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Corticobasal ganglia networks coursing through the striatum are key structures for reward-guided behaviors. The ventral striatum
(nucleus accumbens (nAc)) and its reciprocal connection with the ventral tegmental area (VTA) represent a primary component
of the reward system, but reward-guided learning also involves the dorsal striatum and dopaminergic inputs from the substantia
nigra. The majority of neurons in the striatum (>90%) are GABAergic medium spiny neurons (MSNs), but both the input to and the
output from these neurons are dynamically controlled by striatal interneurons. Dopamine is a key neurotransmitter in reward and
reward-guided learning, and the physiological activity of GABAergic and cholinergic interneurons is regulated by dopaminergic
transmission in a complex manner. Here we review the role of striatal interneurons in modulating striatal output during drug

reward, with special emphasis on alcohol.

1. The Striatal Nucleus

The striatum collects inputs from the entire neocortex and
projects to other nuclei in the basal ganglia, ultimately reach-
ing cortical areas implicated in motor planning and execution
[1]. Despite apparent similarities in cytoarchitecture, the sub-
regions of the striatum differ with regard to cellular morpho-
logy, afferent and efferent circuitry, and receptor localization
[2-4]. Based on behavioral studies and subregion-specific
extrinsic connections to striatal subregions, the striatal com-
plex is anatomically divided into the ventral striatum (nucleus
accumbens (nAc)) and the dorsal striatum (caudate-puta-
men) [2, 5]. The nAc is a part of the brain reward system and
is recruited in pavlovian conditioning [6-8]. This structure
can be further subdivided into a shell and core region, where
the core bears a greater resemblance to the dorsal striatum,
while the shell may be considered a limbic structure and a
part of the extended amygdala [9]. The dorsal striatum can
be subdivided into the dorsomedial striatum (DMS), which is
vital for goal-directed learning, and the dorsolateral striatum

(DLS) implicated in stimulus-response learning (Figure 1(a))
(10, 11].

The majority of neurons (>90%) in the rodent striatum
are GABAergic medium spiny neurons (MSNs). MSNs can
be activated by motor behaviors triggered by both memory-
encoded and environmental cues and exhibit highly context-
dependent firing patterns [12]. Local microcircuits play an
important role in regulating striatal output, with MSNs form-
ing a weak lateral inhibitory network (feedback inhibition),
while GABAergic interneurons, despite a lower abundance,
exert a more powerful control over striatal excitability (feed-
forward inhibition) [13]. The striatum also contains cholin-
ergic interneurons, which have been implicated in controll-
ing both glutamatergic and GABAergic transmission onto
projecting MSNs [14-16]. In addition, both cholinergic and
GABAergic interneurons have been implicated in the induc-
tion phase of synaptic plasticity and might thus exert an
indirect feedforward control of the excitability of striatal pro-
jection neurons [17, 18] The striatal cell population further
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FIGURE 1: Dopamine receptor expression on striatal neurons. (a) Schematic drawing showing striatal subregions in a rodent coronal brain slice.
(b) Dopaminergic receptors are highly expressed on striatal GABAergic (GABA) and cholinergic (ACh) neurons in a pathway and subtype

specific manner.

includes highly interconnected astrocytes that support neu-
ronal activity [19].

2. GABAergic Interneurons in the Striatum

The striatal nucleus contains different subtypes of GABAergic
interneurons that produce a strong inhibitory postsynaptic
potential in MSNs [6, 20-22]. In particular, feedforward inhi-
bition is mediated by parvalbumin-expressing fast-spiking
interneurons (FSI) [6, 23]. FSIs have a soma of approximately
16-18 um in diameter and have moderately branched aspiny
dendrites. The local axonal plexus is extremely dense and
heavily invested with presynaptic boutons [21]. FSIs comprise
roughly 1% of the neuronal population and are distributed in
a fashion that shows a ventral to dorsal, medial to lateral, and
caudal to rostral gradient of increasing density [4, 24, 25],
indicating that these neurons may be especially important
in the DLS. FSIs exert powerful monosynaptic inhibition of
MSNs through multiple perisomatic synapses and are also
themselves coupled by dendritic gap junctions [25]. Striatal
FSIs are near-continuously active in awake rodents but often
hyperpolarized and silent in vitro [26]. The predominant tar-
gets of FSIs are MSNs [27], where they synapse on the peri-
karya [28, 29]. There is a slight preference for direct-pathway
MSNs over indirect-pathway MSNs, suggesting a potential
mechanism for rapid pathway-specific regulation of striatal
output [28, 29].

