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The role of neuroscience in drug policy: Promises
and prospects
Pablo A. Ormachea
1

1,3,*

1,*

1,2

, Ricky R. Savjani , Richard De La Garza, II , David M. Eagleman
2

1-3

3

Department of Neuroscience, Department of Psychiatry, Baylor College of Medicine, Houston, TX 77030; Center for Science and Law,
Houston, TX, USA; *these authors contributed equally to this article

Crack cocaine use carries high costs for society, particularly in terms of increased crime. The tools of modern
neuroscience may be able to reduce demand by addressing altered brain circuitry of individuals suffering from
severe cocaine use disorder. Here, we review several rehabilitative strategies, including pharmacotherapies
targeting neurotransmitter systems, immunotherapies that block cocaine from entering the central nervous system,
brain stimulation to disrupt abnormal circuit function, and real-time feedback in neuroimaging to allow the
strengthening of impulse control. These experimental treatments hold promise for treating severe cocaine use
disorder, and such rehabilitative approaches could be employed as an alternative to widespread incarceration.
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Introduction
Drug addiction, also termed substance-use disorder,
arises from a multifactorial set of risk factors including
genetics, environment, exposure, and also dysfunctions
in the brain. The strongest evidence that drug addiction
has some root in the brain is that some animals will
self-administer a variety of addictive drugs, especially
stimulants like cocaine1,2. Moreover, changing brain
circuitry (either pharmacologically3–5, electrically6, or
optogenetically7) alters the degree to which animals will
self-administer addictive drugs like cocaine. The field of
neuroscience, therefore, plays a critical role in
elucidating the mechanisms of drug addiction for
addressing the issue.
Neuroscience has begun to reveal the circuitry involved
in drug addiction, and many experimental methods are
being developed to help individuals combat cocaine use
disorders. Such rehabilitation methods, including
pharmacological approaches, cocaine vaccinations,
electrical and magnetic brain stimulation, and real-time
feedback in functional magnetic resonance imaging
(fMRI), offer potential to reduce craving and
consumption of cocaine. If they deliver on their

promise, these strategies could potentially serve as
alternatives to existing approaches, particularly with
regards to imprisonment which typically does not
address addiction itself.
This article focuses on the subset of drug users who
move beyond recreational use of cocaine to the level of
severe cocaine use disorder, as defined by the DSM-5,
which has several health-related consequences of
cocaine addiction. For the purpose of this paper,
however, we focus on crack cocaine due to its
prevalence and established intersections with the
criminal legal system. As researchers at a medical
school, we note that our approach is more grounded in
biology rather than sociology (e.g., critical addiction
studies8).
We will first review the relationship between crack and
crime. We then show how neuroscience research has
developed the view that substance use disorder is, at
least in part, a brain disease manifested by cravings and
diminished impulse control. Finally, we review the
promise and challenges of potential neuroscience-based
treatments for addiction, from conventional
pharmacotherapies to experimental uses of transcranial
stimulation and neuroimaging. Each therapy has both
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scientific and social obstacles, but these approaches
may help understand addiction fundamentally and how
society can overcome it.

Even in the face of these grim statistics, drug treatment
programs remain severely underfunded. The 2012 U.N.
World Drug Report estimates that fewer than one in
five people who could benefit from treatment receive it.
In part, this is because different governments pursue
widely different drug policies around the world. In
countries such as Canada, Spain, Italy, Portugal,
Luxembourg, the Netherlands, Germany, and the Czech
Republic, drug policy includes an emphasis on
rehabilitation. Most of these countries have adjusted
their regulations so that carrying small amounts of
illegal drugs no longer results in prosecution.28 These
countries, however, are the exceptions, in large part
because international agreements have prioritized a
criminalization approach to drug abuse since the 1961
UN Single Convention on Narcotic Drugs. 29 In the vast
majority of the world, particularly Asia and most of the
Americas, governments rely primarily on a zerotolerance approach to deter drug use, as reflected by
lengthy minimum imprisonment sentences for
possession. In the Philippines, for instance, the
minimum sentence for possession of five grams of
illegal drugs is twelve years in prison.28 In some
countries, such as Indonesia, drug trafficking carries an
automatic death penalty.28

Crack & Crime
From 1984 to 1994, there was a dramatic rise in
violence in U.S. cities.9 Researchers credit crack
cocaine, pointing to an expansion of the U.S. crack
market among poor inner-city youth beginning in
1985.10,11 Crack contributed to violent crime as rival
gangs competed to sell the lucrative drug.9,11 Without
crack cocaine, criminologists suggest that urban crime
rates would have been as much as ten percent lower
than the 1991 peak.12
Several studies demonstrate that criminal activity
positively correlates with offenders’ drug
consumption.13–16 This relationship holds whether the
individual was assisted or unassisted throughout the
rehabilitation process, and whether the treatment was
voluntary or involuntary.17 The correlation is even
stronger among adolescents.18–20 These findings are
consonant with interviews in which substance abusers
cite the need for drug money as the most important
reason they began offending.21,22 To reduce aggregate
crime, therefore, governments are well-served to
address drug addiction itself.

Individuals suffering from severe substance use
disorders are less likely to receive treatment when
addiction leads to imprisonment. Prisons and jails are
unlikely places to receive adequate drug addiction
treatment, and this emphasizes the weaknesses of an
incarceration-based approach.30 Reports indicate that
more than 50% of U.S. offenders need addiction
treatment — with 85% of those inmates failing to
receive any treatment during their sentence31,32 –
opening the door to a costly and vicious cycle of
imprisonment and drug relapse.33 While some
prisoners likely lacked the intrinsic motivation to
overcome their addiction, others were never given the
opportunity to pursue a treatment option. For broader
society, using prisons to force addicts into abstinence
ignores the susceptibility and high rates of relapse that
occur when inmates are released back into society.33
Collectively, these considerations call for a more
comprehensive approach to drug addiction.

When drug users move beyond recreational use to the
level of a cocaine use disorder, they commit crimes at
significantly higher rates than individuals who use
cocaine less frequently.23 Bennett et al., 2008 found
that the odds of offending are over 6 times greater for
crack users than non-crack users, and these odds are
nearly twice as high as those using powder cocaine or
even heroin—the other principal drugs most associated
with criminal offending.24 In particular, crack use
correlates with an increased propensity to commit
shoplifting, burglary, and robbery.24 Crack-dependent
women often move beyond petty theft and turn to
prostitution to finance their drug habit25, and the rise of
HIV and other sexually transmitted diseases from this
linkage poses a serious public health concern.26 Given
the myriad of psychosocial influences, the causal
relationship between crack and crime, however, cannot
be inferred directly. Nonetheless, prolonged abstinence
of cocaine has recently been shown to reduce
impulsivity and restore response inhibition neural
circuitry.27
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In the United States, the government’s focus on drug
use can be traced back to June 17, 1971, when President
Nixon declared the “War on Drugs” in a speech to U.S.
Congress. For a short time afterward, the majority of
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U.S. funding for the effort to reduce drug use went to
treatment that primarily relied on substitution
strategies (e.g., methadone replacement therapy for
opiates).34 This focus changed under President Reagan,
who prioritized incarceration and initiated regional task
forces of law enforcement officers to mobilize against
drug traffickers.34 As a result, the number of arrests for
illicit drug use tripled, from fewer than 0.6 million
drug-related arrests in 1980 to greater than 1.8 million
in 2005.35

the underlying mechanisms giving rise to addiction,
from genetic and environmental influences, to
molecular cascades and brain circuitry that may have
gone awry. By identifying and understanding these root
causes, treatment options are being researched to allow
addicts to break free of the cycle of addiction, and
thereby lower the likelihood of criminal recidivism.
Addiction arises from a complex interaction of genetic
(with multiple genes accounting for 40-60% of
vulnerability)39, developmental (e.g., drug use in early
childhood could increase addiction potential by as
much as 4-fold)40, and environmental factors (e.g.,
stress, parental support, and socioeconomic status).41,42
Collectively, these factors lead to the altered brain
circuitry that predispose toward an addiction
phenotype. The addiction cycle can be viewed in three
stages: (1) craving, (2) binging, and (3) withdrawal. For
each stage, relevant brain regions, their connections,
and their neurotransmitter systems have been
implicated in the cycle (Figure 1).43

