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Abstract
The development of drug addiction is associated with functional adaptations within the reward circuitry, within which the
nucleus accumbens (NAc) is anatomically positioned as an interface between motivational salience and behavioral output.
The functional output of NAc is profoundly altered after exposure to drugs of abuse, and some of the functional changes
continue to evolve during drug abstinence, contributing to numerous emotional and motivational alterations related drug
taking, seeking, and relapse. As in most brain regions, the functional output of NAc is critically dependent on the dynamic
interaction between excitation and inhibition. One of the most prominent sources of inhibition within the NAc arises from
fast-spiking interneurons (FSIs). Each NAc FSI innervates hundreds of principal neurons, and orchestrates population
activity through its powerful and sustained feedforward inhibition. While the role of NAc FSIs in the context of drug
addiction remains poorly understood, emerging evidence suggests that FSIs and FSI-mediated local circuits are key targets
for drugs of abuse to tilt the functional output of NAc toward a motivational state favoring drug seeking and relapse. In this
review, we discuss recent findings and our conceptualization about NAc FSI-mediated regulation of motivated and cocaine-
induced behaviors. We hope that the conceptual framework proposed in this review may provide a useful guidance for
ongoing and future studies to determine how FSIs influence the function of NAc and related reward circuits, ultimately
leading to addictive behaviors.

Introduction

Drug addiction is a chronic brain disorder, characterized by a
series of emotional and motivational states that drives com-
pulsive drug craving, seeking, and taking. These addiction-
related emotional and motivational states are thought to be
partially mediated by alterations in the functional output of
the nucleus accumbens (NAc) induced by repeated exposure
to drugs of abuse [1]. As a key node of the dopamine (DA)
reward circuit, the NAc receives and integrates dopaminergic
afferents from the ventral tegmental area (VTA) and

excitatory projections from limbic and paralimbic regions,
including the basal lateral amygdala, the ventral subiculum,
and ventral hippocampus (dHPC) [2, 3]. In turn, the NAc
transmits its functional output through principal medium
spiny neurons (MSNs), the projection neurons in the NAc
[4], to downstream targets of the reward circuit, such as the
ventral pallidum, VTA, and hypothalamus [2, 5]. Previous
studies have identified many critical adaptations in the
membrane excitability and synaptic function of MSNs that
contribute to the development and maintenance of drug-
induced behaviors [1, 4, 6]. However, MSNs are only one
major cell type embedded within the complex and intricate
local circuit network of the NAc, through which their func-
tional outputs are dynamically regulated by interneurons [7].
Although historically understudied, there is now increasing
evidence indicating that fast-spiking interneurons (FSIs)
represent a prominent interneuron subtype that regulates the
activity of NAc MSNs in the development and maintenance
of addiction-related behaviors.

NAc FSIs are medium-sized GABAergic neurons, which
receive excitatory inputs from the same brain regions that
project to MSNs, and form monosynaptic contacts with
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MSNs [8–12]. Through these interconnected circuits, FSIs
fine tune the functional output of NAc MSNs by gating the
initiation of action potential firing, regulating the pattern of
action potential firing, as well as balancing synaptic exci-
tation [9, 13, 14]. It has recently been recognized that FSIs
and FSI-mediated regulation of NAc MSNs are also tar-
geted by drugs of abuse, through which the overall func-
tional output of NAc can be tilted. While related studies
remain far from abundant and mostly focused on psychos-
timulants, FSIs are fast emerging as a key neuronal subtype
bearing important circuit mechanisms underlying drug
addiction. In this review, we hope to provide a timely
summary of recent findings about cocaine-induced adapta-
tions in NAc FSIs and formulate a conceptual framework to
understand how FSIs influence drug-induced behaviors.

Physiology and morphology of NAc FSIs

Physiology

There are two major subtypes of inhibitory interneurons in
the NAc, each of which constitute 1–2% of NAc neurons,
and can be differentiated by their firing properties and the
expression of their signature proteins: (1) FSIs that express
parvalbumin (PV), and (2) persistently low threshold spiking
(PLTS) interneurons that express somatostatin, neuropeptide
Y, and neuronal nitric oxide synthase [7]. Other subtypes of
interneurons have been discovered in the dorsal striatum [7],
but it remains unclear if those interneuron subtypes are also
present in the NAc. Each interneuron subtype in the NAc is
not homogeneous. It was recently discovered that a portion
of NAc FSIs uniquely express cannabinoid receptor 1 (CB1)
[15]. These CB1-expressing FSIs largely overlap with PV-
expressing FSIs, but not completely, and may thus represent
a functionally distinct FSI subpopulation in the NAc. For the
purpose of simplicity, we will refer to FSIs as a uniform
population hereafter, given the uniformity of their functional
properties reported thus far in the literature [8–12, 15]. It is
important to note that the NAc can be subdivided into the
core and shell subdivisions, each influencing behavior dif-
ferently [3]. While the general distribution of FSIs appears to
be similar in the core and shell [10, 15], studies comparing
the biochemical and physical properties FSIs between
the core versus shell are lacking, and therefore will not be
differentiated in the following discussions.