ESIs play a complex role in coordinating the activity of
MSNs, and a deficit in these cells has been observed in dysto-
nia and Tourette syndrome [28, 30]. FSIs filter cortical infor-
mation, and cross correlation histograms of FSI to MSN
pairs in monkey imply that the spikes of MSNs follow those

of FSIs and that both are driven by cortical input [22, 31].
Excitatory afferents, primarily from the cortex, form asym-
metric synapses on FSIs [25, 32], while symmetric synapses
arise from both extrinsic and intrinsic GABAergic (globus
pallidus) and dopaminergic (substantia nigra) inputs [33-
35]. Pallidostriatal inputs are largely selective for FSIs and
increased firing of FSI during choice selection in a simple
discrimination task coincides with a decrease in firing of
globus pallidus neurons [33, 36], suggesting that pallidostri-
atal disinhibition may have an important role in timing or
coordinating action execution. FSIs do not appear to make
functional synaptic connections with other types of GABAer-
gic interneurons or with cholinergic interneurons [37]. But,
acetylcholine release from cholinergic interneurons directly
depolarizes FSIs via nicotinic receptors, while reducing their
influence on MSNs via presynaptic muscarinic receptors on
FSI terminals [20].

A second class of GABAergic interneuron comprises the
neuropeptide Y (NPY), nitric oxide synthetase, and somato-
statin expressing interneurons. These cells have the least
dense axonal arborization of all cells in the striatum and
receive both cholinergic and dopaminergic inputs [21]. Elec-
trophysiologically these cells are characterized by low thresh-
old calcium spikes and are sometimes termed persistent and
low-threshold spiking (LTS) neurons [38]. A third class of
GABAergic interneurons is the calretinin expressing intern-
eurons, which colocalize with the calcium binding protein
calretinin. These cells are approximately 9-17 ym in diameter
and possess few, aspiny dendrites. These cells distribute in
a rostrocaudal gradient, with a greater density in the rostral
parts of the striatum [39]. Little is still known regarding the
electrophysiological properties of these neurons. In addition
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to these classically defined types, recent studies have revealed
novel types of GABAergic interneurons [40, 41]. Some of
these interneurons are tyrosine hydroxylase positive, and
each type has a unique electrophysiological profile.

3. Striatal Cholinergic Interneurons

Cholinergic interneurons are large aspiny cells, which can
exceed 40 uM in diameter. In rodent they comprise approx-
imately 1-2% of cells in the striatum [21, 42] but appear to
be more frequent in primates [43]. Although few in number,
cholinergic interneurons have large axonal arbors, with each
cholinergic cell containing about 500000 axonal varicosities
[14]. Axon collaterals in the dorsal striatum are largely restric-
ted to the matrix compartment, where they target MSN,
although GABAergic interneurons and other cholinergic
interneurons also receive cholinergic input [20, 21, 44]. Cho-
linergic interneurons are typically tonically active, firing in a
slow, regular pattern [14, 45-47]. A pause in cholinergic activ-
ity is seen in animals learning stimulus-outcome associations,
and GABAergic neurons projecting from the VTA selectively
target and inhibit accumbal cholinergic interneurons to
enhance stimulus-outcome learning [48]. The synchronous
pause in cell firing observed in putative cholinergic interneu-
rons following the presentation of reward or salience-related
cues in the striatum, however, depends on input from both
nigrostriatal dopaminergic projections and thalamostriatal
glutamatergic projections [49-51].

