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Compulsive alcohol consumption is regulated by dorsal
striatum fast-spiking interneurons
Michael S. Patton1, Morgan Heckman1, Cecelia Kim1, Chaoqi Mu1 and Brian N. Mathur1

Compulsive alcohol consumption is a core, treatment-resistant feature of alcohol use disorder. The dorsomedial and dorsolateral
striatum support goal-directed and habitual action strategies, respectively. How ethanol targets dorsolateral striatum to drive
compulsive consumption is poorly understood. Parvalbumin-expressing striatal fast-spiking interneurons comprise ~1% of the total
neuronal striatal population, are enriched dorsolaterally and are functionally modulated by ethanol. To test whether fast-spiking
interneurons are necessary for the development of compulsive ethanol consumption, we selectively ablated these neurons in adult
male and female C57BL/6 J mice undergoing a voluntary chronic intermittent ethanol consumption paradigm followed by a
compulsive ethanol drinking assay. Fast-spiking interneuron ablation curtailed the development of organized ethanol lick sequence
behavior, reduced ethanol consumption, and abrogated compulsive consumption of ethanol with the added bitterant quinine. In
contrast, fast-spiking interneuron ablation did not affect any index of water or sucrose consumption. These data causally implicate
the minority striatal fast-spiking interneuron population as a key component of compulsive ethanol consumption.
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INTRODUCTION
Repeated exposure to drugs of abuse, like alcohol, facilitates habit
learning and thwarts efforts to abstain from further consumption
[1, 2]. Chronic alcohol users increase habitual responding on
stimulus-response task and this correlates with the duration of
alcohol dependence [3, 4]. In rodents, chronic ethanol exposure
promotes habitual ethanol consumption [5, 6] and accelerates
habitual responding for sucrose reward [7]. Collectively, this
suggests that chronic ethanol exposure targets neuronal substrates
governing habit formation. Determining these substrates is the first
step toward devising strategies toward treating compulsive alcohol
drinking, which is notoriously treatment resistant [8–12].
Habitual behavior requires a dynamic interaction between the

cortex and basal ganglia [13–17]. Lesion studies demonstrate
the necessity of the dorsolateral striatum, which is innervated
by sensorimotor cortices, in the acquisition and expression of
habitual behavior [18–21]. The dorsolateral striatum is char-
acterized by an enrichment of the parvalbumin (PV) expressing
fast-spiking interneurons (FSIs) that provide powerful inhibitory
control over striatal medium spiny projection neurons [22–27].
FSIs are implicated in habitual responding for a sucrose reward
[28]. Whether FSIs are a key ethanol target giving rise to
compulsive ethanol consumption is not known.
Ethanol alters FSI intrinsic excitability [29] and disrupts FSI

synaptic transmission onto medium spiny projection neurons [30].
This supports the possibility that ethanol targets FSIs to promote
compulsive consumption. Therefore, in the following study, we
selectively ablated dorsal striatal FSIs in both male and female
C57BL/6 J mice undergoing a voluntary chronic intermittent
ethanol consumption paradigm, drinking-in-the-dark (DID). We
analyzed lick sequence behavior across the drinking paradigm to
determine if striatal FSIs regulate lick behavior seen in compulsive

drinking rats [31]. We found that FSI ablation reduced ethanol
consumption and disorganized ethanol lick sequence behavior.
Additionally, when ethanol is adulterated with the bitterant
quinine, FSI ablation attenuated ethanol consumption. Collectively
these results provide evidence for a causal role of dorsal striatum
FSIs in compulsive ethanol consumption.

METHODS
All experiments were performed in accordance with NIH guidelines
and were approved by the Institutional Animal Care and Use
Committee of the University of Maryland Baltimore and the National
Institute on Alcohol Abuse and Alcoholism. Mice were housed with
littermates (2–5 per cage) under a reverse 12-h light/dark cycle
(lights off at 0900 h, on at 2100 h) with ad libitum access to food
and water.

FSI ablation
To selectively ablate PV-containing FSIs in the dorsal striatum, ≥2-
month old PV-cre transgenic mice on a C57BL/6 J background
[32, 33] were injected bilaterally with AAV5-flex-taCasp3-TEVp
(UNC, Chapel Hill Vector Core) or AAV5-dio-EYFP (Addgene) at a
volume of 500 nl/side and a rate of 20 nl/min at the following
coordinates relative to bregma: anterior-posterior +0.6 mm;
medial-lateral ±2.25 mm; dorsal-ventral −3.4 mm.
Mice were initially anesthetized with 4% vaporized isoflurane