One of the fundamental electrophysiological features of
FSIs is their sustained, high action potential firing fre-
quencies, which can exceed 200 Hz upon strong excitatory
inputs [7]. Such high-frequency firing equips FSIs with a
capacity to provide a powerful and sustained blanket of
inhibition to principal neurons [16]. In addition, striatal and
NAc FSIs display bursting firings in response to relatively

weak excitatory inputs [15, 17], with the bursting pattern
determined by FSIs’ intrinsic membrane properties [18],
likely the unique combination of potassium and sodium
channels [19, 20] (for review see [13]). Such firing patterns
may provide temporally defined windows of inhibition to
control the activation timing of principal neurons. Another
unique electrophysiological property of FSIs is that they are
electrically connected by gap junctions [15]. These gap
junctions allow FSIs to synchronize their activities with one
another under various conditions [21], and empower FSIs to
regulate and synchronize large MSN ensembles. This
unique property, common to FSIs throughout the brain [13],
may serve as a cellular mechanism in generating large-scale
rhythmic activities (see below) [22–24].

Morphology

Morphologically, striatal, and NAc FSIs possess a
highly branched, but compact dendritic arbors, usually
200–300 µm in size [17, 25]. In addition, their dendrites
are aspiny—i.e., lacking spines. Therefore, unlike MSNs,
synapses on FSIs lack the compartmentalization, resulting
in significant functional differences such as a broadened
integration and filtering of excitatory inputs [26, 27] and
reduced confinement of biochemical signaling [28–30].
These properties may enable FSIs to more equally integrate
synaptic input from a wide range of sources, while also
hindering the plasticity of specific individual synapses.
These anatomic features imply that FSIs are built to encode
information more broadly, rather than specific details that
pertain to individual experiences.

The axonal arbors of striatal and NAc FSIs are also
relatively restricted, usually projecting within a diameter of
400–600 µm [17]. These axonal arbors, however, are extre-
mely dense, indicating that each FSI innervates a large
number of MSNs within its local vicinity. As such, FSIs may
control large ensembles of MSNs that are relatively spatially
compact and functionally synchronous. Interestingly, the
axonal arbors of FSIs typically extend beyond their den-
drites, suggesting an anatomical possibility that FSIs deliver
inhibition to MSNs that do not necessarily receive inputs
from the same upstream excitatory inputs. As such, FSIs may
coordinate competitive signaling from different upstream
inputs conveying differing information. Taken together, these
distinct physiological and morphological properties confer
FSIs with unique abilities to regulate NAc MSNs, and fine
tune their role in motivated and addictive behaviors.

Synaptic connectivity of NAc FSIs

FSIs are the main source of feedforward inhibition to nearby
NAc MSNs [8–10]. Individual FSIs deliver unitary IPSCs to
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postsynaptic MSNs with amplitudes often beyond 1000 pA
[8, 9]. This synaptic strength renders FSI-mediated inhibi-
tion of MSNs exceedingly stronger than the inhibition
arising from PLTS interneurons [10], as well as the lateral
inhibition between MSNs [8]. Such a strong FSI-mediated
inhibition results, in part, from the unique subcellular con-
nectivity of FSI-to-MSN synapses. Electrophysiological
studies show that FSI–MSN synaptic transmission exhibits
a short delay of onset and fast activation kinetics [8], sug-
gesting that FSIs synapse on the proximal dendritic and
somatic domains of MSNs, which is consistent with results
from electron microscopic studies [12]. This proximal
innervation partially immunes FSI-generated IPSCs from
heavy dendritic filtering. It also positions FSI-mediated
inhibition to effectively control the spiking output of MSNs
rather than just suppressing excitatory inputs that arrive at
distal dendrites. Such a connectivity of FSIs, in combination
with their membrane properties that confer a short latency to
fire action potentials upon excitation, allows FSIs to inhibit
MSNs even before they fire the first action potential in
response to the same wave of excitatory inputs [9]. This
FSI-mediated inhibition is so strong that when even a single
FSI is prevented from activation, the adjacent MSNs, which
otherwise would not fire action potentials in response to low
intensity excitatory inputs, start firing regularly [8, 9].

Pairwise recording in brain slices reveals that individual
NAc FSIs innervate a large number of MSNs, forming
functional synapses with ~50–60% of MSNs within their
dendritic arbors [8, 9]. At the populational level, optoge-
netic activation of all channelrhodopsin-expressing FSIs
elicits IPSCs in dopamine D1- and D2-receptor expressing
MSNs with similar intensity and connectivity [10]. How-
ever, it remains to be determined whether individual FSIs
exhibit biased innervation of D1 versus D2 MSNs. None-
theless, with the density of MSNs ~150,000/mm3 in the
NAc [31], a single FSI is capable of innervating ~15,000
MSNs within its vicinity. This widespread innervation
positions NAc FSIs as an organizer of functional ensembles,
where they synchronize the activation dynamics of a large
population of MSNs.