Cholinergic transmission shapes both inhibitory and exc-
itatory influences in the striatum, depending on receptor type
and projection target. Striatal cholinergic interneurons mod-
ulate striatal activity through the corelease of glutamate and
acetylcholine, mediating both glutamate- and acetylcholine-
mediated currents in striatal FSIs [52, 53]. In the nAc, optoge-
netic activation of cholinergic interneurons leads to enhanced
activity of MSNs [54], and in the DLS cholinergic interneu-
rons are suggested to exert an excitatory control over D2-
expressing MSNs via muscarinic M1 receptors [55]. However,
synchronous activation of cholinergic interneurons in the
dorsal striatum can also trigger large inhibitory synaptic cur-
rents in MSNs by facilitating GABA corelease at dopamin-
ergic terminals [56] and might reduce glutamatergic input
to striatal neurons via activation of muscarinic receptors [15,
20, 57]. Ablation of cholinergic interneurons in the DLS pro-
duces stereotypies, while no pronounced motor deficits are
observed during ablation of cholinergic interneurons in the
DMS or during transient inhibition in the nAc [54, 58].

4. The Striatal Nucleus and Drug Addiction

Although multiple neurocircuitries are implicated in the
rewarding effects of drugs of abuse, the mesocorticolimbic
dopamine system is considered the major neurochemical
pathway for reward [59, 60]. The reciprocal VTA-nAc circuit
is considered the most central part of the reward system [61,
62], and drugs of abuse, including ethanol, have repeatedly
been shown to elevate extracellular levels of dopamine in
the nAc [63-65]. The nAc shell appears to be particularly

important in initial drug actions, with addictive drugs having
a greater effect on dopamine release in the shell than in the
core [66-68].

Reward associated behavior, however, is an integrative
function of corticobasal ganglia networks [5, 69]. Repeated
drug intake triggers reorganization of neural circuits, and
recruitment of integrative mechanisms within the basal gan-
glia appears to underlie drug-seeking behaviors associated
with addiction [70]. When drug addiction progresses from
occasional recreational use to compulsive use, drug-seeking
behavior shifts from reward-driven to habit-driven. During
this behavioral progression, the control over drug-seeking
behavior also appears to shift from nAc to dorsal striatum. In
human addicts the dorsal striatum has been implicated in the
motivation to obtain the drug and in mechanisms of drug
relapse [71, 72], supporting a role for the dorsal striatum
during established habitual drug-taking [73]. However, sub-
regions of the dorsal striatum are recruited during different
stages of reward and addiction. While the DMS is a central
structure during behavioral sensitization to drugs of abuse,
the DLS appears to be recruited as addiction develops and the
goal-directed control over behavior is replaced by the habit
system [73-75]. Importantly, the nAc not only plays a key role
during the initial recreational phase of alcohol intake but is
also involved during protracted exposure to drugs of abuse.
Nicotine-induced effects on accumbal neurotransmission
have been shown to persist for months after the last drug-
treatment [76], and deep brain stimulation of the nAc has
been shown to alleviate alcohol dependency, supporting a
role for the nAc also in addiction therapy [77].

5. Alcohol and Dopamine in
the Striatal Nucleus

Even though fast-scan cyclic voltammetry studies performed
in brain slices or anesthetised rodents suggest that ethanol
depresses evoked terminal dopamine release in the nAc [78-
80], in vivo microdialysis conducted on awake and freely
moving rodents has repeatedly shown that ethanol increases
extrasynaptic dopamine levels in the nAc. This occurs regard-
less of whether the drug is ingested [81], administered sys-
temically [66, 82, 83], or perfused locally in the nAc [63, 84].
Positron emission tomography (PET) studies have also con-
firmed that ethanol induces rapid dopamine release in ventral
striatum of human subjects [85, 86]. Preclinical research
consistently shows that pharmacological manipulations of
dopamine transmission in the nAc alter behavioral responses
to ethanol [87-90], suggesting that dopamine signaling in the
nAc may promote the initiation and maintenance of reward-
seeking behaviors. Ethanol-induced dopamine release in the
dorsal striatum has not been extensively studied, but enhan-
ced dopamine output has been detected following both sys-
temic and focal administration of ethanol [66, 91, 92]. Impor-
tantly, prolonged ethanol intake leads to subregion specific
neuroadaptations in striatal subregions [93], supporting the
hypothesis that drugs of abuse modulate striatal activity in
a subregion selective and integrative manner as the addicted
phenotype develops [70, 94].
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TABLE 1: Dopaminergic regulation of striatal interneurons.