(VetEquip) and maintained at 1–2.5% isoflurane for the duration of
the surgery based on a toe-pinch response. A topical analgesic
(2% lidocaine) was applied to the incision site following surgery.
For additional pain management, mice received a daily injection
of carprofen (5 mg/kg, i.p.) three days following surgery. Mice
received a three-week recovery period before behavioral testing.
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Drinking-in-the-dark (DID)
The DID protocol was adapted from Rhodes et al. [34]. Mice (5
males, 5 females per group) were randomly assigned to the water,
sucrose, or ethanol drinking groups. Two hours into the dark cycle
(1100) mice were placed into modified home cages (18×18×23
cm) with ad libitum access to food that was weighed at the end of
each week. In order to achieve a clean lickometer signal, we
elevated the drinking spout to disallow climbing and paw
grabbing, which created false signals on the lickometer. Since
mice did not drink 20% ethanol from this spout height
spontaneously but would instead learn to drink from an elevated
sipper providing a sucrose solution, we added a four-day sucrose
fading session to train our mice to drink from the elevated sipper
prior to the four-week DID procedure (i.e., week 0). During the
four-week DID procedure, mice were given two hours of access to
the drinking bottle in the first three days, and on day four, mice
were given four hours of access. Following four days of drinking,
mice underwent three days of forced abstinence. On week 4,
blood samples were collected from tail nicks immediately
following a 2-h session to determine the blood ethanol
concentration. Blood serum values were measured spectrophoto-
metrically using an enzymatic assay (Sigma MAK076). On weeks 0
and 4, mice were given a two-bottle choice test of water and
ethanol (2-h duration) to determine drinking preference. On days
two through four of week 5, the bitterant quinine (0.3 mM) was
added to the bottles to assess compulsive drinking.

Lickometer
A grated steel platform was placed on the floor of the chamber
below the metal sipper of the drinking bottle and was connected
to the ground of an analog-to-digital (AD) converter (Digidata,
Molecular Devices). The input signal was connected to the metal
sipper that created a circuit that closed when the mouse licked the
sipper while standing on the steel platform. Lick events were
recorded using Clampex software (Molecular Devices). Data were
analyzed offline with Matlab (Mathworks R2018a). Events of 1-2
licks were defined as unorganized licks, while events of ≥3 licks,
each lick occurring within 2 s or less, were classified as organized
drinking bouts [35].

Immunohistochemistry and ablation quantification
Mice (4 males, 3 females per group) were anesthetized with
isoflurane and then intracardially perfused with saline followed by
ice-cold paraformaldehyde (4%). Fixed brains were extracted and
100 µm sections were collected using a vibratome (Leica). Slices
were incubated in a mouse anti-PV antibody (1:1,000; clone PARV-
19, Sigma-Aldrich) overnight at 23 °C. The following day, slices
were washed with a solution of phosphate-buffered saline with
Triton-X100 (0.2%) and incubated in Cy3 conjugated secondary
antibody for four hours at 23 °C (1:2,000; Jackson ImmunoR-
esearch). Fluorescent images were visualized on a Nikon Eclipse
Ti2 fluorescent microscope and captured with a Nikon DS-Qi2
camera. Cell counts were blindly collected from a region of
interest encompassing the dorsolateral striatum. Automated cell
counts were performed with Nikon Instruments Elements
Advanced Research software (5.11.01). In brief, fluorescent signal
was restricted to a three-point circle threshold, and objects were
excluded based on object circularity and diameter.

Acute slice preparation
Mice (3 males, 2 females per group) were deeply anesthetized
with isoflurane then perfused with a carbogen-bubbled N-Methyl-
D-Glutamine (NMDG) artificial cerebral spinal fluid (aCSF) solution
(92 mM NMDG, 2.5 mM KCL, 1.25 mM NaH2PO4,30 mM NaHCO3,
20mM HEPES, 25 mM glucose, 2 mM thiourea, 5 mM Na-ascorbate,
3 mM NA-pyruvate, 0.5 mM CaCl2, and 10mM MgCl2) before
decapitation and brain removal. 250 µm coronal sections were
collected in ice-cold NMDG aCSF. Sections were incubated at 32 °C

for 12 minutes and then transferred to HEPES holding solution (92
mM NaCl, 2.5 mM KCL, 1.25, 1.25 mM NaH2PO4, 30 mM NaHCO3,
20mM HEPES, 25 mM glucose, 2 mM thiourea, 5 mM Na-ascorbate,
3 mM NA-pyruvate, 2 mM CaCl2, and 2mM MgCl2) and stored at
room temperature until recording.