Today, the focus on incarceration is beginning to
change, with more governments heeding the call to
treat addiction as an ailment rather than a crime. The
United States has been increasing funding for
preventative and intervention training for social
services employees, as well as for substance use
disorder treatment providers using behavioral
therapy.36 Incarceration is no longer seen as the sole
option, as demonstrated by the gradual emergence of
three approaches: (i) community-supervised treatment
programs, (ii) specialized courts staffed by people with
extensive experience with drug abuse, and (iii) civil
commitments upholding treatment regimens. However,
these approaches rely on behavioral regimens. A
systematic review of 27 randomized controlled trials
found no single behavioral regimen (e.g., Cognitive

The first stage, craving, integrates components of
memory and affect that give rise to drug-seeking
behavior. The hippocampus, orbitofrontal cortex, and
anterior cingulate cortex all show increased activity
during this anticipatory stage, with excitatory
glutamatergic synaptic projections to the dopaminergic
reward centers in the ventral striatum, including the
nucleus accumbens (NAc). For non-addicts, cognitive
inhibition can combat the desire for the drug, averting
the transition from craving to drug seeking and abuse.
However, addicts have abnormal valuations of
futures44,45 and weakened cognitive inhibition,46–48
presumably from a loss of top-down control of the
frontal cortex onto the ventral striatum.49,50 This
diminished control is thought to result from
disruptions in the neural circuitry involving the
dorsolateral prefrontal cortex (DLPFC) and the
ventrolateral prefrontal cortex (VLPFC), which show
diminished activity when cigarette smokers are asked to
regulate cravings51 or when stimulant addicts engage in
a response inhibition task.52 Intriguingly, manipulation
of these frontal areas in animal studies,53 particularly
with direct optogenetic stimulation of rat prelimbic
frontal cortex,7 reduces cocaine self-administration.
When paired with research showing that the response
inhibition circuitry regains function in abstinent
cocaine users,27 the evidence suggests that addicts have
deficient frontal inhibition.54

Behavioral Therapy, Community Reinforcement
Approach, Supportive-Expressive Psychodynamic
Therapy) to significantly reduce psychostimulant use
following the intervention.37 A fundamental neural
understanding of how addictive behavior manifests
may help identify appropriate treatment regimens for
individuals. For example, a recent functional
electroencephalography (EEG) study was able to model
and predict which individuals were more likely to
complete treatment based on cortical brain activity
measured while performing a cognitive inhibition
task.38 Overall, a general willingness to explore new
approaches can open the door for neuroscience to play
a critical role in the development of new waves of
treatment for people suffering from drug use disorders.

Neural bases of addiction
Neuroscience has the opportunity to explain drug
demand by providing a greater understanding of the
neurobiology of the individual who suffers from severe
substance use disorder. Research has begun to lay bare
Journal of Science & Law | jscilaw.org
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The second stage, binging, invokes the reward system
of the ventral striatum, including principally the NAc.
One hypothesis on what makes individuals predisposed
to addiction is lowered levels of brain dopamine D2
receptors in the brain. These dysfunctional brain areas
may encourage individuals to seek more dopamine.
Cocaine can increase dopamine levels by blocking the
dopamine transporter (DAT), which results in
increased dopamine (DA) levels in the synaptic
clefts.55,56 Evidence shows that achieving a high may
require the prevention of DA degradation, with a
minimum threshold needed to experience the effects.57
Positron emission tomography (PET) studies also
demonstrate that a broad class of illicit drugs, including
cocaine, cause an increase in DA in the NAc.42 Studies
have also been able to link animals with lowered levels
of trait dopamine receptors with increased propensity
for cocaine addiction.58 Pharmacological approaches
that target dopaminergic reward pathways seek to
either substitute illicit drugs with compounds that
increase basal levels of DA, or to inhibit endogenous DA
metabolism mechanisms.

valuation.66 The exact pathophysiological mechanisms
that give rise to the neurologic sequelae of chronic
cocaine use is not fully understood and is under active
investigation. One such new theory claims that elevated
dopamine levels in the brain may disrupt potassium
channels creating disinhibition.67 Ultimately, this could
lead to a hyperexcitable state, especially when
presented with relevant cues leading to heightened
cravings in addicted in individuals, even if the cues are
only briefly presented.

The third stage, withdrawal, invokes an emotional
response driven by activation of the amygdala and its
extensions.59 The neurotransmitters involved in this
widespread network include norepinephrine and
corticotropin-releasing factor, and axons project to the
hypothalamus60 and brainstem to induce a visceral
negative response. While consuming the drug will
temporarily relieve the withdrawal and stress, the
brain’s stress response becomes abnormal; as such,
treatment approaches often include therapeutics that
can decrease brain stress systems.61,62

Figure 1. Neural circuitry underlying the three stages of addiction and
targets of treatment approaches. The three stages of addiction include
Craving (green), Binging (blue), and Withdrawal (red). Repetitive
transcranial magnetic stimulation (rTMS) and transcranial direct
current stimulation (tDCS) target the DLPFC to increase inhibitory
control and decision making via effects on the orbitofrontal cortex
(OFC) and nucleus accumbens (NAc). The NAc is also one of the
targets for deep brain stimulation (DBS) to decrease cravings for
addictive substances. ACC, anterior cingulate cortex; OFC,
orbitofrontal cortex; Hippo, Hippocampus; AMG, amygdala; VS, ventral
striatum; DS, dorsal striatum; GP, globus pallidus; Thal, thalamus.
43
68
Figure modified from Koob and Volkow 2010 and Wing et al., 2013.

Neuroscience-based treatments
An increased understanding of the neural bases of the
addiction cycle has opened the door to new
rehabilitative approaches. Below, we outline four
tailored treatment strategies for cocaine use disorder,
from conventional to experimental.

