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Abstract

This review focuses on neuroimaging studies that examined stress processing and regulation and
cognitive inhibitory control in patients with psycho-stimulant addiction. We provide an overview of
these studies, summarizing converging evidence and discrepancies as they occur in the literature.
We also adopt an analytic perspective and dissect these psychological processes into their sub-
components, to identify the neural pathways specific to each component process and those that are
more specifically involved in psycho-stimulant addiction. To this aim we refer frequently to studies
conducted in healthy individuals. Despite the separate treatment of stress/affect regulation, stress-
related craving or compulsive drug seeking, and inhibitory control, neural underpinnings of these
processes overlap significantly. In particular, the ventromedial prefrontal regions including the
anterior cingulate cortex, amygdala and the striatum are implicated in psychostimulant dependence.
Our overarching thesis is that prefrontal activity ensures intact emotional stress regulation and
inhibitory control. Altered prefrontal activity along with heightened striatal responses to addicted
drug and drug-related salient stimuli perpetuates habitual drug seeking. Further studies that examine
the functional relationships of these neural systems will likely provide the key to understanding the
mechanisms underlying compulsive drug use behaviors in psycho-stimulant dependence.
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The molecular and cellular neurobiology of drug addiction has recently been extensively
reviewed in the literature (Di Chiara and Bassareo, 2007; Kalivas et al., 2005; Koob, 2006;
Maldonado et al., 2006). Drawing heavily on rodent studies, previous reviews of the
neuroscience of drug addiction have elaborated on the role of cortico-striatal pathways and
extended amygdala circuitry in shaping habitual and compulsory drug use behaviors (Everitt
et al., 2001; Everitt and Robbins, 2005; Everitt and Wolf, 2002; Koob, 2003; Koob, 2006;
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Robinson and Berridge, 2000, 2003). Others have reviewed genetic influences on stress
responsivity and impulsivity that contribute to vulnerability to drug abuse (Kreek et al.,
2005) and the pharmacology of cognitive processes of critical importance to substance
dependence (Chamberlain et al., 2006; Cools and Robbins, 2004). Inspired by these earlier
reviews, the current work takes a somewhat different perspective. This article reviews
experimental findings on the alteration of frontal cortical functions in patients with psycho-
stimulant dependence, within a framework of cognitive neuroscience. We do not distinguish
between the frontal cortical deficits that are impaired as a result of drug use or those that occur
prior to and contribute to drug use. However, making such distinction is of utmost importance
in understanding the individual vulnerability to substance dependence and will require long-
term longitudinal follow-up with detailed experimental and clinical profiling of a cohort of
subjects.

The focus of this review is on human neuroimaging studies on inhibitory control and emotional
stress regulation, with an attempt to integrate these findings with clinical observations where
they are relevant. The unifying theme is the overlapping frontal cortical regions implicated in
these cognitive and affective processes, although each of these processes appears to engage its
own distinct neural circuitry and presumably contributes to the development of psycho-
stimulant dependence. The anterior cingulate cortex (ACC), for instance, is widely and most
consistently implicated in these processes, but each of these processes appears to engage the
ACC at a different locale. Failure to activate the ventromedial prefrontal cortex including the
perigenual ACC appears to be associated with impaired distress processing and decision
making, which is characteristic of patients with substance misuse (section 2). Furthermore, it
is hypothesized that self control under stress or an aroused state (e.g., drug craving) requires
an intact braking mechanism to prevent such psychological experiences from escalating into
habitual drug taking. We have observed that patients with cocaine dependence are impaired in
activation of a sub-region in the rostral ACC during inhibitory control, independent of other
cognitive and affective processes (section 1). This sub-region of ACC is situated at a locale
where cognitive and affective functions overlap. Thus, altered anterior cingulate activity
appears to be a critical neural marker of psycho-stimulant dependence. Our review of the
literature suggests that different regions of the ACC process and regulate emotional stress and
drug craving, control behavioral impulses and thus prevent such psychological experiences
from translating into drug seeking and consumption. With an analytic approach, the current
review delineates the specificity of cingulate activity while revealing a pathway common to
various cognitive and affective deficits implicated in psycho-stimulant dependence.

Drug addiction has been conceptualized as a syndrome of impaired response inhibition and
salience attribution (Goldstein and VVolkow, 2002). This model proposes that in addicted
individuals, the saliency of the abused drug and its associated cues is enhanced in the reward
and motivation circuitry at the expense of natural reinforcers. It is hypothesized that drugs of
abuse reset the threshold of the reward circuitry and concomitantly decrease its sensitivity to
natural reinforcers. As a result, “wanting” of the abused drug becomes a primary motivational
drive for the addicted individual (Robinson and Berridge, 2003). Without appropriate
inhibitory control and an intact decision-making mechanism evaluating the delayed
consequences, such an ill-motivated state easily perpetuates into a vicious cycle of withdrawal,
craving, bingeing and intoxication, and relapse.

Emotional stress is also well known to contribute to drug use and relapse (Sinha, 2001; Sinha,
2005; Sinha, 2007). Drug dependent individuals frequently have difficulty managing stressful
life events. Exposure to negative affect, stress and withdrawal-related distress has also been
shown to aggravate drug craving (Childress et al., 1994;Cooney et al., 1997; Fox et al., 2007;
Sinha et al., 1999; Sinha, 2000) and stress-related increases in drug craving and arousal are
predictive of relapse outcomes (Sinha et al., 2006; Sinha 2007). Withdrawal related alterations

Neurosci Biobehav Rev. Author manuscript; available in PMC 2009 January 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ray Li and Sinha

Page 3

in brain stress circuits are well documented (Breese et al., 2005; Koob et al., 2004) and these
neuroadaptations in stress circuits may contribute to the increased salience of drug and drug-
related stimuli in a variety of challenge or “stress” contexts (Robinson and Berridge, 2000;
Sinha, 2001). Furthermore, we have also proposed that state-related alterations in cortico-
striatal-limbic circuits may contribute to reduced access to adaptive coping such that response
inhibition, behavioral flexibility and problem solving are affected during increasing levels of
emotional stress or challenge (Sinha, 2001; Sinha et al., 2006).

We propose that disrupted inhibitory control and emotional stress processing along with
compulsive drug seeking constitute the core of frontostriatal-limbic functional deficits in
patients with psycho-stimulant dependence. These cognitive endophenotypes and their
underlying neural processes may thus be expedient targets for psycho- and pharmaco- therapy
for patients with a substance use disorder (SUD). Here we review the neuroimaging studies
addressing inhibitory control, stress processing, and stress-related drug craving and compulsive
drug seeking, with the goal of identifying the shared neurobiological substrates that could
represent the core dysfunction in psycho-stimulant dependence. Although we focus primarily
on patients with psycho-stimulant dependence, we do not exclude other substance use
disorders. Thus, the term substance addiction (dependence) is also used where it is applicable
and relevant.

