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Abstract Understanding the brain circuitry that underlies re-
ward is critical to improve treatment for many common health
issues, including obesity, depression, and addiction. Here we
focus on insights into the organization and function of reward
circuitry and its synaptic and structural adaptations in re-
sponse to cocaine exposure. While the importance of certain
circuits, such as the mesocorticolimbic dopamine pathway, are
well established in drug reward, recent studies using genetics-
based tools have revealed functional changes throughout the
reward circuitry that contribute to different facets of addiction,
such as relapse and craving. The ability to observe and ma-
nipulate neuronal activity within specific cell types and cir-
cuits has led to new insight into not only the basic connections
between brain regions, but also the molecular changes within
these specific microcircuits, such as neurotrophic factor and
GTPase signaling or a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) receptor function, that un-
derlie synaptic and structural plasticity evoked by drugs of
abuse. Excitingly, these insights from preclinical rodent work
are now being translated into the clinic, where transcranial
magnetic simulation and deep brain stimulation therapies are
being piloted in human cocaine dependence. Thus, this review
seeks to summarize current understanding of the major brain
regions implicated in drug-related behaviors and the molecu-
lar mechanisms that contribute to altered connectivity between
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these regions, with the postulation that increased knowledge
of'the plasticity within the drug reward circuit will lead to new
and improved treatments for addiction.
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Introduction

Understanding of the brain circuitry that mediates feelings of
reward or pleasure is of great interest, with myriad papers
published in the last few years identifying regions and con-
nections associated with a variety of natural rewards, includ-
ing food, sex, and social interaction. Many of these studies
have taken advantage of increasingly sophisticated genetics-
based tools to observe and manipulate neuronal activity within
specific cell types and circuits to ascertain their role in reward
processes. However, much of what we know of the structure
ofthe reward circuit, and the generation of pleasure, was orig-
inally identified in the context of drugs of abuse. Thus, our
understanding of the circuitry underlying the rewarding as-
pects of drug use, and maladaptive reward underlying addic-
tion, informs the greater understanding of general reward
mechanisms. Moreover, while some specific nodes of the re-
ward circuitry, such as dopamine (DA) outputs from the ven-
tral tegmental area (VTA) to nucleus accumbens (NAc), and
their importance to drug reward, are well established, our un-
derstanding of the complexity of the reward circuit underlying
various aspects of addiction, such as relapse and craving, has
increased through the use of “circuit-busting” opto- and
chemogenetic approaches. Thus, the goal of this review is to
summarize the current understanding of the major players
(brain regions) in drug reward and the role of the connections
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between these regions (circuitry) in aspects relevant to addic-
tion and to connect greater understanding of these reward
circuit dynamics to potential improvements in the treatment
of drug addiction.

Wiring of the Reward Circuitry
VTA

The general understanding of the reward circuitry underlying
addiction begins with the VTA, a heterogeneous brain region
composed largely of DA (60—65%) and 'y-amino butyric acid
(GABA; ~30-35%) neurons, with a smaller proportion of glu-
tamatergic neurons (2-3%) [1, 2]. Most studies have focused
on the VTA DA neurons, as stimulation of these neurons and
the release of DA in projection sites, most notably the NAc, is
known to produce reward. Early work has shown that virtually
all known drugs of abuse increase DA release in the NAc [3],
and blocking the action of the DA (via receptor blockade)
blocks many behavioral effects of drugs [4]. Furthermore,
VTA DA activation is sufficient to support self-stimulation
and both noncontingent and contingent reward behavior, as
has been recently demonstrated through the use of
optogenetics (detailed below; [5-7]).

