal
(De Bellis et al., 2000; Nagel et al., 2005; Medina et al., 2007¢) and
PEC (De Bellis et al., 2005; Medina et al., 2008) volumes, suggest-
ing that adolescent onset of AUD can result in neuronal atrophy,
especially in brain regions underlying executive functioning and
memory. Using fMRI to assess blood flow changes during cog-
nitive tasks, Tapert et al. (2004) have shown that despite similar
behavioral performance on a spatial working memory task, ado-
lescents with AUD have increased brain response in parietal and
blunted response in occipital, PFC, and cerebellar regions. Park
et al. (2011) found reduced fMRI activation in bilateral frontal
and precentral, left superior temporal and parietal cortices, and
left cerebellar cortex and increased right uncus activation during a
verbal working memory task in teenage males with AUD compared
to healthy controls. These results indicate that the adolescent brain
may be able to partially compensate for alcohol-induced neuronal
insult by relying on other areas to successfully complete the task.

Gender differences in AUD effects have also been reported.
Caldwell et al. (2005) found that, after controlling for average BAC,
females with AUD demonstrated reduced PFC response compared
to gender-matched controls, while the males showed the oppo-
site pattern. Overall, females demonstrated more alcohol-related
abnormalities in the PFC compared to males, which was consis-
tent with our structural findings (Medina et al., 2008). Further,
young adult women with AUD who underwent a similar fMRI
spatial working memory task demonstrated overall blunted brain
activation along with poorer behavioral performance (Tapert
et al.,, 2001). In conclusion, emerging adult females with AUD
may no longer be able to compensate as effectively as adoles-
cents, demonstrating additional performance decrements with
continued alcohol use into early adulthood.

Taken together, these studies suggest that both intermittent
binge drinking and the development of AUD can result in

significant cognitive, structural, and functional brain changes in
both male and female adolescents and emerging adults. Given the
fact that approximately 40% of college students engage in binge
drinking, this is a major concern. Combined with other alcohol-
related consequences (e.g., hangover, poor sleep, emotional stress,
legal issues, relationship conflict), these cognitive problems may
reduce performance in the classroom. Indeed, studies have found
that problematic binge drinking has been predictive of a poorer
end-of-semester grade point average (Read et al., 2007).

IMPACT OF ADOLESCENT VS. ADULT AGE OF MARIJUANA
USE ONSET ON NEUROCOGNITION

Similar to alcohol findings, preclinical studies have found
increased cellular changes associated with THC (delta-9-
tetrahydrocannabinol; i.e., one of the major psychoactive com-
pounds in MJ) exposure during adolescence compared to adult-
hood (e.g., Schneider and Koch, 2003; O’Shea et al., 2004; Cha
et al., 2006; Quinn et al., 2008; Rubino et al., 2008). Thus far,
human findings suggest that earlier MJ use onset (MUO), typi-
cally defined as use starting before 16—18 years old, is associated
with more severe cognitive consequences. Converging lines of evi-
dence suggest that regular use of MJ starting before 18 is associated
with increased deficits in poorer attention (Ehrenreich et al., 1999),
visual search (Huestegge et al., 2002), reduced overall or verbal IQ
(Pope et al., 2003; Meier et al., 2012), and executive functioning
(Fontesetal.,2011; Solowij etal.,2012). In a thorough study target-
ing executive functioning, Fontes et al. (2011) compared teenage
(n=49) to adult (n = 55) MUO matched for IQ, years of daily use,
current MJ use, lifetime consumption, and length of abstinence.
They found that early onset MJ users had significantly poorer sus-
tained attention, cognitive inhibition, and abstract reasoning (see
Figure 4).
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FIGURE 4 | Deficits in mean total Frontal Assessment Battery (FAB)
total score in early adolescent MJ use onset (EO, n =49), late adult
onset (LO, n=55), and control groups (DFC, n=44) (scores are in a
T-score metric; mean =50, SD = 10 with lower scores indicating
impairment; adapted from Fontes et al., 2011).
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Perhaps the most notable study to date on this topic exam-
ined the impact of regular MJ use on IQ and neuropsychological
functioning in a longitudinal sample of 1,037 individuals fol-
lowed from birth to age 38 (Meier et al., 2012). After matching
for total number of MJ dependence symptoms, the adolescent
MUO demonstrated the most robust change in IQ, who as a
group demonstrated a drop from childhood “average” to adult
“low-average” full-scale IQ. Indeed, the adolescent MUO individ-
uals never achieved their predicted trajectory in IQ, even with
sustained abstinence in adulthood.

Increased structural and functional brain changes associ-
ated with adolescent MUO have also been reported. In one of
the earliest studies, Wilson et al. (2000) found reduced over-
all cortical gray matter and increased white matter volumes in
participants with adolescent MUO compared to later onset of
use. Lopez-Larson et al. (2011) found significant correlations
between earlier MUO and decreased right superior PFC corti-
cal thickness in 18 current M]J users. Adolescent onset MJ use
has also been linked with increased PFC white matter diffusivity
and increased impulsivity compared to later onset in a sample
of well-matched MJ users (Gruber et al., 2011; see Figure 5).
Functional MRI studies have reported abnormal brain activa-
tion abnormalities in early vs. late MUO in PFC and parietal
regions (Becker et al., 2010a; Jager et al., 2010; Gruber et al,,
2012), although one study did not report age of onset effects on
a verbal encoding task (Becker et al., 2010b). [See Figure 6 to
examine PFC activation differences between adolescent and adult
MUO groups on an inhibitory control fMRI task (Gruber et al.,
2012)].

In summary, the brain appears to be particularly vulnerable
to adolescent MJ exposure. The PFC continues to mature into
early adulthood and may be particularly sensitive to adolescent
MJ exposure, as early MUO samples have demonstrated executive
dysfunction (Fontes et al., 2011; Gruber et al., 2011; Solowij et al.,
2012), structural damage (Churchwell et al., 2010; Gruber et al,,
2011; Lopez-Larson et al., 2011), and abnormal brain activation
(Jager et al., 2010; Gruber et al., 2012) in the PFC.
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FIGURE 5 | Bivariate relationship between younger age of regular
marijuana (MJ) use onset (range 11-20 years of age) and decreased
white matter integrity (reduced FA measured by diffusion tensor
imaging) in 15 MJ users in the left frontal region of interest (adapted
from Gruber et al., 2011).

HEAVY MARIJUANA USE AND NEUROCOGNITION IN
ADOLESCENTS AND EMERGING ADULTS

Consistent with the age of onset data, converging lines of evi-
dence is building to suggest that chronic MJ during the teenage
years is associated with neurocognitive deficits. For example, in
a longitudinal study following adolescents with SUD over time,
Tapert et al. (2002b) found that greater cumulative MJ use over
an 8-year follow-up period was associated with poorer attention
functioning. Tait et al. (2011) found that after controlling for
potentially confounding variables, continued MJ use over an 8-
year period was associated with decrements in verbal memory.
Other studies conducted in adolescents with minimal psychi-
atric comorbidities have suggested cognitive deficits associated
with regular adolescent MJ use, including processing speed (Fried
et al., 2005; Medina et al., 2007a; Lisdahl and Price, 2012), com-
plex attention (Tapert et al., 2002a; Harvey et al., 2007; Medina
et al., 2007a; Hanson et al., 2010b; Mathias et al., 2011; Lisdahl
and Price, 2012), memory (Schwartz et al., 1989; Fried et al., 2005;
Harvey et al., 2007; Medina et al., 2007a; McHale and Hunt, 2008;
Hanson et al., 2010b; Solowij et al., 2011; Tait et al., 2011; Thoma
et al., 2011), executive functioning, especially cognitive disinhibi-
tion (Harvey et al., 2007; Medina et al., 2007a; McHale and Hunt,
2008; Hanson et al., 2010b; Mathias et al., 2011; Gonzalez et al.,
2012; Grant et al., 2012; Lisdahl and Price, 2012; Schuster et al.,
2012; Solowij et al., 2012), and risky sexual behavior (Schuster
et al., 2012).

We (Medina et al., 2007a) compared neuropsychological func-
tioning in a sample of demographically matched healthy controls
and M]J-using adolescents without comorbid psychiatric disorders
who underwent 28 days of monitored abstinence. After control-
ling for alcohol use, adolescent MJ users demonstrated deficits
in complex attention, verbal story learning, sequencing ability,
and slower psychomotor speed compared to controls (Medina
et al., 2007a). In a follow-up study that included 59 teens and
emerging adult MJ users and controls, we found a similar pat-
tern of cognitive deficits in the MJ users who demonstrated

MSIT fMRI contrast analyses:
Early Onset vs. Late Onset MJ smokers

Early MJ > Late MJ

Late MJ > Early MJ

FIGURE 6 | Whole brain inhibitory processing results demonstrating
significant differences between adolescent early onset (n=9) and late
adult onset (n=14) MJ users, early onset MJ users demonstrated
increased middle right cingulum and decreased anterior cingulate
BOLD response to an inhibitory processing (multisource interference
task, MSIT) fMRI task (adapted from Gruber et al., 2012).
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poorer complex attention, slower psychomotor speed, and reduced
inhibitory control (Lisdahl and Price, 2012; see Figure 7).

Increasingly, studies utilizing neuroimaging methods to assess
brain structure have reported consequences of chronic MJ use in
adolescents. Our group has examined brain volumes in a sub-
sample of adolescent MJ users without comorbid psychiatric,
developmental, or neurologic conditions (ages 16—19) and healthy
controls. Thus far, we found that adolescent MJ users (who also had
heavy alcohol use) did not significantly differ from healthy controls
in their hippocampal volumes, although correlations between
hippocampal volumes and verbal memory were abnormal com-
pared to the controls (Medina et al., 2007c). In 16 MJ users and 16
healthy controls without comorbid psychiatric disorders we found
marginal MJ group-by-gender interactions in predicting PFC vol-
ume; female M] users demonstrated comparatively larger volumes,
while male users had smaller volumes compared to same-gender
controls (Medina et al., 2009). MJ group status and total PFC
volume interacted in predicting executive functioning; among the
MJ users (especially the girls), larger PFC volumes were associ-
ated with poorer executive functioning, while the opposite pattern
was seen among the controls, suggesting that larger PFC volumes
in the MJ users was detrimental. More recently, increased poste-
rior inferior cerebellar vermis volumes in adolescent MJ users and
increased left amygdala volumes in female MJ users were observed
compared to controls, suggesting disruption in affective process-
ing circuitry (Jarvis et al., 2008; Medina et al., 2010; McQueeny
etal,2011).

Recently other groups have reported decreased cortical thick-
ness in right caudal middle frontal, bilateral insula, and bilateral
superior frontal cortices and increased cortical thickness in lin-
gual, temporal, inferior parietal, and paracentral regions (Lopez-
Larson et al., 2011), decreased right medial orbitofrontal cortex
volume (Churchwell et al., 2010), and reduced bilateral hippocam-
pal volumes (Ashtari et al., 2011) in adolescent MJ users without
comorbid psychiatric conditions compared to healthy controls.
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FIGURE 7 | Deficits in mean z-score psychomotor speed, sustained
attention, and cognitive inhibition were observed in emerging MJ
(n=23) users compared to normal controls (n = 35) following a
minimum of 1week of abstinence (adapted from Lisdahl and Price,
2012).

The above structural alterations were associated with increased
executive dysfunction (Medina et al., 2009, 2010; Churchwell et al.,
2010), mood symptoms (McQueeny et al., 2011), and verbal mem-
ory deficits (Ashtari et al., 2011). Adolescent MJ users have also
demonstrated reduced cerebral blood flow in temporal, insular,
and PFC regions after 4 weeks of monitored abstinence, which may
also underlie observed cognitive deficits (Jacobus et al., 2012).

Micro-structural and neurochemical abnormalities have also
been reported in otherwise healthy adolescent MJ users. Recent
use of magnetic resonance spectroscopy (MRS) has revealed
neurochemical alterations in adolescent MJ users, including
reduced anterior cingulate glutamate, N-acetyl aspartate, crea-
tine, and myo-inositol (Prescot et al., 2011), lower global myo-
inositol/creatine ratios in subcortical gray matter structures, and
reduced myo-inositol in white matter (Silveri et al., 2011) sug-
gesting an early neurochemical response to neuronal toxicity and
disruption of microglia activity.

Subtle white matter abnormalities have also been observed in
adolescent and emerging adult MJ users. Our group found that
increased depressive symptoms in MJ users was associated with
smaller global white matter volume (Medina et al., 2007b), sug-
gesting that MJ use during adolescence may disrupt white matter
connections between areas involved in mood regulation. Using
DTI, Bavaetal. (2009) found that MJ users had significantly poorer
white matter integrity, measured by lower fractional anisotropy
(FA) in 10 brain regions, especially in regions underlying execu-
tive functioning and working memory. Increased FA was also seen
in regions underlying vision, suggesting possible over-recruitment
of these brain regions in adolescent MJ users compared to controls.
With one exception (DeLisi et al., 2006), these results are consistent
with other studies that have demonstrated reduced white matter
integrity in adolescent and young adult MJ users who initiated
use during adolescence (Arnone et al., 2008; Ashtari et al., 2009;
Gruber et al., 2011).

There is also converging evidence of inefficient brain activation
patterns in adolescent and emerging adult MJ users compared
to healthy controls. Studies utilizing fMRI and PET with adoles-
cents have found abnormal PFC, limbic, parietal, and cerebellar
activation patterns in MJ users in response to finger tapping
(Lopez-Larson et al., 2012), attentional control (Abdullaev et al.,
2010), verbal working memory (Jacobsen et al., 2007; Jager et al.,
2010), verbal encoding (Becker et al., 2010b), spatial working
memory (Schweinsburg et al., 2008, 2010b; Smith et al., 2010),
cognitive inhibition (Tapert et al., 2007), and monetary decision-
making (Vaidya et al., 2012) tasks. For example, Jager et al. (2010)
reported that MJ-using teenage boys (ages 13—19) demonstrated
excessive activation in executive (PFC) regions during a verbal
working memory task, especially during initial encoding, com-
pared to non-using healthy controls. Consistent with this finding,
our laboratory (Tapert et al., 2007) found that after control-
ling for alcohol use, MJ users demonstrated increased executive
(right dorsolateral PFC, bilateral medial frontal), working mem-
ory (parietal), and visual (occipital) activation during inhibitory
“no-go” trials (i.e., tests of impulse control), compared to normal
controls, even though they had marginally poorer performance.
Further, teen MJ users with lighter use histories demonstrated
the greatest brain activation to both the cognitive inhibition and
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spatial working memory tasks (Tapert et al., 2007; Schweinsburg
et al., 2008), while teens with more intense use histories (earlier
onset, longer duration, increased lifetime use) had lower activa-
tion than controls. A recent functional connectivity study found
increased connectivity between PFC and occipitoparietal regions
in adolescent MJ users as cognitive control demands increased
(Harding et al., 2012). These findings suggests that during initial
M]J exposure the brain may successfully compensate by recruiting
additional neuronal resources, although this compensation may
falter with more problematic and increased MJ use patterns.

Taken together, the above studies suggest that regular MJ use
during adolescence may lead to structural changes such as abnor-
mal gray matter pruning patterns and reduced white matter myeli-
nation. These changes have been associated with poor neuronal
efficiency and poorer cognitive functioning, especially psychomo-
tor speed, executive functioning, emotional control, and learning
and memory, even after a month of monitored abstinence. Given
the high rates of MJ use in teens and emerging adults, this may
mean a large proportion of youth are experiencing cognitive dif-
ficulties that may negatively impact their performance. Indeed,
we have found increased school difficulty and reduced grades in
MJ-using teens (Medina et al., 2007a) (Table 1).

POTENTIAL LIMITATIONS OF THE EXISTING LITERATURE

It is important to note some limitations of the above research.
Although several of the above studies did control for family history
of SUD and excluded subjects with Axis I comorbid psychiatric
disorders, it is still difficult to determine whether the brain and
cognitive abnormalities may have predated the onset of adolescent
drug use. Risk factors associated with early drug experimentation
(such as poor cognitive inhibition, attention problems, conduct
disorder, and family history of SUD) are themselves related to
subtle cognitive and brain abnormalities (Aronowitz et al., 1994;
Tapert and Brown, 2000; Tapert et al., 2002a; Nigg et al., 2004;
Schweinsburg et al., 2004; Hill et al., 2007a,b; Spadoni et al., 2008;
Ridenour et al., 2009; Hanson et al., 2010a) and at least some
evidence exists suggesting preexisting brain abnormalities predate
and predict the onset of substance use (e.g., Cheetham etal., 2012).
It is notable, however, that prospective longitudinal studies have
provided evidence for additional cognitive and brain abnormali-
ties following the onset of regular alcohol or M] use that are above
and beyond premorbid differences in personality, cognition, and
brain structure (Maurage etal.,2009; White etal.,2011; Hicks et al.,
2012; Meier et al., 2012). Still, additional longitudinal research in
teenagers prior to alcohol and MJ exposure, especially in at-risk
comorbid samples, is needed to explore the influence of early drug
use on adolescent neurodevelopment.

RECOVERY OF FUNCTION WITH ABSTINENCE? A MESSAGE
OF HOPE

There is even less research available to help determine whether
sustained abstinence from alcohol and M]J results in recovery of
cognitive functions, although findings to date are hopeful. For
example, Hanson et al. (2011) reported that having greater days
of abstinence from alcohol and drugs at a 10-year follow-up
was associated with improved executive functioning, even con-
trolling for baseline executive functioning and education. In our
binge-drinking sample, increased abstinence was associated with

larger bilateral cerebellar volumes (Lisdahl et al., 2013). In adoles-
cent MJ users, short-term memory impairments mildly recovered
following 3—6 weeks of MJ abstinence (Schwartz et al., 1989; Han-
sonetal.,2010b), although another study found that adolescent MJ
users who abstained for a minimum of 3 months did not demon-
strate any cognitive deficits compared to controls (Fried et al.,
2005) and in one prospective longitudinal study individuals who
began using M]J early never returned to their predicted IQ trajec-
tory even with sustained abstinence in adulthood (Meier et al.,
2012). Few fMRI studies have examined recovery of function; in
a cross-sectional study, recent MJ users demonstrated increased
activation in brain regions underlying executive control and atten-
tion, such as the insula and PFC, compared to abstinent ex-users
(Schweinsburg et al., 2010b). This preliminary evidence suggests
that the inefficient brain response seen in teenage M]J users may
begin to normalize after several weeks of abstinence. In sum, these
results suggest there may be subtle recovery of cognitive function-
ing with increasing lengths of abstinence from MJ and alcohol.
Additional research is necessary to examine whether complete
recovery of neurocognitive functioning occurs in adolescents with
sustained abstinence, or if their neurocognitive trajectory is sub-
tly altered into adulthood. Still, these preliminary findings can be
utilized to help increase motivation for abstinence in alcohol and
MJ-using youth, as it is expected that with continued abstinence
they will experience at least minimal improvements in attention,
verbal memory, and neuronal processing speed.

CONCLUSION AND RECOMMENDATIONS
INCREASE PSYCHOEDUCATION, SCREENING, AND PERSONALIZED
FEEDBACK
Alarming numbers of adolescents and emerging adults regularly
binge drink and use MJ (Johnston et al., 2009, 2010). Animal
and human research suggests that adolescence may be a vulnera-
ble period for drug exposure due to critical neurodevelopmental
processes that peak during this period. Indeed, adolescents and
emerging adults who initiate binge drinking or use MJ regularly
tend to show inferior cognitive skills compared to teens that abstain
or use lightly or Compared to individuals who begin substance use
in adulthood. This review paper outlined several studies that sug-
gest binge drinking, AUD, and chronic MJ use during the teenage
and early adult years results in gray and white matter micro-
and macro-structural abnormalities that are oftentimes corre-
lated with cognitive deficits. Evidence is also mounting that heavy
teenage alcohol and MJ use may disrupt brain function, leading to
inefficient neuronal activation early on and diminished activation
with continued heavy use into emerging adulthood. Additional
research is needed to examine the impact of these neurocognitive
deficits on treatment outcomes in order to individualize treatment
and prevention campaigns (e.g., Feldstein Ewing et al., 2012).
These findings have significant clinical impact as even subtle
brain abnormalities and cognitive problems in teens and young
adults may lead to important psychosocial consequences. Com-
bined negative impacts of drug and alcohol-related consequences
(such as hangovers or emotional stress), sleep deprivation caused
by drug use (Cohen-Zion et al., 2009), and acute effects of being
intoxicated at school may lead to even more pronounced cognitive
problems in current alcohol and MJ-using college students. Youth
may miss information presented in class or on the job due to poorer
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Table 1 | Human studies reporting neurocognitive effects of regular alcohol and marijuana exposure in adolescents and emerging adults

(organized by cognitive, structural, or functional consequences and clustered according to functional outcomes).

Alcohol use

Teenage onset

Cognitive deficits

Brain structure Brain function abnormalities

disorder studies worse? abnormalities
Hicks et al. (2012) Yes 4 behavioral disinhibition
Lyvers et al. (2009) Yes 4 reward sensitivity;
disinhibition
Lyvers et al. (2011) Yes 4 reward sensitivity;

Brown et al. (2000)
Hanson et al. (2011)
Thoma et al. (2011)
Koskinen et al. (2011)

Tapert and Brown
(1999)

Giancola et al. (1998)
Sher et al. (1997)
Tapert et al. (2002a)
Moss et al. (1994)

White et al. (2011)

Howard et al. (2011)

De Bellis et al. (2000)
Nagel et al. (2005)
Medina et al. (2007a)

Medina et al. (2010)

De Bellis et al. (2005)
Medina et al. (2008)

Caldwell et al. (2005)

Park et al. (2011)

Tapert et al. (2004)

Tapert et al. (2001)

disinhibition

| verbal memory

| verbal memory

| processing speed
| attention

| attention

| visuospatial ability
| visuospatial ability
| visuospatial ability

| language

| executive functioning,

inhibition

4 antisocial personality
disorder symptoms

J HC volume
J left HC volume
| left HC volume

| cerebellar vermis GM
volume

J PFC volume
J PFC volume

Females: | superior frontal, temporal,
cingulate, fusiform BOLD response
during SWM task; Males opposite
pattern.

| PFC, temporal, parietal, cerebellar,
uncus fMRI BOLD during VWM task in
males

| PFC, occipital, cerebellar, 1 parietal
fMRI BOLD during SWM task

} PFC, parietal fMRI BOLD during
SWM task in females

(Continued)
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Table 1 | Continued

Binge-drinking
studies

Teenage onset
worse?

Cognitive findings Brain structure Brain function findings
findings

Hartley et al. (2004)

Parada et al. (2011)

Scaife and Duka
(2009)

Townshend and

J sustained attention, memory,
psychomotor speed

| verbal memory, working
memory, perseverative
responding

| verbal memory, SWM,
cognitive inhibition

J SWM, cognitive inhibition, rule

Duka (2005) acquisition

Lisdahl et al. (2013) | L/R cerebellar GM and WM

volumes

McQueeny et al. J white matter integrity DTI

(2009) (CC, superior longitudinal

fasciculus, corona radiate,
internal/external capsules)

Squeglia et al. (2012) Females: + PFC/cingulate

thickness; Males: |
PFC/cingulate thickness

Courtney and Polich 1 EEG spectral power in delta and fast

(2010) beta bands

Crego et al. (2010) | ERP in anterior/inferior PFC

Ehlers et al. (2007) | P300 ERP amplitude

Lépez-Caneda et al. 4 go-P3 ERP in right inferior PFC

(2012)

Maurage et al. J P1, N2, P3b ERP latency

(2009)

Gilman et al. (2012) | NAcc, amygdala fMRI BOLD during
emotional cues task after consuming
alcohol

Schweinsburg et al. | HC fMRI BOLD during verbal encoding

(2010a) task

Squeglia et al. (2011) Females: | PFC, temporal, and cerebellar
BOLD during SWM fMRI task. Males:
opposite pattern.

Xiao et al. (2012) 4 amygdala, insula fMRI BOLD during IGT
task

Marijuana Teenage onset  Cognitive findings Brain structure Brain function findings

studies worse? findings

Meier et al. (2012) Yes l1Q

Pope et al. (2003) Yes l1Q

Ehrenreich et al. Yes | attention

(1999)

(Continued)
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Table 1| Continued

Marijuana Teenage onset  Cognitive findings Brain structure Brain function findings

studies worse? findings

Huestegge et al. Yes } visual search

(2002)

Fontes et al. (2011) Yes | executive functioning

Solowij et al. (2012)  Yes | executive functioning

Churchwell et al. Yes } PFC volume

(2010)

Gruber et al. (2011) Yes 4 impulsivity 1 WM integrity in PFC

Lopez-Larson et al. Yes } superior PFC thickness

(2011)

Wilson et al. (2000)  Yes | total GM; 1 total WM

Becker et al. (2010a) Yes 1 left superior PFC fMRI BOLD during
working memory task in early onset

Becker et al. (2010b)  No 4 left parahippocampal gyrus, fMRI BOLD
during learning task in all MJ users

Gruber et al. (2012) Yes | anterior cingulate fMRI BOLD during
inhibition task in early onset

Jager et al. (2010) Yes 4 PFC fMRI BOLD during novel stimuli

Fried et al. (2005)

Hanson et al. (2010b)

Harvey et al. (2007)

Lisdahl and Price
(2012)

Medina et al. (2007a)

Mathias et al. (2011)

Tapert et al. (2002a)

McHale and Hunt
(2008)

Schwartz et al.
(1989)

Solowij et al. (2011)

J processing speed verbal
memory

J complex attention, verbal
memory

J complex attention, verbal
memory; executive functioning

J complex attention processing
speed, sequencing ability,
cognitive inhibition

J complex attention processing
speed, verbal memory,
sequencing ability

J complex attention, executive
functioning

J complex attention

} verbal memory, executive
functioning

J verbal memory

J verbal memory; executive
functioning

presentation in working memory task in
early onset

(Continued)
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Table 1 | Continued

Marijuana Teenage onset  Cognitive findings

studies worse?

Brain structure
findings

Brain function findings

Tait et al. (2011) J verbal memory

Thoma et al. (2011) | verbal memory

Gonzalez et al. (2012) | executive functioning

Grant et al. (2012) | executive functioning

Schuster et al. (2012) | executive functioning; 4 risky

sexual behavior

McQueeny et al.
(2011)

4 depressive symptoms

Medina et al. (2007b) 4 depressive symptoms
Jarvis et al. (2008)
Ashtari et al. (2011) J verbal memory
Medina et al. (2007b)

Churchwell et al.
(2010)

| executive functioning

Lopez-Larson et al.
(2011)

Medina et al. (2010) | executive functioning

Medina et al. (2009)

| executive functioning

Arnone et al. (2008)

Ashtari et al. (2009)

Bava et al. (2009)

Delisi et al. (2006)

Prescot et al. (2011)

Silveri et al. (2011)

Abdullaev et al.
(2010)

Females: 1 left amygdala

J global WM

4 amygdala volume
J HC volume

4 left HC volume

J right medial orbitofrontal
cortex volume

} right caudal, middle frontal,
inula, superior frontal
thickness; 1 lingual, temporal,
inferior parietal, paracentral
thickness

41 inferior cerebellar vermis
volume

Females: 1 inferior PFC
volume

J WM integrity (corpus
collosum)

J WM integrity (arcuate
fasciculus)

J white matter integrity in 10
regions (especially PFC,
parietal cortex); 1+ WM
integrity in occipital cortex

No WM differences detected

J} ACC glutamate, N-acetyl
aspartate, creatine,
myo-inositol

J subcortical GM
myo-inositol/creatine; WM
myo-inositol

4 PFC fMRI BOLD during attentional
control task

(Continued)
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Table 1| Continued

Marijuana Teenage onset  Cognitive findings

studies worse?

Brain structure
findings

Brain function findings

Harding et al. (2012)

Jacobsen et al.
(2007)

Jacobus et al. (2012)

Jager et al. (2010)

Lopez-Larson et al.

(2012)

Schweinsburg et al.
(2008)

Schweinsburg et al.

(2010b)

Smith et al. (2010)

Tapert et al. (2007)

Vaidya et al. (2012)

4 PFC and occipitoparietal connectivity as
task demands increase

J PFC, parietal connectivity during verbal
working memory task while undergoing
nicotine withdrawal

|} cerebral blood flow in temporal lobe,
insula, and PFC

4 PFC fMRI BOLD during verbal encoding
task in males

J cingulate gyrus, cerebellar fMRI BOLD
during finger tapping task

| PFC, occipital, 1 parietal fMRI BOLD
during SWM task

4 PFC, insula, | precentral fMRI BOLD
during SWM task in recent MJ users vs.
abstinent users

4 inferior, middle PFC fMRI BOLD during
SWM task

4 PFC, parietal, occipital fMRI BOLD
during inhibitory processing task

4 ventral medial PFC, cerebellar PET rCBF
during IGT task

Teenage onset worse?= "yes” — analysis revealed that teenage age of onset (<16, 17 or 18 years of age) was associated with significantly poorer neurocognitive
outcome; if “no” — onset was not associated with outcome, if left blank — age of onset analysis was not conducted in this study. GM, gray matter; WM, white matter;
PFC, prefrontal cortex; HC, hippocampus,; SWM, spatial working memory; VWM, verbal working memory; IGT lowa Gambling task.

processing speed, initial learning, complex attention, and working
memory. Indeed, researchers have found that substance-induced
cognitive disadvantage may lead to lower than expected school
performance, increased school problems, risky decision-making,
and poorer emotional regulation (Lynskey and Hall, 2000; Medina
et al., 2007a; Kloos et al., 2009).