1. Cognitive inhibitory control

Inhibitory control is an important executive function. The ability to suppress a prepotent
response or a habit allows appropriate actions to meet complicated task demands and adaptation
to changing environments. Impaired inhibitory control contributes to substance misuse.
Individuals who bear an impulsive personality trait or who demonstrate impulsive behaviors
are more likely to engage in substance misuse (Acton, 2003; Askenazy et al., 2003; Butler and
Montgomery, 2004; Cloninger, 1988; Dawe, 2004; Masse and Tremblay, 1997; Moeller,
2001; Tarter et al., 2003; Tarter et al., 2004). For instance, in a sample of more than one
thousand adolescents, indicators of disinhibition assessed at age 11 predicted age of first drink
at age 14 (McGue et al., 2001). Elkins and colleagues showed that behavioral disinhibition is
distinctly associated with early onset of nicotine, alcohol and illicit drug use (Elkins et al.,
2006). On the other hand, the psychological and neural processes underlying the association
of impulsivity and substance misuse are less clear. In particular, most behavioral and imaging
studies have employed paradigms involving psychological processes other than inhibitory
control, and have thus not ascertained the specificity in the association between deficits in
inhibitory control and substance misuse.

1.1. Multiple psychiatric syndromes are characterized by impaired inhibitory control

Impairment in a number of different behavioral tasks has been taken to implicate a deficit in
inhibitory control in patients with SUD. For instance, in a color word Stroop task, participants
verbally name the color of “color” words printed in the same or different colors (e.g., “yellow”
printed in yellow versus “yellow” printed in red). The increased interference effect, measured
as the reaction time difference between incongruent (“yellow” in red) and congruent (“yellow”
in yellow) trials, has been suggested to reflect impaired inhibitory control in substance abusers
as compared to control participants. Such an increased interference effect has been found for
patients with benign epilepsy (Chevalier et al., 2000), attention deficit hyperactivity disorder
(Carter et al., 1995), Alzheimer’s disease (Amieva et al., 2004), Parkinson’s disease (Henik et
al., 1993), bipolar disorder and schizophrenia (Zalla et al., 2004), and opiate dependence
(Mintzer, 2002). Other studies have employed continuous performance tests (CPT) and used
the number of commission errors as a behavioral proxy for failed inhibitory control. For
instance, participants view a series of 5-digit numbers on a computer screen and respond to a
number when it matches the previous number (Swann et al., 2002). Occasionally a number is
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displayed that differs by one digit from the number to be matched. A response to this number
is scored as a commission error or “false alarm.” Increased commission errors in this or other
similar CPTs have been associated with alcohol consumption, compared to a placebo drink
(Dougherty et al., 1999), and with a greater number of suicide attempts (Dougherty et al.,
2004), and are more common in individuals with anorexia nervosa (Butler and Montgomery,
2005), attention deficit hyperactivity disorder (Epstein et al., 2003), reading disorder (Beale et
al., 1987), alcohol dependence (Bjork et al., 2004), cocaine dependence (Moeller et al.,
2005), borderline personality (Paris et al., 1999) and schizophrenia (Nuechterlein and Dawson,
1984), as compared to healthy controls. A correlation between self-reported impulsivity
measures and commission errors in the CPT has also been reported (Dougherty et al., 2003;
Swann et al., 2002).

Successful performance in both the Stroop task and the CPT clearly requires some aspect of
inhibitory control. One inhibits the pre-potent tendency to read the color word in the Stroop
task and the motor routine prematurely activated prior to the processing of contextual
information in the CPT. However, the Stroop task and CPT also involve linguistic processing/
working memory and attentional control, processes that could be compromised in patients with
a neuropsychiatric disorder. The fact that patients with a variety of different clinical conditions
are found to be impaired in the Stroop task and CPT reflects the complexity of the cognitive
processes involved in the execution of these behavioral tasks.

Similarly, although patients with SUDs are impaired in gambling tasks where they tend to
select actions associated with short-term gains, even when they lead to long-term losses, this
impairment does not appear to be specific to individuals with substance misuse. The same
impairment was also found in patients with attention deficit hyperactivity disorder (Toplak et
al., 2005), Korsakoff syndrome(Brand et al., 2005), catatonic schizophrenia (Bark et al.,
2005), anorexia nervosa (Cavedini et al., 2004), traumatic brain injury (Levine et al., 2005),
multiple sclerosis (Kleeberg et al., 2004), depression patients recovering from subcaudate
tractotomy (Dalgleish et al., 2004), and in individuals with old ages (Denburg et al., 2005). A
deficit in motivation or attentional control, which occurs more commonly across different
clinical conditions, could possibly explain their impairment in the gambling task.

1.2. Stop-signal task as a tool to study response inhibition

The stop-signal task or the go/no-go task has also been used to study inhibitory control in
patients with SUD (Fallgatter et al., 1998; Fillmore, 2002; Hester and Garavan, 2004; Kaufman
et al., 2003). The stop-signal task is a motor response inhibition task and has been a valuable
tool in studying the psychological and neural mechanisms underlying response inhibition
(Logan, 1994; Logan and Cowan, 1984). In this behavioral task, the dominant or more frequent
stimulus constitutes a go signal requiring the subjects to respond within a time window and
therefore sets up a prepotent response tendency (as in compulsory drug seeking). In the less
frequent stop trial, a stop signal appears after the go signal and instructs the subjects to refrain
from making the response. The ease with which one can withhold a response depends on the
time interval between the go and stop signals, or the stop-signal delay (SSD): the longer the
SSD the more difficult it is for one to stop and vice versa.

Response inhibition in the stop-signal task can be characterized in several ways. First, by using
a few different, well-spaced SSDs and computing the percentage of the stop trials with the
response successfully withheld at each SSD (higher percentages at short SSDs), one can
construct an inhibitory function for individual subjects. That is, the inhibitory function
represents an integrated percentage of successful stop trials. The inhibitory function can then
be compared between different subject groups. Another index useful to characterize response
inhibition is the stop signal reaction time or SSRT, which describes the time for the stop signal
to be processed so a response can be withheld. Based on a horse race model, behavioral
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performance in the stop-signal task can be interpreted in terms of statistically independent go
and stop processes racing toward their finishing line or activation threshold. The horse race
model allows estimation of the SSRT based on the subject’s probability of inhibiting responses
to the stop signal and the distribution of RT in the go trials (Logan, 1994; Logan and Cowan,
1984). A longer SSRT indicates poor response inhibition. Finally, SSRT in the stop-signal task
can also be obtained via a staircase procedure to update SSD trial by trial. The SSD decreases
by a specified step (to make it easier to stop) if the subject fails at a previous stop trial and
increases by the same step if the subject succeeds. With the staircase procedure, a “critical”
SSD can be computed that represents the time delay required for the subject to succeed in
withholding a response in half of the stop trials (Levitt, 1970). The SSRT is then estimated by
subtracting the “critical” SSD from the average RT of the go trials.