Neuron type Subregion Manipulation Effect on firing rate Reference
FSI nAc Nicotine + dopamine receptor antagonist/in vivo | [109]
FSI nAc Cocaine withdrawal T [111]
FSI Striatum Amphetamine/in vivo T [108]
FSI Striatum Dopamine in DIKO via D5R T [100]
FSI Striatum Dopamine, cocaine, via DIR activation T [110]
FSI Striatum D2R activation 1 [100, 108]
FSI Striatum Impaired nigrostriatal connectivity ! [112, 113]
LTS Striatum Dopamine via D1-type R T [98]
Cholinergic interneurons nAc Optogenetic activation of dopamine neurons T [128,129]
Cholinergic interneurons Striatum Optogenetic activation of dopamine neurons ! [128,130]
Cholinergic interneurons Striatum D2R activation 1 [100]
Cholinergic interneurons Striatum Dopamine depletion T [113]

6. Dopaminergic Innervation of the Striatum

Dopamine is a crucial regulator of striatal microcircuitry.
Midbrain dopaminergic neurons project in a topographi-
cal pattern, with VTA dopaminergic neurons preferentially
innervating the nAc, while dopaminergic neurons in the
substantia nigra mainly project to the dorsal striatum [2, 3].
Dopamine receptors are present throughout the entire striatal
nucleus. The dopamine D1 receptor is positioned on stria-
tonigral MSNs and a subset of GABA interneurons [95-98],
while D5 receptors appear to be expressed by all striatal cell
populations and in particular by cholinergic interneurons
[99-101]. Furthermore, the expression of the D5 receptor is
lower in the DLS as compared to the nAc shell [102]. Dopa-
mine D2 receptors are located on striatopallidal MSNG, choli-
nergic interneurons, and dopaminergic terminals and to
some extent on GABAergic and glutamatergic terminals [97,
103-105]. This distribution is also subregion-specific, as D2
receptors are primarily localized on axons and axon terminals
in the nAc shell but have a higher prevalence on dendrites
and spines in the DLS [102]. Dopamine D3 receptors are
expressed on both presynaptic dopamine terminals and post-
synaptic GABAergic neurons [58,106], while D4 receptors are
restricted to MSNs [107] (Figure 1(b)).

7. Dopaminergic Regulation of
GABAergic Interneurons

Dopamine influences striatal interneuron activity via presy-
naptic and postsynaptic actions and distinct receptor sub-
types (Table1). Overall, FSIs appear to be synchronously
affected by drug-induced dopamine release, and while FSI
firing rates are positively correlated with drug-induced loco-
motor activity, MSNs show no consistent relationship [108].
Dopamine receptor blockade has also been shown to mod-
ulate the rewarding and aversive properties of nicotine in a
manner that correlates with dissociable neuronal activity pat-
terns of FSIs in the nucleus accumbens [109]. Amphetamine
and dopamine increase the activity of the majority of FSIs,
while dopamine D2 receptor antagonists depress the firing
frequency [100, 108]. In particular, FSI activity is enhanced

directly through activation of postsynaptic D5 receptors, but
dopamine can also affect FSI activity indirectly by simultane-
ously reducing GABAergic input to FSIs via presynaptic D2
receptors [100, 110]. Enhanced firing of FSIs is also reported in
the nAc following withdrawal from cocaine exposure, which
might enhance feedforward inhibition [111]. Inhibition of the
nigrostriatal circuit causes impaired and poorly timed FSI
activity, leading to a consequent weakening of corticostriatal
encoding and reduced control of MSNs [112, 113]. 6-Hydroxy-
dopamine injections also reduce the innervation of FSIs
to both striatopallidal and striatonigral neurons [114]. The
striatal NPY-system also appears to be under tonic influence
from dopaminergic afferents [115, 116]. Tyrosine hydroxylase-
immunoreactive axons are in synaptic contact with the prox-
imal dendrites and soma of NPY-expressing neurons, and
dopaminergic terminals may also express NPY receptors [117,
118]. Dopamine depletion enhances the number of NPY
expressing neurons, and repeated administration of metham-
phetamine enhances preproNPY mRNA expression in a
Dl-dependent manner [119-121]. Low threshold spiking
interneurons are depolarization by dopamine in a D1-like but
not D2-like dependent manner [98], while dopamine deple-
tion may lead to a shift from tonic to oscillatory mode, result-
ing in spontaneous repetitive GABAergic currents in MSNs
[122]. Endogenous dopamine has also been shown to influ-
ence striatal microcircuitry by negatively regulating the num-
ber of striatal TH positive neurons through both direct and
indirect mechanisms mediated by multiple dopamine recep-
tor subtypes [123]. Correspondingly, GABA receptors exert
a tonic influence over basal dopamine levels in the striatal
nucleus [124-127]. In particular, terminal dopamine release
is under tonic GABA inhibition, with local GABA , receptor
antagonists exerting a stronger influence over dopamine
output in nAc as compared to the DLS [124, 125].