The FSI-mediated feedforward inhibition is driven by
excitatory inputs. NAc FSIs receive monosynaptic excitatory
inputs from the same limbic and paralimbic brains regions as
MSNs, including the prefrontal cortex, dorsal, and ventral
hippocampus (dHPC, vHPC), basolateral amygdala (BLA),
paraventricular thalamus, and VTA [9–12]. However, the
synaptic strength of each of these inputs is substantially
stronger in FSIs compared with neighboring MSNs [8–11].
In addition, excitatory synapses on NAc FSIs exhibit much
faster activation kinetics [8], and trigger action potential
firing with much shorter delay compared with MSNs [9].
These synaptic properties are consistent with the unique
synaptic arrangement of NAc FSIs. Specifically, FSIs in the

striatum receive many synaptic contacts from a small num-
ber of individual afferent neurons along their proximal
somatodendritic domains [32]. Similar synaptic arrangement
is observed on NAc FSIs [12]. This contrasts strikingly with
MSNs, which receive a few synaptic contacts from a large
number of individual afferent neurons along the distal den-
drites [33]. As such, it is unlikely that FSIs operate as input
integrators by sampling diverse inputs and converting them
into a single output, as MSNs are thought to do. Rather, FSIs
more likely serve as a gatekeeper; upon receiving a specific
input, they deliver powerful inhibition and effectively
gate the activation of ensembles of MSNs. The dynamic
‘opening’ and ‘closing’ of these inhibitory gates may
orchestrate the activation pattern of different MSN ensem-
bles throughout the NAc, ultimately sculpting behaviors.
With this in mind, we will discuss in the following sections
how NAc FSIs may contribute to motivated behaviors and
how drug-induced adaptations in FSIs may derail these
motivated behaviors favoring drug seeking and drug taking
behaviors.

Role of NAc FSIs in motivated behaviors

The NAc has been implicated in several aspects of moti-
vated behaviors, including cue-associated drug craving and
seeking [3, 5, 34–37]. Given the general inhibitory role of
FSIs at the cellular level, it is reasonable to speculate that
the activation of FSIs suppresses such motivated behaviors.
This speculation is supported by a recent study in which
synchronous activation of NAc FSIs with in vivo optoge-
netics promotes conditioned aversion [12]. However, such a
synchronous activation of FSIs throughout the NAc does
not likely occur under physiological conditions, and is
therefore, much more dynamic and complex during differ-
ent behavioral performances. This is echoed by striatal FSIs,
which display highly uncoordinated and unsynchronized
firing patterns during the performance of a reward seeking
maze task [38]. Furthermore, subsets of FSIs in the NAc
display increased activities during contextually conditioned
reward seeking (e.g., conditioned place preference, or CPP)
[11, 39], and specific inhibition of these FSIs disrupts the
performance of CPP [11]. Similarly, FSIs in the NAc dis-
play ramping increases in their activities as rats approach
rewards during a reward-searching maze task [39]. There-
fore, rather than general inhibition, it is more likely that the
dynamic activities of NAc FSIs are an essential component
of the circuit mechanism that promotes motivated beha-
viors. Yet, an outstanding question is how FSIs promote
motivated behaviors.

MSNs in the NAc and dorsal striatum are not a uniform
population, but are physiologically, anatomically, and
functionally heterogeneous. MSNs throughout the entire
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striatum can be divided into two major subpopulations,
namely D1 MSNs and D2 MSNs [40]. NAc D1 and D2
MSNs have somewhat divergent projections and different
functional roles in regulating behaviors [41, 42]. Further-
more, within a given subpopulation of MSNs (e.g., D1
MSNs), there are differential projections that can have
opposing behavioral roles [43–45]. These findings lead to
the functional ensemble hypothesis, proposing that NAc
MSNs are organized as individual functional groups, or
ensembles, for different aspects of emotional and motiva-
tional behavior [46]. This hypothesis has been supported by
in vivo electrophysiology and calcium imaging studies,
which demonstrate that separate populations of MSNs in the
NAc and the striatum encode the identities of different
rewarding or aversive stimuli [47–49], as well as fine
aspects of motor outputs (e.g., forward acceleration, turn
right, and rearing) [50–52]. Thus, a logical extension of the
ensemble hypothesis is that for the proper execution of a
specific motivated behavior, the activities of different MSN
ensembles must be coordinated in a precise fashion, such
that the MSN ensemble encoding the chosen behavior is
activated, while the ensembles encoding competing beha-
viors are suppressed. This scenario is supported by in vivo
electrophysiological recordings, where NAc MSNs exhibit
highly diverse activation patterns during the execution of
motivated behaviors. For example, some populations of

MSNs are activated during different phases of the behavior
(e.g., seeking versus consumption), while other populations
are quiet [53–60]. Furthermore, preventing the activation of
MSNs that are normally activated during a given motivated
behavior impairs the execution of the behavior [61, 62].
Similarly, activating the MSNs that are normally suppressed
during a given motivated behavior also impairs the beha-
vioral execution [43, 55]. These findings suggest the exis-
tence of circuit mechanisms within the NAc that precisely
orchestrate the activation patterns of different functional
MSN ensembles for the proper execution of motivated
behaviors. We propose that NAc FSIs are one of such cir-
cuit orchestrators coordinating the output of motivated
behaviors (Fig. 1).