The two behavioral indices, the inhibitory function and SSRT, have been widely used to
describe impaired inhibitory control in people with neurological (Aron and Poldrack, 2005;
Aron et al., 2003; Dimitrov et al., 2003; Reiman et al., 1997; Stewart and Tannock, 1999) or
psychiatric conditions, including patients with SUDs (Armstrong and Munoz, 2003; Badcock
et al., 2002; Dimoska et al., 2003; Fillmore, 2002; Li et al., 2006¢; Monterosso et al., 2005;
Oosterlaan and Sergeant, 1996; Overtoom et al., 2002; Rubia et al., 1998; Schachar et al.,
1995). Fillmore and Rush (2002) used a choice reaction stop-signal task to study inhibitory
control in chronic cocaine users (Fillmore, 2002). They found that, compared to control
subjects, cocaine users displayed a lower probability of inhibiting their responses and required
more time to inhibit responses to stop signals. A more recent study also observed prolonged
SSRT in chronic methamphetamine users than controls (Monterosso et al., 2005). Other studies
have documented the acute effects of cocaine (Fillmore et al., 2002) and alcohol (Fillmore and
Rush, 2001; Mulvihill et al., 1997) on response inhibition. Taken together, these studies have
highlighted altered behaviors and regional brain activations during response inhibition in
patients with SUDs.

While well suited to study inhibitory function, the stop-signal task involves processes during
sensorimotor transformation that are distinct from inhibitory control and yet can have a direct
impact on the measure of response inhibition. One such process is response readiness. A
previous study demonstrated an association between response readiness and stop signal
processing and suggested that this effect needs to be accounted for in order to attribute
prolonged SSRT to impaired response inhibition (Li et al., 2005b). Briefly, it is well known
that in a reaction time (RT) task, RT decreases with an increased duration for response
preparation (Bertelson and Tisseyre, 1968; Woodrow, 1914), a result that has been termed fore-
period (FP) effect. We derived a FP effect for the go trial RT as an index of response readiness
and found that the SSRT correlated positively with the FP effect. Another factor that needs to
be accounted for is performance monitoring. In an RT task, the RT of a correct response is
prolonged following an error, compared to other correct responses, and this RT difference (an
error monitoring or EM effect) is thought to reflect cognitive processes involved in error
correction (Rabbit, 1966). A recent study showed that subjects who demonstrated shorter SSRT
in a stop signal task also appeared to have greater EM effect (Li et al., 2006a). Moreover, we
showed that although patients with cocaine dependence demonstrated prolonged SSRT,
compared to healthy controls, such difference vanished in a covariance analysis that accounted
for the EM effect (Li et al., 2006¢). These results suggest that task-related factors such as
response preparation and performance monitoring need to be accounted for in the examination
of stop signal performance. Furthermore, given the ubiquity of response preparation and error
monitoring in cognitive performance, the inclusion of these task covariates should perhaps be
considered in other behavioral tasks as well. On the other hand, the association between error
monitoring and response inhibition in the stop signal task is correlational in nature. One thus
cannot rule out the possibility that these two processes address two complementary aspects of
impulsivity in patients with SUDs (Li et al., 2006¢)
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1.3. Neural correlates of stop-signal inhibition

Functional magnetic resonance imaging (fMRI) has also been used to explore the neural
processes of inhibitory control in patients with SUDs. Employing a go/no-go task, Kaufman
and colleagues found greater commission and omission errors in current cocaine users,
compared to healthy controls (Kaufman et al., 2003). They also found cingulate and medial
frontal hypoactivation during successful no-go inhibitions and errors of commission in cocaine
patients, compared to healthy controls, and suggested that cocaine addiction is accompanied
by disruption of neural circuitry critical for cognitive control. In another go/no-go fMRI study
in which working memory demand is manipulated, current cocaine users demonstrated greater
errors in response inhibition under increased working memory demand without showing
difference in response prepotency, when their performance was compared to control subjects
(Hester and Garavan, 2004). It was suggested that, since working memory demands were
shown to increase during drug craving, this ‘dysexecutive’ pattern of brain activation may play
arole in predisposing cocaine users toward relapse. Although these studies have highlighted
altered regional brain activation in patients with cocaine dependence during performance of a
go/no-go task, whether the findings speak directly to the neural correlates of inhibitory control
remains unclear.

In fact, many previous fMRI studies have compared brain activation during blocks of go and
mixed go/stop trials. Although such contrasts may reveal the activation associated with
response inhibition, they may also reflect differences associated with other cognitive and
affective processes that are unequally represented between these blocks. For instance, the go
block contains more motor responses, while the mixed go/stop block contains higher task
demand with greater signal and performance monitoring, greater oddball attention effect, and
more emotional frustration because errors are more frequently made. With these potential
confounds, earlier studies have localized a wide array of brain regions including prefrontal and
cingulate cortices, the basal ganglia, and cerebellum, showing greater activation in the mixed
than in the go blocks (Menon, 2001; Rubia et al., 2001). With go and stop trials intermixed,
event-related fMRI studies circumvented most of these confounding variables (Durston et al.,
2002; Garavanetal., 1999; Konishietal., 1998; Liddle etal., 2001). In particular, by contrasting
successful and unsuccessful inhibitions, Rubia and colleagues identified right inferior frontal
cortex as specifically mediating response inhibition (Rubia et al., 2003) and (Rubia et al.,
2005). However, while this contrast controlled for certain pre-response differences between
successful and failed inhibition, it did not control for differences in stop-signal monitoring and
post-response processing (Li et al., 2006a).

Our recent study attempted to address these confounds by taking advantage of the individual
variability in stop signal performance (Li et al., 2006a). We recruited 24 healthy adults to
participate in a tracking stop signal task, in which the stop signal delay was updated trial by
trial depending on their performance, based on a staircase procedure (Levitt, 1970). We
computed the SSRT for each individual subject, on the basis of a horse race model (Logan et
al., 2005). Assuming that shorter SSRT would result from greater activation of brain regions
that mediate response inhibition, we contrasted subjects with short and long SSRT, grouped
by a median split. Importantly, by comparing these two groups of subjects who showed no
differences in their inhibition failure rate, we could control for the confounding effect of signal
monitoring. This contrast also allowed the evaluation of post-response processes as covariates.
Subjects rated their emotional frustration when they completed three fourths of the task.
Moreover, we computed for each individual subject an error monitoring (EM) effect, as
described in the previous section, to index performance monitoring.