8. Dopaminergic Regulation of
Cholinergic Interneurons

Dopaminergic and cholinergic systems dynamically interact
with gate and potentiate sensory inputs to the striatum in
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a manner that includes presynaptic regulation of neurotrans-
mitter release and postsynaptic effects in target cells [131].
The interaction varies in a manner that depends on the firing
frequency of neuronal populations, and the neuronal activity
within striatal microcircuits will thus strongly influence how
discrete changes in dopamine neuron activity are conveyed.
The effect displayed by dopaminergic transmission on cholin-
ergic neurons is highly subregion-specific, and activation of
different subtypes of dopamine receptors can elicit opposite
effects on acetylcholine release in the striatum [4, 132]
(Table 1). Optogenetic activation of dopamine neurons drives
a burst-pause firing sequence in cholinergic interneurons
in the nAc shell, has mixed actions in the nAc core, and
produces a pause in the dorsal striatum [128]. These findings
might be explained by regional variations in the corelease
of glutamate/GABA from dopaminergic terminals but could
also be associated with a heterogeneity in the connectivity
between dopaminergic neurons and cholinergic interneurons
or may be connected to dopamine receptor expressing inputs
that synapse on cholinergic neurons in a subregion-specific
manner [56, 102, 128]. Cholinergic interneurons in the shell
region of the nAc are also more sensitive to cocaine as com-
pared to neurons located in the core compartment or the DLS
[133]. Self-administration of cocaine activates cholinergic
interneurons in the nAc, and silencing this drug-induced
activity during cocaine exposure prevents cocaine condition-
ing [54, 133]. However, accumbal acetylcholine has been pro-
posed to dampen excessive dopamine release, and reduced
density of cholinergic interneurons in the nAc instead pro-
duces a pronounced hyperresponsiveness of the mesolimbic
dopamine system and increased sensitivity to cocaine [134,
135].

In the dorsal striatum, stimulation of dopaminergic axons
evokes several ionic conductances in cholinergic interneu-
rons, suggesting that dopamine dynamically controls cholin-
ergic tone [130]. Phasic dopamine pauses the firing of cholin-
ergic interneurons but might also produce a delayed excita-
tion [128-130]. Activation of D2-like dopamine receptors on
axon terminals reduces synaptic inputs to striatal choliner-
gic interneurons, while dopamine modulates the excitabil-
ity of cholinergic interneurons directly through an excita-
tory D1/D5-mediated postsynaptic mechanism [136]. Local
administration of amphetamine or activation of dopamine
D2 receptors decreases striatal acetylcholine levels [137, 138],
while cholinergic interneurons become more excitable in
dopamine-depleted animals [113]. Interestingly, the effect of
dopamine depletion on cholinergic interneurons appears to
be pathway specific, as 6-hydroxydopamine lesions increase
cholinergic innervation of striatopallidal neurons, while the
connection to striatonigral neurons is reduced [114].