Whole-cell voltage-clamp electrophysiology
Slices were hemisected, placed into a recording chamber, and
perfused with temperature-controlled aCSF (29–31 °C) containing
50 µM DL-AP5 and 5 µM NBQX. Dorsolateral striatum medium
spiny neurons were visualized using infrared differential inter-
ference contrast light microscopy and Q-capture camera and
associated Pro 7 software. Striatal medium spiny projection
neurons (MSNs) were voltage clamped at −60 mV using a
MultiClamp 700B Amplifier (Molecular Devices). Spontaneous
inhibitory postsynaptic current (IPSC) events were recorded using
a borosilicate glass pipette (3–5 MO resistance) filled with CsCl-
based internal solution (150 mM CsCl, 10 mM HEPES, 2 mM MgCl2,
0.3 mM Na-GTP, 5 mM QX-314, 3 mM Mg-ATP, and 0.2 mM BAPTA).
Signals were filtered at 2 kHz, digitized at 10 kHz and acquired
using Clampex 10.4.1.4 software (Molecular Devices). Data were
analyzed offline using Mini Analysis Program (Synaptosoft).

Behavior in the open field
Mice (5 males, 5 females per group) were habituated to a
plexiglass open-field arena (30×30×25 cm) affixed with a ceiling
camera to register mouse locomotor behavior via Ethovision
(Noldus). The following day, mice received an intraperitoneal (i.p.)
injection of ethanol (2 mg/kg) that was previously shown to
produce blood ethanol concentrations (BECs) comparable to that
achieved by DID [34]. 30 minutes after injection, mice were placed
in the open-field arena and locomotor behavior was recorded for
15minutes. The following day an additional open-field trial was
conducted to collect sober locomotor activity. All treatment
groups were counterbalanced for ethanol and baseline trials.

Statistical analysis
All statistical analyses were performed in GraphPad Prism 8.0. Data
are represented as mean ± SEM. Fluid consumption and the
number of drinking bouts are derived from the weekly averages
collected from the 2 h drinking sessions. Bout length, bout length
distribution, and coefficient of variation are derived from bouts
expressed throughout the 4-week DID paradigm. Comparisons
between two groups were analyzed with a Student’s t test while
comparisons of three or more groups were analyzed with two-way
ANOVA. Multiple comparisons were corrected with Sidak’s test or
Dunnett’s test when comparing multiple time points to a single
baseline. Effect sizes are reported by partial eta squared.
Horizontal brackets indicate statistical significance within a
treatment group, while vertical brackets indicate statistical
significance between treatment groups. Simple linear regression
was performed for correlation analysis and all p < 0.05 designa-
tions indicate a slope that is significantly non-zero. For all data, N
is defined as an individual animal. For patch clamp data, N consists
of an average recording from two to three cells for each animal.

RESULTS
FSI ablation was achieved using injections of control fluorophore
(control)- or genetically engineered caspase3 (taCasp3)- expres-
sing viruses into the dorsal striatum (Fig. 1). Viral-mediated FSI
ablation resulted in a significant decrease in the number of
PV-immunoreactive cells in the dorsolateral striatum (control=
186.4 ± 29.4 cells, taCasp3= 34.43 ± 8.0 cells; t12= 4.987, p <
0.005, η2= 0.67, Student’s t test, Fig. 1a–c). FSI ablation was
further characterized by recording spontaneous IPSC events
from MSNs in the dorsolateral striatum using whole-cell
voltage clamp electrophysiology. FSI ablation significantly
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decreased the amplitude of sIPSC events (control= 59.78 ± 2.41
pA, FSI ablation= 44.83 ± 3.9 pA; t(8)= 3.217, p < 0.05, η2= 0.56,
Student’s t test, Fig. 1d, e) but had no effect on sIPSC event
frequency (t(8)= 0.13, p= 0.90, Student’s t test, Fig. 1f).
To determine if FSI ablation affected gross motor function

under normal or inebriated conditions, we analyzed locomotor
behavior in an open field arena. We found no main effect of FSI
ablation on total distance traveled under baseline conditions or
following an acute injection of ethanol (2 mg/kg, i.p.) (F(1,35)=
0.342, p= 0.56, two-way ANOVA, Fig. 1g, h). No main effect of FSI
ablation was observed for mean velocity in the control condition
or following acute injection of ethanol (2 mg/kg, i.p.) (F(1,35)=
0.032, p= 0.86, two-way ANOVA, Fig. 1i). Additionally, we found
no main effect of FSI ablation on the number of movement
initiations in the control condition or following acute ethanol
administration (F(1,36)= 1.03, p= 0.32, two-way ANOVA, Fig. 1j).
To examine whether food consummatory behavior was

disrupted by FSI ablation, which may indirectly affect ethanol
consumption through differences in daily caloric intake, we
measured weekly food pellet consumption ingested during DID.
We found no main effect of FSI ablation on food consumption in
water drinking animals (F(1,18)= 0.16, p= 0.70; two-way ANOVA)
or in ethanol drinking animals (F(1,36)= 0.26, p= 0.61, two-way
ANOVA, Fig. 1k). Additionally, we found no effect of time on
consumption in either water (F(3,46)= 2.7, p= 0.065, two-way