Effects of cocaine addiction on the
brain
What about the long-term effects of cocaine on the
brain? Biophysical experiments and models are actively
being tested and developed to understand how chronic
cocaine use alters the brain. Studies find both
neurologically apparent deficits (e.g., seizures, strokes,
and headaches63) and clinically silent brain disruptions
(e.g., decreased frontal cortex metabolism64 and
accelerated brain aging65) occur as a result of chronic
cocaine use. The cognitive effects of long-term cocaine
use impact a broad range of function including
attention, response inhibition, memory, and reward
Journal of Science & Law | jscilaw.org

Pharmacological strategies
One approach is to combat the effects of drugs on the
brain through pharmacotherapies. Drugs of abuse can
induce specific modulation of neurotransmitters in
different brain regions.69–71 For example, because
cocaine increases DA levels in the NAc (by blocking
dopamine transport),72 medications continue to be
developed to restore dopamine homeostasis.73 In
general, therapies for cocaine addiction have targeted
many aspects of dopaminergic regulation and its down4
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stream effects. In one approach, cocaine can be
substituted with dopaminergic agonists (e.g., disulfiram
and modafinil) that reduce the craving for cocaine.74–76
In another, the effects of cocaine can be blunted by γaminobutyric acid (GABA) agonists (e.g., tiagabine and
topiramate) to suppress dopaminergic cell firing and
reduce the positive reinforcement. In yet another
approach, stress hormone responses induced as a result
of NAc projections to catecholamine-releasing areas
within the brainstem can be blunted via betaadrenergic blockers (e.g., propranolol).77 These varied
pharmacotherapies have been developed to target the
three stages of drug addiction.

known concern with several pharmacotherapeutucs is
exposure to adverse side effects. Moreover, some
strategies simply substitute an illicit drug with another
controlled substance (although research suggests that
the abuse potential can be ameliorated through
sustained release formulations82). Further, medication
compliance remains a significant issue, and dropout
rates are often high for cocaine addiction studies.
These difficulties highlight the need for the
development of novel approaches beyond
pharmacological treatments. We next explore three
promising strategies based on an understanding of
mechanisms at the cellular and network levels,
beginning with a treatment well into human subject
trials.

One difficulty for pharmacological approaches is that
the American Federal Drug Administration (FDA)
requires treatments to overcome a challenging
threshold before approving a therapy for cocaine use
disorder: a medication must give rise to complete
abstinence from cocaine use for 2 consecutive weeks at
the end of the trial. This threshold suggests that
medications that reduce cocaine use may have already
been evaluated, though failed to advance for approval
because they did not satisfy the rigorous abstinence
definition.73 Despite many therapies showing decrease
in use or decrease in subjective cravings, the FDA has
held firm on this requirement and has not granted
approval to any addiction treatments for cocaine use
disorder.78,79 The FDA mandate for cocaine use disorder
treatment differs from the standard for other
neuropsychiatric diseases, like depression, which only
requires substantial evidence of efficacy (generally
speaking, significantly better than placebo) in order to
gain approval.80 Further, antidepressant outcome
measures are especially vague with FDA providing little
guidance as to the preferred assessment scale used to
measure drug efficacy. A heightened threshold for FDA
approval of medications for cocaine use disorder shuts
the door on other potentially more accurate guides for
the treatment of cocaine addiction, like cognitive and
psychological screening.

Cocaine vaccine
The cocaine vaccine seeks to circumvent the continued
reinforcement of cocaine use disorder by preventing the
drug from entering the brain. In the active
immunization approach, the cocaine molecule is
attached to immunogenic proteins to provoke a T-cell
mediated humoral (antibody) response against cocaine.
If the patient uses cocaine after the vaccination,
antibodies bind the cocaine molecules to prevent them
from crossing the blood-brain barrier (Figure 2). One
example of this method, in which cocaine is attached to
a cholera toxin B subunit, has shown some therapeutic
benefit through phase IIb human clinical trials.83 To
induce higher titers of antibodies, cocaine molecules
can be coupled to parts of the more immunogenic
adenovirus84,85, which leads to a dramatic reduction in
the cocaine that reaches the brains of non-human
primates.86

Although pharmacological treatments are relatively
cost effective—in the range of several thousand
dollars81—they come with limitations. They take a
blanket approach and target all receptors of a certain
type, instead of specifically targeting only the impaired
circuits. Therefore, it is possible—though
unconfirmed—that these medications fail to address the
underlying aberrant brain circuitry. Another wellJournal of Science & Law | jscilaw.org

Figure 2. The cocaine vaccine harnesses the immune system to
prevent absorption of the cocaine molecule. Figure adapted from Shen
87
et al, 2012
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However, there are also concerns with the vaccine
approach. In chronically addicted patients, the
underlying brain circuitry and chemistry will be no
different, and therefore this treatment will not address
deficits in inhibitory control, reward processing, and
many other factors, compromising its immediate
usefulness: the remaining deficits may simply push the
individual toward another drug to replace the cocaine
high or they may attempt to use more cocaine to
overcome the blunted effects.88 Finally, the approach is
still in the experimental stages, with the recent phase
III randomized double-blind placebo-controlled trials
having failed to reduce cocaine use, even in patients
with high IgG anti-cocaine titers.89

addictions. Both studies claimed to reduce relapse rates
of drug addiction significantly with no or only minor
temporary side effects.
While some evidence supports the efficacy of ablative
techniques in reducing drug addiction, these surgeries
make permanent, irreversible changes to the brain. The
search for a less destructive alternative has led to the
use of deep brain stimulation (DBS), which uses high
frequency electrical stimulation. DBS seems to have
effects similar to the destruction of the tissue in the
basal ganglia for movement disorders.93 In one recent
report, a patient suffering from agoraphobia and
secondary depression was given DBS to bilateral NAc;
while the DBS cured neither the anxiety nor the
depression, it did reduce the patient’s alcohol
dependence.94 The patient’s alcohol consumption
decreased from 10 drinks per day to 1-2 drinks per day.
The authors then retrospectively examined all of their
DBS studies involving the NAc as a target, and found
that 3 out of 10 patients with nicotine dependence
became abstinent after DBS.95 Their fortuitous
observations have prompted further investigation of
DBS as a therapy for drug addiction, including primary
use of DBS for heroin96–98 and alcohol.99 These studies
open the door for experiments seeking to treat cocaine
use disorder via DBS.

Although promising, immunotherapies might not
address underlying, compulsive drug-seeking
behavior—and this again highlights the need for a
diversity of approaches to address the multiple facets of
drug addiction.
Direct and Transcranial Brain Stimulation
For over a century, researchers have worked to directly
manipulate and alter the physical brain to treat drug
addiction (Figure 3). Invasive techniques, including
lobotomies and the destruction of particular regions
through ablative surgeries, have been used to in
attempt to remove and rewire brain circuitry.
Implicated brain regions include the anterior cingulate
cortex (ACC) and the NAc.90 Ablation of the ACC has
been used to treat addiction to morphine, heroin,
opiates, and alcohol with success rates ranging from
60-90%.90 For the NAc, bilateral ablation trials were
recently conducted in China for opiate91 and alcohol92

While DBS is a promising therapy for drug addiction, it
is in early stages of development. Researchers debate
which brain regions to target, with some proponents
suggesting subthalamic nucleus (STN) instead of
NAc.100 The disparity of approaches may stem from an
incomplete understanding of how DBS works. While
the technique is thought to induce local inhibition at

Figure 3. Historical progression of direct physiological manipulations for addiction therapy.
Journal of Science & Law | jscilaw.org
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the site of the electrode implant, pharmacological
studies that inhibit local neuronal subtypes do not show
similar effects, suggesting that the mechanism of action
of DBS is not simply local neuronal inactivation.101
Preclinical studies in rats exhibiting signs of cocaine
addiction suggest that DBS to the NAc also stimulates
fibers passing nearby, which may result in antidromic
stimulation of other cortical brain regions.6

same regions are implicated in normal reward
processing, decision-making, and emotional responses.
For example, the insula is implicated in emotional
responses, and its activity correlates strongly with drug
cravings111,112, and damage to the insula appears to
disrupt cravings for nicotine without changing the
motivation for other behaviors.113
The networks activated in the suppression of craving
are involved in impulse control.114 These regions
include the DLPFC and VLPFC (Figure 4A, blue).
While craving, individuals addicted to cocaine show
lower activity than controls in these regions115,116, and
the level of activity correlates with self-control and
performance on tasks that require inhibition of
impulsive responses.