It is critical to disseminate these findings to high school and col-
lege students, young military enlistees, therapists, teachers, child
psychiatrists, pediatricians, and parents to help minimize regular
alcohol and MJ consumption in youth. Fortunately, high-quality
psychoeducation materials regarding the effects of alcohol and
drugs on the brain, including pamphlets designed for teens and
young adults, are available at no cost through the National Insti-
tute on Drug Abuse', the National Institute on Alcohol Abuse and
Alcoholism?, teen-centered sites like the www.thecoolspot.gov and
www.drugfreeamerica.org, and university websites such as Teen
Safe3, which has an excellent parent resource center. Still, we may
improve outcomes by providing more personalized feedback about

1
2
3

www.nida.nih.gov
www.niaaa.nih.gov
www.Teen-Safe.org

drugs and alcohol health effects (see Larimer and Cronce, 2007).
To date, however, no systematic individualized feedback programs
have integrated information regarding the effects of drugs on neu-
rocognition. At this time, more global feedback focused on group,
or normative, performance results could be integrated. For exam-
ple, adolescents who engage in heavy drinking could be told that,
“Teens who drank more than nine alcohol drinks in one occa-
sion had 1.8 cubic centimeters less cerebellar brain volume than
teens who drank three or fewer drinks when drinking, on average.
The cerebellum is important for coordination and thinking skills”
(Lisdahl et al., 2013). Youth who engage in weekly MJ use could
be told “even with similar verbal intelligence and reading ability,
MJ users scored more than half a standard deviation lower on an
executive functioning task, achieved a half-point lower GPA, and
were more likely to demonstrate behavioral problems in school (26
vs. 0%) compared to peers who did not regularly use MJ” (Med-
ina et al., 2007a). This normative feedback could be developed
further and disseminated more globally by services aimed at health
education and drug prevention in youth. One potential opportu-
nity is to integrate this information more thoroughly into existing
computerized programs such as CRAFFT screening tool (Knight
et al., 2002), which asks six questions and reveals a teen’s risk for
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problematic, abusive, or dependent use patterns*. After retrieving
your score, the computerized program provides potential impact
of your use on health, including brain function. After taking the
screening tool, physicians and therapists could then utilize brief
motivational interviewing to help educate youth further about the
negative effects of alcohol and MJ use on the brain. Taken fur-
ther, therapists could order neuropsychological testing and give
truly individualized feedback regarding the student’s cognitive
functioning.

DEVELOP INTERVENTIONS TO IMPROVE NEUROCOGNITION: EXERCISE?
Treatments that may reverse substance-induced neurocognitive
damage in youth are needed. Some potential candidates include
cognitive rehabilitation (see Macher and Earleywine, 2012) or
exercise. In animals, physical activity has been linked to decreased
inflammatory response and oxidative stress at moderate levels
(Radak et al., 2007; Sim et al., 2008; Sakurai et al., 2009), increased
c-FOS expression (Sim et al., 2008), and improved catecholamin-
ergic (dopamine, norepinephrine, and epinephrine) function in
brain regions including the PFC (Heyes et al., 1985; Elam et al.,
1987; Chaouloff, 1989; Dunn and Dishman, 1991; Dunn et al.,
1996; Waters et al., 2005). Several human studies have concluded
that activity and cardiorespiratory fitness have positive effects on
brain health and neuronal plasticity, although the vast majority
of the studies have been conducted in older adults (Brisswalter
et al., 2002; Cotman and Berchtold, 2002; Colcombe and Kramer,
2003; Colcombe et al., 2004, 2006; Heyn et al., 2004; Kramer and
Erickson, 2007; Boecker et al., 2008; Hillman et al., 2008; Ma, 2008;
Ploughman, 2008; Coelho et al., 2013). Given ongoing neurode-
velopment and fewer comorbid problems like vascular disease in
youth, these findings may not directly generalize to teens.
Although research has shown that physical activity is asso-
ciated with improved mood, decreased drug use, and increased
grade point in adolescents (Winnail et al., 1995; Field et al., 2001;
Audrain-McGovern et al., 2006), very few studies have directly
examined the neurocognitive benefits of physical activity in ado-
lescents. In meta-analyses (Etnier et al., 1997; Sibley and Etnier,
2003), low to large (0.24-0.77) effect sizes for the impact of activ-
ity on perceptual skills, academic achievement, and verbal tests
in adolescents have been reported; however, higher-order execu-
tive functioning or brain structure were not measured. Research
examining the impact of acute effects of exercise or improved
fitness in healthy emerging adults have found superior executive
control (Dustman et al., 1990; Hillman et al., 2003; Themanson

*http://www.ceasar.org/teens/test.php
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animal models.

Drug addiction involves the compulsive use of drugs despite
adverse consequences (Torregrossa and Taylor, 2012). It imposes
significant burdens on the individual drug user, their families, and
communities. The successful treatment of drug users not only
improves the health and well being of the user, but brings signifi-
cant economic benefit to the broader community via reductions in
criminal activity as well as reductions in health services utilization
(McCollister and French, 2003). However, the fundamental prob-
lem with existing treatments for drug addiction is that they are
ineffective at promoting long-term abstinence. The vast majority
of drug users will relapse to drug use in the first year follow-
ing treatment or abstinence (Hunt et al., 1971; Heinz et al., 2008).
Relapse is elicited by a number of factors such as stress and negative
affect (Shiffman and Waters, 2004), and exposure to drug-related
places, people, and cues (Drummond et al., 1995). Unsurprisingly,
many treatments have attempted to reduce the power of these
factors over drug taking by implementing cue-exposure proto-
cols (Heather and Bradley, 1990; Hammersley, 1992). Typically
these treatments involve the non-reinforced exposure to drug-
related stimuli and the drugs themselves. For example, the smoker
may be exposed to the sight and smell of a burning cigarette, the
heroin user to the sight and feel of a loaded syringe and tourni-
quet. Yet, although these treatments can be successful in reducing
responding elicited by such stimuli in the short-term, they yield
at best extremely modest long-term efficacy (Conklin and Tiffany,
2002).

In animal models of drug taking, extinction training also pro-
duces short-term decrements in drug seeking without long-term
protection from reinstatement. Rats, for example, readily learn to
self-administer a variety of drugs abused by humans. Drug seek-
ing behavior can be extinguished when the contingency between
drug seeking and delivery of the drug reward is broken. How-
ever, drug seeking is not permanently lost following extinction.
Drug seeking can be reinstated under a number of conditions

drug seeking. Preceding extinction training with a brief retrieval or reminder trial, retrieval —
extinction training, has been shown to reduce reinstatement of extinguished drug seeking
in animal models and also to produce profound and long lasting decrements in cue-induced
craving in human heroin users. However, the mechanisms that mediate these effects
of retrieval — extinction training are unclear. Moreover, under some circumstances, the
retrieval — extinction procedure can significantly increase vulnerability to reinstatement in

Keywords: addiction, reinstatement, relapse, reconsolidation, memory, extinction

including following presentations of a drug prime (De Wit and
Stewart, 1981), a drug associated stimulus (Davis and Smith, 1976;
De Wit and Stewart, 1981), or by a return to the training context
when extinction training occurs in a different context (Crombag
and Shaham, 2002). In each of these experiments, extinction was
achieved by omitting the drug reinforcer as well as any drug asso-
ciated stimuli. The finding that responding which has been lost
via extinction training can be recovered or restored under these
different conditions has been interpreted to mean that extinction
training does not erase or over write the original drug seeking
memory. Rather, extinction training is believed to result in forma-
tion of a new memory. This extinction memory competes with
the drug seeking memory for expression and for control over
motivation and behavior. Specifically, the extinction memory is
context-dependent, so that extinction is retrieved, and drug seek-
ing inhibited, only under conditions similar (e.g., context, time)
to extinction training (Bouton, 2000).

Due to the apparent failure of standard extinction training
to yield long-term behavioral change in humans and other ani-
mals, a growing body of literature has begun to focus on the
processes of consolidation and reconsolidation of memories in
order to promote a permanent change in the original memory
and hence a permanent change in behavior. Reconsolidation refers
to the process by which a retrieved memory enters into a labile
state that requires de novo protein synthesis to be “reconsoli-
dated” back into a stable long-term memory. During this labile
or active state, that may last as long as 6h (Nader et al., 2000),
the memory is unstable and may be altered, for example to incor-
porate new information and/or alter its original contents. It is
possible to disrupt the memory during this state with pharma-
cological agents that interfere with the protein synthesis or other
cell biological processes required for reconsolidation. For example,
pharmacological manipulations may inhibit the reconsolidation of
a drug stimulus memory and thereby prevent that stimulus from
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controlling behavior on later presentations (Lee et al., 2006; Mil-
ton et al., 2008). While this approach has provided insights into
the molecular mechanisms that underlie memory reconsolidation,
there are a number of limitations with translating this approach
to a human clinical population. Most importantly, many of these
compounds are toxic or have not been approved for human clin-
ical use. Recently, however, a new non-pharmacological approach
has been developed that appears to circumvent many of these
limitations to human application.

RETRIEVAL — EXTINCTION PROCEDURES

The first evidence for a non-pharmacological disruption of recon-
solidation, a “memory retrieval-extinction” procedure, was pro-
vided in an animal model of fear, in which a single reactivation
trial provided prior to an extinction session prevented later recov-
ery of this fear memory (Monfils et al., 2009). Rats were trained
to fear a tone conditioned stimulus (CS) via pairings with a
shock unconditioned stimulus (US). The following day the ani-
mals were presented with a brief (one tone CS) “reminder” cue
followed 10 min, 1, 6, or 24h later by extinction training that
involved a further 18 CS alone presentations; 24 h later the ani-
mals were tested for long-term memory and following this for
either a renewal or spontaneous recovery test. Rats in both groups
showed normal loss of fear during extinction training. Rats that
received standard extinction training also showed the normal rein-
statement of fear via tests of renewal and spontaneous recovery.
The rats that received the retrieval 4 extinction training did not
show any recovery of fear. This retrieval — extinction training pre-
vented the recovery of fear in this model. Retrieval — extinction
training also produces relatively permanent fear loss in humans.
In normal human subjects, Schiller et al. (2010) reported that a
retrieval-extinction procedure rendered experimentally acquired
fear resistant to reinstatement and spontaneous recovery. While
these findings provide some evidence that the behavioral dis-
ruption of reconsolidation may reduce recovery of extinguished
fear, it is important to note that there have been some successes
(Clem and Huganir, 2010; Rao-Ruiz et al., 2011) and some failures
(Chan et al., 2010; Costanzi et al., 2011; Soeter and Kindt, 2011)
in replicating these findings.

Recently, Xue et al. (2012) adapted this retrieval — extinction
protocol to study its effect on drug seeking in both non-human
and human populations. For example, Xue et al., trained rats to
self-administer intravenous heroin for 3 h/day for 10 days. The rats
readily learned to do so. Then, during extinction, a normal extinc-
tion group received 14 daily 195 min extinction sessions whereby
responses no longer yielded the drug reward. A Retrieval — extinc-
tion group also received 14 daily sessions but these were divided
into a 15-min retrieval session followed 10 min later by a longer
180 min extinction session. In both these daily sessions, respond-
ing was not reinforced. Both groups showed the normal decline in
heroin seeking across the course of extinction training. Later when
tested for heroin priming reinstatement, the normal extinction
group showed robust reinstatement whereas the retrieval — extinc-
tion group did not. Xue et al., were able to report similar effects for
the cocaine primed reinstatement of cocaine seeking and sponta-
neous recovery as well as context-induced reinstatement of cocaine
seeking. The effectiveness of the retrieval-extinction procedure in

preventing reinstatement has also been shown in an animal model
of alcohol seeking. Millan et al. (2013) trained rats to respond for
alcoholic beer. They then extinguished this responding. Whereas
rats subjected to normal daily 1 h extinction training sessions later
showed a robust context-induced reinstatement of alcohol seek-
ing, rats that had received a 10-min retrieval session prior to a
50-min extinction session did not.

Remarkably, Xue et al. (2012) were able to extend these findings
to cue-exposure treatments of heroin addicts in an inpatient treat-
ment setting. On Day 1, participants rated craving levels following
exposure to a 5-min video consisting of heroin cues. On Days 2 and
3, the participants were exposed to a 5-min video of heroin cues
followed by extinction of these cues 10 min or 6 h later. Blood pres-
sure and heart rate were monitored before and after cue-exposure.
In this experiment, normal extinction training (i.e., neutral video
followed by heroin cue extinction) produced no significant reduc-
tion in cue-induced craving or blood pressure changes. In contrast,
the retrieval 4 extinction group (heroin video followed by heroin
cue extinction) showed significant reductions in cue-elicited crav-
ing and blood pressure changes. These reductions were also long
lasting, persisting up to 6 months following the brief 2 day extinc-
tion protocol. It remains to be determined whether the protec-
tive effects of this retrieval — extinction manipulation generalize
beyond the treatment setting.

NOT MEMORY ERASURE AND NOT ALWAYS PROTECTIVE
The effects of the retrieval-extinction procedure on extinction
of drug seeking have been interpreted as a behavioral disrup-
tion of the reconsolidation process (Monfils et al., 2009; Schiller
and Phelps, 2011; Milton and Everitt, 2012). This is based on the
assumption that standard extinction training yields new memory
formation that competes with rather than replaces the origi-
nal memory (Bouton, 1994). When extinction occurs following
a retrieval trial, the original memory is assumed to be desta-
bilized and labile allowing the extinction training to directly
modify the original memory (Monfils et al., 2009; Torregrossa
and Taylor, 2012). According to this interpretation, retrieval-
extinction training leads to a change in the original memory
that prevents the original memory from supporting reinstate-
ment of drug seeking. Leaving aside the difficulties with mak-
ing inferences based on the absence of responding (Lattal and
Wood, 2013), reconsolidation theory yields two clear predictions
about the process and mechanism underlying retrieval-extinction
manipulations.

First, a key prediction of reconsolidation theory is that for
the retrieval — extinction procedure to be successful, extinction
training must occur inside the “reconsolidation window” (Mon-
fils et al., 2009). The reconsolidation window is the hypothetical
period of time after memory retrieval during which the mem-
ory is destabilized and yet to be reconsolidated. It is this period
of destabilization that is purported to enable extinction training
to directly modify the original training memory. The evidence
in support of this comes from experiments that have shown that
extinction training conducted outside the reconsolidation window
is ineffective at preventing later reinstatement. For example, Xue
etal. (2012) reported that if retrieval preceded extinction training
by 6 hin either humans or rats, then it was ineffective at preventing
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reinstatement. Thus, according to reconsolidation theory, the brief
retrieval session must occur prior to extinction in order to dis-
rupt the reconsolidation process. Millan et al. (2013) tested this
possibility. Rats were trained to respond for alcoholic beer in daily
1 h sessions. Then responding was extinguished in daily sessions.
For the control group, extinction consisted of daily 1h sessions.
For the retrieval — extinction group, extinction consisted of daily
50 min sessions followed 70 min later by a 10-min retrieval session.
Recall that Millan et al. (2013) showed previously that the daily
10 min then 50 min sessions (i.e., retrieval + extinction training)
yielded a resistance to reinstatement. In this experiment, a reversed
extinction + retrieval manipulation likewise yielded a resistance
to reinstatement of alcoholic beer seeking. This finding is oppo-
site to that predicted by reconsolidation theory. Reconsolidation
theory predicts that the retrieval trial must occur before extinc-
tion training in order to reactivate the original memory and allow
the new extinction learning to be incorporated prior to recon-
solidation (Tronson and Taylor, 2007; Nader and Hardt, 2009;
Schiller and Phelps, 2011). It is not possible within this theory for
aretrieval trial to act retrospectively on encoding of the extinction
memory.

A second key prediction of reconsolidation theory is that the
disruption of reconsolidation should be protective. The retrieval —
extinction procedure, by directly targeting the original drug taking
memories, removes, or severely weakens the basis for reinstate-
ment and so should always protect against reinstatement in ani-
mal models and relapse in humans. According to the theory,
this manipulation is not only protective but in fact, because it
is held to directly alter the original drug seeking memory, it
returns the animals to a state similar to that of a naive ani-
mal. The available evidence is partly consistent with this. The
retrieval — extinction procedure is effective in reducing or abol-
ishing reinstatement across a variety of forms of reinstatement
in animal models including spontaneous recovery, drug prim-
ing reinstatement, and context-induced reinstatement. However,
these forms of reinstatement fail to adequately model a key fea-
ture of relapse to drug taking in humans. Such relapse involves
drug seeking behavior that yields a drug reward. In the animal
models of reinstatement, the drug reward is not available on test.
Millan et al. (2013) examined whether the retrieval-extinction
procedure would likewise protect animals against reinstatement
when the drug reward was contingently available on test. In
this experiment rats were trained to respond for alcoholic beer.
This responding was then extinguished. For the normal extinc-
tion group, extinction training consisted of daily 1h extinction
sessions. For the retrieval — extinction group, extinction train-
ing consisted of daily 10 min then 50 min extinction sessions
separated by 70 min. Both groups were then tested under a pro-
gressive ratio (PR) schedule of reinforcement. The PR test is a
widely used measure of the motivation to respond for and con-
sume drug rewards. Importantly, Millan et al. (2013) included a
third group on test that had never been trained or extinguished
before. This naive group allowed assessment of the possibility that
the retrieval — extinction manipulation rendered animals simi-
lar to drug naive animals. The PR tests showed that both the
normal extinction and retrieval — extinction groups were more
motivated to respond for the drug reward than the naive group.

Hence, retrieval — extinction training did not return animals to
a state similar to a naive animal. Moreover, these tests showed
that the retrieval — extinction manipulation significantly increased
the motivation of animals to respond for and consume the drug
relative to standard extinction training. These testing conditions
model a key feature of relapse to human drug taking. This finding
is theoretically interesting because it suggests boundary condi-
tions on the effectiveness of retrieval — extinction training in
protecting from reinstatement and it helps identify the precise
mechanism of this training. It is practically significant because it
may suggest caution in the application of the retrieval — extinc-
tion procedure to clinical settings. At minimum, it draws attention
within the neuroscience field to the well known clinical possibility
that the factors promoting or hindering a lapse may be different
to those promoting or hindering relapse to drug taking (Marlatt
et al., 1988). These findings were similar to those reported by Ma
et al. (2011), where reinstatement of a previously extinguished
CPP was augmented in a test 4 weeks after retrieval — extinction
training. Taken together, these results suggest that the retrieval-
extinction procedure is not always protective against reinstatement
and, under some conditions, may actually increase vulnerability to
reinstatement.

BEYOND RECONSOLIDATION: UNDERSTANDING HOW
MODIFIED EXTINCTION TRAINING PROTOCOLS YIELD LONG
LASTING BEHAVIOR CHANGE

Given the profound health, medical, and economic impact of
drug use, there is a clear need for new approaches that effectively
undermine the persistent propensity of drug users to relapse to
drug taking after a period of abstinence and/or extinction. Under
some circumstances, retrieval — extinction procedures can produce
longer lasting behavioral change than a standard extinction pro-
cedure. This extends across a variety of drug reinforcers (heroin,
cocaine, alcohol) and different self-administration procedures.
Importantly, the protective effects of this retrieval-extinction pro-
cedure extend to studies of cravings in human drug users. This
generalizability across drug classes and species, as well the pro-
cedural simplicity of the retrieval — extinction training, marks
the retrieval-extinction procedure as an exciting and promis-
ing technique for experimental investigation and therapeutic
intervention.

However, at the same time, this technique is poorly under-
stood. The findings reviewed here question both the cause
and the consequences of the retrieval — extinction proto-
col. The finding that a reversed extinction — retrieval manip-
ulation is effective at attenuating some forms of reinstate-
ment is inconsistent with the possibility that this is a behav-
ioral disruption of reconsolidation. The finding that retrieval-
extinction may increase vulnerability to reinstatement when test-
ing conditions involves contingent presentations of the rein-
forcer shows that the retrieval — extinction procedure is not
always protective. It is possible that this procedure deepens
the learning that normally happens during extinction. Consis-
tent with this is the finding that retrieval — extinction train-
ing potentiated extinction-induced changes in PKM{g expres-
sion in the amygdala and prefrontal cortex (Xue et al., 2012)
and deepened extinction learning can augment resistance to
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reinstatement (Janak and Corbit, 2011). However, a deepened
extinction explanation has difficulty explaining the augmented
responding during tests of reacquisition. It is important that
the mechanisms for retrieval-extinction training be further
investigated. This procedure has great promise as a therapeutic
intervention that significantly reduces relapse in drug dependent
clinical populations. However, it is clear that the retrieval — extinc-
tion procedure is more complicated than previously thought
and it may, under some conditions, actually promote relapse.
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Theories of drug addiction that incorporate various concepts from the fields of learning
and memory have led to the idea that classical and operant conditioning principles under
lie the compulsiveness of addictive behaviors. Relapse often results from exposure to
drug-associated cues, and the ability to extinguish these conditioned behaviors through
inhibitory learning could serve as a potential therapeutic approach for those who suffer from
addiction. This review will examine the evidence that extinction learning alters neuronal
plasticity in specific brain regions and pathways. In particular, subregions of the prefrontal
cortex (PFC) and their projections to other brain regions have been shown to differentially
modulate drug-seeking and extinction behavior. Additionally, there is a growing body of
research demonstrating that manipulation of neuronal plasticity can alter extinction learn-
ing. Therefore, the ability to alter plasticity within areas of the PFC through pharmacological
manipulation could facilitate the acquisition of extinction and provide a novel intervention

to aid in the extinction of drug-related memories.

Keywords: extinction learning, prelimbic, infralimbic, prefrontal cortex, addiction

Once believed to result from an immoral personality or lack of
will power, it is now clear that drug addiction is a disease of the
nervous system that involves uncontrollable drug intake and com-
pulsive drug-seeking behavior. As such, addiction is characterized
by periods of repeated drug use followed by unsuccessful attempts
to maintain abstinence. As a chronic relapsing disorder, addiction
is associated with numerous brain changes that include signaling
pathways, neurotransmitters, and cell mechanisms that overlap
with those that mediate normal learning and memory processes.
Thus, there have been numerous theories that incorporate mech-
anisms of learning and memory as a basis for drug addiction
(O’Brien et al., 1992; Di Chiara, 1999; Volkow et al., 2002; Kel-
ley, 2004; Wise, 2004; Hyman, 2005; Weiss, 2005). These theories
suggest that through basic conditioning principles, certain behav-
iors and drug-environment associations become “overlearned”
and thus contribute to the compulsive behavior of addicts.

In classical Pavlovian conditioning, also referred to as stimulus-
outcome conditioning, the presentation of a conditioned stimulus
(CS) paired with presentation of an unconditioned stimulus (US)
after repeated pairings comes to elicit a conditional response (CR).
In a drug context, the repeated pairing of the CS (e.g., envi-
ronmental cues) with the reinforcing properties of a drug (US)
results in the ability of the CS alone to elicit drug-seeking behav-
iors. Conversely, instrumental conditioning, also referred to as
response-outcome conditioning, involves learning through con-
sequences (either positive or negative) that are contingent upon
a particular behavior. In a drug context, behaviors that lead to
the reinforcing effects of a drug are more likely to be repeated in
the future. It is believed that drug-taking behaviors become com-
pulsive and automatic (instrumental conditioning) with repeated
drug exposure, and the associations between drugs and specific

environmental cues and context become overly salient (classi-
cal conditioning). Conditioning processes also play a role in the
influence of environments that predict drug availability to induce
craving and promote relapse (Childress et al., 1988, 1999; Kalivas
and Volkow, 2005).

The ability to suppress drug-seeking behaviors that are heavily
influenced by drug memories is a logical therapeutic approach in
the prevention of relapse. Extinction is the gradual reduction of a
CR when the CS is no longer paired with the US. Functionally, it is
observed as a decrease in responding from higher levels observed
prior to extinction to lower levels following extinction training.
Theoretically, this type of inhibitory training could reduce the
occurrence of behaviors that are trademarks of addiction includ-
ing drug-seeking and relapse. However, current implementations
of extinction-based techniques, such as exposure therapy, have a
poor record of efficacy (Childress et al., 1993; Conklin and Tiffany,
2002a,b). Therefore, there is a need to better understand the neural
mechanisms that underlie extinction learning and develop thera-
peutic interventions that increase the success rates of cue exposure
therapies. This could lead to treatments involving a combination
of behavioral training and pharmacological interventions that cre-
ate a more robust and persistent decrease in cue-induced affective
responses to drug memories (Davis et al., 2006). A substantial
amount of research has focused on the neurobiological processes
that underlie the extinction of conditioned fear and non-drug
reinforcers (e.g., food). While the majority of previous work has
focused on understanding the mechanisms involved in fear/non-
drug extinction, there is an increasing interest in understanding
how these principles apply to addiction related behaviors. Results
from the fear and non-drug extinction field have greatly informed
and helped guide studies in addiction. Therefore, while the focus of
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this review is on the extinction of drug-seeking behavior, observa-
tions from the fear/non-drug extinction field will be incorporated
where appropriate.

WHAT IS EXTINCTION LEARNING?

At first glance, the phenomenon of extinction may appear to sim-
ply represent a process that involves the unlearning, forgetting,
and/or erasure of a previously formed memory (Rescorla and Wag-
ner, 1972). However, a large body of evidence gained over the past
several decades provides strong support for the idea originally
suggested by Pavlov (1927) that extinction is “new” and “active”
learning and is not simply the “unlearning” or erasure of previously
formed associations. Many of these studies have been carried out
in rodents and involve the extinction of responding for a natural
reinforcer such as food. In contrast, studies of extinction learning
in addiction typically involve extinction of self-administration of
a drug of abuse such as cocaine. These experimental procedures
incorporate aspects of both instrumental and classical condition-
ing to train animals to perform a behavior (e.g., lever pressing)
to receive access to a drug and associate discrete cues (e.g., audi-
tory and/or visual) with the drug’s reinforcing effects. Regardless
of the type of reinforcer used (e.g., food or drug), extinction is
defined in this review as the omission of a previously delivered
unconditioned stimuli/reinforcers or the absence of a contingency
between a response and reinforcer (Lattal and Lattal, 2012). In
addition, while extinction behavior can be observed in both clas-
sical and instrumental conditioning paradigms, this review will
not attempt to define the neural mechanisms associated with each
form of learning.

The idea that extinction involves new learning has great impli-
cations for not only understanding how drug memories can have
a lasting influence on relapse but also for the development of
pharmacological treatments for addiction. The following lines of
evidence from studies examining the extinction of drug-related
behaviors support the idea that extinction is indeed newlearning:

(1) After extinction training, drug-seeking behavior can be reac-
tivated with a single stimulus without the need for additional
behavioral training (Sinha et al., 2000; Stewart, 2000, 2003;
Sinha, 2001; Shalev et al., 2002; See, 2005; Epstein et al., 2006;
Kalivas et al., 2006; Olmstead, 2006).

(2) Drug-seeking can resume after lengthy periods of absti-
nence or extinction training indicating that the original drug-
memory remains and has not simply been deleted (Hammers-
ley, 1992; Tobena et al., 1993; Corty and Coon, 1995; Di Ciano
and Everitt, 2004).

(3) Extinction is context-specific (Bouton, 2000, 2002, 2004;
Chaudhri et al., 2008; Wells et al., 2011), which suggests that
original memory of drug reinforcement is still present even
after extinction training.

(4) The retraining of self-administration after extinction is con-
siderably less compared to original training (Carroll, 1998;
Grasing et al., 2005).

(5) Extinction learning has been shown to involve classic cellular
hallmarks of learning and memory (Crombag and Shaham,
2002; Sutton et al., 2003; Self and Choi, 2004; Self et al., 2004;
Knackstedt et al., 2010).

Thus, findings from the literature on addiction support the
idea that extinction training is not the removal of a previously
formed association but instead involves the generation of a new
memory that competes with the initial memory for control of
behavior. As such, the original associative and instrumental con-
ditioning that occurs during the early stages of addiction remains
intact. Based on similar findings from the fear extinction litera-
ture, Quirk et al. (2006) presented a schematic model to illustrate
the idea that even though fear behavior decreases, the original
fear memory remains. As depicted in Figure 1 the same con-
cept can be mapped onto the processes of addiction such that
drug-seeking behavior declines during extinction training, but
the drug-memory remains and competes with the newly formed
extinction memory for the control of behavior. The formation
of new memories during extinction training likely utilizes neural
circuitry involved in basic learning and memory process. In
the following sections we review studies that have highlighted
specific brain regions and mechanisms involved in extinction
learning.

NEUROCIRCUITRY OF THE EXTINCTION LEARNING

While the neurocircuitry of extinction is likely diffuse and involves
a distributed network, there is evidence for the involvement of sev-
eral key brain regions in drug-seeking, fear expression, and extinc-
tion behavior that could constitute differential circuits associated
with each of these behaviors.

THE PREFRONTAL CORTEX
Increasing evidence has implicated the prefrontal cortex (PFC) in
the extinction of both fear and drug-seeking behaviors. Anatomi-
cally, the rodent PFC is located in the anterior pole of the frontal
cortex and is loosely defined as the anterior cingulate (ACC),
medial PFC (mPFC), and orbital frontal cortex (OFC). As illus-
trated in Figure 2, the rodent mPFC can be further subdivided
into a dorsal region called the prelimbic (PrL) cortex and a ventral
region called the infralimbic (IfL) cortex. These subregions do not
have well demarcated structural boundaries that can often make
it difficult to clearly delineate these subregions, especially given
the small size of the rodent brain. For this reason, investigators
often simply divide this area into a dorsomedial PFC that includes
the dorsal region of the PrL cortex and much of the overlying
ACC, and a ventromedial PFC that includes the IfL cortex and the
ventral portions of the PrL cortex (Figure 2). Defining analogous
subregions of the PFC of rodents and human brain is also difficult
due to the evolutionary expansion of the PFC. Therefore defini-
tions are based not only upon common anatomical circuitry but
also upon function. Based upon similarities in thalamic inputs,
the rodent PrL region is considered to be equivalent to Brod-
mann area 32 (pregenual anterior cortex) and the IfL cortex is
equivalent to Brodmann area 25 (subgenual anterior cortex) in
the human (Figure 2). It should also be noted that the dorsolat-
eral PFC of humans (conservatively defined as areas 9 and 46) is
also considered to be equivalent to the rodent mPFC using a func-
tional definition as both regions are involved in working-memory
processes.