ANOVA) or ethanol drinking animals (F(2,41)= 1.31, p= 0.28, two-
way ANOVA).
During the four-week DID paradigm fluid consumption was

tracked using a custom lickometer, and the data for the 2-h
sessions were analyzed as they represented the large majority of
all drinking sessions (Fig. 2a, b). We found that licks positively
correlated with ethanol consumption (g/kg) for both control
(R2= 0.30, p < 0.001) and FSI ablated animals (R2= 0.34, p <
0.001). We found no main effect of FSI ablation on water
consumption (F(1,18)= 0.384, p= 0.543, two-way ANOVA, Fig. 2c)
or sucrose consumption (F(1,18)= 0.0282, p= 0.8684, two-way
ANOVA, Fig. 2d). However, we found a main effect of FSI ablation
on ethanol consumption that was significantly different by
week 4 (control= 71.25 ± 6.52 licks, FSI ablation 49.28 ± 3.76
licks, F(1,18)= 5.73, p < 0.05, η2= 0.14, two-way ANOVA; Sidak’s
multiple comparisons test, Fig. 2e).
To determine if this reduction in licks in the ablated group was

driven by changes in ethanol preference, we subjected mice to a
two-bottle choice task at the beginning and end of the DID
procedure. Both control (baseline= 51.04 ± 2.70 %, post-DID=
72.27 ± 4.00 %, t(18)= 5.44, p < 0.001, η2= 0.60, Student’s t test)
and FSI-ablated animals exhibited a significant preference for
ethanol over water consumption (baseline= 51.43 ± 3.56 %, post-
DID= 68.29 ± 3.98 %; t(18)= 3.197, p < 0.01, η2= 0.38, Student’s t
test, Fig. 2f).

Fig. 1 Ablation of striatal fast-spiking interneurons (FSIs). a A schematic depicting bilateral injection sites of genetically engineered caspase 3
(taCasp3)-expressing virus for dorsal striatal FSI ablations. b Immunostain for parvalbumin from control (left) and taCasp3-ablated (middle)
animals. Scale bar 1000 μm. 20x magnification of parvalbumin expression from control (top right) and taCasp3 ablated (bottom right) animals.
Scale bar 100 μm. c taCasp3-mediated FSI ablation significantly reduced the number of parvalbumin-positive neurons in the dorsal striatum (N=
7 animals). d A schematic of whole-cell voltage-clamp recording of a medium spiny neuron (MSN) (top). Representative traces of spontaneous
inhibitory postsynaptic current (sIPSC) events recorded from MSNs from control (dark gray) and FSI-ablated (blue) animals (bottom). Scale bars:
vertical, 50 pA; horizontal, 5 s. e taCasp3-mediated FSI ablation reduced sIPSC event amplitude (N= 5 animals). f A cumulative frequency
distribution of sIPSC event frequency showing that frequency was not affected by FSI ablation (N= 5 animals). g Representative ambulatory
traces from control and FSI-ablated animals exploring an open-field arena. FSI ablation does not affect total distance traveled (h), mean velocity
(i), or the number of movement initiations (j) in either a sober state or following acute injection of ethanol (EtOH, 2mg/kg i.p.). k FSI ablation does
not affect food consumption in EtOH drinking mice. *p < 0.05, ***p < 0.005. Data represented as mean ± SEM.
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To assess BEC, blood was collected during week 4 of the DID
paradigm. Control animals exhibited higher BECs compared to FSI
ablated littermates (control= 75.2 ± 11.5 mg/dl, FSI ablation=
30.35 ± 8.40 mg/dl, t(18)= 3.15, p < 0.01, η2= 0.36 Student’s t test,
Fig. 2g). The significant reduction in BEC in the face of a modest
reduction in total ethanol consumption during week 4 spurred us
to analyze which group drank more at end the of the session,
when blood was collected, relative to total consumption on the
day of blood collection. We found that control animals exhibited
relatively more licks in the last 30 min than FSI ablated animals
(control= 34.47 ± 3.93 %, FSI ablated= 20.62 ± 3.82 %, t(16)=
2.528, p < 0.05, η2= 0.28 Student’s t test).
Since the dorsal striatum is implicated in motor sequence