At this early stage, DBS may be prohibitively expensive
for drug rehabilitation. Moreover, several ethical issues
like safety, insurance reimbursement uncertainty, and
informed consent dilemmas may hinder DBS from ever
becoming a broadly available treatment for substance
use disorder.102,103
Such considerations have fueled the search for a less
invasive, more cost-effective alternatives to target the
subcortical structures involved in reward. Techniques
include repetitive transcranial magnetic stimulation
(rTMS) and transcranial direct current stimulation
(tDCS). rTMS uses an alternating magnetic field to
induce an electrical current that excites or inhibits
neuronal activity based on the frequency of the
oscillating magnetic field, with high frequency (>10 Hz)
inducing excitation.104 High frequency rTMS applied to
the DLPFC has led to decreased subjective cravings for
nicotine, alcohol, and cocaine in addicted patients
(reviewed in refs104,105). tDCS, which operates by
delivering a constant low current between two
electrodes on the scalp’s surface, has also targeted the
DLPFC and resulted in reduced alcohol106 and
nicotine107 craving relative to sham stimulation.108
Although these techniques demonstrate strong
potential, studies involving rTMS and tDCS are in their
infancies, clinical trials with more subjects are needed,
and rigorous measures of reduced drug use need
development. Further, the exact effects of how
stimulation alters brain function connection and
ultimate behavior is currently unknown. Nevertheless,
non-invasive cortical stimulation may at some point
provide a cost-effective therapy for cocaine use
disorder.

On the basis of this knowledge, our laboratory and
others are exploring another experimental treatment
for individuals suffering from severe crack use disorder:
determining whether the activity in these brain areas
can be manipulated through real-time neurofeedback
using fMRI (known as rt-fMRI). While this idea dates
back nearly two decades117, the last two years have seen
tremendous development of the technique.118 In the
real-time feedback approach, fast computation and
efficient algorithms transform brain activity into a
visual representation (e.g., a thermometer or a
speedometer) which is viewed by the participant
(Figure 4B). The aim is for individuals to downregulate neural activity that correlates with craving. To
suppress their craving for cocaine, participants must
activate the impulse control brain regions. The
feedback they receive is in real-time and shows them
the result of their effort. Ideally, the strategy will
strengthen individuals’ ability to inhibit their cocaine
cravings.
While rt-fMRI feedback has been used with
documented success for a variety of applications
including managing pain119, regulating emotion120, and
improving working memory121 (see comprehensive
reviews elsewhere122–128), few studies have assessed rtfMRI as a therapeutic tool for individuals suffering
from severe substance use disorder. Preliminary data
suggest that nicotine-dependent individuals can reduce
context-induced cravings by voluntarily decreasing
activation in ACC129, which may substantially reduce
the drive for the drug. In contrast, nicotine addicts were
unable to increase activation in medial PFC129 or in

Real time feedback using neuroimaging
Functional neuroimaging studies have identified a
distributed network of brain regions involved in craving
and its suppression (Figure 4A, red). The ‘craving’
network increases activity in response to perceiving
drug-related cues compared to neutral cues;109,110 these
Journal of Science & Law | jscilaw.org
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Figure 4. Real time neuroimaging as a technique to control craving developed in our lab. A. Regions involved in craving (red) include bilateral
insula, putamen, caudate, nucleus accumbens, and anterior cingulate cortex (ACC). Regions involved in suppressing craving (blue) include
dorsolateral prefrontal cortex (DLPFC) and ventrolateral prefrontal cortex (VLPFC). Not shown are areas that are implicated in both craving and
suppression, such as medial orbital frontal cortex and bilateral amygdala. B. In ongoing studies in our laboratory, crack cocaine addicts are
shown images of the drug and associated paraphernalia while in MRI. Participants are instructed to suppress their craving, and feedback
representing the ratio of activities in the craving and suppression networks (panel A) is shown in the form of a meter on the screen. The end
goal of this putative therapy is to strengthen cognitive control, fortifying participants with the capacity to overcome their craving when faced with
enticing environmental drug cues.

dorsal medial PFC130 when attempting to increase
cognitive inhibition. These results may shed light on
which brain regions are under direct cognitive control,
as well as which cognitive strategies may combat drug
addiction. Evidence also suggests participants can gain
greater control of brain region activation after multiple
neurofeedback sessions,119,131 pointing to a need for
repeated therapeutic sessions.

through neurofeedback, the hope is that they can
recreate those approaches after leaving therapy and
returning to their day-to-day lives. Rt-fMRI feedback
thus allows each participant to discover the optimal
cognitive strategy to control his or her addiction.
Like all treatment strategies, rt-fMRI feedback has
limitations. The early nature of the experimental
treatment makes it difficult to accurately predict the
number of sessions required by a person suffering from
severe substance use disorder. The therapy also
depends upon the addicted individual’s willingness to
manipulate his or her cravings, which means
neurofeedback may only be promising for those actively
seeking treatment. Another crucial component of
neurofeedback is providing reliable control measures.
This is an area of active debate,132 ranging from
implementations of sham feedback, no feedback, and
transfer runs. It is clear, however, that the feedback
must be compared to an adequate control of some sort.

One of the strengths of the rt-fMRI treatment is that it
is individually tailored to each participant. That is,
participants may discover unique strategies to succeed
in increasing activity in suppression networks and
decreasing activity in craving networks—for example,
by exploring and assessing different cognitive
strategies, such as thinking about cocaine’s financial
impact, emotional stress, or damage to relationships in
their lives. Once participants have identified successful
suppression strategies and refined their ability to
suppress by engaging the corresponding networks
Journal of Science & Law | jscilaw.org
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Many studies currently are developing the ideas and
just trying to demonstrate if control over a brain region
in the addicted population is at all achievable. But as
progress is made, each study must be able to
demonstrate the feedback from the brain area is
actively being used and crucial to the therapy. These
concerns highlight the need for a multiplicity of
approaches to address different individuals’ unique
substance abuse problems.

European Union, are experimenting with such
approaches. In 2001, Portugal moved away from
incarceration as a solution and replaced jail time with a
multilayered approach including a noncompulsory offer
of therapy for those caught in possession of small
amounts of drugs.133 This reform includes people who
simply use drugs as well as those who suffer from
substance abuse disorders. The noncompulsory,
therapy-based rehabilitation appears to have resulted
in far fewer drug-related pathologies as well as drug
usage rates that remain among the lowest in the EU.
Perhaps most importantly, it may have contributed to a
decrease in usage among the most malleable group:
adolescents. From 2001 to 2006, a decrease in usage
was reported among individuals 13-15 years (14.1% to
10.6%), and among 16-18 year olds (27.6% to 21.6%).134
Portugal’s multilayered approach did not offer neurointervention therapies, yet its preliminary success with
demand-reducing strategies suggests that offering
therapy instead of incarceration is a step in the right
direction.

Conclusions and Future
Perspectives
We have shown how conventional pharmacotherapybased approaches, as well as novel approaches like drug
immunotherapies, brain stimulation, and real-time
neurofeedback, all harness the field’s current
understanding of the neurobiology of addiction. The
therapies show great promise, but each of these
therapies follows a different approach with unique
limitations: pharmacotherapies have systemic effects
and are plagued by compliance issues; vaccinations fail
to re-wire aberrant brain circuitry; stimulation
therapies may be exceedingly costly (DBS) or impose
only short-term effects (rTMS and tDCS); and rt-fMRI,
also very costly, requires the individual to actively
desire to learn how to suppress cravings.