Orchestrating role of NAc FSIs

While direct evidence supporting the orchestrating role of
NAc FSIs is still lacking, insights are accumulating. In the
dorsal striatum, MSN ensembles appear to be organized in
spatial clusters, such that MSNs encoding a given action are
located close to one another [50–52]. The size of these
spatial clusters is relatively compact, typically confined
within several hundred micrometers. This size is approxi-
mately the same as what the local axonal arbors of a single
FSI covers, which is typically 400–600 µm in diameter [17].
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Fig. 1 Proposed role of NAc
FSIs in regulating behavior.
a–c Schematic depictions of our
proposed model where FSIs
serve to orchestrate the activity
of functionally distinct MSN
ensembles to select the
appropriate behavior over
others. Examples showing that
when Cue ‘A’ is presented,
inputs to the NAc excite MSNs
forming ensemble ‘A’, while
MSNs in ensemble ‘B’ are
suppressed by excited FSIs,
which ultimately results in the
execution of the correct
behavioral response (a).
However, when Cue ‘B’ is
presented, MSNs forming
ensemble ‘B’ are activated,
while FSIs suppress MSNs in
ensemble ‘A’, resulting in a
different behavioral response
that is appropriate (b). When the
function of FSIs is disrupted,
MSNs in both ensemble ‘A’ and
ensemble ‘B’ may be activated,
resulting in a disorganized
functional output of the NAc
and execution of an
inappropriate behavior (c).
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Furthermore, the activities between FSIs and MSNs are
strongly correlated within this confined anatomical space
[63]. This coincidence prompts a possibility that MSNs in a
single functional NAc ensemble are innervated by the
axonal arbors of a single or only a few FSIs. If this is the
case, the activation and inactivation of MSNs within an
ensemble may, at least in part, be coordinated by a single
FSI. This notion is further supported by recent in vivo
studies in the dorsal striatum and cortices, where the activity
of FSIs functions to constrain the size of functional
ensembles by preventing the activation of non-relevant
principle neurons [64–66]. In addition, FSIs also regulate
the activation magnitude and pattern of striatal and NAc
MSN ensembles, therefore fine tuning the ensemble-
mediated encoding processes [11, 63]. In vivo, activation
of FSIs precedes their adjacent MSNs, and remain activated
through behavioral execution [63], thus influencing the
entire cascade of MSN-mediated behaviors. Furthermore, a
recent study utilizing machine learning demonstrates that
the activity of MSNs can be predicted from the activity of
FSIs, indicating a controlling influence of FSIs over the
intricate activity patterns of MSNs [63]. It is also worth
noting that FSIs are connected by electrical synapses, which
promote their synchronized activation and create multi-FSI-
mediated ensembles. Indeed, small groups of striatal FSIs
appear to encode specific behavioral features, forming dis-
tinct functional ensembles [67].

The ensemble-selective inhibition by FSIs may critically
contribute to a proper execution of intended behaviors by
helping select and coordinate appropriate actions. This
notion is supported by three separate observations. First, in
a choice-based reward seeking task, in which the animals
must choose one behavioral action over another, striatal
FSIs display an increase in activities specifically at the
moment the choice is made [68]. Furthermore, different sets
of FSIs are activated upon making different choices, which
may result in selective suppression of different MSN
ensembles. Importantly, the activation of FSIs during the
choice period coincides with the time locked suppression of
MSNs that encode alternative behaviors [68]. These results
suggest that ensemble-selective inhibition by FSIs is
implicated in the online prioritization and selection of
behavioral outputs. Second, in the performance of a delay
task, in which the animal must wait over a delay period
before performing a behavior, NAc FSIs exhibit increased
activity sustained throughout the delay period until the
behavior is executed [69]. On trials when the animal per-
forms the behavior prematurely, relatively low activity
levels are simultaneously detected in NAc FSIs. Further-
more, when such low activity levels are chemogenetically
induced in NAc FSIs during the delay task, the rate of
premature responding increases sharpely [69]. Thus, in
addition to generally suppressing unintended behaviors,

FSIs are part of the mechanisms that time the expression of
intended behaviors. Third, during the development of
habitual responding, overtraining renders striatal FSIs more
excitable, resulting in generally decreased activities in most
MSNs but enhanced gamma-frequency (30–100 Hz) spiking
in a small MSN population, while chemogenetic inhibition
of FSIs prevents the expression of established habitual lever
pressing [70]. On the surface, this finding indicates that
striatal FSIs are essential for the expression of habitual
motor responses. However, this finding can also be inter-
preted as that the strengthened FSI output may constrain
most NAc MSN ensembles, while favoring activation of
specific MSN ensembles to produce rigid behaviors despite
the changing outcomes. Thus, the FSI activity dynamics
may play a role in shifting behavioral output to contribute to
behavioral flexibility.