learning [36–39], and organized lick bouts are implicated in
compulsive ethanol consumption in rats [31], we examined whether
striatal FSIs influence ethanol lick sequence behavior (Fig. 3). We
found no main effect of FSI ablation on the number of water licking
bouts (F(1,18)= 0.16, p= 0.69, two-way ANOVA, Fig. 3a, d), or sucrose
licking bouts (F(1,18)= 0.013, p= 0.91, two-way ANOVA, Fig. 3b, e),
but found that FSI ablation reduced the number of ethanol licking
bouts (control= 15.28 ± 1.01 licks, FSI ablation= 9.55 ± 0.27 licks,
F(1,18)= 11.75, p < 0.01, η2= 0.26, two-way ANOVA, Fig. 3c, f).
Additionally, we found a main effect of time in the ethanol drinking
animals, where the control mice exhibited an increase in the
number of ethanol drinking bouts by week 3, which was not
observed in FSI-ablated animals (week 1 control: 11.02 ± 1.9, week 4
control= 16.63 ± 2.01, F(3,54)= 3.12, p < 0.05, η2= 0.06, Dunnett’s
multiple comparisons test, Fig. 3f). However, we found no main
effect of FSI ablation on unorganized licks from mice consuming
water (F(1,71)= 0.04, p= 0.84,two-way ANOVA, Fig. 3g), sucrose
(F(1,71)= 0.02, p= 0.89, two-way ANOVA, Fig. 3h) or ethanol
(F(1,71)= 2.45, p= 0.12, two-way ANOVA, Fig. 3i).

We next examined if FSI ablation altered bout licking micro-
structure (Fig. 4). We found that FSI ablation had no effect on the
average bout length of water drinking animals (t(18)= 0.06, p= 0.95,
Student’s t test, Fig. 4a, d) or sucrose drinking animals (t(18)= 1.09,
p= 0.29, Student’s t test, Fig. 4b, e). However, FSI ablation increased
the average bout length in ethanol drinking animals (control=
4.40 ± 0.20 licks, FSI ablation= 5.53 ± 0.41 licks, t(18)= 2.49, p < 0.05,
η2= 0.26, Student’s t test, Fig. 4c, f). We then performed a frequency
distribution analysis of bout lengths to determine the source of this
mean difference. We found no effect of FSI ablation on bout length
distribution from water (F(1,72)= 0.038, p= 0.85, two-way ANOVA,
Fig. 4g) or sucrose drinking animals (F(1,72)= 0.01, p= 0.99, two-way
ANOVA, Fig. 4h). However, there was a significant size x ablation
interaction in the ethanol drinking condition (F(3,72)= 10.17, p <
0.001, η2= 0.11) where FSI-ablated animals exhibited a significant
decrease in the proportion of small ethanol bouts (three to four licks
per bout) in FSI-ablated animals (control= 50.45 ± 2.53 %, FSI
ablation= 33.75 ± 4.17 %) and an increase in the proportion of large
ethanol bouts (nine or more licks per bout) (control= 7.61 ± 1.85 %,
FSI ablation= 18.64 ± 4.12 %, Sidak’s multiple comparisons test,
Fig. 4i). We noticed that FSI ablated animals exhibited a wider
distribution of bout lengths from our frequency distribution. We
therefore calculated the coefficient of variance for the bout length
exhibited by each animal, and compared mean-variance across
treatment group for each drinking condition. We found that FSI
ablation had no effect on water (t(18)= 0.95, p= 0.35, Student’s t
test, Fig. 4j) or sucrose bout length variance (t(18)= 0.36, p= 0.72,
Fig. 4k). However, consistent with our frequency distribution data,
we found that ethanol-drinking FSI-ablated animals exhibited more
bout length variance compared to controls (control 40. 26 ± 2.61 %,
FSI ablation 55.66 ± 5.34 %, t(18)= 2.59, p < 0.05, η2= 0.27, Student’s
t test, Fig. 4l).