The neuroscience-based interventions we explored in
this article offer new inroads for other demandreducing strategies. They reflect a deepened
understanding of the interplay between addiction and
the brain, which in turn has bolstered governments’
willingness to explore demand-side strategies. In the
United States, for instance, the National Institute on
Drug Abuse has funded a five-site study of recently
released, opioid-dependent parolees using
pharmacotherapy-based strategies; this has so far
achieved promising results.135

We should note that some of these therapies remain in
the experimental phases. Even if a therapy delivers on
its potential and improve individual’s lives, it may fail
to scale effectively on a broader societal level.
Nonetheless, each technique could serve as a new arrow
for society’s quiver of therapies for addicted
individuals. On its own, each treatment may fall short
of solving the problem of severe substance use
disorders, but collectively, the multiplicity of
approaches holds a promise for customizing treatment
strategies for individuals, with potentially lower longterm rehabilitation expenses compared to the cost and
collateral consequences of incarceration.

We urge the United States to continue funding novel,
neuroscience-based therapies for drug addiction. We
also urge the U.S. criminal justice system to show a
greater willingness to explore potential therapies.
Rather than keep potential therapies confined to the
lab, criminal justice departments should consider
working more closely with neuroscientists at the cutting
edge of addiction. For example, we could explore
randomized controlled trials where repeat offenders for
cocaine possession (without a history of violence) try a
therapy in exchange for a deferred or reduced sentence.
At the same time, it would speed research efforts if the
justice system assisted scientists in finding suitable
participants instead of leaving scientists to locate
addicts on their own. We hope that increased
governmental action will enable the testing of these

It is important to emphasize that viewing severe
substance use disorder as an illness does not exculpate
addicted individuals from responsibility for criminal
actions. Instead, the goal of understanding the
neurobiological basis of substance use disorders is to
reduce severe drug addiction by introducing
opportunities for customized rehabilitation and rational
sentencing. Some countries, predominantly in the
Journal of Science & Law | jscilaw.org
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therapies on a grand scale and thereby increase each
therapy’s odds of becoming established practice. Our
vision is that advances in neuroscience will continue to
illuminate the path ahead.

7. Chen, B. T. et al. Rescuing cocaine-induced prefrontal
cortex hypoactivity prevents compulsive cocaine seeking.
Nature 496, 359–62 (2013).
8. Expanding Addiction: Critical Essays. (Routledge, 2014).

Acknowledgements

9. Roland G. Fryer, Paul S. Heaton, Steven D. Levitt &
Kevin M. Murphy. Measuring Crack Cocaine and Its Impact.
Econ. Inq. 51, 1651–1681 (2013).

We thank Nicholas and Susan Pritzker for funding this
work through their donor-advised Scorpio Rising Fund
at Vanguard Charitable.

10. Blumstein, A. ; R. Explaining recent trends in U.S.
homicide rates. J. Crim. Law Criminol. 88, 1175–1216
(1998).

Pablo Ormachea, JD is a graduate of Harvard Law
School and a postdoctoral fellow with the Center for
Science and Law (scilaw.org). Ricky Savjani is an
MD/PhD graduate student with the Center. Richard De
La Garza, PhD is in the Departments of Psychiatry,
Neuroscience, and Pharmacology at Baylor College of
Medicine, and is past-president of the College on the
Problems of Drug Dependence (www.cpdd.org). David
Eagleman, PhD, is an associate professor of
neuroscience at the Baylor College of Medicine and
director of the Center for Science and Law

11. Levitt, S. D. Understanding Why Crime Fell in the
1990s: Four Factors that Explain the Decline and Six that Do
Not. J. Econ. Perspect. 18, 163–190 (2004).
12. Grogger, J. & Willis, M. The Emergence of Crack
Cocaine and the Rise in Urban Crime Rates. Rev. Econ. Stat.
82, 519–529 (2000).
13. Hubbard, R. Drug Abuse Treatment: A National Study of
Effectiveness. Natl. Crim. Justice Ref. Serv. NCJ 120787,
(1989).

References
1. Deroche-Gamonet, V., Belin, D. & Piazza, P. V. Evidence
for addiction-like behavior in the rat. Science 305, 1014–7
(2004).

14. Amato, L. et al. An overview of systematic reviews of
the effectiveness of opiate maintenance therapies: available
evidence to inform clinical practice and research. J Subst
Abuse Treat 28, 321–9 (2005).

2. Vanderschuren, L. J. & Everitt, B. J. Drug seeking
becomes compulsive after prolonged cocaine selfadministration. Science 305, 1017–9 (2004).

15. Belenko, S. Economic Benefits of Drug Treatment: A
Critical Review of the Evidence for Policy Makers. Treat.
Res. Inst. Univ. Pa. (2005).

3. Goeders, N. E., Clampitt, D. M., Keller, C., Sharma, M. &
Guerin, G. F. Alprazolam and oxazepam block the cueinduced reinstatement of extinguished cocaine seeking in
rats. Psychopharmacol. Berl 201, 581–8 (2009).

16. Gossop, M., Trakada, K., Stewart, D. & Witton, J.
Reductions in criminal convictions after addiction treatment:
5-year follow-up. Drug Alcohol Depend 79, 295–302 (2005).
17. Anglin, M. D. and S. Narcotics use and crime: a
multisample, multimethod analysis. Criminology 26, 197–
233 (1988).

4. Gallo, A., Lapointe, S., Stip, E., Potvin, S. & Rompré, P.P. Quetiapine blocks cocaine-induced enhancement of brain
stimulation reward. Behav. Brain Res. 208, 163–168 (2010).

18. Marcus, R. F. Aggression and violence in adolescence.
(Cambridge University Press, 2007).

5. Xue, Y., Steketee, J. D., Rebec, G. V. & Sun, W.
Activation of D(2)-like receptors in rat ventral tegmental area
inhibits cocaine-reinstated drug-seeking behavior. Eur J
Neurosci 33, 1291–8 (2011).

19. Oliva, A. Consuming addictive substances during
adolescence: trajectories and psychological consequences.
Int. J. Clin. Health Psychol. 8, (2008).

6. Vassoler, F. M. et al. Deep Brain Stimulation of the
Nucleus Accumbens Shell Attenuates Cocaine Reinstatement
through Local and Antidromic Activation. J. Neurosci. Off.
J. Soc. Neurosci. 33, 14446–54 (2013).

20. Estévez, E. Assessing the links among adolescent and
youth offending, antisocial behavior, victimization, drug use,
and gender. Int. J. Clin. Health Psychol. 11, 269–289 (2011).
21. McIvor, G. Is desistance from crime different for girls?

Journal of Science & Law | jscilaw.org

10

March 24, 2016

Ormachea et al.

The role of neuroscience in drug policy

(2004).

drug war: a chronology. Frontline Drug Wars, (2001).

22. Barry, M. Youth offending in transition: the search for
social recognition. (Routledge, 2006).

35. Motivans, M. Federal Justice Statistics, 2008- Statistical
Tables. Sect. 1 Fed. Law Enforc. Prosec. NCJ 231822,
(2010).

23. Chaiken, J. M. C. M. R. Drugs and Predatory Crime
(From Drugs and Crime, V 13, P 203-239, 1990, Michael
Tonry and James Q Wilson, eds. -- See NCJ-125241). (1990).

36. Office of National Drug Control Policy. FY 2013 Budget
and Performance Summary. Companion Natl. Drug Control
Strategy (2012).

24. Bennett, T., Holloway, K. & Farrington, D. The
statistical association between drug misuse and crime: A
meta-analysis. Aggress. Violent Behav. 13, 107–118 (2008).