However, through tracing and functional studies, it has
become clear that VTA DA neurons are not as homogenous
as previously thought, and can be subdivided by projection
target. The 2 most extensively studied VTA DA neuron sub-
types to date are those that project to the NAc (mesolimbic)
and prefrontal cortex (PFC; mesocortical), though there are
additional projection sites, including the amygdala and hippo-
campus (Fig. 1). Current evidence suggests that VTA DA
neuron subtypes have distinct electrophysiological properties
and functional outcomes [8, 9]. For example, a rewarding
stimulus (cocaine) selectively modulates excitatory input to
VTA DA neurons that project to NAc, in contrast to an aver-
sive stimulus (hindpaw formalin injection) that selectively
modulates synaptic input onto VTA DA neurons that project
to medial PFC (mPFC) [10]. Further, these differences are
behaviorally relevant and constitute distinct microcircuits: ac-
tivation of glutamatergic neurons in laterodorsal tegmentum
synapsing onto VTA DA neurons projecting to NAc increases
reward behavior, while activation of glutamatergic lateral
habenula neurons that innervate VTA DA neurons that project
to the mPFC induces aversive behavior [11]. The lateral
habenula neurons also innervate GABA neurons in the
rostromedial tegmentum nucleus, or “tail” of the VTA, which
exert inhibitory tone specifically on VTA DA neurons
projecting to NAc (Fig. 1) [11]. Critically, while it is increas-
ingly clear that VTA DA neurons should be classified based
on their connectivity, little is known about molecular differ-
ences between these subtypes of neurons. Future studies are
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Fig. 1 Schematic of brain reward circuitry implicated in addiction.
Dopaminergic (DA; green) and glutamatergic (Glut; red) inputs
converge on y-aminobutyric acid (GABA)ergic (blue) neurons in the
nucleus accumbens (NAc) to coordinate and regulate drug-related
behaviors. BLA =basolateral amygdala; D1 = dopamine type 1
receptor; D2 = dopamine type 2 receptor; LDT = laterodorsal tegmentum;
LHb = lateral habenula; MDT = mediodorsal thalamus; PFC = prefrontal
cortex; RMTg =rostromedial tegmentum; STN = subthalamic nucleus;
Thal = thalamus; vHPC = ventral hippocampus; VP = ventral pallidum;
IL = infralimbic; PrL =prelimbic; OFC = orbitofrontal cortex;
VTA = ventral tegmental area;

likely to address this key issue, as molecular profiling tech-
niques such as translating ribosome affinity purification, and
more recently retro-translating ribosome affinity purification
[12], have been pioneered and used to specifically isolate
mRNA from VTA DA neurons that project to NAc [13], for
example.

While the focus of this review is on reward, and thus many
of the studies discussed here focus on these VTA DA projec-
tion neurons, it is also clear that VTA GABA neurons are
critical for reward processing. The role of these GABA neu-
rons in reward and aversion has been elegantly demonstrated
via optogenetics, where activation of VTA GABA neurons
produces real-time aversion, and inhibition of these neurons
produces preference. These effects are thought to depend
largely on the activity of VTA GABA interneurons, as VTA
GABA activation inhibited VTA DA neuronal activity and
produced a concomitant decrease in DA release in NAc, while
terminal activation of VTA GABA neurons in NAc was suf-
ficient to increase GABA concentration but not to alter reward
behavior [14, 15].

NAc

As described above, a major reward-related output of VTA DA
activity is NAc, or ventral striatum. Here, DA can exert its
effects via activation of DA receptors located on medium spiny
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neurons (MSNs), the predominant cell type in NAc. MSNs are
GABAergic projection neurons and consist of 2 (largely) sep-
arate classes defined by their expression of either D1- or D2-
like DA receptors [16, 17]. D1 and D2 MSNs in the dorsal
striatum are thought to have generally separate projections,
with D1 MSNs constituting the “direct” pathway (ultimately
increasing thalamocortical drive) and D2 MSNs forming the
“indirect” pathway (ultimately decreasing thalamocortical
drive). However, evidence suggests that this direct versus indi-
rect pathway distinction is not as clear in NAc as it is in dorsal
striatum, given that only NAc D1 MSNs project to the VTA,
while both D1 MSNs and D2 MSNs project to the ventral
pallidum (VP) (Fig. 1) [18, 19]. Investigation of the role of
D1 versus D2 DA signaling in NAc and its role in addictive
behavior has been of long standing interest in the field, initially
through the use of agonists and antagonists [4], and more re-
cently using optogenetic approaches [20]. In addition to the
cellular heterogeneity (D1 vs D2 cells), there is also regional
heterogeneity, with distinct drug-associated behaviors and plas-
ticity differences noted between the NAc core and shell subre-
gions [21]. MSNs in NAc core appear to be critical for
assigning motivational value to discrete stimuli associated with
reward or aversion, and particularly updating these values as
circumstances change, while those in the NAc shell drive be-
havioral responses to repeated exposure to rewarding experi-
ences, such as chronic drug administration [22]. While VTA
DA neurons provide a strong modulatory input onto NAc
MSN:Ss, they also receive a large amount of glutamatergic input
from a variety of limbic and cortical regions, some of the most
notable being PFC, ventral hippocampus (vHIPP), and
basolateral amygdala (BLA) (Fig. 1) [23, 24].