While complex behaviors such as working memory, impulsiv-
ity, motivation, and decision-making have often been linked to
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Associative
Learning

FIGURE 1 | Depiction of the temporal relationship of associative learning
of drug-seeking behavior with inhibitory learning during subsequent
extinction of the drug-seeking behavior. The initial phase of addiction
involves associative learning processes in which drug-taking becomes linked
through classic Pavlovian conditioning with drug-related cues (e.g., drug
paraphernalia or drug-taking environment). With repeated pairing, this
association results in formation of a persistent “drug memory.” This memory

Drug-seeking behavior during the transition to addiction
followed by cue exposure treatment

The formation of drug memories through pairings with environmental
stimuli that persists even through extinction training (expsosure therapy)

The formation of an extinction memory that ultimately competes with
the original drug memory for control of conditioned behavior

Inhibitory
Learning

trace remains long after discontinuation of drug-taking. The extinction of
drug-seeking by pairing unreinforced exposure of drug-related cues, does not
result in the deletion of the original drug memory, but instead involves the
formation of a new inhibitory “extinction memory.” While this new memory
provides inhibitory drive over drug-seeking behavior in the short term, the
original drug-memory remains, which may explain the high rate of relapse
following behavioral extinction therapies.

Human

¢ Area 32

/ \
J

FIGURE 2 | Anatomical depiction showing the location of the
prelimbic (PrL) and infralimbic (IfL) subregions of the medial PFC
of the rat and their equivalent regions of the human brain. Based
upon commonality of thalamic inputs, the rodent PrL region is roughly
analogous to Brodmann area 32 while the IfL is roughly analogous to
Brodmann area 25. Because of the small size of the rodent brain and
the lack of defined borders for the PrL and IfL regions, some

,&"‘Aﬁa 25 «—— Infrallmblc—g

dorsomedial %

Prelimbic —»

ventromedial

investigators simply divide the rodent medial PFC into a dorsomedial
and ventromedial region as illustrated in the diagram. The original
image of the human brain shown on the left was modified from an
image downloaded from Wikipedia (http://en.wikipedia.org/wiki/
File:Brodmann_area_32_medial.jpg). The original rat brain image
shown on the right was modified from Paxinos and Watson

(6th Edition).

the cognitive function of the PFC, a number of recent studies
have implicated PFC subregions in extinction behavior. In partic-
ular, lesion studies have shown that the PrL cortex is necessary for

the expression of conditioned fear while the IfL cortex is critical
for the expression of extinction behavior (for reviews, see Quirk
et al., 2010; Sierra-Mercado et al., 2011; Milad and Quirk, 2012).
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Drug-seeking behavior has been studied extensively in humans
where it has been shown that presentation of drug stimuli sig-
nificantly increase activation in specific regions of the PFC (for
a review, see Goldstein and Volkow, 2011). Several inactivation
studies have also implicated the PrL cortex of the rat as a critical
component in the circuitry for drug-seeking behavior includ-
ing cocaine (McFarland and Kalivas, 2001; Capriles et al., 2003;
McLaughlin and See, 2003; McFarland et al., 2004; See, 2005;
Di Pietro et al., 2006) and heroin (LaLumiere and Kalivas, 2008;
Rogers et al., 2008). Additionally, the IfL cortex, which has been
studied extensively in fear extinction, has also been implicated in
the extinction of drug-seeking behavior (Ovari and Leri, 2008;
Peters et al., 2008a,b). As depicted in Figure 3, converging lines of
evidence from both the fear- and drug-conditioning fields suggest
that the PrL cortex serves as an “on-switch” for conditioned fear
expression and drug-seeking, while the IfL cortex functions as an
“off-switch” for the expression of extinction behavior (LaLumiere
and Kalivas, 2008; Peters et al., 2008a; Quirk and Mueller, 2008;
LaLumiere et al., 2010). These subregions of the PFC could thus
serve as candidate regions for plasticity-related changes associated
with extinction behavior.

DORSAL AND VENTRAL STRIATUM
Different subregions of the striatum are important for mediat-
ing components of reward. The rodent striatum is divided into
the dorsal and ventral striatum, and each of these regions can be
further subdivided. Due to its involvement in habit learning, the
dorsal striatum has been implicated in various aspects of the tran-
sition from voluntary behavior to uncontrolled habitual behavior
that characterizes drug abuse (Robbins and Everitt, 2002; Weiss,
2005; Izquierdo et al., 2006). In particular, the dorsomedial sub-
region has been shown to modulate goal-direction actions that
transitions to the dorsolateral striatum as these actions become
habitual. The ventral striatum or nucleus accumbens (NAc) can be
further divided into a lateral “core” and medial “shell” subregion.
Through its connections with the PFC, amygdala, hippocampus,
and motor regions, the NAc plays a role in guiding emotionally
relevant behavioral responses related to the reinforcing properties
of drugs and drug-related stimuli (Bonci et al., 2003; Di Chiara
and Bassareo, 2007).

Recent studies have also implicated the NAc in extinction
of drug-seeking behavior. Cocaine self-administration causes a
decrease in tyrosine hydroxylase in the NAc shell which is reversed

o —— ———

|

e e
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|

IfL

o ————— -
N ————————————————

N ——————

o — —

Core

Drug-seeking
behavior”

Shell

“Extinction
behavior”

Hippocampus

* Changes in glutamate receptor expression
after extinction training

* Modulation of BLA activity alters extinction
and drug-seeking behavior

* Pathway promotes the expression of drug-
seeking behavior

* Pathway that exerts inhibitory control of
the PrL to attenuate drug-seeking behavior
(extinction)

- ———————— -

~

* Changes in glutamate receptor expression
after extinction

* Suppression of hippocampal neurogenesis
and modulation of neural activity alters
extinction behavior

* Inhibition of MDH activity alters extinction
behavior

* Connections of IfL may help mediate
extinction behavior

¥ Drug-seeking mechanisms
> Extinction mechanisms

FIGURE 3 | Schematic of the proposed circuitry involved in the
drug-seeking and extinction behavior. Projections from the PrL cortex to
the NAc core regulates the expression of cocaine-seeking behavior (indicated
by green arrows) while projections from the IfL cortex to the NAc shell

regulates the expression of extinction behavior (indicated by red arrows).
Recent studies have also implicated the involvement of other brain regions
such as the hippocampus, MDH, and BLA in the neurocircuitry of extinction
of drug-seeking behavior.
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with extinction training during withdrawal from cocaine (Schmidt
et al.,, 2001). Extinction training also induces an upregulation
in the expression of AMPA receptor subunits within the NAc
shell (Sutton et al., 2003; Self et al., 2004). More recently, it was
shown that inactivation for the NAc shell resulted in the expres-
sion of cocaine-seeking behavior, possibly through an interaction
with the IfL cortex (Peters et al., 2008a). Similarly, activation
of IfL glutamatergic projections with an AMPA receptor posi-
tive allosteric modulator reduced cocaine-seeking behavior, and
blockade of AMPA activity in the NAc shell attenuated this effect
(LaLumiere et al., 2012). Similar findings have been observed
with the extinction of ethanol-seeking behavior. For instance,
the NAc shell, possibly through interactions with the hypothal-
amus or the amygdala, helps mediate the expression of extinc-
tion behavior (Millan et al., 2010; Millan and McNally, 2011).
With regards to the NAc core, extinction training also normal-
izes cocaine-induced deficits in levels of the GluN1 subunit of the
NMDA receptor (Self et al., 2004). Consistent with its role in goal-
directed and habitual actions, the dorsal striatum has also been
implicated in the extinction of habitual cocaine-seeking behavior
(Fuchs et al., 2006). These lines of evidence suggest that there is a
significant amount of plasticity that occurs within the dorsal stria-
tum and NAc during extinction learning, and that these regions
are central in the neurocircuitry of extinction of drug-seeking
behavior.

AMYGDALA

As is the case with the PFC and the striatum, the amygdala
is made up of a complex of different substructures that dif-
ferentially contribute to extinction of fear- and drug-seeking
behavior. The amydaloid complex includes the basal and lat-
eral subregions (collectively known as the basolateral amygdala,
BLA), medial amygdala (MeA), central amygdala (CeA), and cor-
tical amygdala (CoA). The amygdala is involved with various
learning and memory processes including formation and con-
solidation of emotional memories (Cahill et al., 2001; LaBar,
2003). The BLA also has an established role in synaptic plas-
ticity associated with emotion-related behaviors, the processing
of emotionally relevant stimuli (Cahill et al., 1995; McGaugh,
2004; Phelps et al., 2004; Maren, 2005; LaBar and Cabeza, 2006),
and in stimulus-reward associations (Hatfield et al., 1996; Blun-
dell et al., 2001; Baxter and Murray, 2002; Everitt et al., 2003;
See, 2005; Balleine and Killcross, 2006). The BLA also plays an
integral role in the formation of associations between drugs and
environmental cues (Hiroi and White, 1991; Brown and Fibiger,
1993; Whitelaw et al., 1996; Rizos et al., 2005). While there has
been a substantial amount of research implicating the BLA in
the extinction of fear conditioning (Myers and Davis, 2002, 2007;
Quirk et al., 2010; Sierra-Mercado et al., 2011), studies have also
implicated this region in the extinction of drug-seeking behav-
ior. For example, enhancement of glutamatergic transmission
within the BLA facilities the extinction of a drug-paired con-
ditioned place preference (CPP) (Shidara and Richmond, 2002;
Schroeder and Packard, 2004), and given the essential role of the
BLA in drug-seeking (See et al., 2003), it is logical to assume
that plasticity within this structure may also influence extinction
learning.

HIPPOCAMPUS

The hippocampus is known to play an important role in various
forms of learning and spatial/contextual memory and in memory
consolidation/retrieval (Neves et al., 2008). The hippocampus is
also involved in extinction behavior as evidenced by impairments
in context-dependent extinction of fear conditioning that results
from inactivation of this brain region (Corcoran and Maren, 2001;
Corcoran et al., 2005; Ji and Maren, 2005) and cellular substrate
inhibition (Szapiro et al., 2003; Vianna et al., 2003; Power et al.,
2006). Similarly, studies have also implicated the hippocampus
in the extinction of drug-related behaviors. Electrical stimulation
of the ventral subiculum of the hippocampus reinstates cocaine-
seeking (Vorel etal.,2001), and inactivation of this region abolishes
cocaine drug-seeking (Sun et al., 2005). Neuronal activity within
the CA1 and dentate gyrus (DG) has also been shown to change
with extinction training of cocaine-associated cues providing fur-
ther evidence that plasticity within this structure is associated with
extinction behavior (Neisewander et al., 2000).

HYPOTHALAMUS

A less investigated structure that has recently been implicated in
extinction behavior is the hypothalamus. This structure has tra-
ditionally been shown to be involved in reward and feeding but
its influence on drug-seeking behavior is becoming better under-
stood (for reviews, see Millan et al., 2011; Marchant et al., 2012).
The medial dorsal hypothalamus (MDH) is associated with the
termination of motivated behaviors and, therefore, is a logical
candidate for involvement in extinction learning. In rats trained
to self-administer alcohol and then exposed to extinction train-
ing, infusion of the inhibitory neuropeptide known as cocaine
and amphetamine-regulated transcript (CART) into the MDH
prevented the expression of extinction (Marchant et al., 2010).
It is important to note that a similar effect was found with the
extinction of sucrose-seeking behavior suggesting the mechanisms
within the LDH that help regulate extinction may not be unique
to drug reinforcers (Millan et al., 2011). To add further support for
the role of the MDH in extinction behavior, this region receives
extensive projections from the IfL cortex (Thompson and Swan-
son, 1998; Heidbreder and Groenewegen, 2003). In rats exposed
to extinction training after a history of alcohol administration,
the expression of extinction is associated with induction of c-Fos
expression in retrograde labeled IfL cortical neurons projecting to
the MDH (Marchant et al., 2010; Millan et al., 2011). Together,
these findings suggest plasticity-related changes in the MDH, and
through its connections with the IfL cortex, can mediate the extinc-
tion of reward-seeking behavior. These results also identify a brain
region to investigate as a novel candidate for the facilitation of
extinction behavior.

Based on findings detailed in the preceding sections, there are
several key brain regions involved in extinction behavior. The exact
details of how these structures interact to form a neurocircuitry
that mediates extinction behavior have yet to be fully established.
However, converging lines of evidence indicate that subregions
of the PFC (and their corresponding projections to subcortical
structures) play a major role in the extinction of drug and fear
behaviors. Peters et al. (2009) proposed that extinction of drug
memories comprises overlapping neural circuitry with that of fear
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memories. According to the model of the neurocircuitry of fear
conditioning, the PrL cortex sends excitatory projections to the
BLA that, in turn, promote the expression of conditioned fear via
excitation of the CeA. In contrast, the IfL cortex sends excitatory
projections to GABAergic inhibitory neurons in the intercalated
(ITC) cell masses in the amygdala. This leads to inhibition of the
CeA and attenuation of the expression of conditioned fear, and
promotes the expression of extinction behavior. In the neurocir-
cuitry of the extinction of drug memories, the PrL cortex also
sends excitatory projections to the core region of the NAc where
it has been shown to regulate the expression of cocaine-seeking
behavior. In contrast, excitatory projections from the IfL cortex
to the shell region of the NAc promote the extinction of cocaine-
seeking behavior. This proposed circuitry for the extinction of
drug behaviors is depicted in Figure 3. What is currently unknown
is how structures such as the BLA, hippocampus, and MDH con-
tribute to the established role of the PFC subregions in extinction
behavior.

GLUTAMATERGIC MECHANISMS IN EXTINCTION

In recent years, a number of studies have provided a more detailed
analysis of the plasticity-related mechanisms that may medi-
ate extinction behavior. Pathways connecting the various brain
regions involved in extinction may differentially modulate the
expression of drug-seeking and extinction of drug-seeking behav-
ior. For instance, it was observed that there is increased activity of
ventromedial PFC neurons in response to presentation of cocaine-
related cues during extinction training. Interestingly, when activity
in this region was inhibited, there was a corresponding decrease in
extinction responding (Koya et al., 2009). Additionally, it has been
shown that prefrontal regions have the ability to influence activity
in other extinction-related brain structures. For instance, stimu-
lation of IfL cortical output results in an inhibition of pyramidal
neurons in the PrL cortex through a feed-forward mechanism
(Ferrante et al., 2009). Similar results were found in a study that
utilized optogenetic procedures to activate or inhibit specific cell
types in isolated brain regions in combination with single-unit
recordings of neuronal activity. It was revealed that optogenetic
stimulation of viral vector encoding channel rhodopsin 2 (ChR2)
excitatory neurons in the IfL cortex produced excitation of IfL
cortical pyramidal neurons and also increased their responsive-
ness to excitatory input from multisensory brain regions (Ji and
Neugebauer, 2012). It was further observed that activation of the
IfL cortex inhibits PrL output, supporting the suggestion that
IfL cortex mediated extinction mechanisms may involve inhi-
bition of PrL cortex output that would ultimately mediate fear
expression and possibly drug-seeking. Previous research has also
shown that stimulation of the PrL region results in excitation
of BLA neurons (Likhtik et al., 2005) and stimulation of the
IfL region reduced the responsiveness of CeA neurons to inputs
from the insula and BLA (Quirk et al., 2003). While these studies
did not directly address extinction of fear expression or drug-
seeking behavior, they provide support for how the IfL region
of the PFC-through its direct projections to subcortical regions
(e.g., amygdala, NAc, and hippocampus)-can mediate extinction
behavior. Additionally, the ability of IfL cortical activation to exert
inhibitory control over output from pyramidal neurons in the PrL

cortex may also impact the expression of fear and drug-seeking
behaviors.

The highly persistent nature of drug- and fear-related cues to
induce relapse and the ineffectiveness of behavioral therapies to
reduce the impact of these cues has led to a focus on understand-
ing the neural mechanisms involved in relapse with the goal that
they may be targeted as a means to enhance extinction learning.
Studies have pharmacologically manipulated cellular process and
substrates in specific brain regions in an attempt to “strengthen”
inhibitory learning formed during extinction training. Using var-
ious behavioral paradigms such as fear-conditioning procedures
and drug-self administration, investigators have begun to uncover
plasticity-related mechanisms that facilitate extinction learning.
Given the importance of glutamatergic transmission in learning
and memory processes, a strong focus has been placed on target-
ing glutamate-related processes in extinction learning. Manipula-
tion of both ionotropic and metabotropic receptors facilitates the
extinction of fear-conditioning and drug-seeking behavior (for
reviews, see Cleva et al., 2010; Myers et al., 2011). While block-
ade of NMDA receptors impairs extinction learning, enhancement
of these receptors with the NMDA partial agonist p-cycloserine
(DCS) facilitates the acquisition of extinction of conditioned fear
and drug-seeking behavior (Myers and Carlezon, 2012). Simi-
larly, modulation of AMPA receptor activity, which like NMDA
receptors is also critically involved in synaptic plasticity, can also
facilitate extinction learning (Kaplan and Moore, 2011; Myers
etal., 2011).

In addition to targeting ionotropic glutamate receptors, activa-
tion of mGIuR5 have been shown to facilitate extinction learning
through a process that may involve enhanced NMDA recep-
tor function. Systemic administration of the mGluR5 positive
allosteric modulator CDPPB facilitates extinction of cocaine-
seeking behavior in CPP (Gass and Olive, 2009) and self-
administration (Cleva et al., 2011) paradigms, but does not alter
the extinction of methamphetamine self-administration (Wid-
holm et al., 2011). Further implicating mGluR5 in extinction,
studies in mGluR5 knockout mice revealed marked deficits in
both contextual and auditory fear extinction (Xu et al., 2009).
Additionally, inhibition of mGluR5 prior to extinction learning
prevented the recall of extinction learning while localized infu-
sion of a mGluR5 antagonist in the IfL cortex produced a similar
effect (Fontanez-Nuin et al., 2011). A recent study also highlighted
the importance of group 1 mGluRs in the ventromedial PFC in
the extinction of cocaine-seeking behavior. In rats trained to self-
administer cocaine, infusion of a mGIuR1/5 antagonist into the
dorsomedial PFC failed to alter the rate of extinction. In contrast,
infusion of a mGluR1/5 agonist had a facilitating effect on extinc-
tion of cocaine-seeking behavior (Ben-Shahar et al., 2013). This
study also revealed that animals displaying deficits in extinction
learning also had a significant reduction in group 1 mGluR func-
tion in the ventromedial PFC. Together these intriguing findings
provide further support for glutamate-related plasticity in the IfL
cortex in extinction learning.

Studies of conditioned fear have shown that inactivation of the
rostral BLA (rBLA) slows cocaine cue extinction learning, and it
has been suggested that simultaneous activity in the rBLA and
hippocampus might be required for the acquisition of cocaine
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cue extinction learning (Szalay et al., 2011). Another study has
shown that inactivation of the BLA not only resulted in a delay
in extinction recall of an opiate reward memory, but also caused
an increase in the spontaneous firing of neurons in the PrL cor-
tex (Sun and Laviolette, 2012). This suggests that a functional
link between the PrL cortex and BLA might modulate the pro-
cessing of an opiate-related memory. An influence of AMPA
receptor activity in the BLA during the extinction of cocaine-
seeking behavior has also been reported. It was observed that
expression of AMPA receptor subunit GluA1 decreased in the BLA
but increased in the ventromedial PFC in response to extinction
training (Nic Dhonnchadha et al., 2013), adding further support
for a functional connection between the mPFC and amygdala
in the extinction of drug-seeking behavior. In the hippocam-
pus, extinction of a morphine-conditioned context was associated
with changes in the phosphorylation of AMPA receptors at hip-
pocampal synapses while no changes were observed in animals that
were not exposed to extinction training (Billa et al., 2009). Fur-
thermore, suppression of neurogenesis in the adult hippocampus
after the acquisition of cocaine self-administration significantly
enhanced resistance to extinction (Noonan et al., 2010). Simi-
lar to the effects observed in the rBLA, inactivation of the dorsal
hippocampus slowed the rate of extinction of a cocaine mem-
ory (Szalay et al., 2011). Furthermore, cocaine self-administration
training reduces neurogenesis in the DG, an effect that was nor-
malized by extinction training (Deschaux et al., 2012). It was also
observed that low frequency stimulation of the hippocampus pre-
vented this extinction-induced normalization of DG neurogenesis.
Together, these studies indicate a critical role of plasticity-related
changes within the amygdala and hippocampus in the extinction of
drug-seeking behavior. Although it has yet to be explored, it is pos-
sible that pharmacological manipulation of plasticity within these
brain regions could serve to facilitate extinction of conditioned
drug-seeking behavior.

NORADRENERGIC MECHANISMS IN EXTINCTION
While glutamate-related neurochemical processes have received
the most attention in extinction behavior, an emerging area of
interest is the role that noradrenergic mechanisms play in extinc-
tion learning (for an extensive review, see Mueller and Cahill,
2010). Norepinephrine has been shown to be involved in various
aspects of memory, most notably the strengthening of memory
formation (McGaugh, 2004). While there has been a renewed
interest in the ability of noradrenergic mechanisms to mediate fear
extinction, the results have been inconsistent. For example, it has
been shown that systemic administration of the beta-adrenergic
antagonist propranolol prior to extinction training impaired
subsequent retrieval of contextual fear extinction (Ouyang and
Thomas, 2005). However, direct infusions of norepinephrine into
the amygdala after extinction training facilitated the extinction
of contextual fear (Berlau and McGaugh, 2006), suggesting that
noradrenergic mechanisms may help mediate the consolidation
of extinction learning. It has also been shown that arousal-related
norepinephrine release in the IfL cortex is important for the
formation of fear extinction memory (Mueller et al., 2008).
There have been several interesting observations regarding
the influence of noradrenergic mechanisms on the extinction of

drug-seeking behavior. Yohimbine, an alpha2-receptor antagonist
that promotes the release of norepinephrine, impairs the extinc-
tion of cocaine CPP (Davis et al., 2008) and slows the rate of
extinction of cocaine self-administration (Kupferschmidt et al.,
2009). Furthermore, infusion of the beta-receptor agonist clen-
buterol into the IfL cortex facilitates extinction of cocaine-seeking
behavior (LaLumiere et al., 2010). These studies add support to
the growing body of evidence that areas of the PFC are heav-
ily involved in extinction behavior, and one possible mechanism
could be noradrenergic-related changes in this region. Norepi-
nephrine release alters the cellular properties of target neurons
that may enhance excitability and synaptic plasticity and thus pro-
mote the formation of an extinction memory (Mueller and Cahill,
2010). Support for this comes from studies showing that norep-
inephrine enhances intrinsic excitability in the IfL cortex (Barth
etal., 2007; Mueller et al., 2008), amygdala (Tully et al., 2007), and
hippocampus (Pedreira and Maldonado, 2003).

EPIGENETICS AND EXTINCTION

Epigenetic mechanisms associated with extinction learning have
received substantial attention over the pass several years and are
providing unique insight into plasticity-related mechanisms of
extinction. Epigenetic modification refers to the structural adap-
tation of chromosomes that results in altered activity states (Bird,
2007; Graff and Tsai, 2013). Epigenetic mechanisms exert lasting
control over gene expression without altering the genetic code and
may mediate stable changes in brain function (Tsankova et al,,
2007). Investigation into the epigenetic regulation of neurobio-
logical adaptations that are associated with psychiatric disorders,
including addiction and PTSD, could provide novel approaches to
the mechanisms underlying extinction learning.

The formation of long-term memories is thought to correlate
with changes in gene expression. Research suggests that epigenetic-
related mechanisms, such as histone acetylation/deacytylation and
DNA methylation/demethylation, may mediate some of these
processes (for a review, see Tsankova et al., 2007). For example,
memory deficits in rodents can be recovered with administration
of a histone deacetylase (HDAC) inhibitor, while conditioning in
rodents is associated with histone protein H3 phosphoacetylation
and chromatin remodeling (Levenson and Sweatt, 2005). Further-
more, synaptic plasticity is associated with epigenetic changes and
can be promoted with HDAC inhibitors (Levenson et al., 2004).
While these data indicate that epigenetic mechanisms are involved
during the acquisition of conditioning, evidence also indicates that
these same mechanisms may play a role in extinction learning.

In fear conditioning, it has been shown that acetylation and
deacetylation of histones can enhance memories formed during
conditioning and extinction behavior (Levenson et al., 2004; Bredy
et al., 2007; Lattal et al., 2007). The non-selective HDAC inhibitor
valproic acid can facilitate not only the acquisition and extinction
of conditioned fear, but also the reconsolidation of this memory
(Bredy and Barad, 2008). Similar results have been obtained with
the HDAC inhibitor vorinostat (Fujita et al., 2012). It has also
been shown that deficits in the extinction learning of conditioned
fear in isogenic 129S1 (S1) mice can be recovered by administra-
tion of an HDAC inhibitor (Whittle et al., 2013). Administration
of another non-selective HDAC inhibitor sodium butyrate (NaB)
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has a facilitating effect on the extinction of a fear memory in
mice (Itzhak et al., 2012), which might be due, at least in part, to
epigenetic-related mechanisms in the hippocampus and IfL cortex
(Stafford et al., 2012). Furthermore, overexpression of HDACI in
the hippocampus has also been shown to facilitate the extinction
of contextual fear memories, and this effect can be prevented by
inhibition of HDACI1 (Bahari-Javan et al., 2012). Finally, inhibi-
tion of p300 (a histone acetyltransferase) in the IfL cortex can
enhance extinction of fear conditioning in mice, which was sug-
gested to result from the influence of p300 on LTP in this brain
region (Marek et al., 2011).

While there have been substantially fewer studies examining the
epigenetic changes that accompany the extinction of drug-seeking
behavior, similar results to the fear-conditioning literature have
been observed. Malvaez et al. (2010) examined the effect of HDAC
inhibition on the extinction of a cocaine-induced CPP. They found
that systemic administration of NaB facilitated the extinction of
the cocaine memory and attenuated reinstatement of cocaine-
seeking behavior. Importantly, these behavioral effects correlated
with enhanced acetylation of histone H3 in the NAc. Systemic
administration of the HDAC3 inhibitor RGFP966 also facilitates
the extinction of a cocaine-related memory, and it was suggested
that this effect was mediated by enhancement of memory consol-
idation during extinction learning (Malvaez et al., 2013). These
effects were also associated with histone acetylation linked to
gene expression in the IfL cortex, hippocampus, and NAc. Taken
together, observations from the fear and addiction fields have
provided intriguing insights into the possible therapeutic targets
related to epigenetics that could potentially be utilized to facili-
tate the extinction of emotionally salient memories. While further
research is needed to fully clarify the roles of these mechanisms in
the extinction of drug-related memories, this is a promising area of
investigation for the extinction of drug cues given the established
role of epigenetic mechanisms in memory.

EXTINCTION VERSUS RECONSOLIDATION

The widely held belief that extinction learning involves the acqui-
sition of new memories has been challenged recently with the idea
that behavior typically interpreted as extinction learning may actu-
ally represent reconsolidation of previously formed memories (for
reviews on this topic, see Dudai and Eisenberg, 2004; Nader and
Einarsson, 2010; Sorg, 2012). During the initial coding of events,
memories are labile, but subsequently consolidate into long-term
storage through protein synthesis-dependent mechanisms (Quirk
et al., 2010). Thus, extinction training may serve to reverse or
update previously formed contingencies (Sorg, 2012). As such,
exposure to extinction training shortly after reactivation of a fear
memory attenuates recovery, renewal, and reinstatement of con-
ditioned fear (Monfils et al., 2009; Quirk et al., 2010). Importantly,
studies have shown that timing of the CS presentation is critical in
order to temporarily activate the labile state in which updates to the
CS-US association can occur. Reconsolidation typically requires
short presentations of the CS (Nader and Hardt,2009), and presen-
tation of the CS alone within 6 h after memory reactivation results
in behavioral effects that reflect unlearning as opposed to the inhi-
bition of fear (Nader et al., 2000; Quirk et al., 2010). Theoretically,
the ability to modify existing memories, as opposed to creating

new inhibitory associations through the facilitation of extinction
learning, could be advantageous over extinction-based exposure
therapies. Studies show that while extinction learning can be facil-
itated pharmacologically, these effects can be context-dependent
(Bouton, 2000, 2002, 2004; Milad et al., 2005; Woods and Bouton,
2006). Modification of the original memory, rather than the cre-
ation of competitive memories, might manifest a behavior that is
more resistant to the influence of context (Quirk et al., 2010),
an idea that has clinical support. For instance, administration
of a beta-adrenergic receptor antagonist during reconsolidation
removes the fear-arousing aspects of the conditioned memory
(Soeter and Kindt, 2011). This effect was not specific to the initial
stimuli used in the fear-conditioning paradigm and generalized to
related stimuli. While there is excitement in the field that revolves
around the influence of reconsolidation on extinction behavior,
more research is clearly needed to fully elucidate the contributions
of both processes in the inhibition of behavior.