The results showed greater activation in the short SSRT group in the left anterior pre-
supplementary motor area (pre-SMA, BA 8), pre-central gyrus (BA 9), and rostral anterior
cingulate cortex (rACC, BA 32/24). Although the emotional frustration rating did not differ
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between the two groups, subjects with short SSRT showed a marginally greater EM effect than
those with long SSRT. We thus performed a covariance analysis with the EM effect as covariate
and obtained greater activation in the same brain regions and, in addition, in the left medial
frontal gyrus (BA 10), in the short than the long SSRT group.

Another intriguing finding from our study is that the activation of the anterior pre- SMA but
not the rACC was correlated with SSRT across individual subjects. This result suggests that
while the anterior pre-SMA is positioned during the sensorimotor transformation to influence
moment-to-moment variation in stop signal performance, the rACC plays a control-level and
perhaps cross-modal role in mediating response inhibition. Further studies would be warranted
to investigate this possibility. In another study we observed that, compared to healthy
individuals, abstinent patients with cocaine dependence showed decreased activation in the
rACC during stop signal inhibition, independent of behavioral performance including SSRT,
frustration rating and the EM effect (Li et al., In press). Furthermore, in cocaine dependent
patients, the activity of rACC was correlated with their subjective rating of difficulty in impulse
control as assessed by the Difficulty in Emotion Regulation Scale (DERS: Gratz and Roemer,
2004). The impulse control subscale of the DERS assessed the ability of self-control with
questions as “when I’'m upset, | lose control over my behaviors ?” This finding thus extends
previous work of Garavan and colleagues by ascertaining the functional specificity of ACC
hypoactivation in patients with cocaine dependence (Hester and Garavan, 2004; Kaufman et
al., 2003).

1.4. Summary

Impairment in inhibitory control contributes to drug use and relapse. Among a myriad of
cognitive tasks employed to examine inhibitory control, the stop-signal task appears to hold
greater potential in isolating the neural correlates of response inhibition, because it offers a
venue to control for signal monitoring (which requires sustained attention) and post-response
processing. A recent imaging study highlights the importance of anterior pre-SMA and rACC
cortices in mediating response inhibition. Compared to healthy individuals, patients with
cocaine dependence demonstrated hypoactivation of the rACC during stop signal inhibition,
despite no difference in performance. This latter finding specifies the functional significance
of ACC hypoactivity in these patients. The ACC is also involved in the regulation of emotional
stress and stress-induced drug craving (Sections 2). Thus, the finding that ACC is involved in
inhibitory control is particularly intriguing, because impulsivity most often occurs in a specific
behavioral context, as for instance, when stress or high arousal states such as during exposure
to drug-related salient stimuli is part of the contingency. It would thus be of great relevance to
examine response inhibition in patients with SUDs under a behavioral context that can
potentially elicit drug use, such as when one is craving a drug or experiencing emotional
distress.

2. Stress processing and regulation

Most models of drug addiction have proposed that stress increases the risk of drug abuse and
relapse (Koob and Le Moal, 1997; Sinha, 2001). Both animal and human studies provide
evidence linking drug abuse and stress during all stages of life, including early life stress (see
Sinha, 2001; Goeders, 2003, for a review). For instance, monkeys that were peer-reared early
in their lives consumed significantly more alcohol as adults, compared with mother-reared
monkeys (Higley et al., 1991). More recently, Kosten and colleagues demonstrated that
neonatal isolation enhanced acquisition of cocaine self-administration in rats (Kosten et al.,
2000). In human studies, several studies show positive association between alcohol
consumption and stress levels (reviewed in Sinha, 2001). Exposure to negative affect, stress,
and withdrawal-related distress also increases drug craving (Childress et al., 1994; Cooney et
al., 1997; Sinha et al., 1999, Sinha, 2000). Preclinical evidence indicates that chronic cocaine
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use alters the frontal-limbic-striatal pathways involved in stress processing and inhibitory
control (Manstch etal., 2003; Beveridge et al., 2005). Similarly, human laboratory studies have
shown an enhanced sensitivity to stress and alcohol/drug craving in cocaine abusers compared
to social drinkers suggesting that both exposure to stress and drug related stimuli promote a
compulsive drug seeking state in cocaine dependent individuals (Fox et al., 2007). On the other
hand, social drinkers report mild increases in craving with exposure to alcohol cues and no
increase in craving under stress conditions. The above findings suggest a bidirectional
relationship between stress and psychostimulant use, where high levels of stress may facilitate
the reinforcing effects of drug use thereby promoting enhanced acquisition, whereas altered
stress and reward pathways lead to an increased drug wanting and seeking state in chronic drug
users when they are exposed to stressors and drug related stimuli. This compulsive drug seeking
state increases the risk of relapse and continued drug use, and contributes to maintenance of
psycho-stimulant dependence.

2.1. Stress processing and the ventral striatum

An important marker of stress processing and distress regulation is the hypothalamic-pituitary-
adrenal response to stress, most commonly assessed by plasma or salivary cortisol levels in
humans. In Positive Emission Tomography (PET) studies using [11C]raclopride, several
studies have now shown that acute stress exposure increases dopamine release in the ventral
striatum (VS). For example, in a small sample study, Pruessner et al (2004) found that healthy
students who had low early life maternal care showed greater dopamine release in the ventral
striatum during an acute psychological stress task as compared to students with a history of
high early life maternal care. Furthermore, cortisol response during the stress task was
correlated significantly (r=.78) to VS dopamine release. Using PET, Oswald et al., (2005) also
demonstrated that acute amphetamine challenge-related subjective “high” responses and
concomitant increase in dopamine in the VS were each significantly associated with the
amphetamine-induced cortisol responses. More recently, the same group has also shown a
similar significant relationship between cortisol levels and dopamine release in the VS using
a psychological stress task (Oswald et al., 2006).