PFC

PFC input to NAc is largely associated with executive control
and thought to mediate goal-directed behaviors such as the
seeking and planning of action to obtain reward-related sub-
stances (like drugs of abuse) [25]. PFC subregions differ in
their projections to NAc, with infralimbic (IL) mPFC prefer-
entially projecting to NAc shell and prelimbic mPFC (PrL) to
NAc core [23]. However, pharmacological and optogenetic
manipulation of specific PFC inputs to NAc has shown that
the cocaine-related synaptic plasticity and behavior differs be-
tween PFC subregions [26, 27]. This fascinating complexity is
at the forefront of addiction research, and examples of these
sometimes competing or complementary adaptations are de-
scribed below (in “PFC—NAc Stimulation” subsection).

vHIPP
VvHIPP also sends glutamatergic projections to NAc and is

thought to act as a site of integration between spatial/
contextual information from dorsal HIPP and emotional

information from BLA and locus coeruleus [28-30]. Thus,
the VHIPP—NAc connection acts to provide contextually rele-
vant emotional information to influence goal-directed behav-
ior. This circuit has been implicated in both reward and aver-
sive behaviors, and its modulation has been shown to impact
locomotor responses to drugs of abuse and cue-induced drug-
seeking behavior [31, 32].

Amygdala

The amygdala also sends glutamatergic input to NAc, and
its effects are thought to be mediated by D1 DA receptor
activation [33, 34]. In particular, activation of BLA-NAc
projections facilitates reward seeking and supports posi-
tive reinforcement [34, 35]. While there is a well-
established role of amygdala activation in emotional
learning, and for projections from the BLA in particular
to mediate fear- and anxiety-behaviors, these effects ap-
pear to be mediated distinctly from those of BLA projec-
tions to NAc, as the BLA-NAc microcircuit drives reward
and reinforcement [36].

Thalamus

More recently, glutamatergic inputs into NAc from subre-
gions of the thalamus, and especially midline thalamic nu-
clei like the paraventricular nucleus (PVT), have been
characterized. In contrast to glutamatergic inputs from the
regions described above (VHIPP, PFC, amygdala) where
stimulation is rewarding, direct activation of the PVT—
NAc pathway is aversive, driving behavioral aversion in
a real-time place preference assay [37]. Additionally, alter-
ation of PVT activity has been shown to alter drug-related
behaviors like cocaine reward and seeking [38—40]. These
behavioral changes are likely driven by changes in drug-
induced plasticity within the medial thalamus—NAc circuit,
as cocaine experience has been shown to alter N-methyl-D-
aspartate (NMDA) function and plasticity and increase si-
lent synapses within this circuit, with plasticity changes
dependent on both MSN cell type (D1 vs non-D1) and
subregion (shell vs core) [41, 42].

Together, the regions described above form a highly
integrated circuit, the cortico-basal ganglia reward network
[23], with drug-induced changes in plasticity within the
circuit contributing to various facets of addiction [43].
The function of this circuitry is made all the more complex
by the fact that these many regions, and the specific pro-
jection neurons connecting them, experience a wide range
of molecular and functional changes in response to drug
exposure, often with opposing or seemingly contradictory
effects on behavior.
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Molecular Mechanisms of Drug-Evoked Synaptic
and Structural Plasticity

It is well established that drug dependence and addiction in-
volve changes in both synaptic and structural plasticity within
the reward circuitry [44, 45]. Some of the key molecular sub-
strates underlying these changes in NAc have been identified,
including alteration of growth factor and GTPase signaling
and regulation of x-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) receptor insertion and activ-
ity. Excitingly, many studies are now expanding on this work
to investigate circuit-specific changes in molecular mecha-
nisms that underlie synaptic and structural plasticity related
to drug addiction. Here, we present highlights from a few
recent studies pushing the field to incorporate a circuit-level
understanding of molecular and functional changes underly-
ing drug responses.

Brain-Derived Neurotrophic Factor

Neurotrophic factor signaling, and, in particular, that related to
brain-derived neurotrophic factor (BDNF) action at the
tropomyosin kinase B (TrkB) receptor, and its downstream
effects, have been implicated in drug dependence and addic-
tion [46]. Multiple studies find that BDNF expression is in-
creased in response to both self- and investigator-administered
cocaine throughout the reward circuitry, including in NAc,
PFC, VTA, and amygdala [47-51]. However, the effect of
increased BDNF expression or signaling on cocaine-related
behaviors is region-specific [52]. For example, increasing
BDNF in the NAc versus PFC produces opposite effects on
cocaine intake. Increased BDNF in NAc leads to increased
cocaine reward, locomotor activity, self-administration, and
reinstatement behaviors, while decreasing BDNF expression
or activity of the TrkB receptor decreases these same behav-
iors [47, 53-56]. Alternatively, in PFC increasing BDNF re-
duces cocaine seeking, while decreasing BDNF results in in-
creased intake [57-60].