CONCLUSION

In this review, we focused on studies that incorporate learning
principles in extinction training with the goal of lessening the
influence of these cues on addictive behavior. It has been widely
recognized that drug use and relapse are strongly cue specific
(Drummond and Glautier, 1994) and one of the most impor-
tant factors that contributes to relapse is the impact of drug cues
on drug-seeking behavior. In recent years, there has been increas-
ing attention on the neural mechanisms that underlie extinction
learning in an effort to manipulate and possibly enhance learning
that occurs during inhibitory conditioning. Clinically, extinction-
based behavioral therapies have generally proven ineffective for
suppression of relapse to drug taking. This lack of efficacy may
relate to the fact that extinction learning does not erase the original
drug memory but instead involves formation of a new extinction
memory that acts in competition for control of behavior with
the drug memory. However, the intransigent nature of the drug-
memory appears to promote subsequent relapse to drug-taking.
The temporal relationship of extinction and relapse are depicted in
Figure 4. While extinction training alone can initially reduce drug-
seeking behavior, these effects are likely context-specific. Thus,
when the addict is exposed to drug cues outside of the treatment
environment, the drug memory that was suppressed but not erased
during extinction training, can reinitiate drug-seeking and drug
use. Although speculative, pharmacological facilitation of extinc-
tion learning may enhance formation of an inhibitory memory
that is much “stronger” than the initial drug memory and may
help protect against cue-induced relapse. Recent research has shed
light on pharmacologically targeting glutamatergic, adrenergic,
and epigenetic mechanisms to enhance inhibitory learning dur-
ing extinction training. Furthermore, while the neurocircuitry of
extinction likely involves a distributed network of different brain
regions that include the mPFC, NAc, amydala, hippocampus, and
hypothalamus, recent studies have implicated opposing roles of the
PrL and IfL subregions of the PFC in the control of drug-related
behavior. A model has emerged in which drug-seeking is likely
a PrL cortex driven behavior while extinction learning and the
resulting inhibition of drug-seeking is a IfL cortex driven behav-
ior. One aim of future research is to elucidate the contribution
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can reduce drug-seeking behavior, the persistence of the original drug
memory can promote subsequent relapse. However, pharmacological
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facilitation of the extinction process may promote a stronger and more
persistent extinction memory that may lead to reductions in the rate of
relapse.

of these different neural regions and mechanisms to the facilita-
tion of extinction learning to ultimately develop more effective
treatments for addiction.

Although there have been substantial advances in our under-
standing of the neural mechanisms involved in the extinction of
drug-related memories, a number of important issues need to be
addressed by additional studies in the field of drug addiction. For
example, while the neural circuits that mediate extinction of fear
behavior do not overlap directly with those in drug-seeking behav-
iors, are the mechanisms that mediate extinction the same for all
drugs of abuse? There is strong evidence for involvement of the
PrL cortex in cocaine-seeking and IfL cortex in cocaine extinc-
tion behavior. However, there are few and sometimes conflicting
findings with other drugs of abuse, such as heroin (Rogers et al.,
2008), methamphetamine (Rocha and Kalivas, 2010), and alcohol
(Millan et al., 2010). In addition, as recent research begins to high-
light the importance of other structures in the extinction of drug
memories, how do they interact with the established role of the
PFC in mediating extinction behavior? The identification of the
specific roles of the hippocampus, amygdala, and hypothalamus
and their influence on a “final common pathway” through the PFC
could provide insight into possible therapeutic targets to enhance
extinction learning.

The standard procedure for extinction training is repeated pre-
sentations of the CS in absence of the US. While this method
has permeated the literature since the days of Pavlov, it is not
clear whether this is the most effective approach. It is of interest
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Stress and anxiety play an important role in the development and maintenance of drug and
alcohol addiction. The bed nucleus of the stria terminalis (BNST), a brain region involved in
the production of long-term stress-related behaviors, plays an important role in animal mod-
els of relapse, such as reinstatement to previously extinguished drug-seeking behaviors.
While a number of neurotransmitter systems have been suggested to play a role in these
behaviors, recent evidence points to the neuropeptide corticotropin releasing factor (CRF)
as being critically important in BNST-mediated reinstatement behaviors. Although numer-
ous studies indicate that the BNST is a complex brain region with multiple afferent and
efferent systems and a variety of cell types, there has only been limited work to determine
how CRF modulates this complex neuronal system at the circuit level. Recent work from
our lab and others have begun to unravel these BNST neurocircuits and explore their roles
in CRFrelated reinstatement behaviors. This review will examine the role of CRF signaling
in drug addiction and reinstatement with an emphasis on critical neurocircuitry within the
BNST that may offer new insights into treatments for addiction.

Keywords: extended amygdala, reinstatement, relapse, excitatory transmission, addiction

INTRODUCTION
Alcohol and drug addiction are chronically relapsing disorders in
which alcohol/drug use progresses from initial stages of limited,
non-dependent intake to later stages of uncontrolled abuse (Koob,
2009; Koob and Volkow, 2010). One prominent theory posits that
initial periods of use are driven primarily by the positive rein-
forcing value of drugs and alcohol (euphoria) while later stages
of alcohol/drug addiction are driven by negative reinforcement
(relief of withdrawal-induced negative affective states) (Koob and
Volkow, 2010). The primary reinforcing effects of alcohol and
other drugs are thought to occur by increased dopamine (DA)
signaling that leads to enhanced activity of the mesocorticolim-
bic pathway, which in turn likely leads to escalated craving (Wise,
1980; Di Chiara and Imperato, 1988; Di Chiara, 2002; Volkow
et al., 2003). Escalated alcohol/drug taking and prolonged binge
episodes are thought to result in adaptation to the mesocorti-
colimbic pathway that results in devaluation of natural rewards,
diminished cognitive control of behaviors, and increased salience
of drug-related stimuli (Koob and Le, 2001; Koob and Volkow,
2010). During this time, the dorsal striatum, which typically plays
a limited role in the acute reinforcing effects of drugs, becomes
engaged after prolonged drug exposures and promotes compul-
sive drug-seeking typical in addiction (Everitt et al., 2008). For
more complete reviews of mesocorticolimbic function in the ini-
tiation of drug addiction refer to (Feltenstein and See, 2008; Koob
and Volkow, 2010).

Stressors and negative affective states, such as anxiety and
depression, are often cited by recovering addicts as key instigators

of drug craving and relapse (Sinha, 2007). Drug/alcohol binges are
typically followed by various lengths of drug-withdrawal periods
and numerous studies have shown that repeated binge/withdrawal
episodes can recruit and sensitize brain regions associated with
negative affective states, such as those that comprise the extended
amygdala (for review see Koob, 2008; Koob and Volkow, 2010).
Once recruited during withdrawal, brain regions associated with
negative affect can remain hypersensitive even after extended
periods of abstinence (Santucci et al., 2008). Furthermore, relief
of negative emotional states is thought to be a critical compo-
nent of alcohol/drug seeking during withdrawal (Koob, 2009).
This suggests that brain regions associated with stress reactivity
and negative affect, particularly the extended amygdala, become
hypersensitive following repeated binge/withdrawal cycles and
may mediate the transition to long-term addictive behaviors via
negative reinforcement.

Altogether, these ideas support an important role of stress-
related neurocircuitry in the progression of addiction and in
relapse. Clinical studies on relapse have been paralleled and
now extended in preclinical studies utilizing reinstatement mod-
els (Shaham et al., 2003). In this manuscript, we will review
recent findings on the neurocircuitry of drug-seeking behaviors
with a specific focus on those systems involved in enhanced
drug-seeking during stress-induced relapse. We will also high-
light potential mechanisms by which stress-related neurocir-
cuitry may modulate drug-seeking behaviors that could be
used for potential treatment targets for alcoholism and drug
addiction.
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NEUROCIRCUITRY INVOLVED IN DRUG SEEKING DURING
WITHDRAWAL AND REINSTATEMENT

Reinstatement models typically involve training an animal to
work to receive a drug or alcohol for a given period of time,
then extinguishing that behavior before triggering the animal
to seek out drugs again (Shaham et al., 2003; Epstein et al.,
2006). Typical triggers of reinstatement are (1) re-exposure
to the same or related drug previously administered (drug-
induced reinstatement), (2) giving the animal drug-associated
stimuli or cues (cue-induced reinstatement), or (3) exposure
to a variety of stressors (stress-induced reinstatement). Work
from reinstatement models has shown distinct roles of multi-
ple brain regions and neurotransmitter systems in each type of
reinstatement.

NEUROCIRCUITRY OF DRUG-INDUCED REINSTATEMENT

A great deal of research has shown that increased activity of brain
regions projecting to the mesocortical DA system is a critical
factor in drug-induced reinstatement models (for review see Kali-
vas and Volkow, 2005; Feltenstein and See, 2008). One pathway
shown to be critical to drug-induced reinstatement is a glutamater-
gic projection from the medial prefrontal cortex to the nucleus
accumbens (Stewart and Vezina, 1988; Cornish and Kalivas, 2000;
McFarland and Kalivas, 2001). Furthermore, limbic areas like
the basolateral amygdala (BLA) may play a role in drug-induced
reinstatement by enhanced activity of its glutamatergic projec-
tions to mesocorticolimbic system (McFarland and Kalivas, 2001;
Fuchsand See, 2002). Therefore drug-induced reinstatement likely
occurs via increased glutamatergic transmission to enhance meso-
corticolimbic pathway activity, likely from cortical and limbic
areas as well as by direct action of the drug of abuse on meso-
corticolimbic DA receptors (for review see, Feltenstein and See,
2008).

NEUROCIRCUITRY OF CUE-INDUCED REINSTATEMENT

In addition to its role in drug-induced reinstatement, numer-
ous studies have shown an important role for the BLA in
cue-induced reinstatement. Exposure to drug-associated cues
results in increased DA release and increased c-fos activa-
tion in the BLA following withdrawal (Neisewander et al.,
1998; Weiss et al., 2000). Furthermore, intra-BLA injections
of DA receptor antagonists block cue-induced reinstatement
(See et al., 2001). Stimulation of the BLA has been shown
to increase DA efflux in the nucleus accumbens via a glu-
tamate receptor-dependent mechanism (Howland et al., 2002)
suggesting an important role of glutamatergic afferents to the
mesolimbic DA system in cue-induced reinstatement. The medial
prefrontal cortex (Van den Oever et al., 2010) and the cen-
tral nucleus of the amygdala (Radwanska et al., 2008) have
also been shown to be important in cue-induced reinstate-
ment.

Overall, these findings suggest that DA or glutamatergic neu-
rotransmission in the mesocorticolimbic pathway or its affer-
ents could be targets for therapies to reduce relapse in recover-
ing addicts. However, use of dopaminergic agonists has yet to
be proven effective for long-term relapse treatment (Lingford-
Hughes et al., 2010) and may be problematic in regards to abuse

liability (Shorter and Kosten, 2011). In addition, therapeutics tar-
geting DA receptors may be problematic because of potential side
effects due to interactions with motor systems or interactions with
the cardiovascular system since modulating DA receptor activity
can have effects on hemodynamics and cardiovascular function
(Zeng et al., 2007; Banday and Lokhandwala, 2008). Furthermore,
drugs targeting glutamatergic transmission given orally may also
cause problematic side-effects as modulating glutamate receptors
can adversely affect many other brain regions not involved in rein-
statement. These findings leave the field open to the need of more
selective DA or glutamatergic drugs or drugs targeting different
receptor systems.

EXTENDED AMYGDALA NEUROCIRCUITRY IN STRESS-INDUCED
REINSTATEMENT

Stress-induced reinstatement may be a critical model for find-
ing suitable therapeutic targets for two important reasons. First,
recovering addicts can work to modify their behavior to avoid drug
re-exposure and exposure to drug-related cues as often as possible
while stress in daily human life is virtually inevitable. Situations
like family issues, finding and maintaining work, and even traffic
in daily commutes can be stressful events to any person and may
be sensitized in recovering addicts. Therefore, it is not surprising
that stress is a major trigger for relapse in addicted patients (Sinha,
2007) and may make therapies targeting this system more likely
to be effective in preventing relapse. Second, the neuromodula-
tory systems involved in stress-induced reinstatement described
below may make for better pharmacotherapeutic targets due to
their limited abuse liability and potentially less significant side
effect profiles.

A great deal of work has examined stress-induced relapse in the
preclinical setting, and a variety of stressors have been shown to
reinstate drug-seeking behaviors or preference. These include foot-
shock, restraint stress, and forced swim stress (Shaham et al., 2003;
Tzschentke, 2007; Shalev et al., 2010). These studies have revealed
key neurobiological mechanisms of stress-induced reinstatement,
with a particular focus on the effects of two stress-related neu-
romodulatory systems, norepinephrine (NE) and corticotropin
releasing factor (CRF), in two related brain regions of the extended
amygdala, the central nucleus of the amygdala and bed nucleus of
the stria terminalis (BNST) (Shaham et al., 2003; Epstein et al.,
2006; Sofuoglu and Sewell, 2009; Erb, 2010; Haass-Koffler and
Bartlett, 2012).

Withdrawal from chronic drug abuse can lead to NE dysfunc-
tion in the clinical population that is associated with increased vul-
nerability to anxiety (McDougle et al., 1994). Numerous preclini-
cal studies have also shown drug-withdrawal-induced increases in
anxiety-like behaviors and withdrawal-induced escalation in drug
intake can be ameliorated by blockade of - and al-adrenergic
receptors (ARs) (Rudoy and Van Bockstaele, 2007; Wee et al., 2008;
Rudoy et al., 2009; Forget et al., 2010; Verplaetse et al., 2012).
Importantly, ICV injection of NE increases fos expression in the
BNST (Brown et al., 2011) and B-AR antagonists microinjected
into the extended amygdala can block stress-induced reinstate-
ment (Leri et al., 2002) suggesting that dysfunction of NE sys-
tems in the extended amygdala is likely a key factor in enhanced
drug-seeking following stress.
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CENTRAL AMYGDALA NEUROCIRCUITRY IN ADDICTION

The central amygdala (CeA) appears to contribute to the use
of a number of different drugs. Acute and chronic alcohol/drug
exposures and withdrawal increase CRF biosynthesis in the CeA
(Merlo et al., 1995; Rodriguez de et al., 1997; Richter and Weiss,
1999; Maj et al., 2003; George et al., 2007; Zorrilla et al., 2012)
and the CeA sends a CRF-containing projection to the BNST
that is critical for stress-induced reinstatement (Erb et al., 2001).
Therefore, an understanding of drug/alcohol interactions with
CeA CRF neurocircuitry may provide an insight into an impor-
tant interface between stress and addiction A series of studies
have shown that EtOH enhances GABAergic neurotransmission
in the CeA via a CRF type 1 receptor (CRFR1)-dependent mech-
anism (Roberto et al., 2003, 2010; Nie et al., 2009). Mice exposed
to chronic intermittent ethanol (CIE) exhibit higher levels of
EtOH drinking, increased GABA release, and heightened CeA
CRFRI sensitivity during withdrawal, suggesting a key role of
CRF-GABA interaction in the CeA in the development of EtOH
dependence (Roberto et al., 2004, 2010). Furthermore, treating
mice with CRFR1 antagonists blocked the ability of CIE to increase
alcohol drinking (Roberto et al., 2010). CIE-induced increases
in alcohol self-administration are also blocked by an intra-CeA
microinjection of a non-selective CRFR antagonist (Funk et al,,
2006a). CeA CRF neurocircuitry is also activated during binge-like
EtOH self-administration prior to the development of depen-
dence and binge-like EtOH consumption can be reduced by intra-
CeA microinjections of CRFR1 antagonists (Lowery-Gionta et al.,
2012). Since CRFR1 antagonists can block stress-induced increases
in EtOH self-administration (Hansson et al., 2006; Marinelli et al.,
2007; Lowery et al., 2008), these findings indicate that changes in
CeA CRF signaling may play an important role in the development
and maintenance of EtOH addiction and in relapse.

In addition to its effects on CeA GABAergic neurotransmission
and its functional role in EtOH induced alterations to CeA activity,
CRFRI can also enhance CeA glutamatergic neurotransmission.
CRFR1 activation increases glutamate release from specific presy-
naptic sources in the CeA (Liu et al., 2004; Silberman and Winder,
2013) and can induce long-term potentiation of the BLA-CeA
pathway (Fu et al,, 2007). This effect can be manipulated by
chronic drug exposures as withdrawal from chronic intermittent
cocaine can enhance CRFRI induced long-term potentiation of
CeA synaptic transmission (Fu et al., 2007), suggesting that CeA
CRF signaling is important for cocaine related behaviors and may
play an important role in the development of cocaine addiction.
Blockade of CeA CRFR1 can also attenuate dysphoria associated
with nicotine withdrawal (Bruijnzeel et al., 2012). These findings
suggest that changes in CeA CRF neurotransmission may play
a role in addiction to multiple drug types. However, although
CRF-producing neurons do exist in the CeA, it is not yet clear
if these neurons are the source of extracellular CRF in the CeA
as our recent studies suggests that CRF neurons in the CeA may
be predominantly projection type (Silberman etal., 2013). Indeed,
some evidence indicates that other brain regions may be the major
source of extracellular CRF in the CeA (Uryu et al., 1992). Itis also
not yet clear how alcohol/drugs might alter the activity of CeA CRF
neurons that project to the BNST. Future research will be needed

to determine how CeA CRF signaling to the BNST is altered by
chronic alcohol or drug exposure that may make them more sen-
sitive to stress to promote CRF release in the BNST to initiate
reinstatement.

BED NUCLEUS OF THE STRIA TERMINALIS NEUROCIRCUITRY IN
STRESS-INDUCED REINSTATEMENT

Alcohol and other drugs of abuse can also modulate CRF activity in
the BNST. Protracted withdrawal from cocaine, heroin, and alco-
hol can result in a dysregulation of the intrinsic excitability of some
BNST neurons viaa CRF-mediated mechanism (Francesconi et al.,
2009), suggesting that repeated activation of BNST CRF receptors
likely plays a critical role in the development of drug-withdrawal
symptomology. Furthermore, microinjections of CRFR1 antag-
onists into the BNST can block stress-induced reinstatement of
drug-seeking (Erb and Stewart, 1999; Erb et al, 2001) while
microinjections of CRF into the BNST can drive reinstatement
for drug-seeking (Erb and Stewart, 1999). Together, these findings
suggest that CRFR1 within the BNST is a critical component of
stress-induced reinstatement behaviors.

While the above studies have shown a clear role of BNST CRF
signaling in stress-induced reinstatement of cocaine seeking, it
less clear what role CRF signaling in the BNST plays in alcohol
addiction. For instance, although intra-CeA injections of CRF
antagonists post CIE can block CIE-induced increases in EtOH
self-administration, post-CIE intra-BNST injections of the same
antagonist does not block enhanced drinking (Funk et al., 2006a).
However, a series of studies indicate that BNST CRF signaling
becomes enhanced during exposure to stressors that elicit rein-
statement to ethanol seeking (Le et al., 2000; Funk et al., 2006b).
Interestingly, cycles of stressors can substitute for cycles of inter-
mittent EtOH exposures to increase withdrawal-induced anxiety,
an effect that is also CRF receptor dependent (Breese et al., 2004).
Furthermore, recent studies indicate that intra-BNST injections
of CRF before ethanol exposure sensitized ethanol-withdrawal-
induced anxiety while intra-BNST CRFR1 antagonist injections
prior to stress blocked increases of anxiety-like behavior during
ethanol withdrawal (Huang et al., 2010). Therefore, it is likely
that the combination of repeated EtOH exposure and stressors
(environmental stress or drug-withdrawal stress) sensitizes BNST
CRF activity to promote anxiety-like behaviors in withdrawal.
This sensitized BNST CRF activity may increase the likelihood of
stress-induced reinstatement of ethanol and other drugs of abuse.

MECHANISMS OF NE/CRF INTERACTIONS IN
STRESS-INDUCED REINSTATEMENT

Together, the findings reviewed above indicate that both NE and
CRF in the extended amygdala are key components of both acute
drug-withdrawal syndromes and reinstatement. Although we now
have a better understanding of the neurocircuitry and neuro-
transmitter systems involved in stress-induced reinstatement, it is
still unclear how chronic exposure to drugs modulates NE/CRF-
related neurocircuitry in the extended amygdala to sensitize stress
pathways and precipitate reinstatement. For these reasons, our
lab and others have recently focused on this neurocircuitry to
elucidate the major neuronal mechanisms involved in enhanced
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stress sensitivity following chronic drug exposure and role of this
circuitry in the addiction process.

NE/CRF INTERACTIONS IN THE BNST PROMOTE REINSTATEMENT TO
DRUG SEEKING

While the work described in the previous section indicates an
important role of NE and CRF signaling in modulation of BNST
activity in stress-induced reinstatement behaviors, the mecha-
nisms by which stress-related signaling modulates extended amyg-
dala activity and how this modulated activity drives alcohol/drug
seeking is not well understood. One clue as to the mechanism of
BNST NE and CREF signaling is that pretreatment with a CRFR
antagonist can block reinstating effects of AR stimulation while
blockade of adrenergic signaling does not alter CRF-induced rein-
statement (Brown et al., 2009). Given the likely role of f-AR
receptors in the BNST in stress-induced reinstatement (Leri et al.,
2002), these findings suggests that B-AR and CRF systems may
interact in the BNST to initiate drug-seeking behavior following
stress exposure and that -ARs and CRFRs may work in a serial
fashion to enhance BNST activity. To confirm this mechanism,
our lab examined the role of $-ARs and CRFRs on glutamatergic
transmission in the BNST (Nobis et al., 2011). In these studies, the
B-AR agonist, isoproterenol, and CRF increased the frequency of
spontaneous glutamatergic neurotransmission in the BNST. Inter-
estingly, the effect of both drugs was blocked by pretreatment with
a CRFR1 antagonist. The effects of CRF and isoproterenol were
occluded during acute withdrawal from chronic cocaine exposure,
suggesting that serial NE-CRF signaling in the BNST is engaged
in vivo during drug exposures (Nobis et al., 2011).

POTENTIAL ROLE FOR CRF-PRODUCING NEURONS WITHIN THE BNST
IN STRESS-INDUCED REINSTATEMENT

While it has been established that elevated CRF levels in the BNST
are important for stress-induced reinstatement, one remaining
question is the source of elevated extracellular CRF in the BNST
in response to stress exposure. CRF could be released from local
neuronal sources, from extrinsic CRF projections from the CeA,
or both (Veinante et al., 1997; Erb et al., 2001). To further explore
this question, we hypothesized that if B-ARs enhance BNST CRF
levels by modulating the activity of local CRF neurons, then iso-
proterenol would be expected to alter the activity of BNST neurons
that produce CRE On the other hand, if B-AR activation resulted
in increased CRF from CeA sources, then the activity of BNST CRF
neurons might not be altered by isoproterenol. To test this hypoth-
esis, we recorded the activity of CRF-producing neurons in the
BNST in a novel CRF-reporter mouse line (Silberman etal., 2013).
To develop this line, we crossed two commercially available mouse
lines from Jackson Laboratories, the CRF-ires-cre (strain B6(Cg)-
Crhtm1(cre)Zjh/J) line and the ROSA-tomato [strain B6.Cg-
t(ROSA)26Sor < tm14(CAG-tdTomato)Hze > /J] line. Crossing
these two lines of mice resulted in offspring where a red fluorescent
protein (fomato) was targeted to cre containing neurons, which in
this case were neurons that produced cre under the control of the
endogenous Crfpromoter/enhancer elements (CRF-tormato mice).
The CRF-tomato mice were found to have high levels of tomato
expression in brain areas known to be dense in CRF-producing
neurons, like the paraventricular nucleus of the hypothalamus,

the CeA, and the BNST, while brain regions that are known to
have little CRF-producing neurons, like the cortex and striatum,
were shown to have sparse fomato expression.

We then preformed whole-cell patch clamp electrophysiology
experiments on CRF-fomato neurons in the BNST. These studies
indicate that there are several different subtypes of BNST CRF
neurons based on electrophysiological characteristics. Three of
the subtypes were similar to those previous shown to exist in the
rat BNST (Hammack et al., 2007) while the two remaining sub-
types have not previously been characterized. Research is currently
ongoing in our lab to determine if distinct CRF neuronal subtypes
play dissociable roles in BNST-mediated behaviors and if they are
can be distinguished based on their projection targets or other
neurochemical markers.

Regardless of these characteristic differences in CRF neuron
subtypes, isoproterenol application resulted in a significant depo-
larization of BNST CRF neurons, an effect that was significantly
correlated with increased input resistance. These data suggest a
role of B-ARs in the direct depolarization of BNST CRF neurons
through closure of aleak or voltage-gated channel. Such a depolar-
ization could increase release of CRF from these neurons, although
this has yet to be directly tested. Together, these data suggest that
stress-induced increases in NE signaling in the BNST leads to
enhanced local CRF neuron activity in the BNST which likely leads
to enhanced CREF release. Enhanced extracellular CRF levels in the
BNST in turn leads to enhanced glutamatergic activity in the BNST
and thus increased BNST excitation (see summary Figure 1). This
enhanced level of BNST CRF may be further modulated by CRF
afferents from the CeA (Erb et al., 2001). Overall, CRF-mediated
enhancement of excitatory drive in the BNST is likely a key partic-
ipant in stress-induced reinstatement. The following section will
further describe this proposed BNST neurocircuit and its sensitiv-
ity to drug-related permutations as a critical factor precipitating
reinstatement to drug-seeking behaviors following withdrawal.

POTENTIAL ROLE OF BNST PROJECTIONS TO THE VTA IN
STRESS-INDUCED REINSTATEMENT

Although the above described studies show a clear role for
NE/CRF interactions in enhancing BNST excitability, it is not clear
how enhanced BNST excitability leads to increased drug-seeking
behavior following stress. As mentioned earlier, mesolimbic circuit
activation is a critical component of drug-seeking behavior in all
types of reinstatement models. Therefore, it is hypothesized that
BNST afferents to the VTA may be an important pathway in ini-
tiation of drug-seeking behaviors following stress. The following
sections will explore this possibility.

NEUROANATOMICAL AND FUNCTIONAL EVIDENCE FOR BNST-VTA
CIRCUITRY IN DRUG-SEEKING BEHAVIORS

A series of neuroanatomical studies showed that the BNST sends
a dense set of projections to the VTA (Georges and Aston-Jones,
2001, 2002; Dong and Swanson, 2004, 2006a,b). Disconnection of
this pathway reduces cocaine preference (Sartor and Aston-Jones,
2012) and BNST neurons projecting to the VTA become activated
during reinstatement to cocaine seeking (Mahler and Aston-Jones,
2012), suggesting BNST projections to the VTA are important
in multiple drug-related behaviors such as preference and drug
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FIGURE 1 | Model of Chronic Intermittent Ethanol-Withdrawal
Modulation of BNST CRF Circuitry. (A) Dopamine and norepinephrine
afferents synapse onto CRF-producing neurons in the BNST which in turn
influence neurotransmitter release from glutamatergic afferents onto BNST
neurons projecting to the VTA. (B) Close up view of proposed neurocircuitry

described in (A). (C,D) Model of CRF modulation of glutamatergic
transmission onto a VTA-projecting BNST neuron in a drug-naive state (C) or
during acute ethanol withdrawal following CIE (D). Note that there are higher
levels of CRF and glutamate release during withdrawal compared to the
drug-naive state. Figure reprinted from (Silberman et al., 2013).

seeking during reinstatement. Initial in vivo electrophysiology
studies showed that electrical and pharmacological stimulation of
the BNST can elicit increased firing of putative DA neurons in the
VTA (Georges and Aston-Jones, 2001). This pathway was further
characterized showing that antagonism of glutamatergic receptors
in the VTA can block BNST stimulation mediated enhancement
of VTA DA neuron firing while having minimal effects on puta-
tive VTA GABA neuron firing (Georges and Aston-Jones, 2002).
Together, these anatomical and electrophysiology studies suggest
that the BNST may regulate the activity of the VTA DA neurons
during reinstatement.

More recent studies using optogenetic strategies suggest that
parallel circuitry in the BNST can mediate distinct aspects of
anxiety-like behaviors (Kim et al., 2013). These studies show that
selective inactivation of cells in the region of the oval subnucleus of
the dorsal BNST (ovBNST) is correlated to a reduction in anxiety-
like behaviors and that ovBNST neurons inhibit the activity of
the anterodorsal subregion of the BNST (adBNST). These stud-
ies further show that the adBNST contains neurons that project
to the VTA, parabrachial nucleus, and lateral hypothalamus and
that selective stimulation of these pathways may promote dif-
ferent aspect of anxiolysis, as measured by increased open arm
time in an elevated plus maze and reduction in respiratory rates.
Our recent evidence further suggests that these divergent projec-
tions likely arise from distinct subpopulations of neurons in the
adBNST (Silberman et al., 2013). Kim et al. (2013) propose this

arrangement of BNST neuronal signaling may facilitate modu-
lar circuit adaptations in response to environmental stimuli by
independent tuning of divergent projection neuron populations.
Especially relevant to this review, optogenetic stimulation of adB-
NST terminals in the VTA can elicit realtime place preference,
suggesting that increased activity of certain BNST projection neu-
rons are critical for regulation of VTA-mediated reward behavior
(Jennings et al., 2013).