Findings from these studies on the VS and the mesolimbic dopamine system suggest that the
VS also plays a role in stress experience in addition to its involvement in reward processing.
These data are consistent with a growing body of human imaging studies and preclinical data
indicating ventral striatal activity during aversive conditioning, experience of aversive, pain
stimuli and in anticipation of aversive stimuli (Sorg & Kalivas, 1991; McCullough &
Salamone, 2001; Becerra et al., 2001; Jensen et al., 2003). Stress increases mesolimbic
dopamine transmission in laboratory animals (Piazza et al., 1989; 1996), and these findings
have often been cited as one possible mechanism for stress-induced increases in vulnerability
to psycho-stimulant self-administration (Piazza & LeMoal 1998). The evidence pointsto arole
for the VS beyond reward processing, and one that more broadly involves motivation and
attention to behavioral response during salient (aversive or appetitive) events (Berridge &
Robinson, 1998; Bindra, 1978; Ikemoto and Panksepp, 1999; Salomone et al., 1997). Others
have assigned it a ‘motivational salience’ role functioning as a gateway from motivation to
action, regardless of the valence of the motivation (Salomone, 1994; Horvitz, 2002). As the
medial PFC and ACC also play a role both in stress and reward processing, this raises the issue
of the possible inter-relationships between the VS and the ACC. There are cortical inputs from
the PFC to the VS and also interactions between the VS and the amygdala which itself receives
cortical afferents (McGeorge & Faull, 1989; Berendse et al., 1992; Voorn et al., 2004).
Lesioning of the medial PFC in laboratory animals decreases reinstatement of responding for
drug with exposure to stress, drug related cues and drug itself (Kalivas & McFarland, 2003;
Shaham et al., 2003). These data suggest that the PFC may exercise some control over
instrumental learning and responding for drug. However, the extent to which PFC may regulate
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VS activity particularly under conditions of stress are not well understood, and future studies
need to directly assess the separate role of ACC-VS circuitries in stress and in the context of
psycho-stimulant dependence to understand more fully how stress contributes to motivation
to use and abuse psycho-stimulants.

2.2. Stress-related brain activation and drug craving

It is well known that emotional stress contributes to substance use and relapse (Sinha, 2001;
Sinha, 2005). Stress has been consistently shown to increase drug craving and compulsive drug
seeking in cocaine addicted individuals, and with greater sensitivity to stress-induced craving
and arousal in cocaine patients compared to matched controls (Sinha et al., 2003; Fox et al.,
2007). Furthermore, stress-induced craving and stress arousal is predictive of cocaine relapse
outcomes (Sinha et al., 2006; Sinha, 2007). However, the neural processes underlying this
association in humans remain unclear, see Capriles et al., 2003; Stewart, 2003, for a review of
the rodent studies). In particular, there have been very few neuroimaging studies directly
examining emotional stress processing in patients with SUDs.

Our recent fMRI study compared abstinent patients with cocaine dependence with
demographically matched healthy controls during script-guided stress imagery (Sinha et al.,
2005). Both stress and neutral scripts were developed prior to the scan and based on individual
personal real life experiences. Imagery vividness, stress and cocaine craving ratings as well as
heart rate were recorded during each imagery session. Regional brain activations were
compared between cocaine dependent subjects and healthy controls, separately for stress and
neutral trials. Despite similar increases in anxiety ratings and changes in heart rate during stress,
cocaine dependent patients showed significantly less activation than controls in specific frontal
and para-limbic regions, such as the anterior cingulate cortex (ACC), left hippocampal/
parahippocampal region, right fusiform gyrus, and the right postcentral gyrus. Previous studies
by our group and others have shown that the medial prefrontal cortex, including the ACC, is
involved in emotion and anxiety regulation (Lane et al., 1998; Beauregard et al. 2001; Critchley
et al. 2001; Sinha et al., 2004). Therefore, the finding that patients failed to activate ACC and
related circuits during stress would be consistent with impairments in emotion and stress
regulation. On the other hand, cocaine-dependent patients had increased activity in the caudate
and dorsal striatum region during stress, activation that was significantly associated with stress-
induced cocaine craving ratings. A recent report also showed that dorsal striatum activity was
associated with drug cue-induced cocaine craving (Volkow et al., 2006). Greater craving-
related activation in the dorsal striatum is consistent with the hypothesis that this region plays
a key role in the transition from instrumental learning to habit learning and involved in driving
compulsive drug seeking in addiction (Everitt & Robbins, 2005). Interestingly in a preliminary
relapse analysis, only rostral ACC activity during stress was associated with time to cocaine
relapse and number of days of cocaine use during follow-up (Sinha & Li, 2007). These data
highlight the involvement of the ACC regulating stress and associated craving states that are
known o increase the risk of cocaine relapse.

Another fMRI study highlighted the sex differences between cocaine dependent men and
women in processing emotional information (Li et al., 2005a). Compared to men, cocaine
dependent women demonstrated greater activation in left middle frontal, anterior cingulate,
and inferior frontal cortices and insula, and right cingulate cortex during stress imagery. Region
of interest analysis showed that the change of activity in left anterior cingulate and right
posterior cingulate cortices both correlated inversely with increases in stress-induced drug
craving ratings. Moreover, the activity of the right posterior cingulate correlated inversely with
change in heart rate in women but not men cocaine users. The greater left frontolimbic activity
in women suggests that women, at least cocaine-using women, might use more verbal coping
strategies than do men while experiencing stress. The results also suggest a distinct role of the
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cingulate cortices in modulating stress-induced cocaine craving. Other studies on this same
cohort of subjects indicate the important modulatory effect of personality traits and the
synergistic effect of multiple substance use on stress-related brain activation (Li et al.,
2005c; Li et al., 2006b; Li and Sinha, 2006).

A previous study employed positron emission tomography (PET) to localize alterations in
regional cerebral blood flow (rCBF) during mental imagery of a personal anger-associated
scene and of an emationally neutral scene in cocaine-dependent men (Drexler et al., 2000).
Compared to the neutral imagery condition, the anger condition was associated with greater
decreases in rCBF in multiple areas of the frontal cortex (particularly the right inferior frontal
gyrus), left posterior insula, left fusiform gyrus, and midbrain. Conversely, this same inferior
frontal area was activated by the anger imagery in nicotine-dependent men, who participated
as a control group in the study. The anger imagery was also associated with increases in rCBF
in the right fusiform gyrus, right and left middle occipital gyri, left post-central gyrus, left
medial frontal gyrus, left cuneus, and in the left anterior cingulate gyrus. The study showed
that cue-induced anger in cocaine-dependent men was associated with decreased activity in
frontal cortical areas that are involved in response monitoring and inhibition. The lack of this
association in nicotine-dependent men suggests a possible deficit in anger regulation associated
with cocaine dependence and a possible link between cocaine dependence, violence, and
relapse.

The imaging studies reviewed here identify specific areas of the limbic and corticostriatal
circuitry involved in stress or other aspects of affective processing in patients with
psychostimulant addiction. In particular, the medial PFC and ACC is a common region
implicated in studies of stress and emotion regulation. The ACC as described in section 1 and
in this section is implicated both in behavioral inhibitory control and affect regulation, and thus
may play an important role in stress-related compulsive drug seeking. Furthermore, stress
processing engages ventral striatum in healthy individuals and the dorsal striatum in cocaine
patients, and both striatal regions have been implicated in drug craving (see also section 3).
Thus, the evidence points to an overlapping neural circuitry in inhibitory control and stress
processing and stress-induced drug craving.