Fig. 2 Striatal FSI ablation reduced voluntary ethanol consumption. a Experimental timeline of FSI ablation, drinking-in-the-dark (DID),
EtOH preference tests, and quinine challenge. b Schematic of the DID lickometer apparatus including the analog-to-digital (AD) converter.
c–e Average weekly fluid consumption (number of licks) from control (black) and FSI ablated animals (blue) collected from two hour (2 h) DID
sessions across the four-week drinking paradigm. FSI ablation did not affect water consumption (c) or sucrose consumption (d), but reduced
alcohol consumption in week 4 only (e). f Both control and FSI-ablated animals exhibited an EtOH preference following the four-weeks of
EtOH consumption. g Blood ethanol concentration from animals during week 4 of DID were lower in FSI-ablated animals. *p < 0.05, **p < 0.01.
Data represented in mean ± SEM.
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Striatal FSIs may encode learning-dependent changes in action
sequence expression [40, 41]. In addition, compulsive drinking rats
adjust their lick frequency within drinking bouts [31]. Therefore,
we next assessed lick frequency within drinking bouts across time
(Fig. 4m–r). To do this, we categorized bouts into <3 Hz, 3–4 Hz,
and >4 Hz lick frequency ranges, and expressed the data as
relative frequency. We observed no main effect of FSI ablation on
water bout lick frequency (<3 Hz: F(1,19)= 0.02, p= 0.88; 3–4 Hz:
F(1,19)= 0.20, p= 0.66; >4 Hz: F(1,19)= 0.14, p= 0.72, two-
way ANOVA, Fig. 5m, p) or sucrose bout lick frequency (<3 Hz:
F(1,18)= 1.76, p= 0.20; 3–4 Hz: F(1,18)= 0.42, p= 0.53; >4 Hz:
F(1,18)= 0.59, p= 0.45, two-way ANOVA, Fig. 4n, q). Additionally,
we saw no main effect of time on bout microstructure across the
four-week paradigm in either water drinking animal groups
(<3 Hz: F(2,39)= 0.54, p= 0.59; 3-4 Hz: F(2.3, 45.4)= 0.45, p= 0.68;
>4 Hz: F(2.5, 47.9)= 0.36, p= 0.75, two-way ANOVA, Fig. 4m, p) or
sucrose drinking animals (<3 Hz: F(2.4,42.8)= 0.90, p= 0.43; 3-4 Hz:
F(1.8, 33.5)= 1.59, p= 0.22; >4 Hz: F(2.1, 37.1)= 1.30, p= 0.29, two-
way ANOVA, Fig. 4n, q). However, we found a time x ablation
interaction from the ethanol drinking animals in the <3 Hz lick
frequency (F(3,54)= 3.83, p < 0.05, η2= 0.10) and a main effect of
FSI ablation (F(1,18)= 12.5, p < 0.01, η2= 0.20, Fig. 4o). We
additionally observed that control animals exhibited an increase
in <3 Hz bout licks at week 4 compared to week 1 that was not
observed in FSI-ablated animals (week 1 control= 5.32 ± 1.15 %,
week 4 control= 9.97 ± 1.49 %, p < 0.05, Dunnett’s multiple

comparisons test, Fig. 4o). Further, we found no main effects in
3-4 Hz events (F(1,18)= 0.81, p= 0.38, two-way ANOVA), but found
a main effect of FSI-ablation in >4 Hz events (control= 64.63 ±
1.62 %, FSI ablation= 76.13 ± 1.08 %, F(1,18)= 5.96, p < 0.05, η2=
0.16, two-way ANOVA, Fig. 4r).
Finally, we examined the effect of FSI ablation on the expression

of compulsive ethanol consumption (Fig. 5). Following the
addition of the adulterant quinine into their respective drinking
solutions we found that both water (F(2.5, 33.5)= 56.93, p < 0.001,
η2= 0.67, two-way ANOVA, Dunnett’s multiple comparison test,
Fig. 5b) and sucrose drinkers reduced consumption relative to
baseline (F(2.8, 49.5)= 39.7, p < 0.001, η2= 0.67, two-way ANOVA,
Dunnett’s multiple comparison test, Fig. 5c), but observed no main
effect of FSI ablation in either group (water: F(1,18)= 0.58, p= 0.45;
sucrose: F(1,18)= 0.57, p= 0.46, two-way ANOVA). However, we
found a main effect of FSI ablation in the ethanol drinking mice
(F(1,68)= 20, p < 0.001, η2= 0.18, two-way ANOVA), where control
animals exhibited greater quinine consumption compared to
FSI-ablated animals (Dunnett’s multiple comparisons, Fig. 5d).
Additionally, we found a main effect of time (F(3,68)= 5.0, p < 0.01,
η2= 0.14, two-way ANOVA), and found that control animals failed
to reduce ethanol consumption with the addition of quinine
(Dunnett’s multiple comparisons, Fig. 5d).
We next analyzed bout behavior from ethanol drinking animals

during the three-day quinine challenge to assess whether FSI
ablation affected quinine-adulterated lick microstructure. We