Given that changes in BDNF could also mediate structural
and synaptic plasticity relevant to cocaine addiction through
known actions modulating dendritic spine morphology and
synaptic plasticity [46, 61], the question of whether BDNF
could be a therapeutic target for cocaine addiction is depen-
dent on whether competing changes within the reward circuit
could abrogate benefits. Investigators have now begun to ex-
plore this possibility, as a recent paper described the use of a
brain-penetrant TrkB antagonist [Tat-cyclotraxin-B (TC)] in
rats undergoing long access or short access cocaine self-
administration [62]. Systemic administration of TC decreased
cocaine intake in both long access and short access rats, both
during fixed ratio and progressive ratio testing, without affect-
ing glucose/saccharin intake. Further, systemic administration
of TC was also sufficient to reduce cocaine-induced
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reinstatement. Interestingly, TC normalized cocaine-induced
changes in phospho-TrkB in both NAc and PFC, normalizing
both the cocaine-induced increase in NAc and the cocaine-
induced decrease in PFC. The mechanisms driving the
brain-region specific changes in phospho-TrkB following co-
caine self-administration remain unclear, as does the mecha-
nism by which TC is able to reverse these changes in both
brain regions, but this differential effect aligns with previous
data showing opposite effects of decreased TrkB signaling in
NAc and VTA and suggests that TrkB antagonism may be a
viable option for treatment of cocaine addiction. Thus, future
studies should assess not only changes in signaling in specific
reward brain regions, but also the overall effect throughout the
reward circuitry.

Small GTPase Signaling

Drugs of abuse also induce changes in neuronal structure, with
one of the most-studied aspects being the change in number
and structure of dendritic spines in NAc after cocaine expo-
sure [44, 61, 63]. The maturation of dendritic spines from
immature, thin spines to mature mushroom-shaped spines is
associated with protein synthesis and receptor insertion (such
as an increase in functional synaptic AMPA receptors) that
corresponds to increased excitatory synaptic function [64].
In NAc, changes in MSN spine structure and synaptic strength
vary as a function of time. Initially following cocaine expo-
sure there is an increase in immature spines and decreased
synaptic strength (see discussion of silent synapses below),
while at longer time points postexposure (weeks to months),
there is an increase in mature spines and synaptic strengthen-
ing [61, 65-67]. Importantly, these changes also correlate with
behavior, as a similar early/late time course is observed in
behavioral assays of cocaine seeking and reward [26,
67—69]. Given that dendritic spines are the prominent site
for excitatory transmission, understanding circuit-specific
changes in dendritic spine structure and function may yield
important insight into altered circuit activity induced by co-
caine exposure that may underlie addiction-related behaviors,
such as relapse to drug seeking.

To this end, a recent study describes the role of the small
GTPase Raplb in cocaine-mediated dendritic remodeling in
NAc, where Rap1b is elevated 24 h following cocaine expo-
sure (administrator or self-administration) and is reduced
4 weeks later [70], analogous to the time course for spine
changes. Further, NAc-specific knockout of Raplb is suffi-
cient to prevent cocaine induction of immature spines, and
increasing Rap1b is sufficient to increase cocaine-driven lo-
comotor activity and reward, suggesting it plays a key role in
cocaine-induced changes in dendritic spine density and sub-
sequent behavior. Critically, the authors then go on to explore
which potential glutamatergic inputs are regulating these
changes in spine density, and they find that optogenetic
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stimulation of glutamatergic terminals from IL, but not vHIPP
or BLA, increases Raplb in NAc. Further, IL-NAc terminal
stimulation was sufficient to induce a significant cocaine con-
ditioned place preference (CPP) effect, and this was abolished
in mice with knockdown of Rap1b in NAc. These data nicely
align with earlier results showing an increase in immature
synapses in the IL-NAc circuit immediately following cocaine
self-administration (when Raplb is increased), followed by
synaptic maturation after prolonged withdrawal, producing
an antirelapse effect [26], consistent with decreased Raplb
expression at the same time point. Importantly, in this study,
there was also a circuit-specific effect, as remodeling of the
PrL NAc versus IL NAc projections following prolonged ab-
stinence yielded opposite effects, with PrL projections facili-
tating cocaine incubation/craving, and IL-NAc contributing to
an antirelapse phenotype.