As mentioned earlier, MSNs in the NAc are hetero-
genous. It remains unclear how these heterougenous
populations of MSNs coordinate their activities with each
other to potentially form functional ensembles. For exam-
ple, D1 and D2 MSNs in the striatum, in general, have
opposing effects on motor behavior [71], and thus may form
separate ensembles. Yet, D1 and D2 MSNs are concurrently
activated during action initiation [72, 73]. Furthermore, in
studies imaging D1 and D2 MSNs in separate animals,
ensembles of both D1 and D2 MSNs were found to encode
the same motor behaviors [50, 51]. However, in the context
of motivated behavior, the relationship of NAc D1 and D2
MSN activities is more nuanced [74–77]. Although it is
possible that MSN ensembles encoding specific behaviors
consist of both D1 and D2 MSNs, how these two types of
MSNs are functionally bound remains to be explored. In the
earlier Synaptic Connectivity section, we discussed that the
overall population of FSIs in the NAc does not show biased
inhibition of D1 versus D2 MSNs [10]. However, it is
possible that individual FSIs form biased synaptic inner-
vations on D1 versus D2 MSNs, such that specific FSIs
provide inhibition to an ensemble of MSNs consisting only
of D1 or D2 MSNs.

It is also important to note that different subdivisions of
the NAc (i.e., shell versus core) regulate different aspects of
motivated behavior [3]. At this point, there remain too few
studies to depict conclusive differences that FSIs in the NAc
shell versus core exert on motivated behaviors. However, at
the local circuit level, FSIs in the shell versus core exhibit
similar biophysical connectivity properties, prompting us to
speculate that FSIs act as similar ensemble orchestrators
in both the NAc shell and core. As such, the behavioral
differences between shell and core FSIs are embedded
generally in the different behavioral role of the shell versus
core.

Taken together, we propose an orchestrating role of NAc
FSIs. Rather than encoding specific behavioral responses,
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NAc FSIs regulate motivated behaviors through selective
and dynamic inhibition of encoding MSN ensembles.
Selective inhibition entails a local circuit-based mechanism
underlying behavioral prioritization versus suppression,
while dynamic inhibition may participate in executive
control over behavioral output. This proposed role also
raises two outstanding questions for the field; (1) what other
aspects of motivated behaviors are NAc FSIs involved in,
and (2) whether the same or different sets of FSIs are
involved in different aspects of motivated behaviors?

Additional mechanisms for FSIs in regulating
motivated behavior

While the above sections focus on the role of FSIs in reg-
ulating NAc output, alternative mechanisms also exist
through which FSIs regulate motivated behaviors. These
alternative mechanisms are not necessarily exclusive of, but
rather complementary to, the role of FSIs discussed above.

Rhythmic oscillation is a basic form of populational
activities of the brain, during which activation and inacti-
vation of neurons within the same or different brain regions
are coupled in synchrony [78–81]. FSIs are involved in
most types of such rhythmic oscillations [78, 82], among
which they are particularly important in generating and
maintaining high-frequency gamma oscillations [83]. In the
NAc, high-powered local field potentials are enriched in the
gamma oscillation range [84, 85]. During reward seeking,
gamma oscillations switch between discrete high and low
frequency bands in response to different behavioral details
[84]. In addition to gamma oscillation, the NAc also exhi-
bits theta oscillations, which are implicated in encoding the
spatial locations of rewards and are governed by the FSI
activity [11, 86]. Interestingly, different MSN ensembles in
the NAc exhibit different patterns of rhythms [86], which
appear to be tuned by different subgroups of FSIs that
also exhibit different rhythms [11]. Therefore, FSIs may
orchestrate different MSN ensembles by entraining them to
different rhythmic oscillations. It was recently proposed that
different activity oscillations within a brain region is critical
for the routing of specific information, and potentially
allows for the multiplexing of information [87, 88]. As
such, rhythmic oscillations may be a macroscopic readout
of ensemble synchronization, which is regulated by NAc
FSIs in processing and coordinating different informational
flows for behavioral output.

FSIs throughout the brain, including the striatum and
NAc, deliver inhibition partially by activating postsynaptic
GABAA receptors [13, 89]. However, activation of GABAA

receptors does not always result in inhibition. If the resting
membrane potential of the postsynaptic neuron is below
the reversal potential for GABAA receptors (i.e., chloride
conductance), activation of these receptors induces

depolarization, resulting in a so-called shunting inhibition
[90]. The reversal potential of GABAA receptors in NAc
MSNs, including those directly activated by FSIs, is
approximately −60 mV [9, 91], which is substantially
depolarized compared with the resting membrane potential
of −80mV in NAc MSNs [92]. Thus, when MSNs are at
their resting membrane potentials, input from FSIs depo-
larizes, rather than suppresses, NAc MSNs [9]. This unique
feature may have several implications in regulating the
activity pattern of MSNs. First, MSNs in vivo fluctuate
between two functional states: a relatively hyperpolarized,
‘down’ state (approximately −80 mV) where MSNs are
largely silent, and a relatively more depolarized, ‘up’ state
(approximately −55 mV), where MSNs actively fire action
potentials upon excitatory inputs [93, 94]. With the rela-
tively depolarized reversal potential, FSI-to-MSN synapses
may contribute to shifting MSNs to the functionally active
upstate state. Given the large number of MSNs innervated
by a single FSI, shunting inhibition from FSIs can also
contribute to the synchronous down–up state transitions in
MSNs observed in vivo [94], promoting synchronized
activation of MSNs within the same ensembles. It is
important to indicate that this shunting effect of FSIs can be
both excitatory and inhibitory, depending on the relative
timing of inhibitory and excitatory inputs. If excitatory
inputs arrive at postsynaptic MSNs, while the GABAA