While the BNST contains multiple subnuclei and a variety of
neuronal cell types based on immunohistochemical and electro-
physiological characteristics (Egli and Winder, 2003; Dumont and
Williams, 2004; Hammack et al., 2007; Kash et al., 2008), stud-
ies indicate that BNST neurons that project to the VTA may be
sensitive to modulation by drugs of abuse (Dumont et al., 2008).
Interestingly, more recent work has shown that BNST neurons that
project to the VTA are more likely to become activated following a
stressor than other BNST neurons (Briand et al., 2010). Together,
these findings suggest that certain subpopulations of BNST neu-
rons, i.e., VTA-projecting neurons, are particularly important to
enhanced drug seeking following stress exposures.

CRFR1 MEDIATES ETHANOL-WITHDRAWAL-INDUCED INCREASES IN
GLUTAMATERGIC TRANSMISSION ONTO BNST NEURONS PROJECTING
TO THE VTA

In combination with previous evidence of the importance of BNST
CRF signaling to stress-induced reinstatement, we hypothesized
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that CRF modulation of BNST neurons projecting to the VTA may
be uniquely sensitive to drug-induced alterations in excitability. To
test this hypothesis we have recently performed a series of experi-
ments to determine the effect of CRF on glutamatergic transmis-
sion onto VTA-projecting BNST neurons and determine whether
chronic drug exposures can modulate this system. VTA-projecting
BNST neurons were identified by microinjecting retrograde flu-
orescent microspheres into the VTA and labeled neurons in the
BNST were recorded using whole-cell electrophysiology methods
(Silberman et al., 2013). In these studies, we showed that CRF, via
activation of CRFR1, can enhance glutamate release onto BNST
neurons projecting to the VTA. Combined with our data showing
that B-AR activation depolarizes BNST CRF neurons, the above
findings indicate that stress, via release of NE in the BNST, can
increase BNST CRF activity to, in turn, increase glutamatergic
signaling onto VTA-projecting BNST neurons (Figures 1A,B).
We then tested whether this pathway is modulated by abused
drugs by exposing VTA-retrograde tracer mice to the CIE
vapor exposure paradigm (CIE). This repeated ethanol expo-
sure/withdrawal paradigm has been shown to increase anxiety-like
behaviors during withdrawal (Kash et al., 2009) and increase
voluntary ethanol drinking post-withdrawal (Becker and Lopez,
2004), suggesting that this paradigm is an important tool in
assessing neurobiological changes in negative reinforcement path-
ways, such as the BNST, following drug exposure. Interestingly, we
found that basal glutamatergic tone was increased in excitatory
synapses that regulate VTA-projecting BNST neurons during the
acute withdrawal phase after a 2 week CIE cycle. Also, from this
enhanced basal glutamatergic tone, exogenous application of CRF
could no longer enhance glutamatergic transmission as it could
in drug-naive or sham exposed mice. This functional occlusion of
exogenous CRF suggests that CRF receptors may already be max-
imally active during acute drug-withdrawal time points, perhaps
due to highly elevated extracellular CRF levels and sensitize BNST
CREF circuitry. This may be one reason why post-CIE CRFR1 antag-
onist injections into the BNST do not block CIE-induced increases
in ethanol self-administration (Funk et al., 2006a) and suggests
that CRFR1 antagonist treatment prior to CIE may normalize
BNST CREF circuitry during acute ethanol withdrawal. To examine
this hypothesis, we exposed a second cohort of VTA-tracer mice
to CIE with the inclusion of daily injections of a CRFR1 antago-
nist prior to ethanol vapor exposure. Pretreatment with a CRFR1
antagonist completely abolished the effects of CIE on increasing
basal glutamatergic function during acute withdrawal timepoints.
Together, these findings indicate that CIE modulates BNST CRF
neurocircuitry in vivo and that this neurocircuit becomes hyperac-
tive during CIE withdrawal (Figures 1C,D). An important caveat
to these findings is that the role of BNST CREF sensitivity has mainly
been examined during acute withdrawal phases and has pro-
vided potentially conflicting results. It will be important in future
studies to examine the mechanisms by which sensitized BNST
CREF circuitry may promote increased stress-induced drug-seeking
behavior during later time points in extended withdrawal.
Although more work will be needed to conclusively show a
role of this circuit in reinstatement behaviors, the recruitment of
the catecholamine-CRF-glutamate circuit in the BNST to drive
increased VTA activity is one promising mechanism by which

stress can enhance drug seeking in reinstatement models. Inter-
estingly, while the above described studies focused on the effect of
ethanol on BNST CREF circuitry other work indicates that cocaine
(Nobisetal.,2011) and opiates (Wang et al., 2006; Jaferi et al.,2009)
may also stimulate BNST CRF neurocircuitry in vivo. Together,
these findings suggest that modulation of BNST CRF may be
a common pathway for stress-induced reinstatement for multi-
ple classes of abused drugs. Therefore, therapeutics targeting this
system may be useful for the effective long-term prevention of
stress-induced relapse in addiction to many types of drugs.

PROPOSED MODEL OF BNST/VTA CIRCUITRY IN
STRESS-INDUCED REINSTATEMENT

The studies described above suggest a critical role of increased
activity of BNST neurons that project to the VTA in the neuro-
physiological response to stress and drug addiction. However, the
mechanism by which activation of BNST projection neurons may
modulate VTA activity is not clear.

MULTIPLE SUBTYPES OF BNST NEURONS PROJECT TO THE VTA

Some electrophysiological studies indicate that BNST projections
to the VTA are likely to be glutamatergic, as they enhance VTA
neuron firing (Georges and Aston-Jones, 2001, 2002). However,
more recent work indicates that BNST projections to the VTA
may be either glutamatergic or GABAergic (Jennings et al., 2013).
Other recent studies utilizing fluorescence in situ hybridization
and retrograde labeling techniques show that there are three
types of VTA-projecting neurons in the BNST. The vast majority
of these neurons (~90%) are GAD-+/VGlut— while other sub-
types are VGlut2+/GAD— or VGlut3+/GAD+ (Kudo etal., 2012).
This suggests that most VTA-projecting neurons in the BNST are
GABAergic, while a minority of outputs may be glutamatergic or
contain a mixture of transmitters. Our recent work shows that
VTA-projecting BNST neurons can be divided into three classes
based on electrophysiological responses to hyperpolarizing and
depolarizing current injections (Silberman et al., 2013). Although
it has yet to be tested, it is tempting to think that the differences
in GAD and VGlut2/3 expression in BNST neuron subtypes may
be related to differences in their electrophysiological firing prop-
erties. Still other studies suggest that at least some of the BNST
neurons projecting to the VTA contain CRF (Rodaros et al., 2007).
This is an important consideration as elevated CRF levels in the
VTA can drive DA neuron activity after exposure to drugs of abuse
by a number of mechanisms (Wise and Morales, 2010). Deter-
mining the contribution of these unique BNST projection neuron
subtypes to stress-induced drug-seeking behavior may be useful
in targeting future treatments for relapse prevention.

EVIDENCE FOR SUBTYPE SPECIFIC BNST INNERVATION OF VTA GABA
AND VTA DA NEURONS

Overall these findings indicate that the BNST sends a mixture
of neurotransmitters to the VTA. However, what is less clear is
whether distinct types of BNST projection neurons synapse to
different VTA neurons. Recent evidence indicates that selective
optogenetic stimulation of VTA GABA neurons disrupts reward
consumption (van Zessen et al., 2012) and increased conditioned
place aversion (Tan et al., 2012). Furthermore, selective opto-
genetic stimulation of VTA DA neurons can enhance positive
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reinforcing actions in an operant food seeking task and can reacti-
vate previously extinguished food seeking behavior in the absence
of cues (Adamantidis et al., 2011). Interestingly, recent immu-
noelectron microscopy work indicates that vGLUT containing
BNST projection neurons may selective target VTA DA neurons
while GABAergic BNST projection neurons may specifically target
GABA neurons in the VTA [(Kudo et al., 2012) although see also
(Jennings et al., 2013)]. Together, these findings may indicate that
enhanced activity of BNST projections to the VTA during rein-
statement may stimulate VTA DA neurons via increasing local
glutamatergic levels while at the same time disinhibiting VTA
DA neuron firing by inhibiting local GABA release (see model,
Figure 2). This may be one mechanism by which drug-withdrawal
enhances burst firing of VTA DA neurons (Hopf et al., 2007),
an effect that is important in drug-seeking behaviors (Wanat
et al., 2009), and may be especially important in stress-induced
reinstatement models.

The precise role of distinct VTA-projecting BNST neurons in
reinstatement is not yet fully understood. For instance, although
evidence suggests that BNST neurons that project to the VTA
can be mainly GABAergic, but also glutamatergic or potentially
both (Kudo et al., 2012), it is not clear if these pathways have
an equal distribution of synaptic strength. Furthermore, some
BNST projections to the VTA may contain CRF (Rodaros et al.,

FIGURE 2 | Summary Model of Reinstatement Related BNST and VTA
Connectivity. CRF+ neurons modulate the activity of VTA-projecting BNST
neurons. Evidence (Kudo et al., 2012) shows that at least three types of
VTA-projecting neurons are located in the BNST: (1) a GABAergic projection
(~90% of all BNST projection neurons) that selectively innervates VTA
GABA neurons to provide disinhibition of VTA DA neurons; (2) a
glutamatergic (Glut) projection that selectively targets VTA DA neurons; and
(3) a mixed GABA/Glut projection that also targets VTA DA neurons. These
projection neuron populations may exist in both the dorsal and ventral
BNST subregions (d and vBNST, respectively) and each projection pathway
may have distinct and coordinated responses to chronic drug exposure,
withdrawal, and reinstatement. Coordinated activity of dBNST and vBNST
projection neurons is likely regulated by dBNST interneurons, of which
CRF+ neurons may be a critical component. This local CRF neuron
coordination of BNST activity might also be altered by chronic exposure and
withdrawal and may be an important target for the prevention of
relapse-like behaviors.

2007) but it is not clear which of the VTA-projecting neurons
described by Kudo et al. or Jennings and Sparta et al. are also CRF
positive. If so, this may suggest that a single population of VTA-
projecting BNST neurons may have divergent modes of action in
reinstatement related behaviors based on which neurotransmitter
is released at specific time points relative to reinstatement trigger
exposure. Lastly, most of the electrophysiology studies described
in this review focused on neurocircuitry in the dorsal subregion
of the BNST while most of the behavioral work has focused on
activity of the ventral BNST subregion. This is an important
consideration as the dorsal BNST, which has a high proportion
of GABAergic interneurons, sends afferents to the ventral BNST,
which has a higher proportion of projection neurons (Dong et al.,
2001). This suggests that the dorsal BNST might coordinate overall
BNST output via modulation of ventral BNST projection neu-
rons, potentially via BNST CRF interneuron activity. It is not yet
clear if interneurons or VTA-projecting neurons from the dorsal
and ventral BNST are equally mutable to chronic drug expo-
sures/withdrawal cycles. While more conclusive research will be
needed to test these intriguing possibilities, these findings may
indicate dissociable roles of BNST projection neuron subtypes
in mediating various aspects of drug-seeking behavior during
reinstatement that could potentially be targeted individually for
pharmacotherapies for relapse prevention in the future.

POTENTIAL ROLE OF BNST CRF SIGNALING IN CUE-INDUCED
REINSTATEMENT

EVIDENCE FOR DIRECT AND INDIRECT DOPAMINERGIC ACTIVATION OF
BNST IN CUE-INDUCED REINSTATEMENT

In addition to its role in stress-induced reinstatement described
above, recent evidence may suggest that BNST CRF neurocircuitry
could also play arole in cue-induced reinstatement. BLA DA recep-
tor activation is critical for cue-induced reinstatement (See et al.,
2001) and DA can increase BLA activity, but only after chronic
drug exposure (Li et al., 2011). Since the BLA sends direct projec-
tions to the BNST as well as via indirect projections through the
CeA (Davis et al., 2010), DA induced activation of the BLA may
enhance BNST excitability to precipitate reinstatement following
a cue exposure. In addition, drugs of abuse and other reward-
ing stimuli can also directly increase extracellular DA levels in the
BNST (Carboni et al., 20005 Park et al., 2012). Previous work in
our lab shows that DA can enhance glutamate release in the BNST
via activation of CRFR1 (Kash et al., 2008). This effect is fur-
ther confirmed by our more recent work indicating that DA can
depolarize BNST CRF neurons (Silberman et al., 2013). Together,
these findings suggest both direct and indirect mechanisms for
DA induced increases in BNST excitability and point to a poten-
tial role of BNST DA circuitry in cue-induced reinstatement via
modulation of BNST CREF circuitry.

Importantly, behavioral evidence also shows a potential role
for the BNST in cue-induced reinstatement models. For instance,
recent findings indicate that pharmacological inactivation of the
BNST can reduce cue-induced reinstatement (Buffalari and See,
2011). In addition, much like earlier studies showing selective
increases in c-fos in VTA-projecting BNST neurons following
stress-induced reinstatement, recent findings show that increased
c-fos activation in VTA-projecting BNST neurons is correlated
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to enhanced cocaine-seeking following an exposure to a drug-
associated cue (Mahler and Aston-Jones, 2012). Together with our
electrophysiology data, these findings suggest that DA may increase
extracellular CRF levels in the BNST via enhancing the activity of
local BNST CRF neurons, which in turn increases glutamate release
onto VTA-projecting BNST neurons, leading to increased VTA DA
firing to reinstate drug-seeking behaviors.

EVIDENCE FOR CONVERGENCE OF CUE-INDUCED AND
STRESS-INDUCED REINSTATEMENT PATHWAYS IN THE BNST
Interestingly, while clinical evidence shows that exposing recover-
ing addicts to drug-associated cues results in enhanced feelings of
craving, recent findings indicate that these same cues also increase
feelings of negative affect (Fox et al., 2007). Therefore, drug-
associated cues could act as a psychological stress by activating
stress-related neurocircuitry. This suggests that drug-associated
cues may concurrently increase both DA and NE signaling in these
patients. Our data suggest that DA and NE can additively enhance
BNST excitability (Nobis et al., 2011), suggesting a convergence of
cue-induced (dopaminergic) and stress-induced (noradrenergic)
reinstatement pathway influences on BNST excitability. Preclin-
ical studies also suggest a link between cue and stress-induced
reinstatement (Buffalari and See, 2009) suggesting that simultane-
ous exposure to drug-cues and stress can greatly increase the risk
of relapse in recovering addicts. Together, these findings indicate
that BNST CREF signaling is an important potential target for con-
vergent influences of both cue and stress-induced reinstatement
pathways.

SUMMARY AND POTENTIAL TREATMENTS

The findings reviewed here suggest that a catecholamine-CRF-
glutamatergic signaling pathway in the BNST plays an important
role in the reinstatement to drug-seeking behavior, an impor-
tant animal model of relapse to alcohol/drug addiction. While
this pathway is clearly important in stress-related behaviors, espe-
cially in stress-induced reinstatement, further studies suggests that
this pathway may also be important in cue-induced reinstate-
ment. Therefore, pharmacotherapies targeting this pathway may
be useful in the prevention of relapse to both drug-associated
cues and stressors. Unfortunately, relapse can be a life-long strug-
gle in recovering addicts, which means that pharmacotherapies to
prevent relapse likely need to be taken daily for extended peri-
ods of time. Therefore these therapies need to be well-tolerated
and devoid of harsh side-effects. As described earlier, agonist
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Kappa-opioid receptor signaling in the striatum as a
potential modulator of dopamine transmission in cocaine
dependence
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Cocaine addiction is accompanied by a decrease in striatal dopamine signaling, measured
as a decrease in dopamine D2 receptor binding as well as blunted dopamine release in the
striatum. These alterations in dopamine transmission have clinical relevance, and have been
shown to correlate with cocaine-seeking behavior and response to treatment for cocaine
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' transmission in cocaine abusers and their significance in cocaine-seeking behavior. Based

*Correspondence:

on animal and human studies, we propose that the kappa receptor/dynorphin system,
because of its impact on dopamine transmission and upregulation following cocaine expo-
sure, could contribute to the hypodopaminergic state reported in cocaine addiction, and
could thus be a relevant target for treatment development.
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INTRODUCTION

Studies imaging the neurochemistry associated with cocaine
addiction in humans have largely focused on dopamine signaling
in the striatum. These studies show that pre-synaptic dopamine
release, in response to the administration of a stimulant, is reduced
in cocaine abusers compared to healthy controls. This has impor-
tant implications for this disorder, since the reduction in dopamine
release has been shown to correlate with increased cocaine-seeking
behavior. Importantly, the imaging studies were performed at
about 14 days abstinence, which has clinical relevance, since previ-
ous studies have shown that cocaine abusers who achieve 2 weeks
of abstinence have a better treatment response compared to those
who do not (Bisaga et al., 2010; Oliveto et al., 2012). Thus, a bet-
ter understanding of the mechanisms behind blunted dopamine
release would be expected to have implications for treatment
development. Among the possible mechanisms that are known to
regulate striatal dopamine release is dynorphin acting at the kappa
receptor. Kappa receptor activation in the striatum has been shown
to inhibit stimulant-induced dopamine release, in addition to stri-
atal dopamine levels and dopamine neurons activity (for review,
see Koob and Le Moal, 2008; Muschamp and Carlezon, 2013). Fur-
thermore, studies in humans and animals show that dynorphin is
significantly upregulated following chronic cocaine exposure, and
that this effect is long lasting (for review, see Koob and Le Moal,
2008; Muschamp and Carlezon,2013), which could account for the
decrease in dopamine signaling seen after 2 weeks of abstinence in
the human imaging studies. Here, we review the data suggesting
that the cocaine-induced elevation in dynorphin may contribute
to the hypodopaminergic state observed in cocaine addiction.

PET IMAGING OF DOPAMINE TRANSMISSION IN COCAINE
ADDICTION

PRINCIPLES OF PET IMAGING

Positron emission tomography (PET) allows imaging of the neu-
rochemistry associated with drug and alcohol addiction in the
human brain. This imaging modality uses radionuclide-labeled
ligands that bind to a specific receptor, and the radioligands
used most frequently in addiction research label the dopamine
receptors. Radiotracers that label the dopamine type 2 family of
receptors (referred to as D2) can also be used to measure changes in
extracellular dopamine. This is performed by imaging with radio-
tracers that are sensitive to changes in extracellular dopamine,
and obtaining scans before and after the administration of a psy-
chostimulant (such as amphetamine or methylphenidate). These
stimulants increase extracellular dopamine levels, which results
in a reduction of dopamine receptors that are available to bind
to the radiotracer, shown in Figure 1. For reasons that are not
completely understood, this method can be used with most D2
receptor radiotracers but not with radiotracers that bind to the D1
receptor. Thus, imaging studies using the D2 receptor radiotracers
(such as [11C]raclopride or [18F]fallypride) can be used to mea-
sure changes in endogenous dopamine, whereas radiotracers that
label the D1 receptor (such as [I1C]NNC112 or [11C]SCH23390)
cannot (Abi-Dargham etal., 1999; Chou et al., 1999; Laruelle, 2000,
Martinez and Narendran, 2010).

The main outcome measure in radioligand imaging studies is
receptor binding to the radiotracer, referred to as BPND, defined
as the ratio of specific to non-specific binding (Innis et al., 2007).
The change in extracellular dopamine resulting from stimulant
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FIGURE 1 | PET scans in a healthy control and cocaine-dependent
subject. The comparison of the top panels (pre- and post-amphetamine
administration) in the healthy control shows that radiotracer
([11Clraclopride) binding is reduced in the striatum following amphetamine.
The cocaine-dependent subject (bottom panel) has have lower D2 receptors
compared the control in the baseline condition. In addition, the cocaine
abuses has less radiotracer displacement (A BPND) following
amphetamine. Adapted from Trifilieff and Martinez “Cocaine: Mechanism
and Effects in the Brain” in “The Effects of Drug Abuse on the Human
Nervous System” M. Kuhar and B. Madras editors, 2012, publisher
Neuroscience-Net, LLC.

administration is measured by comparing baseline BPND (pre-
stimulant administration) and BPND following the stimulant.
This is used to derive the percent change in BPND, or ABPND,
defined as [(BPNDbaseline — BPNDchallenge)/BPNDbaseline].
Previous studies in non-human primates have shown that ABPND
correlates linearly with changes in extracellular dopamine, mea-
sured with microdialysis (Breier et al., 1997; Endres et al., 1997;
Laruelle et al., 1997). Thus, ABPND provides an indirect mea-
sure of stimulant-induced pre-synaptic dopamine release, and can
be used to characterize the alterations in dopamine signaling that
occur in cocaine dependence.

PET IMAGING OF DOPAMINE RECEPTORS IN COCAINE ADDICTION

To date, six studies have been performed imaging the D2 recep-
tor in cocaine abusers, and these consistently show a decrease in
binding in the striatum compared to matched controls (Volkow
et al., 1990, 1993, 1997; Martinez et al., 2004, 2009a, 2011). The
decrease is about 15-20% and occurs in both the ventral and dor-
sal striatum. Importantly, animals with low D2 receptor levels in
the striatum, prior to drug exposure, display greater cocaine self-
administration (Morgan et al., 2002; Czoty et al., 2004; Nader et al.,
2006; Dalley et al., 2007). Imaging studies in humans show that low
striatal D2 receptor binding in cocaine abusers in the striatum cor-
relates with decreases in glucose metabolism in the orbito-frontal
cortex and cingulate gyrus, which process drive and affect, and
may lead to continued drug-taking behavior (Volkow et al., 1993,
1999). Several authors have proposed that changes in D2 receptor
binding in addiction could reflect behavioral vulnerability to drug
self-administration, such as lack of cognitive control or increased

impulsivity (Everitt et al., 2008; Dalley et al., 2011; Groman and
Jentsch, 2012).

One PET imaging study has measured D1 receptor binding
in cocaine abuse (Martinez et al., 2009b). This study showed no
difference in D1 receptor binding in cocaine abusers compared
to controls, which is consistent with a post-mortem study of stri-
atal D1 receptor mRNA (Meador-Woodruff et al., 1993). However,
the imaging study also showed that, within the cocaine-dependent
subjects, low D1 receptor binding in the ventral striatum was asso-
ciated with greater choices to self-administer cocaine. Thus, this
finding may represent a phenotype in which low D1 receptor bind-
ing in the limbic striatum is associated with a greater vulnerability
to the reinforcing effects of cocaine. This is in agreement with
pharmacologic studies in humans showing that stimulation of D1
receptors reduces, whereas blockade of the D1 receptor enhances,
the reinforcing effects of cocaine (Haney et al., 1999, 2001). Taken
together, these studies indicate that decreased signaling at the D1
receptor may be associated with more cocaine-taking behavior.

PET IMAGING DOPAMINE RELEASE IN COCAINE ABUSERS

Imaging studies measuring pre-synaptic dopamine release show
that cocaine dependence is associated with a reduction in respon-
siveness of the dopamine system to a stimulant challenge. For
example, in healthy human volunteers, the administration of a
psychostimulant produces a decrease in [11C]raclopride bind-
ing (ABPND) of 15-20% (Volkow et al., 1994; Drevets et al.,
2001; Martinez et al., 2003; Munro et al., 2006), but in cocaine
abusers the decrease in [11C]raclopride binding is significantly
blunted (Volkow et al., 1997; Malison et al., 1999; Martinez et al.,
2007b, 2011). Thus, four studies have shown that cocaine depen-
dence is associated with reduced [11C]raclopride displacement
following stimulant administration compared to healthy controls,
which represents a reduction in pre-synaptic dopamine release.
PET imaging studies also show that cocaine abuse is associated
with both decreased [18F]DOPA uptake and striatal vesicular
monoamine transporter 2 binding, which provide measures of
pre-synaptic dopamine stores (Wu et al., 1997; Narendran et al.,
2012).

In addition to a reduction in stimulant-induced dopamine
release, PET imaging has also shown that dopamine levels in
the resting condition (without any stimulant administration) are
reduced in cocaine dependence. This is performed by imaging
the D2 receptors before and after acute depletion of endoge-
nous dopamine using alpha-methyl-para-tyrosine (AMPT). Thus,
imaging after AMPT administration results in an increase in
[11C]raclopride binding, as opposed to the decrease seen after
stimulant administration (Martinez et al., 2009a). AMPT admin-
istration resulted in an increase of 11.1 +4.4% in [11C]raclopride
binding in the striatum for healthy controls, but only 5.7 £ 5.9%
for cocaine-dependent volunteers (Martinez et al., 2009a), indi-
cating that basal dopamine levels are decreased in cocaine abuse.

Taken together, imaging studies in cocaine abuse consistently
show a reduction in striatal dopamine transmission, compared to
healthy controls, measured as decreased pre-synaptic dopamine
release (Volkow et al., 1997; Malison et al., 1999; Martinez et al.,
2007b,2011) and reduced baseline levels of endogenous dopamine
(Martinez et al., 2009a). Similar findings have been shown in
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rodents (Parsons et al., 1991; Robertson et al., 1991; Rossetti et al.,
1992; Weiss et al., 1992; Gerrits et al., 2002) and non-human pri-
mates (Castner et al., 2000; Kirkland Henry et al., 2009). Thus,
cocaine dependence is associated with a hypodopaminergic state,
which correlates with behaviors that contribute to addiction and
relapse (Melis et al., 2005). Importantly, the PET scans showing
blunted dopamine release were obtained after about 2 weeks of
abstinence, to avoid the acute effect of cocaine on dopamine sig-
naling, and due to the clinical relevance of this time point. Previous
studies have shown that cocaine abusers who can achieve 2 weeks
of abstinence have a better treatment response compared to those
who do not (Bisaga et al., 2010; Oliveto et al., 2012).

SIGNIFICANCE OF THE HYPODOPAMINERGIC STATE IN
COCAINE ABUSE

The impact of dopamine transmission on addiction has been
demonstrated for decades, but its actual role in mediating the rein-
forcing effects of drugs of abuse remains under debate. Dopamine
does not appear to only signal “reward” (drug or natural rewards),
although dopamine neurons fire in response to the receipt of
a reward, and during the expectation of a reward. However,
dopamine signaling more likely mediates the reinforcing effects
of natural rewards and abused drugs, and makes the behavior
required to obtain the reward more likely to be repeated (Schultz,
2006; Berridge, 2007; Wise, 2008; Salamone and Correa, 2012).
However, the imaging studies in cocaine dependence consistently
show that pre-synaptic dopamine is reduced compared to controls,
indicating that this disorder is associated with a hypodopaminer-
gic state. This plays a crucial role in drug-seeking and taking, even
after prolonged drug-free periods (Melis et al., 2005).

The imaging studies in human cocaine abusers show that
blunted dopamine release correlates with an increase in cocaine
self-administration (Martinez et al., 2007b, 2011). These studies
showed that low dopamine release in cocaine abusers, measured
as ABPND, was associated with the decision to take cocaine in
the presence of competing non-drug reinforcers. The inability of
the cocaine-dependent subjects with low dopamine release to alter
their behavior can be viewed as an inability to respond to alter-
native sources of reward. This is consistent with the theory that
decreased dopamine function in addiction results in a decreased
interest to non-drug-related stimuli and increased susceptibility
to the drug of choice (Melis et al., 2005).

These studies raise the question regarding the mechanism
behind this decrease in pre-synaptic dopamine release. Previ-
ous studies in animals have shown that cocaine exposure results
in reduced burst firing of the dopamine neurons of the ven-
tral tegmental area (Brodie and Dunwiddie, 1990; Lacey et al,,
1990; Ackerman and White, 1992; Gao et al., 1998). Decreases
in extracellular dopamine levels in the nucleus accumbens have
also been reported following cocaine withdrawal (Parsons et al.,
1991; Robertson et al., 1991; Rossetti et al., 1992; Weiss et al.,
1992). Cocaine administration has also been shown to alter the
sensitivity of D2 autoreceptors of the midbrain (Gao et al., 1998;
Lee et al., 1999; Marinelli et al., 2003), which could reduce pre-
synaptic dopamine release. In addition to these functional changes
in dopamine signaling, animal studies have also shown that
cocaine exposure produces morphological changes in dopamine

neurons. These include alterations in dendritic spine density and
morphology and a reduction in the size of the dopamine neurons
of the ventral tegmental area (Melis et al., 2005).

Presently, it is unknown whether these changes occur in the
human brain. Human studies of the dopamine transporter (DAT),
which can serve as a marker for the integrity of the dopamine
neurons (Fusar-Poli and Meyer-Lindenberg, 2013), show that the
DAT is increased in post-mortem studies of cocaine abusers (Lit-
tle et al., 1993, 1999). However, imaging studies show that the
DAT is increased for a short time period following the cessation
of cocaine use, but soon return to control levels (Volkow et al.,
1996; Wang et al., 1997; Malison et al., 1998). But measuring DAT
binding alone is unlikely to reveal morphological alterations of
the dopamine neurons, and other means for investigating this
with imaging in humans are not yet available. With respect to
the dopamine receptors in the midbrain, one study in metham-
phetamine abusers and another in cocaine abusers showed that
D3 receptor binding is elevated in the substantia nigra/ventral
tegmental area (SN/VTA) compared to controls (Matuskey et al.,
2011; Boileau et al., 2012). The specific role of the D3 receptor
in the modulation of dopamine transmission and its function as
an autoreceptor are still highly debated (Sokoloff et al., 2006).
However, considering the possible implication of this receptor in
modulating dopamine synthesis and release (for review, Gross and
Drescher, 2012), an increase in D3 receptor levels in SN/VTA may
contribute to the hypodopaminergic state observed in addiction.