37. Knapp, W. P., Soares, B. G., Farrel, M. & Lima, M. S.
Psychosocial interventions for cocaine and psychostimulant
amphetamines related disorders. Cochrane Database Syst
Rev CD003023 (2007).
doi:10.1002/14651858.CD003023.pub2

25. McCoy, H. V. I. J. A. M. L. R. P. A. E. S. C. A. Women,
Crack, and Crime: Gender Comparisons of Criminal Activity
Among Crack Cocaine Users. Contemp. Drug Probl. 22,
435–451 (1995).

38. Steele, V. R. et al. Brain potentials measured during a
Go/NoGo task predict completion of substance abuse
treatment. Biol. Psychiatry 76, 75–83 (2014).

26. Inciardi, J. A. & Surratt, H. L. Drug use, street crime, and
sex-trading among cocaine-dependent women: implications
for public health and criminal justice policy. J Psychoact.
Drugs 33, 379–89 (2001).

39. Uhl, G. R. & Grow, R. W. The burden of complex
genetics in brain disorders. Arch Gen Psychiatry 61, 223–9
(2004).

27. Bell, R. P., Foxe, J. J., Ross, L. A. & Garavan, H. Intact
inhibitory control processes in abstinent drug abusers (I): A
functional neuroimaging study in former cocaine addicts.
Neuropharmacology (2013).
doi:10.1016/j.neuropharm.2013.02.018

40. Grant, B. F. & Dawson, D. A. Age at onset of alcohol use
and its association with DSM-IV alcohol abuse and
dependence: results from the National Longitudinal Alcohol
Epidemiologic Survey. J Subst Abuse 9, 103–110 (1997).

28. Bewley-Taylor, D. The Incarceration of Drug Offenders:
An Overview. Int. Cent. Prison Stud. 16, (2009).

41. Volkow, N. & Li, T. K. The neuroscience of addiction.
Nat. Neurosci. 8, 1429–30 (2005).

29. Single Convention on Narcotic Drugs. Chapter VI.
Narcotic Drugs and Psychotropic Substances. (1961).

42. Volkow, N. D., Wang, G. J., Fowler, J. S., Tomasi, D. &
Telang, F. Addiction: beyond dopamine reward circuitry.
Proc. Natl. Acad. Sci. U. S. A. 108, 15037–42 (2011).

30. Substance Abuse and Mental Health Services
Administration. Results from the 2012 National Survey on
Drug Use and Health: Summary of National Findings,
NSDUH Series H-46, HHS Publication No. (SMA) 13-4795.
(Substance Abuse and Mental Health Services
Administration, 2012).

43. Koob, G. F. & Volkow, N. D. Neurocircuitry of
addiction. Neuropsychopharmacology 35, 217–38 (2010).
44. Coffey, S. F., Gudleski, G. D., Saladin, M. E. & Brady,
K. T. Impulsivity and rapid discounting of delayed
hypothetical rewards in cocaine-dependent individuals. Exp
Clin Psychopharmacol 11, 18–25 (2003).

31. Mumola, C. Drug Use and Dependence, State and
Federal Prisoners, 2004. (Bureau of Justice Statistics, 2006).

45. Konova, A. B. et al. Structural and behavioral correlates
of abnormal encoding of money value in the sensorimotor
striatum in cocaine addiction. Eur J Neurosci 36, 2979–88
(2012).

32. Dumont, D. M., Brockmann, B., Dickman, S., Alexander,
N. & Rich, J. D. Public Health and the Epidemic of
Incarceration. Annu. Rev. Public Health 33, 325–339 (2012).
33. Volkow, N. D., Baler, R. D. & Goldstein, R. Z.
Addiction: pulling at the neural threads of social behaviors.
Neuron 69, 599–602 (2011).

46. Lane, S. D., Moeller, F. G., Steinberg, J. L., Buzby, M. &
Kosten, T. R. Performance of cocaine dependent individuals
and controls on a response inhibition task with varying levels
of difficulty. Am J Drug Alcohol Abuse 33, 717–26 (2007).

34. Public Broadcasting System. Thirty years of America’s
Journal of Science & Law | jscilaw.org

11

March 24, 2016

Ormachea et al.

The role of neuroscience in drug policy

47. Barros-Loscertales, A. et al. Lower activation in the right
frontoparietal network during a counting Stroop task in a
cocaine-dependent group. Psychiatry Res 194, 111–8 (2011).

doi:10.1111/adb.12315
59. Morisot, N., Le Moine, C., Millan, M. J. & Contarino, A.
CRF₂ receptor-deficiency reduces recognition memory
deficits and vulnerability to stress induced by cocaine
withdrawal. Int. J. Neuropsychopharmacol. Off. Sci. J. Coll.
Int. Neuropsychopharmacol. CINP 17, 1969–1979 (2014).

48. Fernandez-Serrano, M. J., Perales, J. C., Moreno-Lopez,
L., Perez-Garcia, M. & Verdejo-Garcia, A.
Neuropsychological profiling of impulsivity and
compulsivity in cocaine dependent individuals.
Psychopharmacol. Berl 219, 673–83 (2012).

60. Zhou, Y. & Kreek, M. J. Persistent increases in rat
hypothalamic POMC gene expression following chronic
withdrawal from chronic ‘binge’ pattern escalating-dose, but
not steady-dose, cocaine. Neuroscience 289, 63–70 (2015).

49. Goldstein, R. Z. & Volkow, N. D. Drug addiction and its
underlying neurobiological basis: neuroimaging evidence for
the involvement of the frontal cortex. Am J Psychiatry 159,
1642–52 (2002).

61. Fox, H. C. et al. Guanfacine effects on stress, drug
craving and prefrontal activation in cocaine dependent
individuals: preliminary findings. J. Psychopharmacol. Oxf.
Engl. 26, 958–972 (2012).

50. Volkow, N. D., Fowler, J. S. & Wang, G. J. The addicted
human brain: insights from imaging studies. J Clin Invest
111, 1444–51 (2003).

62. Kablinger, A. S. et al. Effects of the combination of
metyrapone and oxazepam on cocaine craving and cocaine
taking: a double-blind, randomized, placebo-controlled pilot
study. J. Psychopharmacol. Oxf. Engl. 26, 973–981 (2012).

51. Kober, H. et al. Prefrontal-striatal pathway underlies
cognitive regulation of craving. Proc. Natl. Acad. Sci. U. S.
A. 107, 14811–6 (2010).
52. Morein-Zamir, S., Simon Jones, P., Bullmore, E. T.,
Robbins, T. W. & Ersche, K. D. Prefrontal Hypoactivity
Associated with Impaired Inhibition in Stimulant-Dependent
Individuals but Evidence for Hyperactivation in their
Unaffected Siblings. Neuropsychopharmacology (2013).
doi:10.1038/npp.2013.90

63. Rowbotham, M. C. & Lowenstein, D. H. Neurologic
consequences of cocaine use. Annu. Rev. Med. 41, 417–422
(1990).
64. Volkow, N. D. et al. Long-term frontal brain metabolic
changes in cocaine abusers. Synap. N. Y. N 11, 184–190
(1992).

53. Mihindou, C., Guillem, K., Navailles, S., Vouillac, C. &
Ahmed, S. H. Discriminative inhibitory control of cocaine
seeking involves the prelimbic prefrontal cortex. Biol.
Psychiatry 73, 271–9 (2013).