receptors are open, GABAA receptors function to sustain the
membrane potential toward their reversal potentials, hin-
dering depolarization. Therefore, FSI activation exerts
either excitatory or inhibitory effects on MSNs depending
on the membrane potential condition of MSNs. These
bidirectional effects may explain how FSI activation
paradoxically promotes action potential firing in some
populations of MSNs, while suppressing firing of other
MSNs in vivo [70]. In this case, FSIs may orchestrate the
functional output of the NAc not only by suppressing
the activation of MSN ensembles encoding competing
behaviors, but also potentially by promoting the activation
of MSNs encoding appropriate behavior.

Cocaine-induced adaptations in FSIs and behavioral
consequences

By inhibiting monoamine reuptake, administration of
cocaine acutely and greatly increases the level of DA in the
NAc, an effect tought to initiate the motivated responses to
cocaine [95, 96]. After withdrawal from repeated use,
re-exposure to cocaine-associated cues induces NAc DA
transients, which are tightly linked to cue-induced drug
seeking [97, 98]. DA as a neuromodulator does not directly
evoke action potentials. As such, its effects on NAc-based
behaviors are expected to be mediated by its cellular actions
on the intrinsic membrane excitability of NAc neurons and
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excitatory and inhibitory synaptic inputs to these neuron
[99]. Indeed, DA signaling has been found to regulate the
excitability of FSIs in vitro and in vivo [100, 101], which
may critically contribute to the altered activity patterns of
MSN ensembles. The role of NAc DA in initiating and
regulating motivated behaviors have been discussed by
several excellent reviews, and thus will not be focused here
[98, 102, 103].

A defining cellular characteristics of addiction is that the
maladaptive cellular changes are highly persistent and can
promote drug relapse long after drug abstinence [102].
It has long been known that addictive drugs induce func-
tional adaptions in the reward circuits to promote addictive
behaviors [1, 6, 104]. Within the NAc, exposure to cocaine
induces a variety of adaptations in MSNs, including
changes in the membrane excitability [92, 105], excitatory
synapses [1], and inhibitory synapses [91], which are cri-
tical for the development of addiction-associated behaviors.
These cellular adaptations in MSNs may collectively
reshape the spiking output of NAc MSNs that correspond to
certain addiction-associated behaviors [106–109]. However,
given the indispensable role of FSIs in regulating the MSN
functional output, it is surprising that there has not been a
systematic discussion about how FSIs and FSI-embedded
circuits are targeted by drugs of abuse, such as cocaine,
to reshape NAc MSNs and NAc-based behaviors.
Below, we discuss cocaine-induced adaptations in the NAc
FSI-mediated feedforward circuit, and how these adapta-
tions contribute to cocaine-induced behaviors.

Cocaine-induced adaptations at FSI-to-MSN
inhibitory synapses

The core transmission within the NAc FSI-mediated feed-
forward circuit is mediated by FSI-to-MSN synapses, which
can undergo both short- and long-term plasticity. As dis-
cussed above, a significant proportion of FSIs in the NAc
express CB1 (~80%) [15], rendering synaptic transmission
susceptible to regulation by CB1-signaling. As such, a
prominent form of short-term plasticity at FSI-to-MSN
synapses is the depolarization-induced suppression of
inhibition (DSI) [110], where a brief depolarization of
MSNs induces a postsynaptic release of endocannabinoids
that inhibit presynaptic release from FSIs via CB1 [9, 15].
Alterations in the magnitude of DSI at FSI-to-MSN
synapses may effectively alter the feedforward inhibition
and thus the ability of FSIs to regulate MSNs. However,
DSI at FSI-to-MSN synapses remains largely intact after
either short- or long-term withdrawal from repeated intra-
peritoneal (i.p.) injections or self-administration of cocaine
[9, 15], suggesting that DSI, a widely expressed short-term
form of presynaptic plasticity, is resistant to cocaine-
induced adaptations.

In addition to short-term plasticity, FSIs throughout the
brain also undergo experience-dependent long-term plasti-
city [111], a prominent form of which at NAc FSI-to-MSN
synapses is long-term depression (LTD) [8]. The induction
of this LTD involves both CB1 and TRPV1 channels,
similar, but not identical, to endocannabinoid-mediated
LTD of excitatory and inhibitory synaptic transmission in
the striatum [112, 113]. Contrasting LTD is long-term
potentiation (LTP), which is possibly present at FSI-to-
MSN synapses as well, but remains to be experimentally
tested. Either LTP or LTD, if induced at FSI-to-MSN
synapses by drug experience, may persistently reshape the
ability of FSIs to regulate the NAc output. However, the
efficacy of the basal NAc FSI-to-MSN synaptic transmis-
sion remains largely intact after short- or long-term with-
drawal from cocaine self-administration [9]. Specifically,
the overall amplitude of transmission between individual,
synaptically connected FSI-to-MSN pairs is not changed
after cocaine self-administration. Furthermore, both the
presynaptic release and postsynaptic responsiveness at FSI-
to-MSN synapses also remains unchanged after withdrawal
from cocaine. These results largely exclude the possibility
that cocaine experience induces LTD- or LTP-like adapta-
tions to alter the basal transmission efficacy of FSI-to-MSN
synapses. However, when inhibitory inputs to MSNs are
collectively sampled without differentiating afferents, either
increases [114] or decreases [91] in overall inhibitory inputs
to NAc MSNs are detected after cocaine exposure under
different experimental conditions. Thus, other sources of
inhibitory input to MSNs, such as other interneuron sub-
types [115] or MSN collaterals [116], may be altered after
cocaine experience as well but in different manners. Taken
together, at least for cocaine experience, FSI-to-MSN con-
nections appear to be rigid and hardwired, and do not
directly embed synaptic traces for drug experience.