Similarly, the control of extracellular dopamine levels by
endogenous cholinergic activity results from a complex con-
vergence of neurotransmitter/neuromodulator systems. Ton-
ically active cholinergic interneurons modulate dopamine
output through activation of both muscarinic and nicotinic
cholinergic receptors on dopamine terminals [125, 139-141]
and through the corelease of glutamate [142, 143]. Selective
activation of cholinergic interneurons enhances accumbal
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FIGURE 2: Schematic drawing showing acute effects by ethanol on
striatal interneurons. Ethanol exerts a complex modulatory role on
striatal interneurons by interacting with multiple receptor systems
and signaling pathways, resulting in decreased firing frequency of
both GABAergic and cholinergic interneurons, even though FSI
activity has been shown to increase in slice recordings performed
in the dorsal striatum. Arrows mark the impact on firing frequency
caused by activation of the receptor (up/down), while the color
marks whether ethanol acts inhibitory (red) or possibly inhibitory
(pink) or facilitates (green) receptor activation. In addition, ethanol
is presumed to elevate dopamine levels resulting in activation of
dopamine receptors (blue), further modulating neuronal activity.
See text for further details.

phasic dopamine release, and activation of nicotinic acetyl-
choline receptors on striatal dopamine terminals contributes
to the high probability of dopamine release [144, 145]. Cholin-
ergic control over dopamine transmission depends on the
firing frequency, receptor composition, and striatal subreg-
ion studied [141, 142]. Distinct populations of nicotinic recep-
tors govern dopamine transmission in the nAc core as com-
pared to the dorsal striatum [146], and while both M2- and
M4-muscarinic acetylcholine receptors are necessary for
muscarinic regulation of dopamine release in the DLS, only
the M4 receptor is necessary in the nAc [140].

9. Integrative Function of Interneurons in
Ethanol Actions in the Striatum

The effects of ethanol on striatal interneurons appear to be
highly cell-type specific and region-specific, where decreases
in firing rates are shown in cholinergic interneurons and
LTSs, while the excitability of FSIs in acutely isolated brain
slices is increased in the dorsal striatum [55] (Figure 2).
Slice recordings, however, do not always correspond to rate
changes recorded in vivo, indicating that firing of striatal int-
erneurons is tightly regulated by afferents from other brain
regions. Interestingly, electrophysiological recordings perfor-
med in vivo show a robust decrease in firing frequency in
the majority of FSIs in the nAc, indicating subregion specific
effects by ethanol [147]. Importantly, both in vivo and in
vitro recordings support the idea that ethanol affects FSIs



directly, while MSN activity is indirectly influenced to a
greater degree, such as though modulation by the cholinergic
tone [55]. The cholinergic tone, on the other hand, is affected
by ethanol in a complex manner, leading to changes in firing
frequency, transmitter release, and altered receptor affinities
[79, 148, 149]. Alcohol consumption selectively promotes C-
Fos immunoreactivity in cholinergic interneurons [150], and
the density of cholinergic varicosities is reduced during both
alcohol consumption and withdrawal [151]. At the same time,
electrically evoked release of acetylcholine has been reported
to be enhanced in both the dorsal and ventral striatum
following a period of alcohol consumption [152]. Systemic
administration of ethanol in naive rodents also increases
acetylcholine release in the VTA, but it is not clear if a
similar enhancement occurs locally in the striatal nucleus
[153,154]. Electrophysiological slice recordings support a role
for cholinergic interneurons in mediating ethanol-induced
effects on striatal neurotransmission [55, 155], but nicotinic
acetylcholine receptors do not appear to play a crucial role in
regulating ethanol-effects on accumbal GABAergic neurons
[156]. Importantly, the involvement of cholinergic interneu-
rons in alcohol reward is further supported by the crucial
role of glycine receptors, expressed by striatal interneurons, in
regulating ethanol-induced dopamine elevations and alcohol
consumption in rat [63, 157-162]. NPY also appears to have a
modulatory effect on ethanol consumption, and an increased
population of NPY-immunoreactive cells and fibers has been
reported in rats conditioned to self-administer ethanol [151,
163].

10. Conclusion

Even though they comprise less than 5% of the neuronal
population in the rodent striatum, interneurons play a major
role in regulating the response to drugs of abuse, includ-
ing ethanol. Both cholinergic interneurons and GABAergic
interneurons express receptors that are crucial for the reward-
ing properties of drugs of abuse, and altered activity of striatal
interneurons might be a crucial component during the for-
mation of behavioral adaptations associated with addiction
and the motivation to consume the drug. Defining the reg-
ulation of striatal interneurons is thus an important step
in understanding the physiology of the basal ganglia and
in developing pharmacological compounds that are able to
selectively target a specific neuronal function.
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