In addition to alterations in the dopamine neurons themselves,
it is possible that other neurotransmitter systems may be regu-
lating the dopamine system. Candidates include the glutamater-
gic, GABAergic, serotoninergic, or noradrenergic afferents to the
dopamine and striatal neurons, which have been reviewed previ-
ously (Melisetal.,2005; Gerfen and Surmeier,2011). In this review,
we focus on the kappa/dynorphin system as a potential modulator
of dopamine release in cocaine abuse for the following reasons:
(1) among the neurotransmitters that modulate dopamine trans-
mission, evidence from human and animal studies show that
cocaine exposure significantly upregulates kappa/dynorphin sig-
naling (for review, see Wee and Koob, 2010; Muschamp and
Carlezon, 2013); (2) in the striatum, dynorphin signaling strongly
regulates dopamine signaling and animal studies show that acti-
vation of the kappa system reduces pre-synaptic dopamine release
(Koob and Le Moal, 2008; Muschamp and Carlezon, 2013). Thus,
elevated striatal dynorphin activity at the kappa receptor could be
acompensatory adaptation that inhibits psychostimulant-induced
dopamine release (Koob and Le Moal, 2008; Muschamp and
Carlezon, 2013).

DYNORPHIN AND KAPPA RECEPTORS

KAPPA RECEPTOR/DYNORPHIN SIGNALING

Dynorphin (DYN) is the class of peptides cleaved from prodynor-
phin, which include dynorphin A and B (and others) which have
a high affinity for the kappa receptor (KOR) (Chen et al., 2007).
Currently, only one KOR subtype (type 1) has been cloned, and
while types 2 and 3 have been hypothesized, they have yet to be
fully characterized (Shippenberg et al., 2007). KOR selective ago-
nists and antagonists have been developed in recent years, allowing
investigation into the neurochemical and behavioral effects of the

www.frontiersin.org

June 2013 | Volume 4 | Article 44 | 75


http://www.frontiersin.org
http://www.frontiersin.org/Addictive_Disorders_and_Behavioral_Dyscontrol/archive

Trifilieff and Martinez

Kappa signaling and dopamine transmission

DYN/KOR system. The KOR agonists include the arylacetamides
U69593 and U50488, and salvinorin A, a naturally occurring alka-
loid found in the plant Salvia divinorum (Von Voigtlander and
Lewis, 1982; Lahti et al., 1985; Roth et al., 2002). The selec-
tive KOR antagonists include nor-binaltorphimine (nor-BNI),
5'-guanidinonaltrindole (GNTI), and JDTic (Endoh et al., 1992;
Jones and Portoghese, 2000; Carroll et al., 2004). Activation of
the KOR is aversive in both humans and animals, and KOR ago-
nists are not self-administered by animals (Mucha and Herz, 1985;
Tang and Collins, 1985; Pfeiffer et al., 1986; Bals-Kubik et al., 1993;
Walsh et al., 2001; Wadenberg, 2003), although the same cannot
be said of some humans.

KOR signaling is complex and agonists have been shown to
activate, inhibit and/or have no effect on downstream signal-
ing (i.e., cAMP, IP3/DAG, and Ca?t) depending on experimental
conditions (Tejeda et al., 2012). It is likely that KOR agonists dis-
play inverted U-shape effects, because of KOR ability to recruit
both inhibitory GBy, Gai, G, Gaz, and Gaye, and stimulatory,
Gay, G-proteins (Law et al., 2000; Tejeda et al., 2012). Nanomo-
lar ligand concentrations result in the recruitment of inhibitory
G-proteins and a decrease in membrane excitability as well as
transmitter release via stimulation of K -channel activity (Grudt
and Williams, 1993) and inhibition of Ca?*-channel and pre-
synaptic release machinery activity (Gross et al., 1990; Iremonger
and Bains, 2009). In contrast, sub-nanomolar ligand concentra-
tions may result in coupling of KOR to Gas and produce opposite
effects (Crain and Shen, 1996; Tejeda et al., 2012). It should be
noted that KOR activity can modulate D2 autoreceptor-dependent
decrease in dopamine release by signaling interaction (Jackisch
et al., 1994; Acri et al., 2001; Fuentealba et al., 2006).

KAPPA RECEPTOR/DYNORPHIN IN DIRECT AND INDIRECT PATHWAYS
OF THE STRIATUM

The medium spiny neurons (MSNs) can be categorized into at least
two subgroups according to their projections sites and the pro-
teins they express (Gerfen, 2000; Gerfen and Surmeier, 2011). The
“direct” or striatonigral pathway made up of MSNs that project
monosynaptically to the medial globus pallidus and back to the
dopamine neuron cell bodies of the substantia nigra. MSNs from
the direct pathway express the dopaminergic D1 receptor, M4 mus-
carinic acetylcholine receptor, substance P, and dynorphin. The
indirect striatopallidal pathway is composed of MSNs that project
to the lateral globus pallidus, which reach the substantia nigra
through synaptic relays through the lateral globus pallidus and
subthalamic nucleus. These MSNs express the dopaminergic D2
receptor, adenosine receptors and enkephalin. It should be noted
that the segregation of these two populations of MSNs has been
established in the dorsal striatum, but that several studies show
that a subpopulation of MSNs in the NAc seem to co-express D1
and D2 receptors (George and O’Dowd, 2007; Valjent et al., 2009).
Dopamine can activate or inhibit cyclic AMP-dependent signaling
through D1 receptor and D2 receptor respectively, as we will review
below. Therefore, dopamine is likely to have differential effects on
D1- and D2-expressing MSNs and recent data suggest that, cocaine
administration activate signaling pathways in D1-expressing, but
actively inhibits them in D2-expressing MSNs (McClung et al.,
2004; Bateup et al., 2010), which could account for the imbalance

between direct and indirect pathways in addiction (Lobo et al.,
2010; Pascoli et al., 2012).

D1 receptors recruit adenylyl cyclase through activation of the
stimulatory Ga, protein and consequently stimulate the produc-
tion of adenosine 3’, 5’-monophosphate (cAMP) which leads to
the activation of protein kinase A (PKA)-dependent signaling
pathways. In contrast, D2 receptor inhibits adenylyl cyclase and
cAMP/PKA pathways by recruiting inhibitory Ga;. Accordingly,
cocaine activates PKA signaling pathway mainly through acti-
vation of D1 receptor and manipulation of this pathway alters
behavioral responses to cocaine (Girault, 2012). One of the down-
stream targets of PKA is the transcription factor CREB. Interest-
ingly, whereas overexpression of CREB in the nucleus accumbens
reduces the rewarding properties of cocaine, overexpression of a
dominant-negative form enhances it (Carlezon et al., 1998; Wal-
ters and Blendy, 2001; McClung and Nestler, 2008) suggesting
that activation of CREB could counteract the postsynaptic effects
of cocaine and therefore decrease behavioral response to cocaine.
One of the downstream genes regulated by CREB in the nucleus
accumbens encodes preprodynorphin, the precursor gene prod-
uct of dynorphin (McClung and Nestler, 2008). Activation of the
kappa receptor decreases cocaine-induced dopamine release (for
review, see Wee and Koob, 2010; Muschamp and Carlezon, 2013).
Accordingly, stimulation of the D1 receptor elevates dynorphin
expression, which can be blocked with receptor antagonists (Liu
and Graybiel, 1998). Thus, it has been proposed that activation of
the D1/PKA/CREB pathway could be counteracting the effects of
cocaine through synthesis and release of dynorphin (for review,
see Wee and Koob, 2010; Muschamp and Carlezon, 2013), shown
in Figure 2.

KAPPA RECEPTOR/DYNORPHIN AND DOPAMINE SIGNALING

The DYN/KOR receptor system has been shown to play a sig-
nificant role in regulating striatal dopamine transmission. DYN
immunoreactive axon terminals originating from D1 receptor-
expressing MSNs are found in the caudate, putamen, and nucleus
accumbens (Hurd and Herkenham, 1995; Van Bockstaele et al.,
1995). The KOR is expressed both pre- and post-synaptically on
dopamine neurons, and the pre-synaptic KOR is apposed to DAT
on the dopamine axon terminals, indicating that this system closely
regulates the mesoaccumbal dopamine neurons (Svingos et al.,
2001).

A number of animal studies have shown that the administra-
tion of a KOR agonist reduces dopamine levels in the striatum and
dopamine neuron activity in the nucleus accumbens and ventral
tegmental area (Di Chiara and Imperato, 1988; Heijna et al., 1990,
1992; Donzanti et al., 1992; Spanagel et al., 1992; Maisonneuve
et al., 1994; Xi et al., 1998; Thompson et al., 2000; Margolis et al.,
2003; Zhang et al., 2004b). In fact, KOR activation reduces basal
dopamine levels as well as stimulant-induced dopamine release
(cocaine) (Spanagel et al., 1990; Maisonneuve et al., 1994; Carlezon
et al., 2006; Gehrke et al., 2008). Reverse dialysis into the nucleus
accumbens reduces extracellular dopamine (Donzanti et al., 1992;
Zhang et al., 2004a). Notably, this effect is seen when the KOR
agonist is administered into the striatum, whereas administration
into the VTA appears to be species dependent (Spanagel et al.,
1992; Chefer et al., 2005; Ford et al., 2006; Margolis et al., 2006).
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Other projections

Medium spiny neuron
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FIGURE 2 | Model by which the dynorphin/kappa system could
counteract cocaine-induced dopamine release. Cocaine
administration elevates dopamine levels. Binding of dopamine on the D1
receptor expressed by medium spiny neurons from the striatonigral

pathway (direct pathway) activates the cAMP/PKA/CREB pathway which
leads to dynorphin (DYN) synthesis. Binding of DYN on kappa receptors
(KOR) located on dopamine terminals exert an inhibitory effect on
dopamine release.

KOR activation has been shown to inhibit electrically evoked
[3H]d0pamine release in the nucleus accumbens (Heijna et al.,
1992; Yokoo et al., 1992), which also shows that activation of this
receptor reduces striatal dopamine transmission. More recently,
Chefer et al. (2005) showed that the deletion of KOR is associated
with an enhancement of basal dopamine release. Alternatively,
KOR antagonists stimulate the release of dopamine in the stria-
tum (Maisonneuve et al., 1994; You et al., 1999; Beardsley et al.,
2005). Lastly, repeated KOR agonist administration reduces striatal
D2 receptor density (Izenwasser et al., 1998). These findings show
that DYN/KOR signaling exerts inhibitory control over dopamine
release and dopamine receptor signaling in the striatum (Brui-
jnzeel, 2009; Wee and Koob, 2010) and demonstrate that excessive
KOR activation significantly reduces striatal dopamine transmis-
sion, independent of the modality used to measure dopamine
transmission.

Notably, imaging studies show that, in addition to cocaine
dependence, addiction to other substances of abuse also results in
blunted pre-synaptic dopamine release, measured with PET. This
finding has also been reported in studies of alcohol, methamphet-
amine, opiate, and tobacco dependence (Martinez et al., 2007a,
2012; Busto et al., 2009; Wang et al., 2012). While some studies
have shown that the DYN/KOR system plays a role in these disor-
ders as well (for review, see Wee and Koob, 2010; Koob, 2013), the

effect of drug exposure on KOR and DYN is less clear and may even
be down-regulated in methamphetamine and opiate dependence
(Drakenberg et al., 2006; Frankel et al., 2007). Further studies are
needed to clarify the interaction between the DYN/KOR system
and dopamine signaling in these disorders.

KAPPA RECEPTOR/DYNORPHIN SYSTEM IN COCAINE ABUSE
Three post-mortem studies have been performed investigating
KOR binding in cocaine abuse. The first of these, by Hurd and
Herkenham (1993), showed a twofold increase in KOR bind-
ing in the caudate, but not the putamen or ventral striatum, in
cocaine-dependent subjects compared to control subjects. Mash
and Staley (1999) used in vitro autoradiography and ligand bind-
ing to map KOR in the brains of cocaine abusers and showed a
twofold increase in the anterior and ventral sectors of the cau-
date and putamen, and nucleus accumbens compared to controls.
Similar results were reported by Staley et al. (1997) who used
radiolabeling to measure the KOR and reported a significant
increase in KOR in the caudate, putamen, and nucleus accum-
bens in cocaine exposed compared to control brain tissue. These
studies demonstrate that cocaine abuse or dependence is associ-
ated with a significant upregulation of the KOR in the striatum.
However, to date, no human in vivo imaging studies of the KOR
have been published in cocaine abuse. While previous PET studies

www.frontiersin.org

June 2013 | Volume 4 | Article 44 | 77


http://www.frontiersin.org
http://www.frontiersin.org/Addictive_Disorders_and_Behavioral_Dyscontrol/archive

Trifilieff and Martinez

Kappa signaling and dopamine transmission

imaged the mu opioid receptor in cocaine dependence (Zubieta
et al., 1996; Gorelick et al., 2008), PET imaging of the KOR has
not been previously possible due to the lack of an appropriate
radiotracer. Therefore, correlations with clinical outcomes, such
as cocaine-seeking behavior could not be performed. In addition,
these post-mortem studies did not measure markers of dopamine
transmission (such as receptor density or dopamine levels), so that
it remains unknown whether the increase in KOR signaling coin-
cides with a reduction in dopamine signaling largely described in
PET imaging studies. Measuring both KOR binding and dopamine
transmission in the same individuals will require the development
of new radiotracers for KOR.

COCAINE ADMINISTRATION AND DYNORPHIN

A number of animal studies have shown that repeated cocaine
administration increases levels of DYN, prodynorphin mRNA,
and preprodynorphin mRNA. The initial studies measured pep-
tide levels and showed that chronic dosing of cocaine increased
striatal dynorphin levels by 40-100% (Sivam, 1989; Smiley et al.,
1990). Further studies measuring prodynorphin and preprodynor-
phin mRNA, instead of peptide levels, have replicated these find-
ings. Daunais et al. (Daunais et al., 1993, 1995; Daunais and
McGinty, 1995, 1996) showed that cocaine self-administration
increases preprodynorphin mRNA in the caudate/putamen by
more than 100%. Similar results have been reported in studies
by other groups as well, where the administration of cocaine has
been shown to increase preprodynorphin mRNA levels 50-100%
in the caudate/putamen of rats and mice (Yuferov et al., 2001;
Zhou et al., 2002; Jenab et al., 2003; Schlussman et al., 2003, 2005;
Zhang et al., 2013). Spangler et al. (1993, 1996) demonstrated that
cocaine increased prodynorphin mRNA in the caudate/putamen
by 40%, and that these levels remained elevated for days. Over-
all, the above studies in rodents consistently report that cocaine
administration increases DYN, prodynorphin, and preprodynor-
phin mRNA with levels ranging from about 40 to 100%. Previous
studies have shown that the levels of DYN peptide and pro-
dynorphin/preprodynorphin mRNAs correlate with each other,
suggesting that increases in mRNAs closely reflect increases in the
peptide itself (Li et al., 1988; Sivam, 1996).

These findings in rodents have been replicated in studies of
rhesus monkeys and humans. Fagergren et al. (2003) performed
a study in rhesus monkeys who self-administered cocaine and
showed that prodynorphin mRNA levels were increased in the
dorsolateral caudate (83%), central caudate (34%), and the dor-
sal putamen (194%). In humans, Hurd and Herkenham (1993)
first reported that cocaine abuse was associated with an increase
in preprodynorphin mRNA in the putamen and caudate in a post-
mortem study of cocaine abusing subjects compared to control
subjects. More recently, Frankel et al. (2008) measured DYN pep-
tide levels in a post-mortem study of cocaine abusers and controls
subjects, and reported a significant increase in DYN in the cau-
date and a trend toward a significant increase in the putamen
compared to control subjects. A very large increase was seen in
the ventral pallidum but no difference was seen in the thalamus,
frontal, temporal, parietal, and occipital cortices. Taken together,
these studies indicate that cocaine exposure increases striatal DYN
signaling at the kappa receptor in rodents, non-human primates,

and humans. Considering the effect of DYN on dopamine signal-
ing, it is likely that the sustained increase in DYN levels by cocaine
exposure participates to the hypodopaminergic state described in
cocaine abusers.

Theses findings in human and animal studies suggest that treat-
ments that target KOR signaling would modulate cocaine-seeking
behavior. However, animal studies exploring the effect of KOR ago-
nist or antagonist administration on cocaine self-administration
are mixed (for review, see Wee and Koob, 2010; Butelman et al.,
2012). Partly, this effect depends on the reinforcement schedule
used, doses of drug administered, and timing of the effect, since
changes in KOR/DYN have a slow onset (Wee et al., 2009; Knoll
et al., 2011). Moreover, the DYN/KOR system appears to play a
more significant role in mediating the aversive effects that occur
with cocaine exposure.

KAPPA RECEPTOR/DYNORPHIN AND STRESSED-INDUCED
COCAINE-SEEKING BEHAVIOR

Animal studies have investigated the relationship between KOR
activation and stress-induced cocaine-seeking behavior. DYN is
released in response to physical stress in the striatum, amygdala,
and hippocampus (Shirayama et al., 2004; Land et al., 2008), and
blockade of the KOR reduces the effects of stress on cocaine-
seeking behavior. McLaughlin et al. (2003) showed that swim
stress and social defeat stress both significantly enhance condi-
tioned place preference (CPP) for cocaine in mice. This effect was
blocked by KOR antagonist administration and was not seen in
prodynorphin knock-out mice (McLaughlin et al., 2003, 2006). In
addition, the administration of a KOR agonist prior to cocaine
conditioning was shown to be as effective as stress in potentiat-
ing subsequent cocaine-induced CPP (McLaughlin et al., 2006).
Beardsley et al. (2005) showed that lever pressing for cocaine
is reinstated in rodents following uncontrollable footshock, and
that this effect is blocked by the administration of JDTic, a KOR
antagonist. Along these same lines, Redila and Chavkin (2008)
showed that intermittent foot shock, forced swim, and KOR ago-
nist administration all reinstate cocaine CPP in mice. This effect
was blocked with pre-treatment with the KOR antagonist nor-
BNI, and did not occur in mice lacking either the KOR or pro-
dynorphin. Carey et al. (2007) also showed that pre-treatment
with a KOR antagonist blocked stress-induced reinstatement of
cocaine CPP.

These studies show that signaling at the KOR plays a significant
role in cocaine-seeking behavior following stress. Recent studies
have also shown that DYN signaling and corticotropin releasing
factor (CRF) function together to increase the negative reinforc-
ing effects of cocaine (Koob et al., 2004). Land et al. (2008) used
a phospho-selective antibody for the activated form of KOR and
showed that both physical stress and CRF administration resulted
in DYN-dependent activation of the KOR. Valdez et al. (2007)
showed that, in monkeys, cocaine-seeking behavior is reinstated by
the administration of a KOR agonist, and that this effect is blocked
by CRF antagonist administration. KOR agonists stimulate the
HPA axis in rodents and humans (Ur et al., 1997; Laorden et al.,
2000), and it has previously been reported that KOR activation
elicits CRF release (Nikolarakis et al., 1986; Song and Takemori,
1992) and vice-versa (Land et al., 2008).
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Studies in human cocaine abusers have also shown that stress
increases the risk of drug abuse and relapse (De La Garza et al,,
2009). The pharmacological or psychological activation of the
hypothalamic pituitary adrenal axis has been shown to increase
craving in addition to the probability of increased cocaine use
(Elman et al., 2003; Shoptaw et al., 2004; Elman and Lukas,
2005). Sinha and colleagues have shown that stress imagery
increases anxiety and craving for cocaine (Sinha et al., 1999,
2006; Fox et al., 2006). Importantly, this group has also shown
that stress-induced cocaine craving is associated with a shorter
time to relapse in cocaine-dependent subjects following dis-
charge from inpatient treatment (Sinha et al., 2006). To date,
the imaging studies in addiction have not focused on stress-
induced reinstatement of cocaine-seeking behavior, and future
research should focus on the role of dopamine and KOR signaling
and stress.

Thus, DYN/KOR signaling appears to play a crucial role in rein-
stating drug-seeking behavior by mediating the negative effects
associated with drug cessation and stress-induced drug taking
(Koob and Le Moal, 2008; Muschamp and Carlezon, 2013).

CONCLUSION

The data presented here suggest that blunted striatal dopamine
release measured with imaging in cocaine dependence may be
associated with an upregulation of DYN. Acting at the KOR of the
dopamine terminals, KOR activation would be expected to pro-
duce a decrease in striatal dopamine release. Post-mortem studies
in cocaine abusers and animal studies show that both KOR and
DYN are upregulated following chronic cocaine exposure, and
that this effect is long lasting (Spangler et al., 1993, 1996). In
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There is emerging evidence that individuals have the capacity to learn to be resilient by
developing protective mechanisms that prevent them from the maladaptive effects of
stress that can contribute to addiction. The emerging field of the neuroscience of resilience
is beginning to uncover the circuits and molecules that protect against stress-related neu-
ropsychiatric diseases, such as addiction. Glucocorticoids (GCs) are important regulators
of basal and stress-related homeostasis in all higher organisms and influence a wide array
of genes in almost every organ and tissue. GCs, therefore, are ideally situated to either
promote or prevent adaptation to stress. In this review, we will focus on the role of GCs in
the hypothalamic-pituitary adrenocortical axis and extra-hypothalamic regions in regulating
basal and chronic stress responses. GCs interact with a large number of neurotransmitter
and neuropeptide systems that are associated with the development of addiction. Addition-
ally, the review will focus on the orexinergic and cholinergic pathways and highlight their
role in stress and addiction. GCs play a key role in promoting the development of resilience
or susceptibility and represent important pharmacotherapeutic targets that can reduce the
impact of a maladapted stress system for the treatment of stress-induced addiction.

Keywords: addiction, glucocorticoid, stress, resilience, cholinergic, nicotinic acetylcholine receptors, mifepristone,

orexin

INTRODUCTION

Susceptibility to developing an addiction is governed by genetics
and modified by experience and the environment. Stress plays an
important role in increasing susceptibility to addiction. McEwen
eloquently wrote that, “human lifetime experiences have a pro-
found impact on the brain, both as a target of stress and allostatic
load/overload and as a determinant of physiological and behav-
ioral response to stressors” (1). The ability to cope with stress or
resilience (the capacity to bounce back following adversity) sig-
nificantly predicts whether a person will subsequently develop a
stress-related neuropsychiatric disease such as anxiety, depression,
and addiction [reviewed in (2)]. A large majority of popula-
tion have experienced a traumatic event during their lifetime.
However, only a small percentage will subsequently experience
chronic distress leading to post-traumatic stress disorder (PTSD)
or addiction to alcohol or other drugs (3). In most cases, however,
people have resilience and do not develop a disease or disor-
der following exposure to stressors. The emerging field of the
neuroscience of resilience is uncovering new circuits and mole-
cules that serve to protect against stress-related neuropsychiatric
diseases.

It has often been assumed that resilience is an innate or pas-
sive mechanism that cannot be changed. However, research in
animals and humans suggest that developing resilience may be
a learnt behavior (2). Individuals have the capacity to learn to
be resilient by developing mechanisms that protect from the
maladaptive effects of stress. Glucocorticoids (GCs), cortisol in
humans, or corticosterone in rodents are important regulators

of basal and stress-related homeostasis and have been shown to
modulate an array of genes in many organs and tissues (4-6).
Thus, GCs are ideally placed to regulate a multitude of signal-
ing pathways activated in response to stress and addiction. In this
review, we will focus on the role of GCs in the hypothalamic-
pituitary adrenocortical (HPA) axis in regulating basal and chronic
stress responses. In addition, we will focus on two systems, the
orexinergic and cholinergic systems and their roles in mediating
stress and addiction. We will further discuss the emerging interac-
tion between these systems with GCs and in regulation of stress.
Lastly, as GCs play a key role in promoting either resilience or
susceptibility to stress, we will examine the pharmacotherapeutic
opportunities that target GCs for the treatment of stress-induced
addiction.

THE ROLE OF THE HPA AXIS AND THE GLUCOCORTICOIDS IN

THE NEUROBIOLOGY OF RESILIENCE TO STRESS

The mechanisms that govern an organism’s ability to handle stress
has been well described in microorganisms that have specialized
hubs, called stressosomes, that govern responses to an array of
physical and environmental insults (7, 8). The stressosome is a
unique structure within the microorganism that precisely orches-
trates the molecular machinery that tunes the magnitude of the
response to a stressor. The stressosome ultimately ensures the sur-
vival of the cell in response to an extensive variety of chemical and
physical stressors (7, 8). The mammalian correlate of the “stresso-
some” is the HPA axis, as it provides a co-ordinated response to
acute stress (9). The fundamental components of the central HPA
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axis are well known and include the corticotropin-releasing hor-
mone (CRH)-secreting neurons of the paraventricular nucleus of
the hypothalamus (PVN) (10) that stimulate pituitary adrenocor-
ticotropic hormone (ACTH) and adrenal corticosterone (CORT)
secretion (11).

Glucocorticoids are steroid hormones that are secreted by
the adrenal glands and are important regulators of homeosta-
sis in basal and stressful conditions. GCs exert their influence
through two types of intracellular receptors the type I miner-
alocorticoid receptor and type II glucocorticoid receptor. Both
receptors are expressed throughout the body and exert system-
wide effects. In the brain, the high affinity type I mineralocorti-
coid receptor (also called aldosterone receptor in the kidneys), is
expressed predominantly in the hippocampal formation and mod-
erate expression is found in prefrontal cortex (PFC) and amygdala
(12—-14). The low affinity type II GRs are expressed throughout
the brain with highest expression in the PVN and hippocampus
and because of its lower affinity to cortisol it plays a key role
in stress-related homeostasis when circulating levels of cortisol
are high (14-17). GRs and MRs receptors reside in the cyto-
plasm and mediate classical genomic actions of GCs by acting
as nuclear transcriptional activators and repressors (14, 18) and
membrane bound GRs mediate the rapid actions of GCs (19, 20).
GCs are thus ideally positioned to modulate responses to stress
and be activated in the brain during healthy conditions, follow-
ing acute stress and during adaptation of responses to chronic
stress (4, 5, 21).

Glucocorticoids provide inhibitory feedback responses over
fast (seconds to minutes) and longer (hours to days) timescales
(4, 18, 22-24). The rapid effects involve immediate reduction in
miniature EPSC frequency upon application of corticosterone or
dexamethasone (synthetic GC) in the PVN (25), and reduced
ACTH and corticosterone levels, an effect not observed when
membrane impermeable dexamethasone was used, indicating fast
feedback inhibition (26). Similar rapid effects of corticosterone
on mEPSC in the hippocampus have been observed (27, 28). Thus
both short time scale (perhaps non-genomic) and longer time
scale (genomic) actions of GC together mediate the inhibitory
feedback control. The molecular and neurobiological processes
that underpin passive and active resilience are being investigated
and candidates are regulators of the HPA axis, molecules involved
in the architecture of the synapse and signaling molecules asso-
ciated with neural plasticity [reviewed by (2)]. GCs represent the
end product of the HPA axis and influence many functions of the
central nervous system, such as arousal, cognition, mood, sleep,
metabolism, and cardiovascular tone, immune, and inflammatory
reaction (Figure 1).

Repeated traumatic events induce long-lasting behavioral
changes that affect cognitive, emotional, and social behaviors that
ultimately provide an organism protection or survival. The abil-
ity to handle stress may depend on an individual’s HPA axis
responsiveness that may in turn predict the likelihood of develop-
ing neuropsychiatric disorders such as addiction. However, under
chronic stress this feedback becomes dysregulated leading to the
variety of maladaptive syndromes, such as anxiety and various
forms of depressive disorders (1, 5, 29-33) and addiction, includ-
ing alcohol dependence (34). It has been shown that dysregulation

Il MR/GRs

Hippocampus

Adrenal ®oxrs

\o.u.

Cortisol

FIGURE 1 | Schematic representation of the interaction between
glucocorticoids, orexins, and the cholinergic system in regulating
stress responses. Stress activates the release of glucocorticoids from the
adrenal gland, which then feedback into the brain and target both the HPA
axis and extra-hypothalamic sites like the hippocampus and the amygdala.
Orexins also activate the HPA axis and lead to the production of
glucocorticoids and stimulate the release of CRF from the PVN of the
hypothalamus and the central amygdala. The third player are the nicotinic
receptors (NAChRs) which indirectly regulate ACTH release by acting on the
PVN.

of the HPA axis by chronic and uncontrollable stress leads to
abnormal GC secretion (35, 36). GRs mediate adaptation to stress
and regulate termination of the stress response through negative
feedback at the level of the HPA axis (30-32). GCs can dynamically
regulate tissue sensitivity in a stochastic manner (5) and con-
trol the response to chronic stress. GCs regulate tissue and organ
sensitivity by modulating GRs signaling, ligand availability, recep-
tor isoform expression, intracellular circulation, and promoter
association (30-32).

GLUCOCORTICOID RECEPTORS IN MALADAPTIVE STRESS
RESPONSES: THE ROLE OF CHANGES IN PLASTICITY IN THE
AMYGDALA

The amygdala is a key brain region that is involved in process-
ing stress, fear, and pavlovian conditioning, and is a site where
neuroendocrine signals stimulated by fear and stress interact. It
has been proposed that the balance between hippocampal and
amygdalar learning is important for determining behavioral stress
coping choices. Chronic restraint stress increases dendritic growth
and spine density in the basolateral amygdala (BLA) and is in
contrast to its role in the hippocampus. The changes in the hip-
pocampus return to baseline during recovery, whereas those in the
amygdala are long lasting (37). Neurotrophic factors like BDNF
mediate the stress-induced alternations in these brains regions. A
recent study demonstrated that increased levels of BDNF are found
in response to chronic stress in the BLA, whereas decreased levels
were observed in the hippocampus (38). Animals which escape
from aggressive interactions seem to have a more robust BDNF
expression profile in the hippocampus and less in the amygdala,
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while the opposite behavior (of stay and face the opponent) have
the opposite effect (39). Thus stress activates neurotrophic fac-
tors in different brain regions and is thought to be mediated by
the GR system. Mice with a targeted genetic deletion of the GR,
specifically in the central nucleus of the amygdala (CeA) but not
in the forebrain have decreased conditioned fear responses (40).
In contrast, targeted forebrain disruption of GRs, excluding the
CeA, did not. It is known that the GRs in BLA are involved in
consolidation of emotionally arousing and stressful experiences in
rodents and humans by interacting with noradrenaline. Human
studies have demonstrated that interactions between noradren-
ergic activity and glucocorticoid stress hormones can bring out
disruptions in the neural basis of goal-directed action to habitual
stimulus-response learning (41). Recently, it was shown that fol-
lowing acute stress, LTP induction is facilitated in the BLA by both
B-adrenergic and GRs activation (42). Taken together, there are
circuit specific changes underlying learning during stressful con-
ditions, animals that are susceptible to stress have greater increases
in synaptic activity in fear-related circuits such as the amygdala
compared to animals that are resilient to stress.