2.3. Prefrontal-amygdala coupling and stress regulation

Although imaging studies on stress processing in patients with SUD are few, it has drawn much
attention in research on patients with mood and anxiety disorders. Given the high comorbidity
between post-traumatic stress disorder (PTSD) and SUD, studies of patients with PTSD would
elucidate how altered frontal processing during stress regulation is associated with substance
misuse. For instance, neuroimaging studies employing either PET, fMRI or Single Positron
Emission Computed Tomography (SPECT) have consistently found in patients with PTSD,
compared to control subjects, hypoactivation in rostral anterior cingulate or BA 32 during recall
of personal traumatic events (Bremner et al., 1999; Britton et al., 2005; Lanius et al., 2001,
Lanius et al., 2004; Liberzon et al., 2003; Lindauer et al., 2004; Shin et al., 1999; see also
Liberzon and Phan, 2003 for a review). Retrieval of emotionally charged words related to
childhood trauma, compared to neutral words, also decreased activation in BA 32 (Bremner et
al., 2003). Another recent fMRI study showed that threat-related visual distractors activated
the ventral anterior cingulate (Bishop et al., 2004). Moreover, participants with higher anxiety
levels demonstrated less activity level in this brain region, again suggesting a role of this
cingulate sub-region in regulating (in this case, irrelevant) emotional stimuli. Another frontal
area that showed hypoactivation in PTSD patients during trauma imagery is the BA 10, located
anterior and ventral to BA32 (Lanius et al., 2001; Liberzon et al., 2003; Shin et al., 2004).
Several of these studies have also observed hyperactivation of the amygdala (Rauch et al.,
2000; Shin et al., 2004) and the posterior cingulate cortex (Bremner et al., 1999; Lanius et al.,
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2004) associated with decreased activation in these medial frontal regions during trauma recall
or viewing of fearful face stimuli. Affect dysregulation as a result of altered medial frontal
activation may result in greater susceptibility of these patients to emotionally threatening
stimuli, which elicited greater activation in the amygdala. A similar functional coupling
between rostral ACC and amygdala may also be involved in pain regulation and the placebo
effect (Petrovic et al., 2004; Petrovic et al., 2005).

Cingulate cortex has long been recognized as an important structure in cognitive and emotional
control. In contrast to a more dorsal sub-region in the ACC that activates in response to
maintenance of working memory, conflict monitoring, error processing and other cognitive
manipulations, the subcallosal and/or perigenual cingulate has been associated with processing
of emotional experiences ((Bush et al., 2000). Other studies have implicated the medial
prefrontal cortex (MPFC) in the representation of sympathetic arousal (Damasio, 1994). A
recent study provides evidence that activity in this brain region co-varies negatively with basal
skin conductance (SCR) level (Nagai et al., 2004). In other words, higher MPFC activity is
associated with lower physiological arousal. Consistent with its role in emotional and
autonomic regulation, MPFC or BA 10 was more activated when subjects suppressed negative
affect evoked by arousing and aversive pictures, along with attenuated activity in subcortical
limbic regions including the nucleus accumbens and amygdala (Phan et al., 2005). Equally
relevant are the studies of Lévesque and colleagues, who showed that other prefrontal structures
including the dorsolateral and orbital prefrontal cortices are involved in reappraisal and active
suppression of negative emotions (Lévesque et al., 2003; Lévesque et al., 2004; see also
Ochsner and Gross, 2005, for a review).

The functional correlation between the medial frontal cortex and amygdala is also demonstrated
for extinction learning in humans (Phelps et al., 2004). In this study, participants were exposed
to conditioned visual stimuli, which were associated with mild wrist shock as an unconditioned
stimulus, as well as to non-conditioned visual stimuli on the first day and went through
extinction the next two days. Blood oxygenation level dependent (BOLD) signals in the
amygdala (conditioned minus non-conditioned stimulus) correlated positively with the
conditioned response (skin conductance changes, conditioned stimulus — unconditioned
stimulus). While a dorsal anterior cingulate region (BA 32) demonstrated greater activation to
the conditioned than to the non-conditioned stimulus, both the ventromedial prefrontal cortex
(BA 10) and the subgenual anterior cingulate (BA32, 24 and 25) showed the opposite pattern
of activity, with decreased BOLD signal to the conditioned stimulus. Moreover, the subgenual
anterior cingulate demonstrated activity (conditioned minus non-conditioned stimulus)
positively correlated with the extinction process. That is, the perigenual anterior cingulate
showed less deactivation related to the conditioned stimulus as skin conductance changes also
decreased to the conditioned stimulus throughout extinction. Note that although the more
rostral BA 10 did not show a significant correlation with extinction, overall the area shows
activity closely resembling the perigenual cingulate, both in striking contrast to the more dorsal
sub-region of BA 32. Further studies are required to distinguish the roles of rostral anterior
cingulate (BA 32) and ventral medial prefrontal cortex (BA 10) in affective processing and
emotional regulation. Overall, these results suggest a frontal mechanism in the extinction of
fear. Failure of this regulatory process can increase individual vulnerability to anxiety
symptoms and the risk for the development of an anxiety disorder. Furthermore, failure of this
regulatory process may also contribute to substance misuse as environmental cues can reinstate
drug seeking behaviors (Goeders. 2002; Kelley et al., 2005; Quirk and Gehlert, 2003).

The finding of functional decoupling between medial frontal cortical and amygdala activity
during experience of emotionally aversive conditioning is paralleled by recent work combing
genotype mapping and neuroimaging. A recent fMRI study showed that a genetic variant
associated with low expression of the monoamine oxidase-A (MAO-A) predicted hyper-
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responsivity of the amygdala during emotional arousal, with diminished reactivity of regulatory
prefrontal regions, compared with the high expression allele (Meyer-Lindenberg et al., 2006).
Inaseries of fMRI studies, individuals with one or two copies of the short allele of the serotonin
transporter (5-HTT) promoter polymorphism, which has been associated with reduced 5-HTT
expression and function and increased fear and anxiety-related behaviors, exhibit greater
amygdala activity in response to fearful stimuli, compared with individuals homozygous for
the long allele (Bertolino et al., 2005; Hariri et al., 2002; Hariri et al., 2005). Another study
examined the effects of cognitive appraisal on the prefrontal-amygdala activity by comparing
brain activation when subjects label (requiring cognitive evaluation) or simply match visually
fearful and threatening stimuli (Hariri et al., 2003). This contrast showed greater activation of
amygdala and parahippocampal gyri during matching and of prefrontal structures including
the anterior cingulate cortex or BA 32 during labeling. Moreover, prefrontal activity was
negatively correlated with that of the amygdala. The effect of 5-HTT polymorphism on the
prefrontal regulation of amygdala activity was further established in a recent imaging study,
which found that the functional coupling of the activity of these two brain regions explained
about one third of variation in temperamental anxiety (Pezawas et al., 2005). These genotype-
related alterations in the anatomy and function of an amygdala-cingulate feedback circuit
critical for emotion regulation implicate a developmental, systems-level mechanism
underlying normal emotional reactivity and genetic susceptibility for mood disorders (Pezawas
et al., 2005). These and other aspects of the interaction between the prefrontal cortex and
amygdala have been summarized in recent reviews (Brown and Hariri, 2006; Grace, 2006;
Hariri et al., 2006; Shin et al., 2006).