Fig. 3 Striatal FSI ablation selectively reduced EtOH drinking bouts. a–c Representative raster plots depicting individual licks (gray) and
drinking bouts (blue) collected from control (top row) and FSI-ablated animals (bottom row) during the 2 h session across the 4-week DID
paradigm. FSI ablation had no effect on the number of water drinking bouts (d) or sucrose drinking bouts (e). f Control animals escalated the
number of EtOH drinking bouts during the 4-week DID paradigm, exhibiting a significant increase in weeks 3 and 4 versus week 1, while FSI-
ablated animals exhibited significantly fewer EtOH drinking bouts compared to controls from weeks 2–4. FSI ablation had no effect on
unorganized licking from animals drinking water (g), sucrose (h), or ethanol (i). *p < 0.05, **p < 0.01. Data represented as mean ± SEM.
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found that control animals exhibited more ethanol drinking bouts
(control= 9.93 ± 1.05 bouts, FSI ablation= 5.68 ± 0.81 bouts,
t(18)= 03.143, p < 0.01, η2= 0.37 Student’s t test, Fig. 5e) and
more unorganized licks than FSI ablated animals (control= 20.8 ±
3.59 licks, FSI ablation= 10.17 ± 1.80 licks, t(18)= 2.65, p < 0.05,
η2= 0.28, Student’s t test, Fig. 5f). We additionally found that

control mice exhibited a greater relative frequency of <3 Hz licks
(control= 10.85 ± 6.5%, FSI ablation= 5.01 ± 3.6%, t(18)= 2.6, p <
0.05, η2= 0.27, Student’s t test). No differences were observed in
bout length (t(18)= 0.5, p= 0.63, Student’s t test, Fig. 5g) relative
frequency (F(1,64)= 0.08, p= 0.77, Fig. 5h) or bout variance (t(18)=
0.21, p= 0.84, Student’s t test, Fig. 5i).
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Since FSI-ablated ethanol-drinking animals exhibited reduced
BEC levels compared to intact controls, we examined if BEC levels
correlated with compulsive consumption. To do this, we averaged
the three-day quinine consumption data to create a compulsive
consumption score used for subsequent correlation analysis.
We found no correlation between BEC level and compulsive
consumption score in either the control group (R2= 0.096, p=
0.38), or FSI ablated group (R2= 0.10, p= 0.37). Additionally, we
found no correlation between amount of ethanol consumed
during the last week of DID and compulsive consumption in either
control animals (R2= 0.17, p= 0.23) or FSI ablated animals (R2=
0.05, p= 0.96, Fig. 5j). We found a trend in the correlation
between the number of ethanol bouts exhibited during the 4-
week DID and compulsive consumption score (control: R2= 0.35,
p= 0.07). This trend was not present in FSI-ablated animals (R2=
0.05, p= 0.54, Fig. 5k). Additionally, we found that the degree of
variance in bout length exhibited during the 4-week DID
paradigm negatively correlated with compulsive consumption
score in control animals (R2= 0.45, p < 0.05) but not in FSI ablated
animals (R2= 0.23, p= 0.16, Fig. 5l).

DISCUSSION
We found that FSI ablation did not impact any index of water or
sucrose consumption, but reduced voluntary ethanol consump-
tion and disrupted organized ethanol drinking microstructure by
reducing the number of ethanol drinking bouts and increasing the
number of licks within a bout. Further, FSI ablation significantly
attenuated compulsive ethanol consumption, despite having no
effect on ethanol (unadulterated) preference. Collectively, these
data causally implicate striatal FSIs in the pathophysiology of
compulsive alcohol drinking.
Repeated training of sequentially executed motor actions, like

lever pressing, results in the organization and expression of
action sequences that are optimally-timed for reward acquisition
[36, 37]. Consistent with this, we found that control mice
adapted their lick behavior over the four-week DID paradigm by
selectively increasing the expression of ethanol drinking bouts,
but not unorganized licks, which coincided with higher ethanol
intake. Supporting the findings that the dorsal striatum is
engaged during action sequence behavior [38–41], selective
ablation of striatal FSIs disallowed the increase in the number of
ethanol bouts and prevented the increase in relative expression
of low frequency (<3 Hz) bout licks exhibited by control mice.
These data therefore highlight a role for FSIs in organizing action
sequences.
How FSIs organize action sequences remains an open question.