65. Ersche, K. D., Jones, P. S., Williams, G. B., Robbins, T.
W. & Bullmore, E. T. Cocaine dependence: a fast-track for
brain ageing? Mol. Psychiatry 18, 134–135 (2013).
66. Spronk, D. B., van Wel, J. H. P., Ramaekers, J. G. &
Verkes, R. J. Characterizing the cognitive effects of cocaine:
a comprehensive review. Neurosci. Biobehav. Rev. 37, 1838–
1859 (2013).

54. Castner, S. A. & Williams, G. V. Cognitive
consequences of alterations in functional circuitry induced by
chronic cocaine use and the potential impact for treatment.
Biol. Psychiatry 72, 801–2 (2012).

67. Buchta, W. C. & Riegel, A. C. Chronic cocaine disrupts
mesocortical learning mechanisms. Brain Res.
doi:10.1016/j.brainres.2015.02.003

55. Ritz, M. C., Lamb, R. J., Goldberg, S. R. & Kuhar, M. J.
Cocaine receptors on dopamine transporters are related to
self-administration of cocaine. Science 237, 1219–23 (1987).

68. Wing, V. C. et al. Brain stimulation methods to treat
tobacco addiction. Brain Stimul 6, 221–30 (2013).

56. Koob, G. F. & Bloom, F. E. Cellular and molecular
mechanisms of drug dependence. Science 242, 715–23
(1988).

69. Cami, J. & Farre, M. Drug addiction. N. Engl. J. Med.
349, 975–86 (2003).

57. Volkow, N. D. et al. Relationship between subjective
effects of cocaine and dopamine transporter occupancy.
Nature 386, 827–30 (1997).

70. Haile, C. N., Mahoney, J. J., Newton, T. F. & De La
Garza, R. Pharmacotherapeutics directed at deficiencies
associated with cocaine dependence: focus on dopamine,
norepinephrine and glutamate. Pharmacol Ther 134, 260–77

58. Barnea, R. et al. Trait and state binge eating predispose
towards cocaine craving. Addict. Biol. (2015).
Journal of Science & Law | jscilaw.org

12

March 24, 2016

Ormachea et al.

The role of neuroscience in drug policy

(2012).

65 (2012).

71. Verrico, C. D., Haile, C. N., Newton, T. F., Kosten, T. R.
& De La Garza, R. Pharmacotherapeutics for substance-use
disorders: a focus on dopaminergic medications. Expert Opin
Investig Drugs 22, 1549–68 (2013).

83. Haney, M., Gunderson, E. W., Jiang, H., Collins, E. D. &
Foltin, R. W. Cocaine-specific antibodies blunt the
subjective effects of smoked cocaine in humans. Biol.
Psychiatry 67, 59–65 (2010).

72. Tomkins, D. M. & Sellers, E. M. Addiction and the
brain: the role of neurotransmitters in the cause and treatment
of drug dependence. CMAJ 164, 817–21 (2001).

84. Hicks, M. J. et al. Cocaine analog coupled to disrupted
adenovirus: a vaccine strategy to evoke high-titer immunity
against addictive drugs. Mol Ther 19, 612–9 (2011).

73. Kim, J. H. & Lawrence, A. J. Drugs currently in Phase II
clinical trials for cocaine addiction. Expert Opin Investig
Drugs (2014). doi:10.1517/13543784.2014.915312

85. Wee, S. et al. Novel cocaine vaccine linked to a disrupted
adenovirus gene transfer vector blocks cocaine
psychostimulant and reinforcing effects.
Neuropsychopharmacology 37, 1083–91 (2012).

74. Dackis, C. A. et al. A double-blind, placebo-controlled
trial of modafinil for cocaine dependence. J Subst Abuse
Treat 43, 303–12 (2012).

86. Maoz, A. et al. Adenovirus Capsid-Based Anti-Cocaine
Vaccine Prevents Cocaine from Binding to the Nonhuman
Primate CNS Dopamine Transporter.
Neuropsychopharmacology (2013).
doi:10.1038/npp.2013.114

75. Haile, C. N. et al. The impact of disulfiram treatment on
the reinforcing effects of cocaine: a randomized clinical trial.
PloS One 7, e47702 (2012).

87. Shen, X. Y., Orson, F. M. & Kosten, T. R. Vaccines
against drug abuse. Clin. Pharmacol. Ther. 91, 60–70
(2012).

76. Verrico, C. D. et al. Treatment with modafinil and
escitalopram, alone and in combination, on cocaine-induced
effects: a randomized, double blind, placebo-controlled
human laboratory study. Drug Alcohol Depend. 141, 72–78
(2014).

88. Eagleman, D. M. & Correro, M. A. Why neuroscience
matters for a rational drug policy. Minn. J. Law Sci. Technol.
(2010).

77. Sofuoglu, M. & Kosten, T. Emerging pharmacological
strategies in the fight against cocaine addiction. Expert Opin
Emerg Drugs 11, 91–8 (2006).

89. Kosten, T. R. et al. Vaccine for cocaine dependence: A
randomized double-blind placebo-controlled efficacy trial.
Drug Alcohol Depend (2014).
doi:10.1016/j.drugalcdep.2014.04.003

78. Skolnick, P. & Volkow, N. D. Addiction therapeutics:
obstacles and opportunities. Biol. Psychiatry 72, 890–891
(2012).

90. Stelten, B. M., Noblesse, L. H., Ackermans, L., Temel,
Y. & Visser-Vandewalle, V. The neurosurgical treatment of
addiction. Neurosurg Focus 25, E5 (2008).

79. Volkow, N. D. & Skolnick, P. New medications for
substance use disorders: challenges and opportunities.
Neuropsychopharmacol. Off. Publ. Am. Coll.
Neuropsychopharmacol. 37, 290–292 (2012).

91. Gao, G. et al. Clinical study for alleviating opiate drug
psychological dependence by a method of ablating the
nucleus accumbens with stereotactic surgery. Ster. Funct
Neurosurg 81, 96–104 (2003).

80. Hanrahan, C. & New, J. P. Antidepressant medications:
The FDA-approval process and the need for updates. Ment.
Health Clin. 4, 11–16 (2014).

92. Wu, H. M. et al. Preliminary findings in ablating the
nucleus accumbens using stereotactic surgery for alleviating
psychological dependence on alcohol. Neurosci Lett 473, 77–
81 (2010).

81. Substance Abuse and Mental Health Services
Administration. The ADSS Cost Study:Costs of Substance
Abuse Treatment in the Specialty Sector. (2003).

93. Hariz, M. I., Blomstedt, P. & Zrinzo, L. Deep brain
stimulation between 1947 and 1987: the untold story.
Neurosurg Focus 29, E1 (2010).

82. Gill, K. E. et al. Chronic treatment with extended release
methylphenidate does not alter dopamine systems or increase
vulnerability for cocaine self-administration: a study in
nonhuman primates. Neuropsychopharmacology 37, 2555–
Journal of Science & Law | jscilaw.org

94. Kuhn, J. et al. Remission of alcohol dependency
13

March 24, 2016

Ormachea et al.

The role of neuroscience in drug policy

following deep brain stimulation of the nucleus accumbens:
valuable therapeutic implications? J Neurol Neurosurg
Psychiatry 78, 1152–3 (2007).

double-blind, sham-controlled study. Drug Alcohol Depend.
92, 55–60 (2008).

95. Kuhn, J. et al. Observations on unaided smoking
cessation after deep brain stimulation of the nucleus
accumbens. Eur Addict Res 15, 196–201 (2009).

107. Fregni, F. et al. Cortical stimulation of the prefrontal
cortex with transcranial direct current stimulation reduces
cue-provoked smoking craving: a randomized, shamcontrolled study. J. Clin. Psychiatry 69, 32–40 (2008).