The studies on the role of the prefrontal cortex and amygdala in affective processing have
important implications for the association between emotional distress and substance use. The
high co-morbidity between PTSD and SUD provides support for the contribution of stress and
affect dysregulation to substance misuse (Brady and Sinha, 2005; Coffey et al., 2002, Jacobsen
et al., 2001; Najavits et al., 1998; Back et al., 2000). In addition to the high co-occurrence of
SUD and PTSD, there is evidence that PTSD may be uniquely deleterious to SUD treatment
outcome. For example, comparisons between SUD-PTSD comorbid patients and patients with
either a SUD alone or a SUD and a comorbid psychiatric condition other than PTSD reveal
that SUD-PTSD patients have a higher addiction severity, are more likely to have comorbid
psychiatric disorders, have poorer substance use treatment outcome, and have a higher number
of inpatient admissions (Brady et al., 1994; Najavits et al., 1998; Ouimette et al., 2000). It
would thus be very relevant to examine whether the afore-described genotypic diathesis in
serotonergic neurotransmission would also predispose individuals to substance use and relapse,
in association with increased emotional reactivity and impaired stress regulation.

2.4. Somatic markers and decision making

The involvement of the frontal cortex in substance misuse may go beyond stress processing.
For instance, prefrontal dysfunction has been shown in individuals with psycho-stimulant
dependence, along with impaired performance on a number of different decision making tasks
(Bolla et al., 2003; Paulus et al., 2001). In particular, in the somatic marker hypothesis, the
ventromedial prefrontal cortex (VMPFC) is postulated to play an important role in processing
“marker” signals carried by bodily states, including bodily expression of emotions and feelings
but extending to autonomic arousal that assist in reasoning and decision making (Damasio,
1996). Evidence supporting this hypothesis derives from studies of patients with lesions in the
VMPFC using the lowa Gambling Task (Bar-On et al., 2003; Bechara, 1996; Bechara et al.,
1999). Note that the VMPFC described in these studies was not limited to BA 10. The extent
of the lesions also included perigenual cingulate cortex and some lateral extents of the
orbitofrontal cortex (Bechara et al., 2000; Bechara, 2004). It was found that, although both
VMPFC patients and healthy controls exhibited changes in skin conductance responses (SCR)
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following reward or penalty, healthy controls but not the patients showed such autonomic
changes prior to the selection from a risky deck. It is suggested that the absence of such
anticipatory SCRs in patients with prefrontal damage reflects their insensitivity to future
outcomes.

The somatic marker hypothesis has been extended to involve the amygdala (Bechara et al.,
1999). Patients with bilateral lesions of the amygdala failed to demonstrate anticipatory
changes in SCR, analogous to patients with VMFPC lesions. Moreover, amygdala patients
failed to show SCR changes following reward and penalty, consistent with their failure in
learning conditioned associations. Interestingly, those with SUDs demonstrated similar deficits
as observed in VMPFC patients, suggesting that failure to integrate somatic markers as a result
of a functional deficit of this prefrontal region may help to account for substance misuse
(Bechara, 2002). Moreover, individuals with SUDs demonstrated normal SCR to punishment
in the gambling task and normal acquisition of conditioned SCR to an aversive loud sound
(Bechara, 2002). This latter finding suggests the integrity of amygdala function and supports
the hypothesis that the poor decision-making in some patients with SUD is associated with
defective somatic state activation that is linked to a dysfunctional VMPFC. Thus, the
dysfunctional VMPFC may contribute to the transition from casual substance taking to
compulsive and uncontrollable behavior observed in some patients with SUD (Bechara,
2002).

Criticisms of the somatic marker hypothesis include the finding that participants may have
more knowledge than previously thought to guide their choices, which raises the question to
what extent the somatic marker is influencing their decisions (Maia and McClelland, 2004; see
also Bechara et al., 2005, for their reply). Also, there has not been strong empirical evidence
linking peripheral sensory feedback to lowa Gambling Task performance, which is crucial to
the tenability of the hypothesis (see Dunn et al., In Press, for a review). In its current form, the
somatic marker hypothesis also has to reconcile with the afore-described prefrontal-amygdala
regulation of emotional state. Under the latter conceptual framework, patients with VMFPC
lesions will have a hyperactive amygdala, which contribute to their excessive reactivity to
emotional stress and susceptibility to drug use. On the other hand, the somatic marker
hypothesis proposes that amygdala lesion would lead to an impairment in learning the
association between emotional/autonomic arousal and actions, and in turn, to poor decision
making (hence susceptibility of drug use). It thus appears that the VMPFC serves to maintain
amygdala reactivity within a range where it can reliably signal emotional/autonomic arousal.
Amygdala hyperactivity and hypoactivity may both contribute to substance abuse but through
different neural pathways.

2.5. Summary

Stress responses engage the ventral and dorsal striatum, a subcortical structure implicated in
motivation to seek drugs, thus providing direct evidence linking emotional stress processing
to a critical psychological process mediating substance misuse. Studies of patients with PTSD
and patients with ventromedial prefrontal lesions provide parallel evidence for a role of the
prefrontal-amygdala circuitry in regulating emotional reactivity. A deficit in this regulatory
process could either result in a heightened response to emotional stress or in impairment in
association learning that can lead to disadvantageous decision making, , which in turn
contribute to drug use. Further work is required to characterize the exact extent of prefrontal
cortex that is involved in regulating amygdala and striatal function. Studies employing a
paradigm other than the gambling task, particularly ones that allow temporal separation of task
events, are warranted to provide auxiliary evidence for the somatic marker hypothesis. Perhaps
two neural pathways to drug abuse can be delineated, with one linking to stress regulation and
the other linking to impaired somatic marker processing.
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3. Stress Regulation, Craving and Inhibitory Control — An Integrative Model

Inhibitory control and stress regulation are critical processes involved in effectively adapting
to the environment. In the previous section 1 and section 2 we’ve reviewed neuroimaging
evidence indicating impairments in both of these areas in patients with psychostimulant
dependence. In particular, in section 2 we summarized that stress and drug-related stimuli
similarly increase drug craving along with stress-related arousal in cocaine patients as
compared to controls (Sinha et al., 2003; Fox et al., 2007). These findings suggest that greater
levels of stress and arousal activate the reward and motivation circuits, and more so in patients
than in healthy volunteers as documented by our findings on neural correlates of stress-induced
cocaine craving (Sinha et al., 2005). These data are extend previous research indicating
activation of amygdala, ventral and dorsal striatum and the ACC during cue induced cocaine
craving states (Childress et al., 1999; Kilts et al., 2001; 2004; VVolkow et al., 2006).