AMPA Receptor Function

This synaptic remodeling is not simply a change in the gross
structure of the postsynaptic element (the spine), but also in-
volves changes in the synaptic machinery that alter the func-
tion of the glutamatergic synapse [71]. For instance, immedi-
ately after prolonged exposure to cocaine, NAc MSNs exhibit
an increase in the number of “‘silent synapses”—a signature of
immature glutamatergic synapses that contain only NMDA
receptors without stably expressed AMPA receptors [72].
However, after extended withdrawal from cocaine (ranging
from 10 to 45 days), these synapses become “unsilenced”
through synaptic insertion of AMPA receptors, including the
Ca**-permeable GluA2-lacking variety, a process that directly
correlates with the incubation of drug-seeking behavior, or
increased “craving” [73].

Moreover, this effect appeared to be circuit-specific, as
both the electrophysiological and behavioral outputs were di-
rectly linked to BLA inputs onto NAc MSNs [73, 74]. In
parallel, another group investigated circuit-specific AMPA-
dependent plasticity of VHIPP and mPFC inputs onto NAc
MSN:s in the context of 1 month of withdrawal from cocaine
self-administration [31]. They found that cue-induced cocaine
seeking at this time point correlated with reduced
AMPA/NMDA ratio at mPFC inputs onto NAc D1 MSNs,
while AMPA/NMDA ratio was increased at vHIPP inputs.
Importantly, simultaneous reversal of these synaptic modifi-
cations at both inputs prevented cue-induced cocaine seeking,
while selective reversal at mPFC inputs impaired response
discrimination and selective reversal at vHIPP inputs reduced
response vigor.

In combination, these studies demonstrate that plasticity of
individual microcircuits may mediate specific aspects of drug-
related behavior, but the entire reward circuitry is altered by
chronic exposure to, and withdrawal from, addictive drugs,
and these alterations likely drive drug craving and relapse

[43, 73, 75]. Elucidation of common molecular mechanisms
that facilitate drug-dependent remodeling of both specific re-
ward microcircuits and general reward-related synapses re-
mains a critical area of study, and a better understanding of
functional outputs of these mechanisms will be critical for
improved addiction treatment.

Optogenetic Dissection of Drug-Related Behaviors
VTA DA Stimulation

Optogenetic tools allow direct control of a defined subset of
neurons (via genetic signature) in freely moving animals
through the expression of light-activated channels that in-
crease (channelrhodopsin, ChR2) or inhibit (archaerhodopsin;
halorhodpsin) neuronal activity [76]. Optogenetic approaches
have proven instrumental in identifying circuits necessary for
various aspects of reward and addiction [77]. For example,
early work confirmed the role for VTA DA neuron activity
in reward-related behaviors, such that phasic optical stimula-
tion of VTA DA neurons expressing channelrhodopsin was
sufficient to produce CPP and increased DA release in the
NAc [5]. Follow-up work demonstrated that optical activation
of VTA DA neurons was also sufficient for development of
positive reinforcement in a food-seeking operant task [78] and
to support intracranial self-stimulation [6]. More recently, the
role of VTA DA activity in reward behaviors more relevant to
addiction, specifically compulsive use despite negative conse-
quences, has been investigated using optogenetics [7]. In this
study, mice were trained in an operant stimulation task in
which an active lever press resulted in a burst stimulation of
VTA DA neurons. Mice readily acquired the optogenetic self-
stimulation behavior, and this reinforcement appeared to rely
on the same circuits as drugs of abuse, as an injection of
cocaine was capable of decreasing self-stimulation in a dose-
dependent manner. In a further demonstration of the similarity
between optogenetic self-stimulation and cocaine self-admin-
istration, mice exhibited similar cue-induced seeking behavior
and changes in NAc synaptic plasticity (e.g., an increased
AMPA/NMDA ratio in D1, but not D2, MSNs), following
30 days of abstinence from VTA DA self-stimulation, very
similar to that observed following cocaine [31, 79]. Finally,
in a subset of mice, VTA DA optical self-stimulation was
sufficient to induce continued responding in the face of an
electric foot shock punishment paired with the optical stimu-
lation, similar to results observed for cocaine self-
administration in rat studies [80], suggesting that VTA DA
activity is sufficient to mediate the compulsive-like behavior
in the face of adverse consequences associated with addiction.
The authors went on to explore which brain regions might
contribute to the phenotype of continuing to self-stimulate in
the presence of punishment, and identified the orbitofrontal
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cortex (OFC) as a critical mediator of this response: the OFC
was activated specifically in mice resistant to punishment,
OFC pyramidal neurons were more excitable in resistant mice
compared with naive and yoked controls, and silencing OFC
neurons was sufficient to convert punishment resistant mice to
susceptible. These studies highlight the facility of optogenetic
approaches to confirm activity of specific neurons/brain re-
gions in addictive behavior and use these approaches to model
addictive behavior itself, in the absence of drugs, to identify
common underlying mechanisms.