Cocaine-induced adaptations in excitatory inputs
to FSIs

While FSI-to-MSN synapses are not altered by cocaine
experience, the functionality of the feedforward circuit can
still be changed due to the alterations in other key compo-
nents, such as the membrane excitability of MSNs and FSIs,
as well as the excitatory synaptic inputs these neurons
receive. There is a rich literature on how cocaine experience
alters the synaptic inputs and membrane excitability of NAc
MSNs [1, 6]. Briefly, cocaine exposure increases the
strength of excitatory synapses onto MSNs, with an initial
increase in presynaptic release [117, 118] followed
by postsynaptic strengthening after cocaine withdrawal
[119–121]. This synaptic strengthening, however, is func-
tionally balanced by a decrease in the membrane excitability
of NAc MSNs [92, 122] through a synapse-membrane
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homeostatic crosstalk [105]. It is thought that the synaptic
strengthening of MSNs occurs specifically at synapses that
encode cocaine experience. An extreme example is the
cocaine-induced generation of new, immature synapses,
which functionally mature during withdrawal, and appear to
encode critical aspects of cue-associated cocaine memories
[123–126]. Such a general decrease in the membrane
excitability with selective strengthening of cocaine-related
synaptic input may set NAc MSNs to selectively respond to
cocaine-associated stimuli and ‘ignore’ other stimuli, as
implied by results from recent in vivo electrophysiological
recordings [108, 127]. However, to generate a precise pic-
ture about how the output of NAc is altered by cocaine
experience, it is also critical to understand how cocaine
experience reshapes NAc FSIs and FSI-mediated circuits.

In the NAc, FSIs receive excitatory projections from the
same brain regions as MSNs. While most inputs to MSNs
are strengthened after cocaine withdrawal [121, 128, 129],
such synaptic strengthening is projection-specific for NAc
FSIs. Specifically, the excitatory projection from the BLA
to FSIs is potentiated after cocaine self-administration
through an increase in the presynaptic release probability,
and remains elevated through long-term withdrawal [9]. In
contrast, the projection from the medial prefrontal cortex to
FSIs is not altered [9], nor the projection from the vHPC
[10] (Fig. 2). When the overall excitatory input to FSIs is
collectively assessed by measuring miniature excitatory

postsynaptic currents, no overall changes are detected after
cocaine exposure, suggesting a lack of presynaptic altera-
tion in the majority of excitatory inputs [15]. On the other
hand, cocaine exposure increases the membrane excitability
of FSIs [15]. This increase renders all excitatory projections
more effective in eliciting action potentials in NAc FSIs. It
is worth noting that no changes are detected in basal levels
of PV, levels of which reflect the basal FSI activity, after
withdrawal from cocaine self-administration [130]. There-
fore, cocaine-induced changes in the membrane excitability
and excitatory synaptic inputs to FSIs do not seem to
influence the tonic, basal activity of these neurons; rather,
these changes may selectively increase the responsiveness
of FSIs to excitatory synaptic inputs (e.g., BLA projections)
that are strengthened by drug experience.

How do these cellular adaptations in FSIs contribute to
cocaine-induced behaviors? While it remains unclear how
the increased FSI membrane excitability affects behavioral
output, Yu et al. recently demonstrate that potentiation of
BLA synaptic input to FSIs promotes the acquisition of
cocaine self-administration [9]. Specifically, when the BLA
projection to FSIs is optogenetically potentiated in vivo
prior to the self-administration training, mice exhibit an
expedited rate of acquiring the cocaine self-administration
task, as well as an increased accuracy of cue-conditioned
responding [9]. However, after 5 days of training, mice with
the BLA-to-FSI strengthening plateau at the same level of
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Fig. 2 Long-term adaptations in the NAc FSI circuits induced by
cocaine experience. a Schematic diagrams showing the excitatory
inputs to the NAc arising from the BLA, PFC, VH, and VTA. These
inputs target both MSNs and FSIs within the NAc. b–d Schematic
diagrams showing baseline properties of different synapses within the
NAc feedforward circuitry before and after cocaine self-administration
training. These diagrams do not depict synaptic transmission, while
cocaine is present in the system. b At FSI-to-MSN synapses, there is no
change in the strength of synaptic transmission, including no changes in

presynaptic release probability or postsynaptic responsiveness, fol-
lowing withdrawal from cocaine self-administration. c At PFC-to-FSI
synapses, there is no change in the presynaptic release probability or
postsynaptic responsiveness following withdrawal from cocaine self-
administration. d At BLA-to-FSI synapses, there is an increase in
the presynaptic release probability following withdrawal from cocaine
self-administration, while no change in postsynaptic responsiveness.
The increase in presynaptic release persists throughout long-term
withdrawal. The adaptations depicted here are reported in [9].
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operant responding as control mice, suggesting that the
effect of cocaine on BLA-to-FSI transmission facilitates the
acquisition of cocaine self-administration, but does not
affect the intensity of cocaine taking once the behavior is
established.