GLUCOCORTICOIDS DRIVE CHANGES IN PLASTICITY IN THE
HIPPOCAMPUS AND CORTICAL REGIONS IN RESPONSE TO
STRESS

Glucocorticoid receptors in the hippocampus control homeostasis
during healthy conditions and then play a role in driving changes
in plasticity in response to stressful conditions (43, 44). Early life
experiences that ultimately control an individual’s HPA respon-
sivity to stressful stimuli are modulated by GR gene expression in
the hippocampus and frontal cortex (45). Hippocampal GRs play
arole in the formation of long-term inhibitory avoidance memory
in rats by inducing the CaMKIIa-BDNF-CREB-dependent neural
plasticity pathways (46). In a separate study, chronic exposure
to corticosterone resulted in impaired ability to learn response
outcomes (47). Memory consolidation is thought to be medi-
ated by the GR, while appraisal and responses to novel informa-
tion is processed by the MR. Human and rodent studies suggest
that under stressful conditions there is a switch from cognitive
memory mediated by the hippocampus to habit memory medi-
ated by the caudate nucleus (48, 49). In fact, mice deficient in
MR receptors have impaired spatial memory, however they were
rescued from further deterioration by stimulus-response mem-
ory following stress (50). Similarly, following an acute stressor,
GRs are activated and induce synaptic plasticity in the PFC by
increasing trafficking and function of NMDARs and AMPARs
(51). Furthermore, when the MR was overexpressed in the fore-
brain of mice using a CAMkIIa promoter driven expression of
HA-tagged human MR cDNA, the mice showed improved spatial
memory, reduced anxiety without alteration in baseline HPA stress
responses (52). There is mounting evidence that GCs participate
in the formation of memories in specific circuits that govern stress
responses and consequently responses to substances of abuse and
alcohol.

GLUCOCORTICOIDS IN THE DEVELOPMENT OF ADDICTION

Chronic exposure to stress leads to alterations in the homeostatic
functioning of GCs (29). Furthermore, there is significant dysreg-
ulation of the HPA axis following alcohol dependence. It has been

shown that acute voluntary ethanol self-administration increases
corticosterone levels, in contrast, long-term ethanol exposure in
rodents results in a blunted response suggesting the alcohol depen-
dence leads to dysregulation of the HPA axis (53). Transient
overexpression of GR in young animals is both necessary and suf-
ficient for bringing about profound changes in the transcriptome
in specific brain regions leading to a lifelong increase in vulnera-
bility to anxiety and drugs of abuse (54). The modified transcripts
have been implicated in GR and axonal guidance signaling in den-
tate gyrus and dopamine receptor signaling in nucleus accumbens
(NAc) (54). Furthermore, in some individuals, following exposure
to stress and psychological trauma, GCs can promote escalated
drug-taking behaviors and induce a compromised HPA axis. GCs
can cross-sensitize with stimulant drug effects on dopamine trans-
mission within the mesolimbic dopamine reward/reinforcement
circuitry (55) and increase susceptibility to developing addictive
behaviors (56-58) by increasing the synaptic strength of dopamin-
ergic synapses (59). Importantly, the dopamine responses in the
NAc core, but not the shell, have been shown to respond to fluc-
tuating levels of GCs (60). Deficiencies in the GR gene in mice
specifically in dopaminergic neurons expressing dopamine D1
receptors that receive dopaminergic input had decreased cocaine
self-administration and dopamine cell firing (61). Acute exposure
or binge-like ethanol exposure alter GC levels and promote PFC
GC-regulated gene expression (62) and neurodegeneration that
is dependent on type II GRs (63). GCs induce ethanol associ-
ated plasticity of glutamatergic synapses that have been proposed
to underlie the development of ethanol dependence, reviewed
in (64).

It has been shown that there is a correlation between acute
alcohol withdrawal and downregulation of GR mRNA in the PFC,
NAg, and bed nucleus of the stria terminalis (BNST), while pro-
tracted alcohol abstinence correlated with upregulated GR mRNA
in the NAc core, ventral BNST, and CeA (65, 66), reviewed in
(67). The transition from initial voluntary drug use to subse-
quent compulsive drug use has been proposed to reflect a switch
from goal-directed to habitual control of action behavior (68).
The investigators propose that acute stressors reinstate habitual
responding to drug-related cues and repeated stress may promote
the transition from voluntary to compulsory drug use. GCs are ide-
ally positioned to regulate a diverse array of systems that modulate
the development of addiction. In the following sections, we review
the interplay between GCs and the orexinergic and cholinergic
systems.

THE OREXINERGIC SYSTEM

The most studied biological functions of orexins/hypocretins are
in the central control of feeding, sleep, energy homeostasis, and
reward-seeking. Orexin-A and orexin-B (also called hypocretin-1
and -2) interact with two orexin/hypocretin receptor subtypes,
the Orexin; Receptor (OX1R) and Orexin, Receptor (OX2R)
which bind to either or both orexin-A and orexin-B (69, 70).
Initial discoveries on the role of orexins came about with iden-
tification of deficiencies in the genes either encoding orexin or
the OX2R receptor resulting in canine narcolepsy, implicating
the role of ORX/Hcrt system in the regulation of sleep and
wakefulness (71, 72). Orexin-A and orexin-B have been shown
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to increase food intake that is blocked by selective antagonists
(73, 74). In addition, orexinergic fibers innervate various brain
regions involved in energy homeostasis, such as the ventrome-
dial hypothalamic nucleus, the arcuate nucleus, and the PVN
of the hypothalamus (75). Orexins regulate autonomic func-
tions, such as regulation of blood pressure and heart rate (76).
Thus these neuropeptides are in a unique position to respond to
stress.

ROLE OF OREXINS IN STRESS AND ACTIVATION OF THE HPA
AXIS

Arousal is an important element of the stress response and the
orexin system is a key component of the response to stress. Pro-
jections from perifornical nucleus and the dorsomedial nucleus
of the hypothalamus are also implicated in addictive behaviors,
however their role in arousal and concomitant stress has been the
main focus (77). Orexins modulate the HPA axis in response to
different stressful stimuli. Prepro-orexin mRNA expression was
increased in the lateral hypothalamus (LH) in young rats follow-
ing immobilization stress and in adult rats following cold stress
(78). OX-A activates the HPA axis inducing secretion of ACTH
and corticosterone (79). OX-A, but not OX-B, increases gluco-
corticoid secretion from rat and human adrenal cortices by direct
stimulation of adrenocortical cells via OX1R coupled to the adeny-
late cyclase-dependent cascade (79) (Figure 1). Intracerebroven-
tricular (I.C.V) administration of OX-A enhanced ACTH and
corticosterone release (80—82). It has been proposed that orexin
neurons play an integrative role that links autonomic responses to
arousal and/or vigilance during the fight-or-flight response (83)
(Figure 2).

ROLE OF OREXINS IN ADDICTION
Along with the many functions performed by orexins, the most
intriguing is their role in the reward system. Orexin contain-
ing neurons project from the LH to the ventral tegmental area
(VTA) and NAg, the brain regions that comprise the mesolimbic
“reward pathway” (84-86). OXRs have recently been implicated
in the motivational drive for addictive substances such as mor-
phine, cocaine (87-91), and alcohol (92-97). The OXI1R plays
a specific role in ethanol self-administration, cue, and stress-
induced relapse, reviewed in (98) with a more limited role for
OX2R being shown (99). The orexin system has also been impli-
cated in relapse to drug use. The OX1R plays a role in foot-shock
stress-induced reinstatement of cocaine (100, 101) and cue and
yohimbine induced reinstatement of ethanol-seeking (94, 96, 102).
The central amygdaloid projections regulate the HPA axis and
innervate orexin containing neurons in the lateral hypothalamus.
The extended amygdala which includes the CeA, BNST, and the
NAc are critical brain areas that process emotional behaviors such
as anxiety, fear, stress, and drug addiction. In particular, the CeA
and BNST have been shown to play an important role in anxiety-
related behaviors and voluntary ethanol consumption (103). The
extended amygdala, including the CeA, has been shown to play a
critical role in the reinstatement behavior to drugs of abuse. Inac-
tivation of the CeA, but not the BLA, prevents foot-shock-induced
reinstatement of cocaine-seeking (104). Dense orexinergic inner-
vation is also observed in all these brain regions (76, 105, 106).
These brain regions also express stress peptides such as corti-
cotrophin releasing factor (CRF) and anti-stress peptides such as
neuropeptide Y (NPY). Both these neuropeptides have opposing
actions in the CeA and regulate ethanol consumption. OX-A
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FIGURE 2 | Glucocorticoid, orexinergic, and cholinergic activation of the
brain regions involved in stress and drug addiction. Glucocorticoid
receptors in the hippocampus and amygdala mediate the effects of stress
and consolidation of fearful memories. GCs also modulate alcohol
withdrawal in the prefrontal cortex (PFC), nucleus accumbens (NAc), and
bed nucleus of the stria terminalis (BNST). Glucocorticoids (GCs) in the
hippocampus also negatively regulate the hypothalamus thereby providing a
central feedback mechanism. Orexins produced in the hypothalamus

activate reward pathways such as the ventral tegmental area (VTA) and the
NAc and brain regions involved in stress, fear, and anxiety such as the
amygdala and BNST and regulate cardiovascular tone through the locus
coeruleus (LC). Both GCs and orexins play similar roles in brain regions
implicated in stress and reward. Glucocorticoids have been shown to
directly inhibit nicotinic receptor (nAChR) activity in the hippocampus that
exert an inhibitory effect on the HPA axis. The nAChRs seem to differentially
orchestrate responses to stress.
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infusions into the BNST produce anxiety like responses as mea-
sured by social interaction test and elevated plus maze test and
the effect is mediated by NMDA receptors (107). A recent study
also demonstrated that yohimbine activates orexinergic responses,
but not adrenergic receptor activity, and depressed excitatory neu-
rotransmission in the BNST that contributed to reinstatement of
extinguished cocaine CPP (108). Thus the orexinergic system is
involved in mediating stress-induced drug-seeking behavior as
it recruits multiple brain regions involved in processing stressful
stimuli and addictive behaviors. It is essential to understand the
contribution of orexins in the overlap between stress and reward
systems. Identifying circuits that mediate stress-induced relapse to
drug abuse will be necessary in order to develop targeted phar-
macotherapeutic approaches for stress-induced drug relapse. The
dual orexin receptor antagonist, suvorexant (109) has successfully
completed phase III clinical trials in treating primary insomnia
and is currently under FDA review. If approved, this will be the
first FDA orexin antagonist available for treating sleep-disorders
and has the potential to be repurposed for its efficacy in treating
stress and addictive disorders.

INTERACTIONS BETWEEN THE CHOLINERGIC SYSTEM AND
HPA AXIS

Allostasis, a process by which homeostasis is regained after stress,
occurs by the interaction between the PFC, amygdala, and the hip-
pocampus via the HPA axis (110-113). In this process a number
of neurotransmitters and neuromodulators such as acetylcholine,
glutamate, and GABA, have been shown to be differentially mod-
ulated. Here, we review the involvement of the components
of the cholinergic pathway in reacting to, sustaining, and even
exacerbating stress.

Components of the cholinergic pathway are — the ligand, acetyl-
choline (ACh); the enzyme responsible for the breakdown of
acetylcholine, acetylcholinesterase (AChE); the enzyme involved
in synthesizing ACh, choline acetyltransferase (ChAT); and, the
acetylcholine receptors, nicotinic acetylcholine receptor (nAChR),
and muscarinic acetylcholine receptor (mAChR). We are focus-
ing specifically on the nicotinic receptor — nAChR — in relation
to the cholinergic response to stress. By focusing on the nAChR-
cholinergic pathway, it is not our purpose to suggest that nAChR is
the only or a more important player mediating responses to stress.
Rather, it is intended that this review highlights the interactions
of the glucocorticoid pathway (mediated via the HPA) and the
nAChR-cholinergic pathway in relation to stress.

It is well known that the nAChRs are involved in learning and
memory (114, 115). Additionally, the negative effects of chronic
stress on memory are also well established (116, 117). Indeed,
as early as 1968, the hippocampus was recognized as a target
structure for stress hormones (118) with observations that acetyl-
choline release into the hippocampus (119, 120) increased under
various stress models (121). Transgenic mouse knock-out mod-
els have shown the importance of the a4 (122), 3 (123), and
B4 (124) nAChR subunits in mediating the anxiogenic effects
of stress. Furthermore, the a5 and B4 knock-out mice are less
sensitive to nicotine (125, 126), a potent anxiolytic agent (127-
129) at lower doses (130). Indeed, the a7 and a4f2 nAChRs,
which are the primary targets of nicotine, have been shown

to provide a nicotine-mediated neuroprotective effect in stress-
induced impairment of hippocampus-dependent memory (131).
The hippocampus has been shown to exert an inhibitory effect on
the HPA axis (132—-136), thus lowering stress. Taken together, the
nAChR seem to differentially orchestrate responses to stress via its
various subunits.

Activation of the stress response is due to the cascading efflux
of CRH, ACTH, and cortisol. Nicotine, a potent ligand at nAChRs,
in relatively high doses (2.5-5.0 pg/kg) has been shown to pro-
duce a dose-dependent increase in ACTH (137), and its antago-
nist, mecamylamine, has been shown to block nicotine-stimulated
ACTH release (137, 138). In the brain, the region responsible for
the CRH-mediated ACTH release is the parvocellular region of
the PVN (pcPVN) of the hypothalamus (139, 140). It has, how-
ever, been shown that nicotine mediates ACTH release indirectly,
via the nicotinic receptors on the nucleus tractus solitarius (NTS)
(141, 142). The NTS subsequently mediates action potentials via
various afferents to the pcPVN (143, 144). The nAChR in the
NTS are found pre-synaptically on glutamatergic projections to
the pcPVN (145, 146). Further, the nAChR subunits implicated
in the nicotine-mediated effects of ACTH in this pathway are
the B4-containing nAChRs (most likely a3p4*) but not the osfs
as determined by measurements of mEPSCs in the presence of
DHBE, a potent ayf; inhibitor or cytisine, a potent f4*-nAChR
agonist (146). Therefore, while the a4f; and o7 nAChR subunits
modulate nicotine-mediated roles elsewhere (131), in the NTS it
is a different subtype (146), pointing yet again to a nAChR-based
differential modulation to stress (Figure 1).

GLUCOCORTICOID INTERACTIONS WITH THE CHOLINERGIC
SYSTEM

Glucocorticoids have been shown to directly inhibit nAChR activ-
ity (147-149). This is supported by the fact that stress causes a
down regulation of the nAChR in the rat cerebral cortex and mid-
brain (150). Additionally, steroid antagonists have been shown
to upregulate nAChR expression (151). That GCs can directly
affect nAChR activity via receptor binding or alteration of expres-
sion levels can be explained by the presence of glucocorticoid
response elements (GRE) on genes transcribing the a7 subunit of
the nAChR — CHRNA7 (152). Indeed, GREs have also been identi-
fied on genes for ChAT (153) and AChE (154), components of the
cholinergic pathway. Further research is required to study the pre-
cise effects of these GREs in this pathway along with investigating
if these GRE are also present on other nAChR genes.

Other components of the cholinergic pathway too have been
shown to be affected by stress. AChE, responsible for the timely
degradation of ACh, has been shown to be regulated via alter-
native splicing thus modifying neurotransmission (155). Indeed,
miRNA post-transcriptional modification of AChE from its usual
AChE-S to the read-through form AChE-R alters cholinergic trans-
mission (156). Additionally, post-transcriptional modulation of
AChE, again via miRNA, causes hippocampal-related cognitive
defects (157). As stated earlier, AChE expression is controlled at
the genomic level via the GRE (154) as is ChAT (153). Also, ChAT
protein levels were shown to decrease due to chronic stress (158).
At the epigenetic level, there is stress-induced epigenetic tran-
scriptional memory of AChE via HDAC4 (159). Interestingly, in
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this study a GRE was also identified on HDAC4 (159), suggest-
ing a direct epigenetic effect of stress on AChE. All these results
point to a multi-faceted mechanism whereby the stress-induced
cholinergic response is regulated without the over-articulation
of its response that would undoubtedly lead to various stress-
related neuropathologies such as PTSD (160, 161), alcohol addic-
tion (162, 163), and addiction to other substances of abuse
(164, 165).

In summary, the involvement of the different subtypes of the
nAChR in different regions of the brain along with modulation
of the cholinergic pathway at various stages such as transcrip-
tional, post-transcriptional, and epigenetic modifications, point
to a finely modulated system both temporally and spatially that
is attuned to respond to the various stressors that we are faced
with in our daily lives. Lastly, while this review has focused
on the nAChR and the cholinergic pathway, the involvement
of the muscarinic receptor and a myriad other neural circuits
cannot be understated. Indeed the ultimate goal of this field
of research is to understand sufficiently the intricate interplay
between the various pathways and neural circuits that ultimately
will enable the alleviation of stress-induced morbidity via devel-
opment of more effective pharmacotherapeutic strategies against
stress.

PHARMACOTHERAPEUTIC STRATEGIES

Ample evidence exists to demonstrate that type II GRs are impor-
tant therapeutic targets for the treatment of disorders that result
from maladaptive stress responses. Mifepristone, also known as
RU486, is a derivative of the 19-norprogestin norethindrone and
potently competes with type II GRs and progesterone receptors
(PRs). Mifepristone has been shown to reduce reinstatement of
ethanol-seeking and escalated drinking in two different animal
models (66, 166). Furthermore, mifepristone has been shown to
be effective at reducing the self-administration of amphetamine
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The development of alcohol dependence involves elevated anxiety, low mood, and
increased sensitivity to stress, collectively labeled negative affect. Particularly interesting is
the recent accumulating evidence that sensitized extrahypothalamic stress systems [e.g.,
hyperglutamatergic activity, blunted hypothalamic-pituitary-adrenal (HPA) hormonal levels,
altered corticotropin-releasing factor signaling, and altered glucocorticoid receptor signal-
ing in the extended amygdala] are evident in withdrawn dependent rats, supporting the
hypothesis that pathological neuroadaptations in the extended amygdala contribute to the
negative affective state. Notably, hippocampal neurotoxicity observed as aberrant dentate
gyrus (DG) neurogenesis (neurogenesis is a process where neural stem cells in the adult
hippocampal subgranular zone generate DG granule cell neurons) and DG neurodegenera-
tion are observed in withdrawn dependent rats. These correlations between withdrawal and
aberrant neurogenesis in dependent rats suggest that alterations in the DG could be hypoth-
esized to be due to compromised HPA axis activity and associated hyperglutamatergic
activity originating from the basolateral amygdala in withdrawn dependent rats. This review
discusses a possible link between the neuroadaptations in the extended amygdala stress
systems and the resulting pathological plasticity that could facilitate recruitment of new
emotional memory circuits in the hippocampus as a function of aberrant DG neurogenesis.

Keywords: chronic ethanol, vapor induced dependence, self-administration, subgranular zone, hippocampus, BrdU

NEUROGENESIS IN THE ADULT DENTATE GYRUS
Accumulating evidence over the past four decades shows that fore-
brain neural stem cells populate two main areas, the subventricular
zone of the lateral ventricles and subgranular zone (SGZ) of the
hippocampal dentate gyrus (DG; Figure 1), where they give rise
to neurons throughout adulthood. Adult neurogenesis is found
in these forebrain regions in all mammalian species examined,
including humans (Eriksson et al., 1998; Curtis et al., 2007), and
may serve to replace cells damaged by brain disorders, such as
addiction to drugs of abuse and alcohol. Whether they replace
dying or diseased cells and if so to what extent are questions
currently receiving intense research focus.

Adult neurogenesis in the hippocampal DG plays an impor-
tant role in maintaining hippocampal plasticity. The process of
neurogenesis involves stem-like precursor cells (type 1 cells) that
proliferate into preneuronal progenitors (type 2 and type 3), which
in turn differentiate into immature neurons and eventually mature
into granule cell neurons (GCNs; Kempermann et al., 2004; Abrous
etal.,2005; Figure 1). A large proportion (>80%) of hippocampal
progenitors migrate a short distance to become GCNs in the DG
(Kaplan and Hinds, 1977; Hastings et al., 2001), and there is evi-
dence demonstrating functional incorporation of the newly born
neurons in the DG (Gould et al., 1999; Shors et al., 2002; Aimone
et al., 2006). For example, DG neurogenesis has been implicated
in the maintenance of hippocampal networking (Aimone et al.,

2006; Clark et al., 2012; Lacefield et al., 2012) and assists with cer-
tain behaviors that depend on the hippocampus (Feng et al., 2001;
Deisseroth et al., 2004; Schmidt-Hieber et al., 2004; Kim et al.,
2012) and is critical for encoding new information by facilitating
the formation of new memories that assist with hippocampus-
dependent behaviors (McHugh et al., 2007; Bakker et al., 2008;
Clelland et al., 2009; Aimone et al., 2011; Sahay et al., 2011).
Dentate gyrus neurogenesis is also strongly regulated by stress
and glucocorticoids (Cameron and Gould, 1994; Mirescu and
Gould, 2006; Oomen et al., 2007; Snyder et al., 2011). Conversely,
DG neurogenesis regulates the secretion of glucocorticoids in
response to stress (Snyder et al., 2011). This is important because
the hippocampus provides negative control of the hypothalamic-
pituitary-adrenal (HPA) axis, and DG neurogenesis regulates hip-
pocampal regulation of the HPA axis (Snyder etal.,2011), although
the circuitry mediating this effect is not well understood. Further-
more, the role of the glutamatergic system in the development and
maintenance of DG neurogenesis is well documented (Cameron
etal., 1995). For example, N-methyl-p-aspartate (NMDA) recep-
tor activation reduces the proliferation of neural precursors in
a normal state, and blockade of NMDA receptors increases the
birth and survival of neural precursors in the DG, suggesting
that neuronal inputs into the hippocampus regulate DG neuro-
genesis (Figure 2). Furthermore, recent evidence demonstrates
compromised HPA axis activity (Richardson et al., 2008), altered
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FIGURE 1 | Neurogenesis in the subgranular zone of the hippocampus.
Schematic representation of the coronal view of the hippocampus region;
magnification of the DG region in a coronal view —3.6 mm from bregma
indicating the subregions of the DG and highlighting the neurogenic region;
GCL in red and SGZ as the hatched area. DG, dentate gyrus; GCL, granule
cell layer; Mol, molecular layer; SGZ, subgranular zone; Hil, hilus. Stages of
adult hippocampal neurogenesis are indicated below the schematic of the
coronal view of the hippocampus. In the DG, type 1 putative stem-like cells
are slowly dividing and rarely label with the commonly used exogenous
mitotic marker 5-bromo-2'-deoxyuridine (BrdU) but can be identified via
morphology and staining for nestin/GFAP/Sox2. BrdU will label rapidly
dividing type 2 and some type 3 cells. Type 3 cells mature and differentiate
into immature granule cell neurons and migrate a short distance into the
granule cell layer to become granule cell neurons and integrate into the
hippocampal circuitry.

glucocorticoid signaling (Vendruscolo et al., 2012), increased sen-
sitivity to NMDA-mediated function (Becker et al., 1998; Gonzalez
et al., 2001), and significant reductions in the rate of DG neuro-
genesis (Nixon and Crews, 2002; Richardson et al., 2009; Hansson
et al.,, 2010) in a preclinical models of alcohol addiction and
dependence. These data suggest that the normalization of alcohol-
impaired DG neurogenesis during withdrawal may help reverse
altered hippocampal neuroplasticity during protracted abstinence
and thus may help reduce the vulnerability to relapse and aid
recovery.

ANIMAL MODELS OF CHRONIC ALCOHOL EXPOSURE AND
ALCOHOL DEPENDENCE

There are several in vitro and in vivo preclinical model systems
that represents various stages of alcohol intoxication, addiction,
and dependence. Three models are highlighted in this review;
in vitro organotypic hippocampal cell culture model, intragastric
intubation model, and chronic ethanol vapor induced depen-
dence (CEID) model. The incorporation of these models has
allowed us to determine the toxic and neuromodulatory effects of
ethanol in specific brain regions and reward systems. The in vitro
organotypic hippocampal cell culture model is commonly used to
study hippocampal excitotoxicity associated with alcoholism. The
in vitro model harbors critical hippocampal heterogeneity that
is necessary for neuron—neuron and neuron-glia interactions to
occur, thus maintaining the structural and functional integrity of

pp
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CA2

GeL
Nsez
-
N
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¢

FIGURE 2 | Neuronal projections in the hippocampus. Schematic
representation of the coronal view of the hippocampus region indicating
the subregions of the hippocampus and their location within the
hippocampus. CA, cornu ammonis; Trisynaptic circuitry in the hippocampus
is indicated with axons from the entorhinal cortex projecting unidirectionally
to the apical dendrites of the hippocampal DG, CA1, and CA3 neurons
(perforant path projection). DG neurons project to the apical dendrites of
the CA3 pyramidal neurons (mossy fiber projection). CA3 neurons project
to the apical dendrites of the CA1 neurons (Schaffer collateral projection).
The CA1 neurons have bidirectional projections to and from the BLA. The
BLA also sends projections to the medial prefrontal cortex (mPFC), nucleus
accumbens (NAc), bed nucleus of the stria terminalis (BNST), and central
nucleus of the amygdala.

hippocampal circuitry and pharmacology (Gutierrez and Heine-
mann, 1999; Martens and Wree, 2001). Notably, the in vitro model
has been extensively used to study the effects of chronic ethanol
and withdrawal from ethanol on hippocampal neurotoxicity and
excitotoxicity (Gibson et al., 2003; Prendergast et al., 2004; Wilkins
et al., 2006). Studies indicate that ethanol excitotoxicity is depen-
dent on the concentration of ethanol and duration of withdrawal
after ethanol exposure. The intragastric intubation model has been
widely used to study hippocampal neurotoxicity associated with
alcoholism. This model produces observable signs of prodromal
detoxification and physiological dependence (Majchrowicz, 1975),
and these extreme signs of ethanol intoxication and dependence
have been correlated with reduced neuroplasticity and enhanced
neurodegeneration (Nixon and Crews, 2002; Crews and Nixon,
2009).

The CEID model of alcohol dependence links chronic ethanol
exposure regimens with self-administration procedures. This
model is based on the idea that dependence and the experience
of withdrawal during dependence drive excessive drinking during
withdrawal through altered motivational processes (e.g., negative
reinforcement; O’Dell et al., 2004; Lopez and Becker, 2005; Gehlert
et al., 2007; Griffin et al., 2009). The CEID model has several
advantages compared with the intragastric intubation model of
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alcohol dependence because it causes increases in ethanol self-
administration and enhanced responsiveness to environmental
stimuli that lead to excessive drinking in humans (Valdez et al.,
2002; O’Dell et al., 2004). Importantly, CEID produces relatively
high blood alcohol levels (BALs) during a short period of time,
making this approach advantageous for studying the somatic
aspects, motivational aspects, and neurobiological consequences
of alcohol dependence (Macey et al., 1996; Liu and Weiss, 2002,
2003; Moore et al., 2004; Budygin et al., 2007; Miki et al., 2008;
Gilpin et al., 2009; Richardson et al., 2009; Zahr et al., 2009). Alto-
gether, investigating the neurobiological effects of chronic ethanol
in CEID models has helped identify other vulnerability factors that
contribute to the pathology of alcoholism in humans (Macey et al.,
1996; Liu and Weiss, 2002, 2003; Moore et al., 2004; Budygin et al.,
2007; Miki et al., 2008; Gilpin et al., 2009; Richardson et al., 2009;
Zahr et al., 2009; Hansson et al., 2010).