Providing some clues, extant data demonstrates that FSIs are
active during action sequence behavior [38, 41], and encode
kinematic properties of action [42, 43] as ensembles [43] that
regulate the concerted activity of striatal MSNs [42, 44–48]. Here
we found that animals with intact FSIs exhibited distinct bout
sequences centered around four licks per bout, while FSI-ablated

animals exhibited greater variability in bout length and, at times,
exhibited unconstrained bouts of 20 or more licks. These data
suggest that FSIs contribute to a learning process for habitual
action sequence constraint, which is mediated by the dorsolateral
striatum [49].
Chronic ethanol exposure promotes habitual behavior [3–7]. In

line with this evidence, we found that four weeks of DID produced
compulsive ethanol consumption. FSI ablation abolished this
compulsive ethanol consumption but also reduced overall ethanol
consumption during the DID paradigm. It is possible that FSI-
ablated animals were incapable of achieving a compulsive
drinking phenotype simply due to not preferring ethanol or
insufficient total ethanol exposure over the course of the DID
paradigm. However, FSI ablation did not affect ethanol preference.
In addition, the degree of compulsive consumption and the
amount of ethanol consumed (total licks) were not significantly
correlated. This might suggest that the reduction in ethanol
consumption in FSI-ablated animals during the four-week DID
paradigm may instead be due to the removal of the organized,
compulsive drinking component from overall consumption.
Supporting this, control and FSI-ablated mice began the DID
paradigm drinking an equivalent amount, but, over time, FSI-
ablated animals failed to increase the number of drinking bouts
compared to control animals.
Finally, we found that two elements of drinking behavior

corresponded with compulsive ethanol consumption. Supporting
rat data [31], we found organized drinking, expressed as the
number of drinking bouts an animal exhibited during the four-
week DID paradigm, positively correlated with the compulsive
drinking score, while the variance in number of licks within a bout
negatively correlated with the compulsive drinking score. During
the quinine-adulterated ethanol challenge, FSI-ablated mice failed
to exhibit compulsive drinking and this was met with a decrease in
bout length. This contrasted with the FSI intact animals that
displayed compulsive ethanol consumption and no such shift in
bout length. Our interpretation is that FSI-ablated mice flexibly
adapted their actions to curb compulsive drinking, while FSI-intact
mice did not and, thus, persisted in drinking the quinine-
adulterated ethanol. These data support previous work illustrating
inflexible, organized lick microstructure in compulsive ethanol
drinking rats [31] and identify a cellular substrate contributing to
this effect.
Together, these data may suggest that alcohol targets FSIs to

fuel the repeated execution of an organized action sequence,
which ultimately leads to the compulsive behavior expression that
is mediated, at least in part, by the dorsolateral striatum. Recent
work reveals differential expression of G protein-coupled recep-
tors in the putamen of alcohol use disorder patients and
demonstrates that M4 muscarinic receptor activity regulates
alcohol consumption in rats [50]. Whether alcohol regulates
striatal FSIs through a mechanism mediated by the M4 muscarinic
receptor requires future research. Given that the data herein
support that elimination of less than 1% of all striatal neurons

Fig. 4 Striatal FSI ablation selectively disorganized EtOH drinking bout microstructure. a–c Representative raster plot of a 30min window
from a 2 h EtOH drinking session depicting individual licks (gray) and drinking bouts (blue) from control (top row) and FSI-ablated animals
(bottom row). Inserts: magnification of an individual drinking bout illustrating the difference in bout length between control and FSI-ablated
animals. d–f Mean bout length from control and FSI-ablated animals across drinking condition. FSI ablation had no effect on water (d) or
sucrose (e) bout length, but increased mean bout length from EtOH-drinking animals (f). g–i A frequency distribution of drinking bouts
binned by number of licks across drinking condition. FSI ablation had no effect on water (g) or sucrose (h) bout length distribution. i Control
animals exhibited a greater proportion of small drinking bouts (three to four licks), while FSI ablated animals exhibited a greater proportion of
larger drinking bouts (≥ 9 licks). j–l Drinking bout length variance across drinking condition. FSI ablation had no effect on bout length variance
from water (j) and sucrose (k) drinking animals. l FSI ablation resulted in greater variability in the length of ethanol drinking bouts compared
to control animals. Relative lick frequency collected from bouts during the 4-week drinking paradigm was binned into <3 Hz, 3–4 Hz, and >4
Hz ranges. FSI ablation had no effect on any lick frequency in water (m, p) or sucrose (n, q) drinking animals. However, control EtOH drinking
animals exhibited a time-dependent increase in <3 Hz frequency licks that reached significance comparing week 1 versus week 4, which was
not observed in FSI-ablated animals (o). Additionally, FSI-ablated animals exhibited fewer <3 Hz frequency licks than control animals at weeks
2–4. r An increase in >4 Hz frequency licks was observed in FSI-ablated animals as compared to control animals at week 2. *p < 0.05, **p < 0.01,
***p < 0.005. Data represented as mean ± SEM.
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attenuates ethanol drinking and abrogates compulsive ethanol
consumption, FSIs represent a compelling target for pharmacolo-
gical intervention in alcohol use disorder.
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