NAc MSN Stimulation

While the activity of VTA DA neurons is critical to drive
initial reward-related drug seeking, a critical nexus for the
progression to addiction is thought to occur in NAc, where
the reward-related information (DA) modulates glutamatergic
inputs from cortical and limbic regions to produce behavior.
As discussed above, the predominant neurons in NAc are
MSNs, and considerable effort has been put forth to under-
stand the changes in function induced by drugs of abuse in D1
versus D2 MSNs. While the use of D1- and D2-selective
agonists and antagonists has been instrumental in defining
the often opposing effects of these 2 subclasses of neurons,
optogenetic tools offer a mechanism to investigate changes in
the activity of these neurons, and their connections, in real
time. For example, early optogenetic work found that in con-
trast to VTA DA neuron optical activation, D1 or D2 MSN
activation did not generate place preference [81]. However,
activation of D1 MSNs during cocaine exposure was suffi-
cient to induce CPP to a subthreshold dose of cocaine, while
D2 MSN activation produced the opposite result, decreasing
CPP when administered during training. While both D1 and
D2 MSNss receive dopaminergic and glutamatergic input from
similar structures (e.g., VTA, BLA, mPFC, vHIPP, midline
nuclei of the thalamus), the cocaine-induced changes in syn-
aptic plasticity can be cell type-specific, as are their outputs,
which likely contribute to their differential effects on cocaine-
related behavior [19]. This has recently been shown to be the
case in the VP, a robust target of both D1 and D2 NAc MSNS,
where cocaine exposure simultaneously potentiated D1 NAc—
VP output, but depressed D2 NAc—VP output [82]. Further,
these plasticity changes mediated distinct aspects of addictive-
like behaviors. Restoration of function at D1 NAc—VP synap-
ses eliminated cocaine locomotor sensitization, while rescue
at D2 NAc—VP synapses reversed cocaine withdrawal-
induced anhedonia, suggesting that NAc D1 versus D2
MSN efferents to VP regulate distinct behavioral states [82].
This work highlights not only the differential impact of D1
versus D2 MSN circuits, but also the importance of the NAc—
VP circuit in cocaine-related behaviors, a topic of great recent
interest [83—87].
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PFC-NAc Stimulation

There is also evidence that glutamatergic afferents to the NAc
differentially support reward behavior. For example,
optogenetic stimulation of NAc axonal terminals originating
from BLA neurons was sufficient to promote self-stimulation,
indicative of reward, while simulation of terminals originating
from mPFC neurons was not [34]. Moreover, work from nu-
merous groups suggests that the PFC-NAc¢ glutamatergic cir-
cuit is remodeled in rodent models of addiction, and that these
changes play an integral role in drug-seeking behavior follow-
ing forced abstinence or extinction from chronic cocaine.
However, the role of the mPFC is complicated, as effects
differ between mPFC subregions. In general, evidence sug-
gests that activation of PrL-NAc projections is important for
reinstatement behavior following cocaine extinction [88-90],
while inactivation of IL-NAc reinstates seeking behavior fol-
lowing extinction [91, 92]. Similar results were recently ob-
served following forced withdrawal in the cocaine incubation
paradigm [54, 79]. While similar neuroplasticity (maturation
of silent synapses) was induced in both the PrL-NAc and IL—
NAc circuits, optogenetic reversal of the plasticity produced
opposite behavioral effects within each circuit, as the IL-NAc
reversal led to increased incubation of cocaine craving and
PrL-NAc reversal inhibited incubation [26].

Indeed, while it is clear that glutamatergic regulation of
NAc is critical for various aspects of addiction, including drug
seeking and relapse, the roles of specific inputs are complex.
Results differ between the region of PFC examined (PrL, IL,
or orbitofrontal), the cocaine-related paradigm and time point
examined (reinstatement, resistance to punishment, seeking,
or escalation), the stimulation parameters, and the species ex-
amined [27, 93]. Thus, though current results present a com-
plex and cloudy picture of the molecular mechanisms of
circuit-specific brain alterations underlying addiction, the
tools for clarifying and integrating these results are becoming
available, and a clearer understanding of these mechanisms
will be a critical step for uncovering circuit-specific therapies
for addiction.