ALCOHOL AND THE MORPHOLOGY AND PLASTICITY OF THE
HIPPOCAMPUS

The hippocampus is involved in ethanol reward and relapse
to ethanol seeking (Koob and Volkow, 2010; Zarrindast et al,,
2010), suggesting that the hippocampus contributes to several
aspects of alcohol dependence and can be implicated in the phe-
nomena linked to alcohol use disorders. For example, alcohol
dependence is linked to decreased hippocampus volume (Sullivan
et al., 1995; Beresford et al., 2006), altered hippocampal mor-
phology (Bengochea and Gonzalo, 1990; Durazzo et al., 2011),
and deficits in hippocampus-dependent learning and memory
(Brandt et al., 1983; Glenn and Parsons, 1991; Sullivan et al.,
2000a,b, 2002). Alcohol exposure also alters the functional plas-
ticity of hippocampal neurons. For instance, acute ethanol in
hippocampal slices decreases hippocampal synaptic activity [i.e.,
decreases NMDA and a-amino-3-hydroxy-5-methyl-4-isoxazole-
propionic acid (AMPA) receptor-mediated currents and increases
y-aminobutyric acid-A (GABA,) receptor-mediated currents]
and decreases hippocampal (CA1 and DG) long-term potentia-
tion (LTP; Lovinger et al., 1989; Blitzer et al., 1990; Wayner et al.,
1997; Weiner et al., 1999; Wright et al., 2003; Izumi et al., 2005;
Fujii et al., 2008). Notably, chronic ethanol exposure also impairs
hippocampal CA1 LTP through a presynaptic LTP mechanism
(Durand and Carlen, 1984; Roberto et al., 2002) and produces
tolerance to acute ethanol-mediated decreases in hippocampal
LTP (Fujii et al., 2008), suggesting reorganization of hippocampal
networking after chronic ethanol exposure. Furthermore, chronic
ethanol exposure oppositely affects hippocampal synaptic activity
compared with acute ethanol (increases in NMDA and decreases
in GABA, receptor-mediated activity) and produces tolerance
to acute ethanol-mediated impairment of NMDA activity and
hippocampal-dependent behaviors (Sanna et al., 1993; Wu et al.,
1993; Nelson et al., 2005; Sheela Rani and Ticku, 2006; Fujii
et al., 2008). These findings indicate that the cellular mechanisms
that maintain hippocampal plasticity are compensated in chronic
ethanol-exposed animals. These maladaptive changes could con-
tribute to the impairment of hippocampus-dependent behaviors
in alcohol-dependent animals (Lukoyanov et al., 1999; Cippitelli
et al., 20105 George et al., 2012). Chronic ethanol exposure pro-
duces dendritic retraction of CA1 pyramidal neurons (McMullen

et al., 1984), suggesting concomitant structural reorganization of
hippocampal neurons compared with functional changes in hip-
pocampal circuitry. Recent evidence demonstrated that ethanol
exposure altered a new form of hippocampal plasticity, such as
DG neurogenesis (reviewed in (Nixon, 2006; Mandyam and Koob,
2012). Ethanol exposure (i.e., intragastric intubation, two-bottle
choice, ethanol liquid diet, and CEID) altered every stage of DG
neurogenesis, including the proliferation, differentiation, matura-
tion, and survival of neural stem cells (Figure 1). These effects
varied by the dose, duration, and pattern of ethanol exposure and
timing of ethanol exposure before labeling the neural progenitors
(Nixon and Crews, 2002; Crews et al., 2004; Rice et al., 2004; He
et al., 2005; Ieraci and Herrera, 2007; Richardson et al., 2009; Taffe
et al., 2010; Contet et al., 2013). Therefore, the inhibitory effect
of ethanol on the regenerative capacity of the adult hippocam-
pus is now being considered a precursor for ethanol-induced
neurodegeneration in the hippocampus (Nixon, 2006).

ALCOHOL EXPOSURE PRODUCES NEUROTOXICITY AND
EXCITOTOXICITY IN THE HIPPOCAMPUS

Using the in vitro organotypic hippocampal cell culture model,
it has been demonstrated that hippocampal CAl excitotoxicity
is evident after withdrawal from chronic ethanol exposure and
not during ethanol exposure (Mulholland et al., 2003; Prendergast
et al., 2004; Wilkins et al., 2006). Withdrawal-associated effects
have been shown to be due to the release of excessive glutamate and
polyamines and corresponding activation of NMDA-type recep-
tors in the hippocampal region (Gibson et al., 2003). Importantly,
ethanol studies that used the in vitro model indicate the impor-
tance of the glutamatergic system as a final common pathway
mediating neurotoxicity and excitotoxicity. There are also in vivo
studies that support the involvement of the glutamatergic sys-
tem in ethanol-induced hippocampal neurotoxicity in chronic
ethanol-exposed animals (Claus et al., 1982; Keller et al., 1983;
Wilce et al., 1993; Snell et al., 1996; Wirkner et al., 1999). For
example, glutamate release is increased in the hippocampus dur-
ing ethanol withdrawal (Claus et al., 1982; Keller et al., 1983),
and changes in glutamate levels are associated with enhanced
polyamine levels in combination with an increased number of
functional NMDA receptors (Davidson et al., 1993, 1995). These
results suggest that increased glutamate levels may induce ethanol
withdrawal hyperexcitability and lead to increased susceptibility
to hippocampal excitotoxicity (Hoffman, 2003).

WITHDRAWAL AND PROTRACTED ABSTINENCE FROM
ALCOHOL AND DG NEUROGENESIS

Very few studies have explored how forced withdrawal from drug
exposure alters DG neurogenesis (Nixon and Crews, 2004; Nixon
et al., 2008; Noonan et al., 2008; Barr et al., 2010; Hansson et al.,
2010; Taffe et al., 2010; Garcia-Fuster et al., 2011; Deschaux et al.,
2012; Recinto et al., 2012). Withdrawal from ethanol exposure
in the intragastric intubation and CEID paradigms enhanced cell
proliferation in the hippocampus (Nixon and Crews, 2004; Hans-
son et al., 2010), resulting in initial microglial proliferation (Nixon
et al., 2008) followed by the production of immature neurons
and eventual neurogenesis (Nixon and Crews, 2004). Aberrant
neurogenesis during abstinence is thought to be attributable to
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central nervous system hyperexcitability associated with ethanol
withdrawal symptomatology, such as whole-body tremors that
result from the termination of ethanol exposure. However, the
cellular mechanisms regulating ethanol withdrawal-induced aber-
rant neurogenesis in the DG have not been identified, and future
mechanistic studies are needed to address the contribution of aber-
rant DG neurogenesis to brain changes associated with alcohol
dependence.

WITHDRAWAL AND PROTRACTED ABSTINENCE FROM
ALCOHOL AND EPILEPTOGENESIS AND
NEUROADAPTATIONS IN THE HIPPOCAMPUS

As discussed earlier, both in vitro and in vivo evidence suggests
that glutamatergic neurotransmission is a critical mediator of the
experience-dependent synaptic plasticity that may underlie alco-
hol dependence. It is hypothesized that a hyperglutamatergic state
in the basolateral amygdala (BLA) resulting from termination of
ethanol exposure may be regulated by a variety of neuroadapta-
tions in the extended amygdala. These alterations may regulate the
plasticity in the hippocampus to produce the withdrawal hyper-
excitability associated with dependence (Hoffman and Tabakoff,
1994; Tsai et al., 1995; Nixon and Crews, 2004; McCool et al.,
2010; Prior and Galduroz, 2011). For example, withdrawal from
ethanol, especially the termination of CEID, produces withdrawal
symptomatology, manifested as increased acoustic startle reactiv-
ity and tremor activity that peaks 12-24 h post-withdrawal (Macey
etal., 1996). These somatic symptoms of ethanol withdrawal seem
to have an immediate effect on hippocampal plasticity. With-
drawal from CEID produces a rebound effect on the proliferation
of neural progenitors that occurs 72h after the termination of
CEID. These cells propagate into aberrant immature GCNs during
protracted abstinence (Hansson et al.,2010). Notably, pilocarpine-
induced status epilepticus also produces abnormal proliferation
of neural progenitors in the DG that is evident 72 h after seizure
activity (Parent et al., 1997). This is a timeframe comparable to
ethanol withdrawal-induced alterations. In addition to the alter-
ations in DG neural progenitors, both epileptic activity and with-
drawal from CEID have other common cellular and molecular
neuroadaptations in the hippocampus. Particularly interesting is
the increases in NMDA receptor 2B (NR2B) subunit expression in
the hippocampus during CEID (Pian et al.,2010) and CRF levels in
the hippocampus during withdrawal (Criado et al., 2011). These
changes parallel the increased NR2B subunit and CRF expres-
sion in the hippocampus during epileptogenesis (Smith et al,,
1997; Frasca et al., 2011). Altogether, it appears that the hyper-
activity stemming from the neurocircuitry underlying ethanol
withdrawal-induced kindling-like behaviors causes a hypergluta-
matergic state and produces hippocampal excitotoxicity, which
may be decisive factors for the maintenance of long-term depen-
dence (Baram et al., 1992; Smith et al., 1997; Wilkins et al., 2006;
Frasca et al., 2011; Prior and Galduroz, 2011).

WITHDRAWAL AND PROTRACTED ABSTINENCE FROM
ALCOHOL ALTER HPA AXIS AND GLUCOCORTICOID
RECEPTOR SIGNALING

Animals made dependent by CEID or liquid diet proce-
dures have attenuated (opposing) basal stress hormone levels

(adrenocorticotropic hormone and corticosterone) compared
with non-dependent drinking animals (enhanced stress hormone
levels). It has been demonstrated that the blunted stress response
is a consequence of chronic ethanol exposure (Zorrilla et al,
2001; Richardson et al., 2008). Importantly, the findings from
animal studies are consistent with clinical studies that link mal-
adaptive HPA axis function with alcoholism, including a reduced
ability to cope with stress and negative correlations between cor-
tisol and craving and relapse in alcoholics (Lovallo et al., 2000;
O’Malley et al., 2002). Although the precise mechanism underly-
ing the attenuated stress response is unknown, several studies have
implicated activation of CRF systems in the extended amygdala in
the dysregulation of the stress system associated with dependence
(Wand, 2005; Koob, 2008). Furthermore, enhanced glucocorticoid
receptor (GR) levels in the extended amygdala during protracted
abstinence have been demonstrated in dependent animals. Such
associated changes in the GR system could play a mechanistic
role in the sensitivity to stress/reward and relapse associated with
alcohol dependence (Vendruscolo et al., 2012). However, the func-
tional significance of altered GR system in mediating blunted stress
responses in alcohol dependence is unknown.

RELATIONSHIP BETWEEN ETHANOL-INDUCED
NEUROADAPTIVE CHANGES IN THE AMYGDALA AND
ABERRANT DG NEUROGENESIS

The aberrant stimulation of cell proliferation in the DG during
withdrawal from chronic ethanol exposure has been demon-
strated in the in vitro organotypic hippocampal cell culture model
(Wilkins et al., 2006), intragastric intubation model (Nixon and
Crews, 2004; Nixon et al., 2008), and CEID model (Hansson et al.,
2010). Further mechanistic experiments that used the intragas-
tric intubation model demonstrated that observable withdrawal
signs correlated with increases in cell proliferation. However, res-
cuing the observable withdrawal symptoms with diazepam did
not normalize the cell proliferation effects (Nixon and Crews,
2004). This suggests that withdrawal-induced enhanced prolif-
eration is not secondary to the physiological withdrawal experi-
enced by the animal but may be related to the neuroadaptations
linked to the negative affect symptoms associated with alcohol
dependence.

Possible mechanisms underlying ethanol withdrawal-induced
aberrant DG cell proliferation and neurogenesis can be postu-
lated based on the available literature. For example, the increased
synthesis of hippocampal CRF during withdrawal (Criado et al.,
2011) might promote excitatory activity and lead to BLA hyper-
excitability, which in turn may increase the level of CRF at critical
hippocampal synapses (Figure 2). Such a mechanism would fur-
ther enhance excitability in a positive-feedback manner in the
hippocampus during ethanol withdrawal (Baram and Hatalski,
1998; Hollrigel et al., 1998; Chen et al., 2004). Increased CRF syn-
thesis in the hippocampus could be due to decreased hippocampal
inhibitory GABA activity seen during ethanol withdrawal (Frye
et al., 1983; Fujii et al., 2008). The excitatory effect of CRF on DG
neurons in the hippocampus may occur indirectly through CRF-
induced activation of excitatory inputs into the hippocampus to
cause DG hyperexcitability (Hollrigel et al., 1998). Epileptogenic
studies suggest that excitatory glutamatergic projections from the
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BLA are implicated in DG excitotoxicity and hyperexcitability
(Baram et al., 1992; Freund and Buzsaki, 1996; Smith et al., 1997;
Hollrigel et al., 1998; Yan et al., 1998; Wang et al., 2000). Notably,
most of the projection neurons from the BLA to the hippocampus
are glutamatergic and express CRF; receptors. Specific knockdown
of CRF; in BLA glutamatergic neurons produces anxiolytic-like
effects (Refojo et al., 2011). Furthermore, the CRF system in the
BLA is hypothesized to be recruited by chronic kindling cycles
of ethanol exposure/withdrawal (Baram et al., 1992; Rimondini
et al., 2003; Breese et al., 2004; Knapp et al., 2004; Overstreet et al.,
2004; O’Dell et al., 2004) and mediate the motivating, negative
affective symptoms of both acute and protracted abstinence from
ethanol. Protracted abstinence from CEID enhances BLA CRF;
levels (Sommer et al., 2008), suggesting that BLA sensitivity to
CRFincreases in a kindling-like fashion during withdrawal (Sajdyk
etal., 1999; Sajdyk and Gehlert, 2000; Rainnie et al., 2004). Recent
functional studies demonstrated that DG neurogenesis is regulated
by BLA neuronal activity (Kirby et al., 2012), and a kindling proce-
dure specifically in the BLA produced aberrant DG neurogenesis,
which resulted from the altered expression of cell differentiation
factors in the DG neurogenic niche (Fournier et al., 2010). There-
fore, increases in CRF in the extended amygdala could produce
secondary effects on DG neurogenesis via the BLA. These alter-
ations could be hypothesized to be regulated by corticosterone
levels (Makino et al., 1994).

A related mechanism for ethanol withdrawal-induced increases
in cell proliferation and DG neurogenesis could be ethanol
withdrawal-induced blunting of corticosterone levels (Richard-
son et al., 2008) and corresponding increases in GR levels in the
extended amygdala (Vendruscolo et al., 2012). The reduced levels
of corticosterone could enhance DG proliferation and neurogen-
esis to assist with the hippocampal negative feedback regulation
of HPA axis activity (Jankord and Herman, 2008; Snyder et al.,
2011). Furthermore, it has been demonstrated that withdrawal is
associated with upregulation of NMDA receptors, specifically in
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Much evidence indicates that individuals use tobacco primarily to experience the psy-
chopharmacological properties of nicotine and that a large proportion of smokers eventually
become dependent on nicotine. In humans, nicotine acutely produces positive reinforc-
ing effects, including mild euphoria, whereas a nicotine abstinence syndrome with both
somatic and affective components is observed after chronic nicotine exposure. Animal
models of nicotine self-administration and chronic exposure to nicotine have been critical
in unveiling the neurobiological substrates that mediate the acute reinforcing effects of
nicotine and emergence of a withdrawal syndrome during abstinence. However, important
aspects of the transition from nicotine abuse to nicotine dependence, such as the emer-
gence of increased motivation and compulsive nicotine intake following repeated exposure
to the drug, have only recently begun to be modeled in animals. Thus, the neurobiologi-
cal mechanisms that are involved in these important aspects of nicotine addiction remain
largely unknown. In this review, we describe the different animal models available to date
and discuss recent advances in animal models of nicotine exposure and nicotine depen-
dence. This review demonstrates that novel animal models of nicotine vapor exposure and
escalation of nicotine intake provide a unique opportunity to investigate the neurobiological
effects of second-hand nicotine exposure, electronic cigarette use, and the mechanisms

that underlie the transition from nicotine use to compulsive nicotine intake.

Keywords: addiction, tobacco, self-administration, vapor, dependence, escalation, abstinence, withdrawal

INTRODUCTION

Studies on the neurobiological substrates of tobacco addiction
largely depend on the availability of suitable animal models. In
this review, we first describe the features of tobacco smoking and
nicotine abuse and dependence in humans. We then discuss the
limits and advantages of the most used animal models of nicotine
use and dependence and novel animal models of escalated nicotine
intake and exposure to nicotine vapor. The last section discusses
how these different animal models can be used to investigate the
neurobiological mechanisms that mediate nicotine reinforcement
and dependence.

FEATURES OF TOBACCO SMOKING, NICOTINE ABUSE, AND
DEPENDENCE IN HUMANS

Tobacco use is the leading cause of preventable disease and pre-
mature death, leading to 440,000 deaths annually in the United
States alone (Fellows et al., 2002). According to a recent review
(Giovino et al., 2012), 24% of the United States population older
than 15 years of age are cigarette smokers, and 1.8% are smokeless
tobacco users. Cigarette smoking appears to be more central to
the epidemiology of nicotine addiction compared with smokeless
tobacco abuse. However, chewing tobacco, dry snuff, and moist
snuff are a concern in certain countries (Bhattacharyya, 2012;
Giovino et al., 2012). The rapid growth of electronic cigarette use
worldwide (Caponnetto et al., 2012) is also an important health

concern that requires the development of novel animal models of
exposure to nicotine vapor.

ACUTE EFFECTS OF SMOKING

The primary psychoactive ingredient responsible for tobacco use
is nicotine (Cummings and Mahoney, 2006), although tobacco
smoke also contains more than 4,000 additional chemicals, many
of which have psychoactive properties or may act in concert with
nicotine to contribute to smoking dependence (Clemens et al.,
2009; Hoffman and Evans, 2013). Cigarettes typically contain 10—
14 mg of nicotine (Kozlowski et al., 1998), of which 1-1.5mg is
absorbed systemically in the lungs through inhalation (Armitage
etal., 1975; Benowitz and Jacob, 1984). Nicotine rapidly enters the
pulmonary venous circulation, reaches the brain within 10-20s,
and readily diffuses into brain tissue where it binds to nicotine
acetylcholine receptors (nAChRs; Benowitz et al., 1988). The rate
of absorption of smokeless tobacco products, with the exception of
electronic cigarettes, is considerably slower (30 min to reach max-
imum blood levels), accounting for a lower abuse potential for
these products (Benowitz et al., 1988). Acutely, cigarette smoking
is reported to induce positive reinforcing effects, including mild
euphoria, heightened arousal, reduced appetite, and reduced stress,
anxiety, and pain (Pomerleau et al., 1984; Pomerleau and Pomer-
leau, 1992; Stolerman and Jarvis, 1995). However, the specific role
for nicotine in these reinforcing effects is still unclear because of the
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difficulties performing intravenous nicotine self-administration in
humans. However, smokers who self-administer nicotine report
an overall profile of rewarding sensations, including mild eupho-
ria, increased comfort, “drug liking,” and reduced negative mood
and pain sensation, accompanied by negative effects, such as ten-
sion and jitteriness (Henningfield and Goldberg, 1983; Perkins
et al., 1994; Harvey et al., 2004; Sofuoglu et al., 2008; Rose et al.,
2010). Thus, nicotine itself can serve as an effective reinforcer, at
least among experienced smokers. However, the mixed subjective
reports, early difficulties obtaining reliable intravenous nicotine
self-administration in animals, and direct comparisons in animal
models suggest that the reinforcing efficacy of nicotine is lower
than other drugs of abuse (Risner and Goldberg, 1983; Manzardo
etal., 2002; Le Foll and Goldberg, 2009). Non-nicotinic aspects of
tobacco smoke, such as its other constituents (e.g., acetaldehyde,
nornicotine, and harman) and sensory stimulation could substan-
tially contribute to its abuse and addictive potential (Belluzzi et al.,
2005; Rose, 2006; Rose et al., 2010; Kapelewski et al., 2011).

TOBACCO DEPENDENCE

Patterns of smoking among dependent smokers

Dependent smokers maintain relatively stable nicotine blood lev-
els during waking hours (Benowitz and Jacob, 1984), with plasma
levels ranging between 20 and 50 ng/ml. To maintain these rel-
atively constant nicotine levels, smokers efficiently regulate the
rate and intensity of cigarette smoking (Ashton and Watson,
1970; Benowitz, 1986). For example, smokers will compensate
for reduced nicotine content when smoking cigarettes with lower
nicotine yield than their usual brand (Russell et al., 1980; Maron
and Fortmann, 1987).

Nicotine withdrawal and the escalation of nicotine intake

Discontinuation of smoking, even for only several hours, leads to
withdrawal symptoms that peak within 1 week and may persist for
up to 6 months (Hughes et al., 1991; Hughes, 2007; Markou, 2008).
Nicotine withdrawal includes both somatic symptoms, such as
bradycardia, gastrointestinal disturbances, and, increased appetite,
and affective symptoms, such as nicotine craving, heightened anx-
iety, hyperalgesia, depressed mood, and irritability (Pomerleau
et al., 1984; Hughes et al., 1991; Zaniewska et al., 2009; Rose et al.,
2010). Converging evidence shows that avoidance of the affective
symptoms of nicotine withdrawal, rather than somatic symptoms,
plays a central role in the maintenance of nicotine dependence
(Koob et al., 1993). It has been hypothesized that during the tran-
sition to dependence, the motivation to take drugs is caused by
a shift from the positive reinforcing properties of the drug to
its ability to attenuate the negative effects of abstinence. Thus,
the negative affective states associated with abstinence potentiate
the incentive value of nicotine to promote the escalation of com-
pulsive drug intake through negative reinforcement mechanisms
(Solomon and Corbit, 1973; Koob and Le Moal, 2001; Koob, 2010).

Adolescence and the escalation of tobacco smoking

Tobacco smoking typically begins in adolescence, with 14% of 15-
year-olds and 22% of 17-year-olds reporting cigarette smoking
(Substance Abuse and Mental Health Services Administration,
2003). Prospective studies report that ~30-50% of adolescents

and young adults who had initiated non-daily smoking showed
an escalation in daily smoking within 4-5 years (U.S. Department
of Health and Human Services, 1994, 2012; Tucker et al., 2003).
For example, one 4-year prospective study reports that 53% of
sixth-graders who experimented with smoking experience depen-
dence symptoms, and 40% experience escalation to daily smok-
ing (Doubeni et al., 2010). Some adolescents and young adults
who experiment with smoking will eventually quit or remain
light smokers (one to five cigarettes/day) or intermittent smokers
(“chippers”; Shiffman, 1989; Shiffman et al., 1994), a subpopula-
tion that encompasses up to 25-33% of all smokers (Coggins et al.,
2009).

Various psychosocial factors, such as peer smoking and par-
enting style, have been suggested to contribute to the escalated
smoking behavior of certain adolescents (Robinson et al., 2003;
Kim et al., 2009; Dal Cin et al., 2012). Interestingly, studies suggest
that, contrary to the common perception, symptoms of nicotine
dependence, most commonly craving for tobacco and withdrawal
symptoms (Gervais et al., 2007; Doubeni et al., 2010; Zhan et al.,
2012), can develop at very early stages of initial intermittent smok-
ing, even with as few as two cigarettes per week (DiFranza et al,,
2002). According to Zhan et al. (2012), 20% of adolescents who
smoke fewer than 100 cigarettes in their lifetime report experienc-
ing “smoking to relieve restlessness” and “irritability.” As expected,
the early appearance of such symptoms of nicotine dependence
predicts future escalation to daily chronic smoking (DiFranza
et al., 2002, 2007; Dierker and Mermelstein, 2010; Doubeni et al.,
2010). In contrast, people who engage in non-daily smoking with-
out escalation (“chippers”) have very few or no symptoms of
dependence, and their smoking experience is primarily associ-
ated with positive rather than negative reinforcement (Coggins
et al., 2009). Thus, intermittent tobacco use associated with with-
drawal symptoms can promote the escalation of smoking behavior,
which in turn accelerates the appearance of additional symptoms
of dependence (Doubeni et al., 2010).

The importance of nicotine withdrawal as a negative reinforcer
in the escalation of smoking is also suggested by the calming effects
of nicotine when given after even a short period of abstinence, a
primary reason given by both adults and adolescents for smok-
ing (Dozois et al., 1995; Parrott, 1995). Although nicotine has
anxiolytic properties under certain conditions (Pomerleau et al.,
1984; Perkins and Grobe, 1992; Juliano and Brandon, 2002), it has
also been argued that the calming effects of nicotine in depen-
dent smokers represent the reversal of the negative affect induced
by nicotine deprivation (Parrott, 1995, 1998, 2003). Thus, esca-
lation may be more common among individuals with difficulties
regulating negative affect, who are prone to develop withdrawal
symptoms, and who have high expectancy of the calming effects
of smoking (Heinz et al., 2010).

SECOND-HAND SMOKE

One generally overlooked factor that may contribute to the escala-
tion of tobacco abuse, particularly among adolescents, is second-
hand smoking. In the United States, it has been estimated that
up to 60% of children are exposed to second-hand smoke (U.S.
Department of Health and Human Services, 2006). Nicotine from
moderate second-hand smoke exposure results in an increase in
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plasma nicotine concentration of approximately 0.2 ng/ml and to
substantial brain a4p} nAChR occupancy (19%) in both smok-
ers and non-smokers compared with 0.87 ng/ml and 50% o4f}
nAChR occupancy from actively smoking one cigarette (Brody
et al., 2006, 2011). Although second-hand smoking is clearly
linked to serious illnesses among non-smokers (U.S. Department
of Health and Human Services, 2006), including asthma, heart
disease, sudden infant death syndrome, and cancer, it is currently
unclear whether second-hand smoke can also contribute to the
initiation and escalation of smoking. It is well documented that
adolescents exposed to smoking by family members and peers
are more likely to initiate and escalate smoking behavior (Brook
et al., 2009; Leonardi-Bee et al., 2011; Wang et al., 2011). How-
ever, various psychological, psychosocial, and genetic factors may
mediate this effect (Ajzen and Fishbein, 1980; O’Byrne et al., 2002;
Audrain-McGovern et al., 2007). Nevertheless, escalated smoking
can be observed in adolescent smokers with cotinine plasma lev-
els comparable to levels of second-hand smoking in non-smokers
(DiFranza et al., 2007). Moreover, adults and children who are
non-smokers report symptoms of nicotine withdrawal after expo-
sure to high levels of second-hand smoke (Okoli et al., 2007;
Bélanger et al., 2008). Finally, prospective studies suggest that
high levels of nicotine intake from second-hand smoking during
childhood predict smoking behavior in teenage years, even when
accounting for various social and environmental factors (Becklake
etal.,2005). However, the controlled experimental conditions that
are required to test the causal role of second-hand smoking in the
escalation of smoking can only be employed in animal models and
will be discussed below.

ELECTRONIC CIGARETTES

Electronic cigarettes deliver nicotine through the battery-powered
vaporization of a nicotine/propylene-glycol solution. Electronic
cigarettes (e-cigarettes) are thus generally less harmful than regular
cigarettes because they deliver nicotine without the various toxic
constituents of tobacco smoke (Cahn and Siegel, 2011; Etter and
Bullen, 2011; O’Connor, 2012). According to a recent survey, 3.4%
of the total population, including 11.4% of current smokers, 2.0%
of former smokers, and 0.8% of never-smokers, use e-cigarettes
(Pearson et al., 2012). Most smokers claim to use e-cigarettes for
smoking cessation/reduction, and their use appears to enhance the
motivation to quit (Etter and Bullen, 2011; Wagener et al., 2012).
Indeed, two surveys reported that most smokers who used e-
cigarettes decreased or completely quit smoking within 6 months
(Polosa et al., 20115 Siegel et al., 2011). However, it is unclear
the degree to which such reports coincide with the efficacy of e-
cigarettes as nicotine delivery devices. Vansickel and Fissenberg
(2013) report that experienced users who were allowed to use
their own customized e-cigarettes reach blood nicotine concen-
trations similar to those obtained by regular cigarettes. However,
other studies report that nicotine delivery greatly varies between
brands but is generally lower than that of regular cigarettes, with
certain brands delivering nicotine doses that are too low to be
detected (Bullen et al., 2010; Vansickel et al., 2010; Goniewicz et al.,
2013). These studies report that e-cigarette use reduces craving
and partially alleviated withdrawal symptoms despite the low to
moderate blood nicotine levels. The effect of e-cigarette use on

the brain stress and reward systems and vulnerability to become
dependent or relapse is unknown and needs to be addressed using
novel animal models. Another key question that needs to be inves-
tigated is the possible role of e-cigarettes as a gateway product to
other drugs of abuse (Etter, 2012).

ANIMAL MODELS OF NICOTINE ABUSE AND DEPENDENCE
NON-CONTINGENT EXPOSURE TO NICOTINE

Most research on the behavioral and biological effects of nicotine
involved experimenter-administered nicotine, given by subcuta-
neous (s.c.) or intraperitoneal (i.p.) injections (see Figure 1).
Non-contingent nicotine injections were instrumental in identify-
ing the effects of acute and chronic exposure to nicotine on a wide
variety of phenomena, including locomotor activity (Clarke and
Kumar, 1983), anxiety-like behavior (Irvine et al., 1999; Cheeta
et al., 2001), feeding behavior (Clarke and Kumar, 1984), pain
(Sahley and Berntson, 1979), the development of tolerance to
such effects (Collins et al., 1988), and the brain systems involved
(Rosecrans and Meltzer, 1981; Clarke et al., 1988; Niijima et al.,
2001).

Conditioned place preference

In this model of drug reward, animals are tested for the develop-
ment of conditioned preferences for distinct drug-paired environ-
ments (Carr et al., 1989). Achieving nicotine-induced conditioned
place preference (CPP) in rodents has proven to be challenging
compared with other drugs of abuse, and findings have been
inconsistent. Nicotine-induced CPP is observed in some studies
(Fudala et al., 1985; Horan et al., 1997; Ashby et al., 2002; Le Foll
and Goldberg, 2005) but not in others (Clarke and Fibiger, 1987;
Acquas etal., 1989; Jorenby et al., 1990; Parker, 1992). Nicotine can
also induce conditioned place aversion (CPA; Horan et al., 1997;
Laviolette and van der Kooy, 2003). The ability to achieve nicotine-
induced CPP is facilitated by the use of a “biased” place preference
procedure (i.e., pairing the drug with the initially non-preferred
compartment of the CPP apparatus; Le Foll and Goldberg, 2005).
The reasons for the difficulty obtaining CPP are unclear and may
be related to the weak rewarding properties of nicotine and very
narrow dose-response curve.

Dependence induction
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