96. Zhou, H., Xu, J. & Jiang, J. Deep brain stimulation of
nucleus accumbens on heroin-seeking behaviors: a case
report. Biol. Psychiatry 69, e41–2 (2011).

108. Feil, J. & Zangen, A. Brain stimulation in the study and
treatment of addiction. Neurosci. Biobehav. Rev. 34, 559–
574 (2010).

97. Valencia-Alfonso, C. E. et al. Effective deep brain
stimulation in heroin addiction: a case report with
complementary intracranial electroencephalogram. Biol.
Psychiatry 71, e35–7 (2012).

109. Wilson, S. J., Sayette, M. A. & Fiez, J. A. Prefrontal
responses to drug cues: a neurocognitive analysis. Nat.
Neurosci. 7, 211–4 (2004).
110. Kosten, T. R. et al. Cue-induced brain activity changes
and relapse in cocaine-dependent patients.
Neuropsychopharmacology 31, 644–50 (2006).

98. Kuhn, J. et al. Deep brain stimulation of the nucleus
accumbens and its usefulness in severe opioid addiction.
Mol. Psychiatry (2013). doi:10.1038/mp.2012.196

111. Bonson, K. R. et al. Neural systems and cue-induced
cocaine craving. Neuropsychopharmacology 26, 376–86
(2002).

99. Muller, U. J. et al. Successful treatment of chronic
resistant alcoholism by deep brain stimulation of nucleus
accumbens: first experience with three cases.
Pharmacopsychiatry 42, 288–91 (2009).

112. Brody, A. et al. Brain metabolic changes during
cigarette craving. Arch Gen Psychiatry 59, 1162–72 (2002).

100. Pelloux, Y. & Baunez, C. Deep brain stimulation for
addiction: why the subthalamic nucleus should be favored.
Curr. Opin. Neurobiol. 23, 713–20 (2013).

113. Naqvi, N. H., Rudrauf, D., Damasio, H. & Bechara, A.
Damage to the insula disrupts addiction to cigarette smoking.
Science 315, 531–4 (2007).

101. Pierce, R. C. & Vassoler, F. M. Deep brain stimulation
for the treatment of addiction: basic and clinical studies and
potential mechanisms of action. Psychopharmacol. Berl 229,
487–91 (2013).

114. Hyman, S. The neurobiology of addiction: implications
for voluntary control of behavior. Am J Bioeth 7, 8–11
(2007).
115. Volkow, N. D. & Fowler, J. S. Addiction, a disease of
compulsion and drive: involvement of the orbitofrontal
cortex. Cereb. Cortex 10, 318–25 (2000).

102. Carter, A. B. Ethical Issues Raised by Proposals to
Treat Addiction Using Deep Brain Stimulation. Neuroethics
4, 129–142 (2011).

116. Goldstein, R. et al. The effect of practice on a sustained
attention task in cocaine abusers. Neuroimage 35, 194–206
(2007).

103. Muller, U. J. et al. Deep brain stimulation of the nucleus
accumbens for the treatment of addiction. Ann. N. Y. Acad.
Sci. 1282, 119–28 (2013).

117. Cox, R. W., Jesmanowicz, A. & Hyde, J. S. Real-time
functional magnetic resonance imaging. Magn. Reson. Med.
Off. J. Soc. Magn. Reson. Med. Soc. Magn. Reson. Med. 33,
230–6 (1995).

104. Barr, M. S. et al. Repetitive transcranial magnetic
stimulation and drug addiction. Int. Rev. Psychiatry
Abingdon Engl. 23, 454–466 (2011).
105. Barr, M. S., Fitzgerald, P. B., Farzan, F., George, T. P.
& Daskalakis, Z. J. Transcranial magnetic stimulation to
understand the pathophysiology and treatment of substance
use disorders. Curr Drug Abuse Rev 1, 328–39 (2008).

118. Sulzer, J. et al. Real-time fMRI neurofeedback:
Progress and challenges. NeuroImage 76, 386–99 (2013).
119. deCharms, R. C. et al. Learned regulation of spatially
localized brain activation using real-time fMRI. NeuroImage
21, 436–43 (2004).

106. Boggio, P. S. et al. Prefrontal cortex modulation using
transcranial DC stimulation reduces alcohol craving: a
Journal of Science & Law | jscilaw.org

14

March 24, 2016

Ormachea et al.

The role of neuroscience in drug policy

120. Hamilton, J. P., Glover, G. H., Hsu, J. J., Johnson, R. F.
& Gotlib, I. H. Modulation of subgenual anterior cingulate
cortex activity with real-time neurofeedback. Hum. Brain
Mapp. 32, 22–31 (2011).

voxel pattern analysis (MVPA): random permutations and
cluster size control. NeuroImage 65, 69–82 (2013).
133. Hughes, C. E. & Stevens, A. A resounding success or a
disastrous failure: re-examining the interpretation of
evidence on the Portuguese decriminalisation of illicit drugs.
Drug Alcohol Rev. 31, 101–113 (2012).

121. Zhang, G., Yao, L., Zhang, H., Long, Z. & Zhao, X.
Improved Working Memory Performance through SelfRegulation of Dorsal Lateral Prefrontal Cortex Activation
Using Real-Time fMRI. PloS One 8, e73735 (2013).

134. Greenwald, G. Drug decriminalization in Portugal:
lessons for creating fair and successful drug policies. (2009).

122. Weiskopf, N. et al. Physiological self-regulation of
regional brain activity using real-time functional magnetic
resonance imaging (fMRI): methodology and exemplary
data. NeuroImage 19, 577–86 (2003).

135. Coviello, D. M. et al. A multisite pilot study of
extended-release injectable naltrexone treatment for
previously opioid-dependent parolees and probationers.
Subst Abus 33, 48–59 (2012).

123. Weiskopf, N. et al. Self-regulation of local brain
activity using real-time functional magnetic resonance
imaging (fMRI). J Physiol Paris 98, 357–73 (2004).
124. Bagarinao, E., Nakai, T. & Tanaka, Y. Real-time
functional MRI: development and emerging applications.
Magn Reson Med Sci 5, 157–65 (2006).
125. deCharms, R. C. Reading and controlling human brain
activation using real-time functional magnetic resonance
imaging. Trends Cogn. Sci. 11, 473–81 (2007).
126. Weiskopf, N. et al. Real-time functional magnetic
resonance imaging: methods and applications. Magn Reson
Imaging 25, 989–1003 (2007).
127. deCharms, R. C. Applications of real-time fMRI. Nat.
Rev. Neurosci. 9, 720–9 (2008).
128. Caria, A., Sitaram, R. & Birbaumer, N. Real-time fMRI:
a tool for local brain regulation. Neuroscientist 18, 487–501
(2012).
129. Li, X. et al. Volitional reduction of anterior cingulate
cortex activity produces decreased cue craving in smoking
cessation: a preliminary real-time fMRI study. Addict Biol
(2012). doi:10.1111/j.1369-1600.2012.00449.x
130. Hanlon, C. A. et al. Reduction of cue-induced craving
through realtime neurofeedback in nicotine users: The role of
region of interest selection and multiple visits. Psychiatry
Res 213, 79–81 (2013).
131. deCharms, R. C. et al. Control over brain activation and
pain learned by using real-time functional MRI. Proc. Natl.
Acad. Sci. U. S. A. 102, 18626–31 (2005).
132. Stelzer, J., Chen, Y. & Turner, R. Statistical inference
and multiple testing correction in classification-based multiJournal of Science & Law | jscilaw.org

15

March 24, 2016