Circuit-Based Therapeutics for Addiction

While considerable headway has been made in isolating the
activity of specific neural circuits in aspects of addictive be-
havior using preclinical models, the translation of this knowl-
edge to improve the diagnosis and treatment of addiction in
humans lags behind. The solution to this problem rests, at least
in part, in defining the effects of drug addiction on the human
reward circuitry using imaging approaches. Much work has
been done in this area, with many reports of drug-induced
changes in both structure and function of regions within in
the reward circuitry and many excellent reviews summarizing
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this work [94, 95]. In this section, we will specifically focus on
PFC and striatum (dorsal and ventral) and the connections
between them, as these have offered the primary targets for
approaches to alter human circuit function in the treatment of
addiction.

In aggregate, current work suggests that PFC activity is
decreased in drug abusers, with specific PFC subregions, in-
cluding the dorsolateral PFC (dIPFC), mPFC, and OFC being
of particular interest. Within these regions, there is evidence of
both structural (e.g., decreased gray matter volume or cortical
thickness) and functional (e.g., positron emission tomography,
functional magnetic resonance imaging, and blood-oxygen
level-dependent (BOLD) activity) abnormalities in cocaine
abusers [94]. Alterations in the structure and function of these
subregions are thought to contribute to changes in limbic
arousal, executive function, and reward valuation that then
contribute to behaviors such as craving, risk taking, and out-
come prediction errors that underlie addiction and relapse.
Moreover, altered activity within PFC subregions contributes
to altered activity in the dorsal (caudate nucleus and putamen)
and ventral (NAc) striatum. Changes in dorsal striatal activity
are most associated with changes in movement, cognitive pro-
cessing and habit formation, and stronger connectivity to the
dIPFC. In contrast, the ventral striatum is more highly con-
nected to the mPFC and OFC, and changes in activity in this
region are more relevant to limbic control, and arousal states
such as craving and “high”.

Repetitive Transcranial Magnetic Stimulation
for Treatment of Addiction

Research has also begun to translate findings from optogenetic
studies in rodent models and apply them to human addicts.
One strategy is to use repetitive transcranial magnetic stimu-
lation (rTMS), as this is a noninvasive approach to alter neu-
ronal activity that has been applied with success to other neu-
ropsychiatric disorders such as depression [96]. Clinical trials
using rTMS for addiction are ongoing, with studies investi-
gating whether rTMS treatment is capable of decreasing crav-
ing for, or use of, multiple drugs of abuse, including alcohol,
cocaine, methamphetamine, and tobacco [97]. Most studies to
date have employed high-frequency rTMS (10-20 Hz) in the
dIPFC in order to increase neuronal excitability and cortical
activity [98, 99], as work from animal studies has shown that
activity in PrL (the homologous PFC region in rodents) is
decreased by chronic cocaine use, and optogenetic stimulation
of PrL inhibits compulsive cocaine seeking [80]. Thus, rTMS
of dIPFC in addicted individuals is expected to increase cor-
tical activity and improve cognitive/executive control.

Two recent pilot studies have examined the effect of dIPFC
rTMS on cocaine use in cocaine-addicted patients. The first
compared unilateral rTMS treatment of cocaine-addicted pa-
tients with a pharmacological control group, to offset potential

depressive-, anxiety-, and sleep-related symptoms often expe-
rienced when cocaine addicts stop using cocaine [100]. The
r'TMS group had a significantly reduced relapse rate (all drug
urine screens were negative during initial 4-week treatment
stage) compared with the control group. Moreover, in the sec-
ond stage of the study, the pharmacological control group was
given the option to receive rTMS treatment, which resulted in
a significantly reduced relapse rate in this group as well
(within-group comparison) that was indistinguishable from
the relapse rate of patients receiving rTMS in stage 1. The
improvement in relapse rate was mirrored by decreased drug
craving in the rTMS group. A second study examined the
effect on cocaine intake of bilateral PFC rTMS treatment of
cocaine-addicted patients [101]. In contrast to the previous
study, no differences in cocaine intake were observed between
rTMS and control (sham stimulation) groups immediately fol-
lowing 4 weeks of treatment. However, there was a significant
time effect, as the rTMS group showed a trend for decreased
cocaine intake 3 to 6 months following treatment. There were
multiple differences in the design of these 2 studies, which
may have contributed to the results, including the rTMS pro-
tocol (unilateral vs bilateral), control comparison (pharmaco-
logical vs sham stimulus), and drug screen (urine vs hair anal-
ysis), that were likely amplified by the small sample sizes (32
and 18 patients, respectively).