On the other hand, as highlighted in section 1 and 2, psychostimulant dependence is associated
with profound alterations in prefrontal and anterior cingulate circuits involved in inhibitory
control, decision making and in regulating distress states. In each case, the findings indicate
hypoactivity of prefrontal and ACC regions in cocaine patients as compared to controls (Hester
and Garavan, 2004; Kaufman et al., 2003; Li et al., In Press). Animal studies have consistently
shown that lesions of the dorsomedial PFC, including the ACC region, prevents the
reinstatement of responding for drug elicited by stress, drug cues and drug itself (Kalivas &
McFarland, 2003; Shaham et al., 2003). This PFC mediation of reinstatement appears to be
dependent on specific striatal-limbic and thalamocortical circuits, the functional integrity of
which is critical in processing of sensorimotor, cognitive and emotional information required
for adaptation and goal-directed behaviors (Alexander et al., 1986; Graybiel, 2005; Haber,
2003; Goto & Grace, 2005; Kalivas & McFarland, 2003). Lesions of these neostriatal-
prefrontal circuits in animals and in patients with various striatal system disorders impair
prefrontally dependent cognitive and behavioral regulation functions such as working memory,
set shifting and executive control (Dunnet et al., 2005). Furthermore, distinct alterations in
neuronal plasticity in these circuits are associated with chronic psychostimulant abuse (Gould,
2006; Hyman, 2005; Hyman et al., 2006; Kalivas, 2007; Kalivas and Hu, 2006; Lu et al.,
2006; Self and Choi, 2004). Such findings have led researchers such as Everitt & Robbins
(2005) to postulate that in SUDs and particularly in psychostimulant dependence, there is a
transition from voluntary actions under the control of the medial PFC and ACC circuits, to
more habitual modes of responding as seen in compulsive drug seeking or craving states driven
by the dorsal striatum-based habit learning circuitry. From the perspective of stress regulation
and adaptation, Arnsten and colleagues have elegantly shown dysfunction in prefrontal
catecholamine projections during high levels of stress, which may render the PFC “off-line’
thereby allowing the habitual and more automatic responses to regulate behavior (Arnsten &
Goldman-Rakic, 1998; Arnsten, 1998; Arnsten & Li, 2005). Here we integrate these similar
perspectives to present a simplified schematic (see Figure 1) of our central thesis that
dysfunction in the prefrontal-ACC circuitry in patients with psychostimulant dependence
renders them susceptible to compulsive drug seeking especially during conditions of high stress
and arousal (i.e., during exposure to stress, drug-related stimuli or drug taking) that is marked
by increased activity in the limbic-striatal circuitries (amygdala-hippocampus, thalamus and
dorsal striatum). Thus as shown in figure 1, when prefrontal-ACC circuitries are ‘online,” there
is good inhibitory control and low levels of craving or compulsive drug seeking. However, in
states with hypoactivity of the PFC-ACC circuits, there is increased activity of the stress and
reward salience circuitry and increased compulsive drug seeking resulting in high susceptibility
to drug use and relapse.
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4. General Summary

The literature of human imaging studies reviewed here suggests that multiple brain regions are
affected in psycho-stimulant dependence. Distinct brain areas are involved in impulse control
and stress regulation. Importantly, these cognitive and affective processes also share common
neural substrates. This review illustrates that one common neurobiological substrate of
particular importance is the anterior cingulate cortex which is involved in controlling response
inhibition and regulating emotional stress and stress and drug cue-related craving. Further
studies are warranted to delineate both the role of each cingulate sub-region and the interaction
of these sub-regions in mediating these processes. Furthermore, the specific cingulate sub-
regions may involve unique molecular constituents that are keys to the development of novel
therapeutics targeting different pathogenetic mechanisms underlying psycho-stimulant
dependence.

The studies reviewed are not exhaustive. Other psychological processes such as altered delayed
discounting of value, which have been associated with substance misuse, have been reviewed
elsewhere (De Wit and Richards, 2004; Hester et al., 2006; see Bickel and Marsch, 2001;
Bickel et al., In Press; Monterosso and Ainslie, In press, for a review). Measures of reflection
impulsivity — the tendency to gather and evaluate information before making a decision — also
appears to address distinct psychological functions of importance of substance misuse (Clark
etal., 2006; Morgan, 1998; Morgan etal., 2002; 2006). Furthermore, studies have demonstrated
the association of cognitive bias to drug cues and negative affect to drug use behaviors in
patients with SUD using modified Stroop tasks (Bolla et al., 2004; Goldstein et al., 2007; see
also Cox et al., 2006; McCusker, 2001, for a conceptual overview). As imaging data are
accumulated with these paradigms, a synthesis of these results would be warranted in the future.

One major goal of addiction neuroscience research is to identify the cognitive and neural
pathways by which occasional, voluntary drug use become habitual and ultimately compulsive
(Everitt and Robbins, 2005). To this aim, a spate of pre-clinical and clinical research has
delineated the importance of the reward, stress and cognitive inhibition circuitries in mediating
this behavioral transition. Most of the studies, however, have approached these different neural
systems in isolation, although drug use behaviors clearly do not result from a single, isolated
cognitive or affective deficit. For instance, a deficit in inhibitory control may present as
impulsivity, aggression or poor decision making but may not be associated with substance
dependence without substance dependent patients concurrently experiencing drug craving.
Likewise, impaired distress regulation can manifest as mood disturbances but may not lead to
substance abuse if the reward and motivation system is otherwise intact. Thus, it would be
important in future studies to examine the relationship between these neural systems, such as,
for instance, how emotional distress and drug craving affect inhibitory control. Equally
important are efforts to distinguish between functional deficits that result from prolonged drug
use and those that cause drug use. This challenging task can be taken up by examining biological
children of patients with SUD in longitudinal studies. Finally, with some caveats, lesion data
or experiments can provide more convincing evidence linking brain regions with a specific
psychological process (Naqvi et al., 2007; Vorel et al., 2007). Studies are thus warranted to
systematically investigate substance use behaviors in patients with lesions to the frontolimbic
structures that have been implicated in drug craving, emotional stress regulation, and cognitive
inhibitory control in neuroimaging studies.
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FIGURE 1.

A schematic model to account for prefrontal-limbic dysfunctions associated with compulsory
drug seeking. Prefrontal including anterior cingulate cortex regulates emotional stress and
inhibitory control. Prefrontal hypoactivity along with heightened responses in the striatal-
limbic circuitries to stress and drug-related salient stimuli contribute to compulsive drug
seeking.
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