In lieu of these results and the body of work suggesting
that FSIs operate to orchestrate the output of NAc, we
hypothesize that the pro-excitation effects of cocaine on
FSIs helps sculpt the activation of MSN ensembles to
promote cocaine seeking. During the learning and acquisi-
tion phase of an associative behavior, new neural ensembles
emerge to encode the association, which involves neurons
gaining or losing responsiveness to the stimulus, changes in
the magnitude of the responsiveness, and changes in the
synchrony and reproducibility of response patterns
[131, 132]. We speculate that during the acquisition of
cocaine self-administration, FSIs operate to suppress MSNs
that are not related to cocaine, while allowing the activation
of MSN ensembles that encode cocaine-related information.
The potentiation of synaptic inputs to FSIs may occur in a
synapse-specific manner, which alters how FSIs deliver
inhibition to different MSN ensembles. For example, BLA
inputs may be selectively strengthened to the FSIs that
provide inhibition to non-encoding MSNs. Indeed, poten-
tiation of the BLA input does not appear to be uniform
across all FSIs [9]. Alternatively, the FSI-mediated feed-
forward circuit may be potentiated equally to all MSNs, but
the selective potentiation of inputs encoding cocaine-related
information to MSNs allows MSNs to be activated by
cocaine-related stimuli, but not other, non-specific stimuli,
which also refines cocaine-encoding MSN ensembles. This
scenario may also contribute to the encoding of other,
relatively weak incentive signals in the NAc or anhedonia
associated with cocaine withdrawal [108, 127, 133]. In
addition, cocaine-induced adaptations in NAc FSIs may
also compromise behavioral flexibility and promote con-
tinued drug use despite changes in outcome, such that the
incoming information that would otherwise shift the NAc
output to change behavior fails to activate related MSNs.
Regardless, enhanced FSI-mediated inhibition may improve
the signal-to-noise ratio of the NAc output, with MSNs
becoming more responsive to cocaine-related inputs than
non-cocaine-related inputs, thus improving behavioral per-
formance. In addition, given the critical role of FSIs in
synchronizing neural activity [22, 23], an enhancement of
FSI-mediated feedforward inhibition may also improve the
temporal output of the NAc for behavioral refinement.
Furthermore, through inhibitory signaling-mediated reg-
ulation of synaptic plasticity [134], FSI inputs to MSNs
may influence the induction of plasticity at excitatory
synapses onto MSNs, which may either facilitate the for-
mation of MSN ensembles encoding cocaine-associated
information or exclude MSNs that encode extraneous

information from the drug ensembles [66]. Overall, these
proposed scenarios may help depict excitatory synaptic
input to FSIs as a key means for cocaine experience to
shape and orchestrate NAc MSN ensembles that contribute
to cocaine memories and drive drug seeking behaviors.

Concluding remarks

Increasing evidence suggests that the local FSI circuit
embedded in the NAc is a unique neural target through
which cocaine experience reshapes the functional output of
NAc and, ultimately, motivated behaviors. Results thus far
depict that excitatory synaptic inputs that drive this circuit
are likely the locations hosting cocaine-induced adaptive
changes, while the backbone FSI-to-MSN connection
appears to be conservatively inert. Furthermore, cocaine-
induced adaptations at excitatory synapses on NAc FSIs
versus MSNs are differentially implicated in different
aspects/phases of cocaine-induced behaviors. These find-
ings set up future studies to explore the molecular and
cellular underpinnings of these cocaine-induced changes,
and how adaptations in FSIs influence the in vivo dynamics
of NAc MSNs during drug taking and seeking. In addition,
the unveiled role of NAc FSIs in cocaine seeking
encourages future studies to further explore whether FSIs
are also implicated in increased drug motivation, compul-
sive drug taking and seeking, and other “late-stage”
symptoms after prolonged drug exposure. We propose that
FSIs orchestrate the output of the NAc by gating the
activities of different functional MSNs ensembles, and
cocaine-induced adaptations in FSIs may refine this process
to enhance the encoding of cocaine-induced behaviors.
Determining how drugs of abuse alter FSI-mediated feed-
forward inhibition in future studies will provide a more
complete understanding of how drug-associated information
(e.g., cues) are integrated within the local circuits of the
NAc to promote drug seeking and other addiction-related
behaviors. Furthermore, given their low numbers and clear
molecular features, NAc FSIs can be selectively manipu-
lated in vivo, making them attractive targets for potential
clinical manipulations.
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