While both of these studies involved a small number of
individuals, the results are promising and suggest that rTMS
can be safely used in cocaine-addicted patients. Further refine-
ment of TMS approaches may offer a novel treatment for
cocaine addiction, a critical advance given the lack of current-
ly approved treatments. This includes the use of r-TMS in other
regions, such as mPFC. In this case, low-frequency stimula-
tion would be used to decrease cortical activity in order to
normalize the increased activity induced by drugs of abuse
[102]. Promising pilot data find that long-term depression
(LTD) -like continuous theta burst stimulation decreased co-
caine craving in cocaine-dependent patients and decreased
activity both in PFC and in projection regions such as the
ventral striatum (via BOLD) immediately following a single
rTMS stimulation compared with nonstimulated controls.
While early results are encouraging, there are issues surround-
ing TMS use that could ultimately limit its effectiveness in the
treatment of addiction including constraints on the specificity
of stimulation target region, the frequency of treatments nec-
essary, and the long-term persistence of any beneficial effects.

Deep Brain Stimulation for Treatment of Addiction

Another strategy proposed to translate the circuit-based find-
ings of preclinical models to human addiction is the use of
deep brain stimulation (DBS) [71]. DBS is the electrical stim-
ulation of discrete brain regions through surgical implantation
of current passing electrodes. While pioneered for the
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treatment of Parkinson’s disease, DBS has been employed
more recently in the treatment of psychiatric disorders such
as depression [103]. However, DBS does not offer the selec-
tivity of preclinical optogenetic approaches, where activity of
specific cells or projections within a region can be modulated,
and this specificity may be critical in regions such as NAc,
where general stimulation could prove ineffective owing to
competing actions of multiple forms of plasticity (DA vs glu-
tamate or input projection-specific effects). While general
DBS approaches have been used with some success in pre-
clinical animal models [104—106], recent work has attempted
to refine the specificity of DBS by designing a protocol to
reverse specific forms of plasticity induced by drugs of abuse
in combination with the use of a pharmacological adjuvant
that helps to eliminate opposing effects from the general stim-
ulation [107]. Termed optically inspired DBS, a stimulation
protocol was developed to induce LTD of excitatory synapses
in the NAc in order to reverse cocaine-induced changes in
neuroplasticity. This stimulation was then combined with ad-
ministration of D1 receptor antagonist to block competing
effects of the stimulation on DA release, thereby “unmasking”
the desired glutamatergic plasticity. Critically, this approach
was sufficient to both reverse the cocaine-induced changes in
synaptic plasticity and cocaine locomotor sensitization. This
study serves as an intriguing example of an approach to inte-
grate the hard-earned knowledge of specific molecular and
synaptic adaptations induced by drugs of abuse identified in
animal models and apply them to improve treatment of addic-
tion. Given that pilot studies in the use of DBS to treat addic-
tion have now begun for alcohol, cocaine, and heroin addic-
tion with some promising initial results [108—110], the imple-
mentation of drug-reward circuitry knowledge to affect thera-
peutic potential may have the field poised for a breakthrough.

Conclusions and Future Directions

In summary, our understanding of the circuitry underlying
drug-related behaviors has increased greatly in recent years,
driven by the development and implementation of opto- and
chemogenetic approaches. Excitingly, these circuit-based ap-
proaches are now being used to explore the molecular mech-
anisms responsible for changes in drug-evoked structural and
synaptic plasticity that underlie the maladaptive behavior.
While these genetics-based studies have allowed for elegant
dissection and elucidation of specific microcircuits relevant to
various aspects of addiction, the challenge will be in integrat-
ing the findings from these distinct microcircuits back into a
general model of addiction, given the complexity and inter-
connectedness of the brain-reward circuitry they have already
revealed. Additionally, while many of the drug-evoked syn-
aptic and structural plasticity changes described here are
shared between different classes of abused drugs, others

@ Springer

appear to be drug-class selective [46, 111, 112], which could
present additional complexity in designing translational stud-
ies. However, the groundwork for a circuit model of addiction
has been laid, and the insights gained from preclinical studies
have started to be translated to the clinic. Alteration of reward
circuit activity through rTMS and DBS offers a promising
new avenue for treatment of addiction, and is a welcome ad-
vance given the lack of effective treatments for this devastat-
ing disorder.
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